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Abstract

The emerging paradigm of the lab-on-a-chip powered by microfluidics is expected to rev-
olutionize miniaturization, automation and integration in the life science laboratory. How-
ever, the state-of-the-art microfluidic technologies, which are based on continuous-flow in
etched microchannel, have not been able to fully deliver the promised benefits of microflu-
idics. This is primarily due to their incompatibility with common sample matrices and ar-
chitectural inflexibility. In this thesis a nanoliter droplet-based microfluidic lab-on-a-chip,
based on electrowetting actuation, is developed as an alternative to continuous-flow sys-
tems. The lab-on-a-chip is designed to perform fully integrated and automated assays on a
human physiological sample. Individual components of the lab-on-a-chip are first designed
and then integrated on the same monolithic chip for fully automated analysis of multiple
samples. Biocompatibility of the electrowetting system is established by demonstrating
repeatable and rapid transport of human physiological fluids such as whole blood, serum,
plasma and saliva, and proteins such as boving serum albumin. Automated droplet forma-
tion from an on-chip reservoir is also shown for serum samples and enzymatic reagents.
A colorimetric enzyme-kinetic assay (based on the Trinder’s reaction) for glucose is de-
veloped and used as the model system to evaluate the applicability of the lab-on-a-chip for
clinical assays. Glucose assays performed using standard solutions on the electrowetting
chip compared well with results obtained using a reference method on a spectrophotome-
ter. There is also no significant change in the activity of the enzymes under electrowetting
conditions. In order to demonstrate the multiplexed operation of the lab-on-a-chip three
assays were each done on 40, 80 and 120mg/dL glucose standards in fully integrated and
automated fashion. The results were used to generate a calibration curve and also study
the repeatability of the assays, which is a measure of droplet volume variability and cross

contamination. Excellent reproducibility (CV<3%) was seen in the assays indicating neg-

iv
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ligible cross contamination and excellent volume reproducibility. Glucose assays done on
serum however did not compare well with reference methods and this is attributed to in-
terferences which assume more significance while using lower sample to reagent mixing
ratios. This work represents the first demonstration of fully integrated and automated oper-
ation of a digital microfluidic lab-on-a-chip in the nanoliter scale for biological assays on
clinically relevant sample matrices. Future work involves implementing dilution strategies
on-chip, developing more sensitive detection methodologies, and system integration issues

such as assembly, packaging, and temperature control.
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Chapter 1

Background and Motivation

1.1 Introduction

Producing results in a shorter time, with higher confidence and at a lower cost is one
of the constant priorities in any life-science laboratory. The key technology trends that
are currently driving these factors in a laboratory setting are automation, integration and
miniaturization [1]. Automation and integration minimizes human intervention in an ex-
periment enabling more samples to be processed per unit time. Minimal human interven-
tion also saves labor costs and valuable researcher time which could be channeled into
more innovative tasks. High levels of parallelism and its associated throughput benefits are
also enabled by automation and integration. Miniaturization lowers the volume of sam-
ples which minimizes invasiveness of sample collection procedures and iatrogenic losses.
Small sample volumes are also critical for pediatric patients, especially neonatal babies.
The consumption of reagents is also drastically reduced, lowering the cost per test and also
minimizing waste and its associated disposal costs. Physical processes such as separation
and diffusion are also expedited significantly in microscales. Miniaturization, automation
and integration also enable instruments to be used at the point of care or sample collec-
tion [2].

Automation and integration in the laboratory began with the introduction of mecha-
nized robotic systems for fluid handling in the highly parallel microtiter (or well plate)
formats [3]. These systems were initially designed to do simple and highly repetitive
tasks such as pipetting, and have now evolved to become sufficiently flexible and repro-
grammable to meet the constantly changing needs in a laboratory. State-of-the-art robotic
systems can handle microliters of liquids routinely with a few systems extending into the

1
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10s of nanoliter ranges too [4, 5]. However the volume reproducibility suffers as the vol-
umes scale down to nanoliters (6% at 100nL for Caliper’s Sciclone ALH3000 as compared
to 2% at 1L.). Robotic systems that can handle nanoliters of samples are also prohibitively

expensive, affordable only by large labs for high throughput applications.

1.2 The Microfluidic Lab-on-a-chip

The early 90s saw the emergence of microfluidic technologies which could precisely han-
dle liquids in nanoliter and sub-nanoliter quantities. Powered by microfluidics a new
paradigm for miniaturized integrated analysis systems has emerged since and is popularly
referred to as the lab-on-a-chip (LoC) or Micro Total Analysis System (MicroTAS) [6]. A
lab-on-a-chip, as the name suggests, is a device which integrates various components of a
bench-scale wet laboratory on the same miniaturized device. The functional operation of a
typical lab-on-a-chip includes steps such as sample preparation, sample analysis (including
mixing and reactions), separation and detection. [7] These steps are analogous to manual
tasks currently performed in a conventional laboratory, except that in a lab-on-a-chip these

occur in microscopic fluidic pathways and in an integrated fashion.

Microfluidic lab-on-a-chips can easily handle liquid volumes in the sub-nanoliter range
without the associated loss in reproducibility. This is because microfluidic devices are typ-
ically fabricated using lithography processes which can have resolutions in the nanome-
ter range. The small size of microfluidic devices also uniquely enables them to be used
at the point of sample collection. Since microfluidic devices are designed to be mass-
manufacturable they are considerably cheaper than robotic systems. Microfluidic systems
can also provide higher levels of automation and integration than robotic systems due to
their small form factor. It must be pointed out that robotics and microfluidics are not nec-
essarily competing technologies and are in fact complementary in many applications. Real

world samples are still collected in microliter volumes and robotic systems can provide

2
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a good interface between the microscopic lab-on-a-chip and the macroscopic real world

especially in high-throughput systems.

1.2.1 Applications of a Lab-on-a-chip

Most current applications for a lab-on-a-chip are analytical in nature, and these include
clinical diagnostics [8], drug discovery and protein analysis [9], molecular diagnostics,

immunoassays [10], and cell culture and handling [11].

1.3 Clinical Diagnostics

Clinical diagnostics is one of the most promising applications for microfluidic lab-on-chip
systems, especially in a point-of-care or near-patient setting [12]. Clinical diagnostics
refers to the measurement of clinically significant analytes in physiological fluids for ei-
ther the prevention or treatment of disease. All the benefits of miniaturization such as
reduced reagent consumption, reduced sample requirement, decreased analysis time and
higher levels of throughput and automation, are realized in this application. Smaller pa-
tient sample volumes minimize the invasiveness of sample drawing procedures and reduces
1atrogenic blood losses particularly in geriatric and pediatric patients (especially neonatal
babies). Reduced reagent consumption significantly lowers cost, which is a major concern
in clinical laboratories. Analysis times may also be effectively shortened due to the high

levels of parallelism possible in microfiuidic systems.

1.3.1 Conventional clinical diagnostics

Clinical diagnostics in humans is commonly performed on physiological body fluids such
as whole blood, serum, plasma and urine. Other fluids such as saliva [13], sweat [14],

cerebral spinal fluid (CSF) and tears have also been used to assay specific analytes.
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The number of analytes that are measured in a commercial high-throughput clinical
chemistry analyzer ranges from 60 to 130 [15]. These analytes can be categorized accord-
ing to their biological function into amino acids, proteins, cytokines, enzymes, carbohy-
drates, lipids, vitamins, electrolytes, blood gases, trace elements, drugs, tumor markers
and nucleic acids [16]. Some of these analytes are measured more commonly than others.
Table 1.1 shows a list of the most frequently measured analytes in clinical practice [12].
For a more comprehensive list the reader is referred to [16]. Traditionally photometric
techniques have been used for measurement in clinical analyzers, though other methods

such as electrochemical detection and fluorescence are also common now.

Table 1.1: Commonly measured analytes in a clinical chemistry analyzer

Glucose Creatinine Iron

Lactate Bilirubin  Albumin

pCO, Urea Cholesterol

pO, Sodium Globulin

pH Chloride  Neurotransmitters
Potassium  Cortisol Triglyceride

1.3.2 Microfiluidic technologies in clinical diagnostics

The use of microfluidic 1ab-on-chip technology for clinical applications has been reviewed
extensively in [12, 17]. Currently almost all microfluidic devices are based on continuous
fluid flow in permanent microchannels etched in glass, plastic or other polymers. Electroki-
netic phenomena using electroosmosis for pumping and electrophoresis for separation are
the most commonly used fluid actuation methods used. Electrokinetic methods are very
popular because they scale favorably with miniaturization and do not require any mechan-
ical pumps or valves for fluidic control. Electrophoresis has been used widely in clinical
analysis for separation of a large class of analytes, including amino acids, DNA fragments,

carbohydrates, proteins, drugs and vitamins [16, 18]. A general review of electrokinetically
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driven microfluidic chips for fluidic manipulations and their applications can be found in
[19].

The main drawback of electrokinetic methods is their incompatibility with several com-
mon samples [17]. This is due to their high sensitivity to liquid properties such as pH and
ionic strength. For example physiological fluids with high ionic strength such as whole
blood and urine cannot be pumped using electroosmotic flow due to excessive Joule heat-
ing [20]. Alternative actuation strategies which are fiuid property independent are required

in such cases.

Positive displacement methods using syringe pumps are the second most common actu-
ation method used due to their ease of use and compatibility with a wide variety of samples
[21, 22, 23, 24]. This technique has been combined with in-vivo microdialysis sampling
for continuous on-line monitoring of small molecules such as glucose, lactate and CI™
[25, 26]. However if a high degree of fluidic control is desired some valving scheme is re-
quired which increases fabrication complexity. For this reason most microfluidic systems
using syringe pumps are very simple and have only a couple of channels. Another novel
micropumping method which is again fluid property independent is based on using inertial

centrifugal forces to actuate liquids in a compact disc format [20, 27].

1.3.3 Commercial Microfluidic Devices

Despite the extensive research in microfluidic technology for more than a decade there are
only a handful of successful commercial devices available in the market. Most of these
devices, though they have microfluidic elements on them, do not actually have enough
functionality or flexibility to be called a lab-on-a-chip.

Despite its ubiquity in academia there are no commercial devices that use electroosmo-
sis for actuation, and only one product (Caliper Labchip) which uses electrophoresis for

separation. Passive schemes using capillary forces and external pressure driven devices are
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more common due to their compatibility with a wider range of samples. A brief review of
the actuation mechanisms in commercial microfluidic devices for clinical applications is

presented in the following paragraphs.

Caliper Technologies’ LabChip device uses electrokinetic actuation to perform fluo-
rogenic enzyme assays, separation-based kinase assays, and cell-based assays [5]. The
Gyrolab microlaboratory from Gyros [28] and LabCD integrated microfluidic system from
Tecan [29] are based on the compact disc format and use centrifugal and capillary actuation

for microfluidic protein assays.

Micronics’ ORCA Microfluidics [30] platform combines various pressure driven mi-
crofluidic elements, such as the diffusion based H-Filter and T-Sensor platforms, in a dis-
posable microchip for point-of-care immunoassays on whole blood. The Biosite Triage
Cardiac system [31] measures cardiac markers in whole blood in a microcapillary based
device for point-of-care testing. Another popular microfluidic instrument for point-of-care
testing is the handheld I-Stat [32] analyzer which can measure blood chemistry (glucose,
blood gases, electrolytes, urea and more) in whole blood. The I-stat analyzer uses a com-

bination of capillary action and external pressure for fluid actuation.

One can easily observe that all the microfluidic devices discussed above are very simple
in function and operation, and cannot deliver the complexity required and promised by
the lab-on-a-chip. The main reason for this is due to the use of continuous fluid flow in
microchannels. Continuous-flow based microfluidic devices are extremely rigid in their
architecture and function, and offer very little flexibility, scalability (in dimension and
function) and reconfigurability. The microchannel configurations are usually tied to the
specific application they have been designed for. Even minor variations in protocols are

not possible and would require a complete redesign of the devices.
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1.4 Droplet-based Discrete Microfluidics

An alternative to continuous-flow microfluidic systems is to manipulate the liquid as dis-
crete microdroplets without any fixed microchannels. This approach has several advan-
tages over continuous-flow systems the most important being reconfigurability and scala-
bility of architecture [33]. Droplet-based protocols are functionally equivalent to bench-
scale wet chemistry, thus established assays and chemistry protocols can simply be scaled

down.

Electrowetting and dielectrophoresis have been the two most commonly used phenom-
ena to actuate droplets. Though both of these phenomena have an electrostatic origin
electrowetting, is fundamentally a contact line effect whereas dielectrophoresis is a body
effect. Dielectrophoresis typically uses high frequency AC voltage (>50Hz) which can
cause significant Joule heating in samples even at moderate ionic strengths [34]. There is
negligible Joule heating in electrowetting since it can use DC or low frequency AC. Elec-
trowetting therefore appears to be applicable for a wider matrix of samples as compared to

dielectrophoresis.

1.4.1 Electrowetting-based droplet actuation

Electrowetting refers to the modulation of the interfacial tension between a polar liquid
phase and a solid electrode by the application of an electric potential between the two.
To prevent electrolysis of the liquid phase the solid electrode is insulated. In the simplest
implementation of an electrowetting system, the microdroplet is sandwiched between two
surfaces, a patterned electrode array and a continuous ground plane [35] and is completely
surrounded by an immiscible filler fluid. The two planes are separated by a spacer which
defines the height of the droplet. The electrode array is insulated from the droplet and all
surfaces are hydrophobized. The droplet size is typically just large enough to completely
cover a single electrode and slightly overlap the adjacent electrodes. By switching the

7
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voltage applied across adjacent electrodes interfacial tension gradients can be created to

move the droplet to the charged electrode.

Figure 1.1 shows the side cross-section and a top view of the most basic electrowetting
setup. The metal electrodes are typically defined in chrome or indium tin-oxide. The
insulator is a 1um film of Parylene C which is eventually hydrophobized by a 50nm film
of the amorphous fluoropolymer Teflon AF. A low viscosity silicone oil (1¢St) is used as

the immiscible filler fluid.

The motion of a droplet in an electrowetting system is discrete in space (on the pat-
terned array electrodes) and in time since it is typically operated by a single system clock.
Fundamental fluidic operations such as transport, merging and splitting can be thought of
as single-instruction operations which happen in one switching/ clock cycle. Other flu-
idic operations such as droplet formation and mixing can be programmed as a sequence of
these single-clock cycle instructions. Due to its similarity to the functioning of a digital
microprocessor this approach is referred to as “digital” microfluidics. It is important to
note that all droplet-based microfluidic systems are not necessarily discrete in space and

time and therefore not digital.

_Side View Top View

Top Plate
I

f,
Siticone Oil Layer ;{ Droplet :%-—*Iv Hydrop!;obization

Figure 1.1: Cross-section and top view of the most basic electrowetting setup
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1.5 Electrowetting-based lab-on-a-chip for Clinical Diag-
nostics

Several functional components of an electrowetting-based lab-on-a-chip have been demon-

strated previously by other researchers.

1. Sample injection/dispensing - Dispensing of unit-sized 700nL droplets of 0.1M potas-
sium chloride (KCI) solution from a larger initial droplet was demonstrated by Pol-
lack [35]. The droplets were formed by extending a finger of liquid away from
the reservoir till droplet break off. Droplets were also dispensed from an external
source using a pipette to inject liquid onto an energized electrode and retract the
liquid to form a droplet on the energized electrode [35]. Dispensing of microliter
droplets using external pressure from an off-chip reservoir by capacitance meter-
ing was demonstrated by Hong [36]. The volume variation measured by capturing

images of the dispensed droplets was found to be less than 2%.

2. Sample manipulation - Transport of nanoliter droplets of an electrolyte (0.1M KCl)
at a maximum average speed of 10cm/sec using voltages less than 60V, was shown in
[33]. Droplets were manipulated both in air and other immiscible filler fluids such as
silicone oil. The motion of the droplets was independent of the molar concentration
and the viscosity of the liquid. However, the motion of the droplets was significantly
inhibited with increasing viscosity of the filler fluid [35]. Other essential droplet

operations such as splitting and merging were demonstrated in [33].

3. Sample preparation - An on-chip serial dilution scheme was presented in [37]. The
dilution scheme used a serial dilution architecture with the mixing and splitting of
two droplets of different concentration to result in an intermediate concentration as
the fundamental operation. A range of dilution factors can be obtained by repeating
the basic dilution step. The dilution architecture was tested for dilution factors of 2,

9
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4 and 8 using a dye droplet as the sample and 0.1M KCl as the buffer. The errors
in the dilution were ~15% for a dilution factor of 4 and ~25% for a dilution factor
of 8. The errors increased exponentially with each dilution step and the total error
after the Nth dilution can be modeled by the equation Ey = 1— (1 —Ey)V. Ej, is the
error after N dilution steps (dilution of 2y and E, is the error in the basic two-fold
dilution step. This suggests that the serial dilution protocol may not be suitable for

large dilutions.

4. Mixers - Due to the highly laminar flow conditions and flow reversibility, mixing on
any microfluidic system is a challenge. Droplet mixing on the electrowetting system
has been extensively studied by Paik [38]. Purely diffusive mixing took about 90
seconds for two 1uL droplets and was significantly accelerated by just moving the
coalesced droplet around. The fastest time for mixing two 1.3uL droplets in a linear
oscillation on 4 electrodes was observed to be 4.6 seconds [39]. Mixing times were
further reduced at this ratio to less than 3 seconds using a two-dimensional array
mixer, which mitigated the effects of flow reversibility to an extent. A split-and-
merge mixer which used repeated splitting and merging resulted in an even shorter

mixing time of less than two seconds [40].

All the experiments described above were done using non-biological aqueous salt so-
lutions and using manually dispensed droplets (with the exception of the automated dis-
pensing experiments) which were usually 11L in volume.

The overall objective of this thesis is to design and build a nanoliter lab-on-a-chip
platform for integrated and automated analysis of clinical samples. In chapter 2 the re-
quirements of the lab-on-a-chip are outlined and the individual functional components are
designed. The fabrication and testing of both the individual components and the integrated
lab-on-a-chip is also discussed in 2. In chapter 3 the compatibility of the electrowetting
system with clinically relevant biological samples and reagents is evaluated using droplet

10
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transport and droplet formation as performance metrics. An enzymatic glucose assay is
developed in chapter 4 and the feasibility of performing biological assays on the elec-
trowetting platform is demonstrated. Chapter 5 describes the testing and validation of the
integrated lab-on-a-chip by performing fully automated assays on multiple samples, all the
way from sample injection to detection. Conclusions and future extensions of this work

are presented in 6.

1.5.1 Related research

The electrowetting lab-on-a-chip has also been used for proteomic applications [41] (Ap-
pendix A) to reformat protein samples from a microtiter well-plate and stamp them onto a
MALDI plate. The electrowetting system has also been used in environmental applications
to detect TNT using a colorimetric assay [42](Appendix B). Fundamental studies on the
electrowetting phenomena have also been done using Optical Coherence Tomography to
image cross-sections of the droplets at high resolutions as they are moving [43] (Appendix

O).

11
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Chapter 2

Nanoliter Lab-on-a-chip Design and Fabrication

In this chapter a generic architecture is developed for a fully automatable and programmable
droplet-based lab-on-a-chip for analysis of clinical samples. The lab-on-a-chip along with
the detection instrumentation is designed to be a sample-in-result-out system, with all the
intermediate steps being integrated and automated on-chip. Individual components of the
lab-on-a-chip such as fluidic input ports, droplet formation units and pathways are first de-
signed, tested, and integrated on the same monolithic device. The fabrication and testing
of a prototype lab-on-a-chip and system assembly, including detection instrumentation, is

also discussed in this chapter.

2.1 Lab-on-a-chip specifications

The individual components of the lab-on-a-chip and their design requirements are outlined
in this section. The functional components of the lab-on-a-chip are the fluidic input ports,

droplet generation units and droplet pathways for transport, mixing and incubation.

2.1.1 Fluidic input port

The fluidic input port is the interface between the external world and the lab-on-a-chip.
The design of the fluidic input port is challenging due to the huge discrepancy in the scales
of real world samples (microliters) and the lab-on-a-chip (nanoliters). The electrowetting
system also poses a slightly different problem due to the presence of the filler fluid (sili-
cone oil) which always creates the possibility of development of air bubbles during liquid

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



The main requirement of the fluidic input port is that the liquid should be stable in
the reservoirs and not spontaneously flow back to the loading port after loading. The
entrapment of air as bubbles in the filler fluid should be completely avoided or minimized

during the loading process.

2.1.2 Liquid reservoirs

The injected liquids are stored in reservoirs from which unit-sized droplets can be gen-
erated or dispensed. Once the reservoirs are loaded the lab-on-a-chip must be able to
automatically dispense unit-droplets by software programming. Droplet generation should
use only electrowetting forces without requiring additional external pressure sources which
adds to design complexity and nullifies the advantages of the lab-on-a-chip being operable
using only electrical control. The lab-on-a-chip should at least have three reservoirs - one
each for the sample, reagent and calibrant, and one waste area to dispose the droplets af-
ter analysis. Each reservoir should be independently controllable to generate droplets on
demand. The capacity of each reservoir should be at least 500nL. which is the smallest
volume that can be routinely handled using a manually operated pipette. The reservoirs
should be able to dispense a large number of droplets (>10) to ensure the significance of
any statistical studies. The droplets should be optimal in size (and volume) - just large
enough to ensure reliable transport and maximum liquid utilization. The volume variation

between droplets should also be as small as possible and not more then 5%.

2.1.3 Droplet pathways

Droplet pathways consist of contiguous electrodes, which connect different areas of the
chip. These electrodes can be used either simply for transport or for other more com-
plex operations such as mixing and splitting. All the materials including the electrodes

should be clear in areas which are to be used for optical interrogation. The number of
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electrical input pads controlling the droplet pathways (and the dispensing unit) should be
minimized to simplify the controller design and interconnect routing. The signals should

be programmable and controllable in real-time by software.

2.2 Lab-on-a-chip Design

In this section the design of the various individual lab-on-a-chip components is presented

for the requirements outlined before.

2.2.1 Fluidic Input Port

In the proposed architecture the fluidic input port is designed for manual loading of the
reservoirs using a pipette. The sample (or reagent) is injected into the reservoir through
a loading hole in the top plate, designed to fit a small volume (<2uL) pipette tip. The
loading hole is connected to the reservoir by a narrow channel of width w, patterned in the
spacer material as shown in Figure 2.1. From the Laplace equation the liquid pressure in
the reservoir can be calculated to be on the order of y(1/R+ 1/h) where R is the radius of
the reservoir, A is the height of the reservoir and ¥ is the interfacial tension of the liquid
with the surrounding media. Since R is typically much greater than 4 the pressure can
be approximated as y/h The pressure in the channel connecting the loading port and the
reservoir is ¥(1/w+ 1/h). If w is on the order of & then the pressure in the channel is 2y/k
which is twice the pressure in the reservoir. Therefore by choosing w to be close to & the
liquid can be forced to remain in the reservoir and not spontaneously flow back into the
loading hole. This pressure difference is initially overcome by the positive displacement

pipetting action to fill the reservoir with the liquid.
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Figure 2.1: Design of the loading port on-chip
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2.2.2 Fluid Reservoirs

In the proposed lab-on-a-chip architecture, the droplets are formed from an on-chip reser-
voir which is physically defined by the spacer material. Droplet dispensing from an on-chip

reservoir occurs in the following three steps [37].

1. A liquid column is extruded from the reservoir by activating a series of electrodes

adjacent to it.

2. Once the column overlaps the electrode on which the droplet is to be formed, all the

remaining electrodes are deactivated to form a neck in the column.

3. The electrode in the reservoir is then activated to pull the liquid back causing the

neck to break completely and form a droplet.

Though simple in principle, the reliability and repeatability of the dispensing process
is affected by several design and experimental parameters. The design parameters include
the reservoir shape and size, shape and size of the pull-back electrode, size of the unit
electrode (and correspondingly the unit droplet) and the spacer thickness. The choice and

effect of each of these factors on the dispensing process is discussed below [36].

1. Electrode size - The electrode size was fixed at 500 m and most of the other design

parameters were chosen using this as the starting point.

2. Spacer thickness - Previous results [37, 44] indicate that the droplet dispensing for
a water-silicone oil system requires a droplet aspect ratio (diameter:height) greater
than 5. Taking this into account the spacer thickness was fixed at 100um for a droplet
diameter of 500um. For this electrode size and spacer thickness combination the unit

droplet volume is expected to be between 25-50nL.

3. Reservoir shape and size - The reservoir size is essentially determined by the smallest
pipette-loadable volume on the lower end and chip real-estate concerns on the higher
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end. In theory the reservoirs could be made as large as possible and always filled with
a smaller quantity of liquid as needed. Different reservoir designs with capacities

varying from 500-1500nL were tested.

4. Pull-back electrode design - A tapering pull-back electrode (wider at the dispensing
end) was used to ensure that the liquid always stayed at the dispensing end of the

reservolr.

In addition to the design parameters discussed above there are additional experimental
factors which affect dispensing, and these include the volume of liquid in the reservoir, the
length of the extruded liquid column and the voltage applied. It has been observed that
the volume variation is much higher for the last few droplets generated from a reservoir
i.e. when the reservoir is close to being empty [37]. The length of the extruded column
also determines the volume of a unit droplet. During the necking process the liquid in
the extruded column drains with half the volume going towards the reservoir and another
half towards the droplet. Therefore the longer the extruded finger the larger the droplet
volume. It has also been noted that the volume variation is larger when the droplet is
formed farther away from the reservoir. The extruded liquid column also determines the
minimum unusable dead volume in the reservoir. Figure 2.2 shows these steps in the

formation of KCl droplets ( 20nL each) from an on-chip reservoir at S0V.

2.2.3 Fluidic Droplet Pathways

The fluidic droplet pathways or buses connect various areas of the chip. In order to mini-
mize the number of electrical contacts a multiphase bused design was used for the fluidic
pathways. In an n-phase bus every nth electrode is electrically connected, and droplets are
always spaced apart by k£ x n— 1 electrodes, where k is any integer. Figure 2.3 illustrates the

operation of a multiphase (3-phase) bus. The use of a multiphase bus (requiring operations
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Figure 2.2: Droplet formation from an on-chip reservoir

to be synchronized) imposes constraints on the extent of parallelism achievable. Optimized

scheduling strategies are therefore required in order to achieve maximum throughput [45].

Mixing of two droplets on the lab-on-a-chip is simply achieved by merging them and
moving the merged droplet along a linear path. Droplet motion in an electrowetting system
is known to create internal circulating flow patterns which enhance the mixing process.
Since fluid flow in microfluidic systems is almost fully laminar these flow patterns show
a high degree of reversibility [39] when the direction of the droplet motion is reversed. A
linear path in one direction is therefore preferable over shuttling to avoid the demixing due
to flow reversibility. The time required for complete mixing of 1.5mm x 1.5mm x 0.5mm
droplets is around 2-3 seconds. In the proposed lab-on-a-chip the length scales along all
the axes are 3 times smaller (0.5mm x 0.5mm x 0.1mm) and hence the mixing is expected
to be significantly faster.

Chemical and biochemical reactions can be performed on-chip by merging reacting
droplets and mixing them. Mixing of more than 3 droplets at a time can be a problem in
the electrowetting system due to chip real-estate concerns, which means dilution factors
greater then 3 would require novel strategies. One way to do this would be to use a serial-

dilution approach, which consists of repeated mixing and splitting operations [37]. The
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Figure 2.3: Figure showing the synchronized motion of two droplets on a three-phase bus

19

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



errors in dilution however increase geometrically with every additional dilution step.

Figure 2.4 shows the high-level schematic of the lab-on-a-chip for analysis of multiple

analytes on a digital microfluidic platform.
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Figure 2.4: High-level architecture for clinical LoC showing the microfluidic elements

2.3 Fabrication of Lab-on-a-chip and System Assembly

2.3.1 Design specifications

A prototype lab-on-a-chip with sample injection elements, reservoirs (and waste), droplet
formation structures, fluidic pathways, mixing areas and optical detection sites, was fab-
ricated to test the various components of the architecture both individually and in an inte-
grated fashion. The lab-on-a-chip consisted of 7 reservoirs and a a waste area. The fluidic

pathways consisted of a 4-phased outer transport bus, a 3-phased inner storage bus with
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optical detection sites, and a mixing area, as shown in Figure 2.6. The reservoirs were
2.67 mm or 4mm in diameter, the electrode pitch L = 500um and the spacer thickness H
= 100um. A 100um wide channel was defined on the spacer material to connecting the
fluid input port and the reservoir. The entire chip was designed to be controlled using 22

electrical inputs.

2.3.2 Chip fabrication

The interconnect complexity of the electrowetting chips required a 2-layer metal process
for fabrication. The interconnections were defined in the first layer and the electrode shapes
were defined in the second layer. The two metal layers were separated by a inter-level
dielectric, and electrical connection between the two layers was made using metallized
vias. The process steps involved in the fabrication of the electrowetting chips are described

below.

1. A 20004 chrome coated glass wafer is photolithographically patterned to define the

electrical contacts and interconnections to the electrodes.

2. 6um thick photoimageable polyimide layer is spin-coated to act as the inter-level

dielectric and patterned to define 40um vias.

3. Indium-tin oxide is sputtered to metallize the vias and define the electrodes which

were to be used for optical detection.

4. A second layer of 10004 chrome was sputtered and patterned to define the remaining

electrodes.

5. A 4mil ( 100um) thick photoimageable polymer ( 90um after curing) was laminated
onto the wafer to serve as the spacer material. The polymer was patterned to create

the reservoirs, waste area and the loading channels.
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6. 1um thick Parylene C was vapor deposited to act as the primary insulating layer.

7. The Parylene surface was hydrophobized by spin-coating or dip-coating a thin (<
100nm) layer of Teflon AF (1% solids in FC-75) followed by baking at 170°C or air

drying to remove the solvent.

Steps 1 through 5 were done by the Biomedical Microdevices and Sensors Labora-
tory at North Carolina State University, Raleigh, North Carolina. Parylene C was coated
by Paratronix Inc, and the Teflon AF layer was coated in-house. Figure 2.5 shows the
cross-sectional build-up of the various material layers in the two-layer fabrication process.

Figure 2.6 shows the image of the top-view of the fabricated prototype lab-on-a-chip.

Hydrophobic layer
Primary Dielectric
Metal 2

Interlevel Dielectric
Metal 1

Figure 2.5: Two-layer metal process for fabrication a 2D lab-on-a-chip

2.3.3 Top plate fabrication

An indium-tin oxide coated glass slide or polycarbonate plastic acted as the ground plane.
The indium tin-oxide slides were obtained from Delta Technologies. Polycarbonate plastic
pieces were coated with ITO by Genvac Aerospace. Holes (aligned to the loading ports on
the chip) were drilled on the ITO slide and acted as the fluidic input ports. The diameter

of the holes was chosen as 1mm to fit a small volume pipette tip. The ITO slide was
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Figure 2.6: Top view image of the fabricated prototype lab-on-a-chip
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hydrophobized by spin coating or dip coating a thin (<100nm) layer of 1% Teflon AF.
The glass slides were baked at 170°C to remove the solvent. However since polycarbonate

could not withstand such high temperature, the plastic top plates were left to dry overnight.

2.3.4 Detection Instrumentation

Detection in the electrowetting system is most easily done using optical techniques. This
is because of the transparent nature of the materials involved in an electrowetting chip,
including the electrodes which can be made out of transparent indium tin oxide. In the pro-
posed architecture an optical absorbance measurement system, consisting of an LED and
a photodiode, is integrated with the electrowetting device. The optical detection is done in
a plane perpendicular to the chip. Colorimetric assays, which are very common in clinical
applications, can be easily monitored using this technique. Several assays can be moni-
tored simultaneously by either having multiple fixed detectors or by time-multiplexing a

single detector.

Figure 2.7 shows the side view of the optical detection system. The output voltage of
the photodiode V(r) is directly proportional to the light intensity incident I(¢) on it. The
absorbance A(?) is related to the intensity by the following equation.

Af) = In (’7%)) —In (;%5%&) @1

where 1(0) and V(0) correspond to zero absorbance (or 100% transmittance), and V,, is
the dark voltage of the photodiode.

Equation 2.1 assumes that all the light that is incident on the photodiode passes through
the liquid. Since the diameters of typical LEDs (3mm-5mm diameter) are much larger
than the droplet ( 500um) the aperture of the light emitted by the LED was reduced by
masking it using an opaque aluminium block with a 400um hole in the middle as shown

in Figure 2.7.
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Figure 2.7: Optical absorbance measurement instrumentation used to monitor color
change
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2.3.5 System assembly

The electrowetting chip and the top plate were assembled such that the holes on top plate
were aligned with the loading ports on the chip. The chip and top plate were clamped and
held down by clips on the sides. Electrical connections to the contacts on the chip were
made using a 22-pin SOIC test clip (Pomona Electronics). Voltages were applied to the test
clip using an electronic controller which was essentially an array of high-voltage switches.
The state of the switches (ON or OFF) was controlled by custom software through the
parallel port or USB. For the absorbance measurement experiments the voltage output of

the photodiode was logged on a computer using an analog data acquisition board.

2.4 Testing of fabricated lab-on-a-chips

2.4.1 Material defects

A small portion of the chips (3-4 in a wafer of 25) had electrical defects such as shorts and
opens and since several of the electrical inputs were multiplexed, a single defect caused
the entire chip to be inoperable. In the chips which were defect free the main reliability
concern was the Parylene insulator. Electrolysis due to insulator breakdown was eventually
seen in all the chips and almost exclusively in the reservoir (shown in Figure 2.8). Though
the exact reason for the breakdown is unknown at this time it is hypothesized that this is
due to mechanical cracking or failure of the Parylene film at the gasket-electrode junc-
tion in the reservoir, which exposes the metal to the liquid and causes electrolysis. This
eventual breakdown in the insulator limited the time duration of a single fully-automated
experiment. The longest experiment without failure lasted 10 minutes and was an excep-
tion rather than the norm. Typical lifetimes were more around 5 minutes which was not

always sufficient.
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Figure 2.8: Electrolysis due to insulator breakdown in the reservoirs
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2.4.2 Chip loading

Figure 2.9 shows snapshots in time during the loading of a reservoir by an external pipette.
The diameter of the reservoir is 2.66mm, the channel width is 100um and the height of the
reservoir is 90um. Variations in the channel width between 100 and 200 microns and the
length of the channel did not affect the loading process. Silicone oil had to be injected first
before the samples to avoid the trapping of air in the reservoirs. Air bubbles however still
posed a huge problem during the loading of the samples and considerable operator skill
was required to consistently load multiple reservoirs without any air bubbles. Significant
improvement is necessary on this aspect of the design. Another problem which arose
during the course of experiments was the evaporation of silicone oil through the loading

holes since they were not sealed after loading.

Figure 2.9: Sample injection into an on-chip reservoir

2.4.3 Droplet dispensing

Once the reservoirs were loaded without any air bubbles, droplet formation worked without
any problems. Though the reservoirs were designed to hold 500nL of sample, dispensing

would work only if the reservoir contained less than 500nL. This volume appeared to be
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limited by the area of the pull-back electrode in the reservoir which was slightly smaller
than the reservoir in the prototype lab-on-a-chip. Another design aspect which would re-
quire revision in future designs is the length of the extruded column. In the fabricated
prototype the length of this column was 1750um (3.5 electrode widths) and resulted in
the droplets being much larger ( 30uL) than what was required for reliable transport. The
larger droplets also decreased the number of droplets that could be generated from a reser-
voir to around 10 with the useful number being even smaller and around 8 or 9. The

variation in droplet volume was calculated to be less than 3% CV [37].

2.4.4 Droplet pathways

On the defect free chips the droplets were transportable in a loop around the 4-phased bus
and the 3-phased bus at a maximum frequency of 50Hz. This corresponds to a speed of
2.5cm/sec. To ensure reliable operation, the maximum clock frequency that was used in
other experiments was around 10Hz. The transport of two merged droplets was also tested
on the two buses. A double-droplet was transportable on the 4-phase bus but not on the
3-phase bus. On the 3-phase bus the droplet was too big and caused a contention issue at
the corners of the 3-phase loop. This contention caused the droplet to split into two while
moving on the 3-phase bus as illustrated in Figure 2.10. This issue was not observed on

the 4-phase bus.

The mixing times on the nanoliter lab-on-a-chip was evaluated by analyzing the mix-
ing process between a fluorescein and water droplet. The two droplets were merged and
moved in one direction (not shuttled) along a transport bus at 10Hz. Images of the merged
droplet were captured and the time required for complete mixing was estimated to be ~0.8

seconds.

29

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



Figure 2.10: Bus contention causing a droplet to split while moving on the 3-phase bus

2.5 Chapter summary

The design and prototyping of a nanoliter lab-on-a-chip was presented in this chapter.
Insulator breakdown in the reservoir caused catastrophic failure in the chips and ultimately
determined the lifetime of the chip and the duration of experiments. The second biggest
factor which limited experiment durations was the evaporation of silicone oil from the chip
creating air bubbles during the course of an experiment. However the lab-on-a-chip was
still capable of performing all the basic fluidic operations such as sample injection, droplet

dispensing, transport and mixing both individually and in an integrated fashion.
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Chapter 3

Biocompatibility of the Electrowetting System

Clinically relevant samples such as physiological fluids have always posed a major chal-
lenge to conventional microfluidic devices [17]. It is therefore important to first establish
the compatibility of such fluids with the electrowetting system. The compatibility of a lig-
uid with the electrowetting system is evaluated by testing the transportability of the droplet

and the ability to form droplets from an on-chip reservoir using only electrowetting forces.

3.1 Transport of Biological Fluids

All biological samples contain proteins. Proteins are not easy to handle in microfluidic
systems because of their tendency to adsorb to any surface they come in contact with and
contaminate them. The adsorption is more pronounced on hydrophobic surfaces and in
most cases irreversible under normal conditions {46]. In the electrowetting system the
liquid droplet is sandwiched between two Teflon AF coated hydrophobic surfaces. Any
contact between the liquid droplet and this Teflon AF surface, will therefore contaminate
the surface. In addition to contamination, protein adsorption also renders the surface per-
manently hydrophilic. This is detrimental to transport, since electrowetting works on the
principle of modifying the wettability of a hydrophobic surface. Therefore any contact
between a liquid droplet containing proteins and the Teflon surface should be avoided to
prevent contamination and enable transport. As a consequence, air is not a suitable filler
medium for applications involving proteins, since the droplet is always in contact with the
Teflon surface. Using air as a filler medium, static electrowetting (i.e. static change in
contact angle by application of a potential) of 4ug/mL BSA droplets has been previously

demonstrated in a very limited sense [46]. However dynamic transport has not been shown
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in air and will indeed be a big challenge due to the reasons mentioned above. Even in the
static case the reversibility of the contact angle change reduces over time due to continuous

non-specific and electric field driven adsorption.

Silicone oil with its low surface tension and spreading properties appears to be an
ideal alternative. From visual observations and electrical capacitance measurements dur-
ing droplet transport in silicone oil, we have inferred the presence of a thin film of oil
encapsulating the droplet. This oil film isolates the droplet from the Teflon surfaces, mini-

mizing adsorption and facilitating transport.

Though the oil film is yet to be extensively characterized its stability appears to de-
crease with lowering of the interfacial tension between the liquid droplet and oil. Since
the liquid-oil interfacial tension typically decreases with increasing protein content, the
stability of the oil film is also lower in such cases. A less stable oil film implies more ad-
sorption of proteins on the Teflon surfaces and consequently droplets having higher protein
content can be expected to be more difficult to transport and may require higher voltages.
The oil film may also be squeezed out by the droplet at high voltages due to electrostatic
pressures. Therefore, the actuation voltage has to be carefully chosen to facilitate transport

of the droplets while maintaining the oil film.

3.1.1 Measure of droplet transportability

Due to the discrete nature of operation of a digital microfluidic system, the maximum
switching frequency, which we define as the highest rate at which a droplet can be moved
across two adjacent electrodes, is the measure of the transport performance of the system.
Higher the switching frequency, more the number of discrete fluidic operations that can
be performed per second and higher the throughput of the system. It has been shown
previously that the average speed of a droplet at a particular voltage remains constant with

physical scaling [33]. The average speed is defined as the product of switching frequency
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and electrode pitch. Therefore, the switching frequency is inversely proportional to the

electrode pitch and can be increased by physically scaling the system down.

3.1.2 Transport of Pure Protein Solution

Bovine Serum Albumin (BSA) is one of the most commonly used proteins in adsorption
studies. BSA adsorbs very easily to any surface and is in fact used in many applications to
protect surfaces from the non-specific binding of other proteins. The maximum switching
frequency of droplets containing different concentrations of BSA (0.001-10mg/mL) was

evaluated as a function of voltage.

Materials - Stock solution of BSA (10mg/ml.) was provided by GlaxoSmithKline
(Durham, North Carolina, USA) and diluted to 1 mg/mL, 0.1 mg/mL, 0.01 mg/mL and
0.001 mg/mL in deionized water. The electrode pitch was L=1mm, the gap was H=500um

and the droplet volume was 0.75uL. Silicone oil (1cSt) was used as the filler fluid.

Methods - The smallest voltage required to sustain motion of the physiological sample

droplets across 5 electrodes was evaluated at different switching frequencies.

Results - The transportability was found to be sensitive to the experimental protocol
that was followed. In the first protocol the droplet of BSA was first manually pipetted and
the silicone oil was added next. Dispensing the BSA first caused instantaneous adsorption
to the Teflon surfaces, rendering the surface hydrophilic and the droplet was not further
transportable. In the modified protocol the silicone oil was first dispensed, followed by
the BSA. This ensured the presence of an oil film right from the beginning of the exper-
iment and enabled the transport of the protein solutions. Figure 3.1 plots the maximum
switching frequency as a function of the voltage, for various concentrations of BSA. As
expected, droplets with higher protein content are more difficult to transport and require
higher voltages for operation. The concentration of BSA that is transportable is three or-

ders of magnitude higher than what has been previously demonstrated in air [46].

33

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



Transportability of BSA
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Figure 3.1: Switching frequency of different concentrations of BSA droplets as a function
of the applied voltage
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3.1.3 Transport of Physiological Fluids

The maximum switching frequency of a droplet of whole blood, serum, plasma, urine,
saliva, sweat, tear and a buffer (0.1 M PBS, pH = 7) was evaluated as a function of the
applied voltage.

Materials - Heparinized blood, serum and plasma samples were obtained with IRB
clearance from the Duke University Medical Center. Other physiological fluids were ob-
tained from a healthy human adult. The electrode pitch is L = 1.5 mm and the spacer height
is H = 500um with 1cSt silicone oil as the filler fluid. The volumes of the droplets were

between 1.3yl and 1.5uL.

Methods - The smallest voltage required to sustain motion of the physiological sample

droplets across 5 electrodes was evaluated at different switching frequencies.

Results - Figure 3.2 plots the maximum switching frequency of droplets of the various
fluids as a function of the actuating voltage. All the fluids could be actuated at frequencies
of 20 Hz using less than 65 V. The general trend that can be observed from the graph is that
the fluids with less or no protein such as buffer and saliva transport more easily than the
ones with higher protein content such as whole blood or serum, which is consistent with
what we expected.

Figure 3.3 shows images of a whole blood droplet as it moves across 5 electrodes
at 10Hz. The transport of the droplet of heparinized whole blood was sustainable for
~25,000 continuous droplet transfers at 10 Hz (=40 min) using an actuating voltage of 52
V. After 25,000 cycles the droplet was slower to respond and required a higher voltage to
maintain the same switching frequency. This performance degradation could either be due
to insulator degradation or gradual adsorption of proteins on to the Teflon surface. The
transport of other physiological fluids was sustainable for as much or in some cases even
more cycles than whole blood, depending on the protein content. An important issue that

has not been addressed is the stability of blood cells under electrowetting conditions, and
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further experiments are required to evaluate any haemolysis that may occur.
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Figure 3.2: Switching frequency of droplets of various physiological fluids as a function
of voltage applied

3.2 Droplet generation from on-chip reservoir

The process of generating unit-droplets from an on-chip reservoir using only electrowet-
ting forces was described in Section 2.2.2. As in the case of transport, droplet formation
also needs to be evaluated for solutions containing proteins to completely establish the
compatibility of the liquid with our platform. The formation process is likely to be more
severely affected by protein adsorption than transport, since the liquid in the reservoir has
a much larger surface area to adsorb to than a unit droplet. Concentrations for which
formation would work are therefore expected to be smaller than the maximum concen-
tration for which simple transport would work. There are two measures of performance
of droplet dispensing, reliability and repeatability. Reliability addresses the compatibility

issue of whether droplets can actually be formed using only electrowetting. Repeatability
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Figure 3.3: Transport of 1.5uL whole blood droplet across 5 electrodes at 10Hz and 52V.
The electrode material is transparent indium tin oxide

addresses the issue of droplet volume variability.

3.2.1 Droplet formation for pure proteins

Materials and methods - Bovine Serum Albumin (BSA, A-4378) was obtained from Sigma
Chemicals (St Louis, Missouri, USA) and solutions of 0.1 mg/mL, 0.0 Img/mL and 0.00
Img/ml. were prepared in de-ionized water. The electrode pitch was L=750um and the
spacer thickness was H=75pum. Droplet formation from BSA solutions of various concen-
trations (0.001-0.1 mg/mL) using only electrowetting forces was evaluated.

Results - Reliable on-chip dispensing was possible up to concentrations up to 0.01mg/mL..
For solutions containing higher concentrations of BSA (>= 0.1mg/mL) it was not possi-
ble to generate droplets using only electrowetting, despite the fact that individual droplets
containing up to 10mg/mbL BSA are transportable. This is likely due to protein adsorption,
since the liquid in the reservoir has a much larger surface area (=20 times more than a unit

droplet) and therefore a higher chance of adsorbing to the surfaces of the reservoir.
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3.2.2 Droplet formation for physiological fluids

The reliability and repeatability of droplet formation from on-chip reservoirs was tested
using human serum, plasma and whole blood and enzymatic reagents. Three serum sam-
ples having different total protein content, one plasma sample, one whole blood sample

and an enzymatic glucose reagent were tested.

Materials and methods - All experiments were done on 2-D electrowetting chips with
2.67 mm diameter reservoirs, electrode pitch L = 500um and spacer thickness H = 90um.
1cSt silicone oil was used as the filler fluid. The operating voltage was fixed at 50V unless

otherwise specified.

Results - Droplets could be reliably formed from serum, plasma and the enzymatic
reagents using the standard operating voltage of 50V. Three different serum samples with
different total protein contents were tested and the dispensing reliability was identical for
all of them. Droplet dispensing did not work for whole blood at a maximum tested voltage

of 120V.

3.3 Chapter summary

The compatibility of the electrowetting system with biological samples is important to its
usefulness in real-world applications. The results presented in this chapter validate the
claim that the electrowetting system is compatible with a wide range of sample matri-
ces. Pure protein solutions such as BSA and clinically relevant physiological samples such
as serum and plasma were transportable and dispensable. The concentrations for which
dispensing worked were however much smaller than the concentrations which were trans-
portable. This was expected due to the significantly larger adsorption in the reservoir due

to its larger surface area.

38

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



Chapter 4

Clinical Assay on the Electrowetting Platform

4.1 On-chip biological assay

The glucose assay, which is one of the most common and frequently performed assays in
clinical diagnostics, was chosen as a model assay to test the lab-on-a-chip. The in-vitro
measurement of glucose in human physiological fluids is of great importance in clinical
diagnosis of metabolic disorders. The most important of these disorders is diabetes mel-
litus (hyperglycemia) which is characterized by high levels of glucose in human physio-
logical fluids. Diabetes is the most common metabolic disorder in the world with more
than 150 million affected people, and the number is expected to double over the next two
decades [47]. The assessment of glucose levels in body fluids is also used in the diagnosis

of hypoglycemia (low levels of blood glucose).

4.1.1 Microfluidic glucose analyzers

Enzymatic reactions are the most commonly used methods to assay glucose. Enzymes are
protein molecules which act as catalysts for organic biochemical reactions. Glucose oxi-
dase, due to its high specificity for glucose, is the most commonly used enzyme in a glucose
assay. In the microfluidic domain glucose analyzers are usually based on continuous flow,
using syringe pumps [48] or electroosmosis [49] for pumping. Microdialysis sampling
has also been coupled with microfluidics [26] for real-time monitoring of glucose. The
most commonly used biorecognition element is immobilized glucose oxidase [50] though
enzymatic assays in solution phase [51] coupled with electrophoretic separation have also
been reported. In an immobilized assay the enzyme is bound to a solid phase which is in

contact with the sample that is to be analyzed. Detection is done using electrochemical

39

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



methods such as amperometry [49, 48, 26] or optical methods such as absorbance [50] or

chemiluminescence [52].

4.2 Glucose Assay Development

Immobilized enzymatic assays are not easily adaptable to the electrowetting system be-
cause of material incompatibility and fabrication complexity. In contrast solution-phase en-
zymatic assays are easily implemented in the electrowetting system. A modified Trinder’s
reaction [53], which is a colorimetric enzyme based method, was used for glucose detec-

tion in our system. The enzymatic reactions involved in the assay are

Glucose Oxidase
—

Glucose + H,0 + O, Gluconic Acid + H,0, 4.1

2H,0, + 4-AAP + TOPS L%, oinoneimine + 4 H,0 (4.2)

Glucose is enzymatically oxidized in the presence of glucose oxidase to produce glu-
conic acid and hydrogen peroxide. The hydrogen peroxide formed reacts with 4-amino
antipyrine (4-AAP) and N-ethyl-N-sulfopropyl-m-toluidine (TOPS), to form violet col-
ored quinoneimine, which has an absorbance peak at 545nm. The absorbance is related to

the concentration of quinoneimine (in Equation 4.2) by Beer’s law.

where A(z) is the absorbance at time ¢, A, . is the blank absorbance, € is the extinction
coefficient of quinoneimine under the assay conditions, L is the optical path length, and
C(¢) is the concentration of quinoneimine at time ¢.

The glucose concentration is calculated from the absorbance (or the concentration of
quinoneimine) using either an end-point method or a kinetic method. In the end-point
method the reaction is allowed to proceed to completion. The concentration of glucose
in the sample is stoichiometrically related to the concentration of quinoneimine, which is
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proportional to the absorbance at the end of the reaction.

(Glucose] = [Quinoneimine) « DF — A,d = Apiank < DF
2 2¢eL

where [Glucose] is the concentration of glucose in the sample, [Quinoneimine] is the con-
centration of quinoneimine at the end-point, DF is the dilution factor, A, , is the ab-

sorbance at the end-point.

The end-point assay typically takes 10s of minutes depending on the reagent com-
position and the temperature. The end-point method also uses higher concentrations of

enzymes and requires a blank reading.

4.2.1 Rate-Kinetic Assay

Using the kinetic method, the entire assay can be done is less than a minute. Kinetic
methods also require significantly lower concentrations of enzyme as compared to end-
point methods and does not require a blank reading. We have used the kinetic method in
our system for the above mentioned advantages. In the kinetic method the concentration of
glucose is related to the rate of the reaction. By taking the time derivative of Equation 4.3

we get

. dC(t) 1 dA(t)
R — =N PN .
ate of reaction T Y3 X T 4.4

The Trinder’s reaction obeys Michealis-Menten kinetics and therefore the effective rate

equation for the glucose assay can also be written as

[Glucose]/DF
K, + [Glucose|/DF

Rate of reaction = Vp,y X (4.5)

where Rate is the effective initial rate of the reaction, V,4x 1s the maximum rate at which

the assay can proceed, and K}, is the effective Michaelis-Menten constant of the reaction.
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Vinax is directly proportional to the activity (or concentration) of the enzyme. Combining

Equations 4.4 and 4.5 we get

dA(t
Rate « '——ég—)- = &LV

|Glucose|/DF
Ky, + [Glucose]/DF

(4.6)

4.2.2 Analytical Range

From Equation 4.6 it is evident that the reaction rate is directly proportional to the glucose

concentration if [Glucose]/DF < K, i.e.

dA(t LV,
dg ) = ;Mg;x X [Glucose] if

[Glucose)
DF

< Ky 4.7)

The linear range of the method is therefore dependent on the dilution factor DF and the
Michaelis-Menten constant K, and can be improved by increasing the sample dilution

factor under a particular assay condition.

4.2.3 Analytical Sensitivity

The analytical sensitivity is the slope of the calibration curve for the method in the linear
range, and quantifies the change in measurable signal relative to the change in the concen-

tration of analyte. For the glucose assay Equation 4.7 represents the calibration curve and

P dA
dat _ ELVigy

d[Glucose] ~ K, DF

the sensitivity can therefore be written as,

Sensitivity =

(4.8)

From Equation 4.8 it is evident that the sensitivity is a measure of the enzyme activity
(Vinax). For a given assay (constant K, and €), the sensitivity increases with increasing
enzyme activity (Viu.x) and path length (L), and decreases with increasing dilution factor
(DF). Note that the linear range and the sensitivity have inverse dependence on the dilution

factor.
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4.2.4 Lineweaver-Burke Plot
Equation 4.4 can also be written as

1 K,DF 1
Rate Vg [Glucose] = Vipgy

(4.9)

From Equation 4.9 it is clear that 1/Rare is linearly proportional to 1/{Glucose]. The
plot of 1/Rate versus 1/[Glucose] is referred to as the Lineweaver-Burke plot, and the
Michaelis-Menten constant K, is calculated as the slope of the graph (K,,/Viax) divided
by the intercept on the y-axis (1/Vjuey). If the Lineweaver-Burke plot is not linear, it means
that the assay does not obey Michaelis-Menten kinetics and the kinetic method would not

be applicable.

4.3 Experimental setup

4.3.1 Chemicals

Glucose oxidase (G-6125), peroxidase (P-8125), 4-aminoantipyrine (A-4382) and TOPS
(E-8506) were purchased from Sigma Chemicals (St Louis, Missouri, USA). Glucose
standards (100mg/dL., 300mg/dL. and 800mg/dL) were obtained from Sigma and diluted
with deionized water to give stock solutions with concentrations ranging from 25mg/dl to
800mg/dL. The glucose reagent was constituted to result in the following concentrations
after taking into account the dilution factor involved in the experiment: glucose oxidase
(3U/mL), peroxidase (3U/mL), 4-aminoantipyrine (3mM) and TOPS (3mM) constituted
in 0.1M phosphate buffered saline (Sigma, pH 7.0). The reagent was stable for 2 days

when stored at 4°C.
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4.3.2 Optical detection

Optical detection, is done in a plane perpendicular to that of the device, and the setup
consisted of a green LED (545nm, from RadioShack) and a light-to-voltage converter, as
shown in the schematic. The light-to-voltage converter (TSL257, Texas Advanced Op-
toelectronic Solutions) combines a photodiode and an amplifier on the same monolithic
device. The output voltage V(¢) is directly proportional to the light intensity incident I(¢)
on the photodiode. The voltage output is logged on a computer using a data acquisition
card with a 12-bit A/D converter with a measuring range of -5V to +5V. All the data col-
lected is analyzed in Microsoft Excel. The absorbance A(7) is calculated from the intensity
using the following formula.

Alt) = In (%) = In (%ﬁ) (4.10)

where 1(0) and V(0) correspond to zero absorbance (or 100% transmittance), and V,_, is
the dark voltage of the photodiode. The slope of the absorbance versus time graph is a

measure of the effective rate of the reaction (from Equation 4.6).

4.4 On-chip Glucose Assay

The glucose assay is performed on-chip in three steps - dispensing, mixing and detection.
Droplets of the glucose sample and the reagent are first dispensed manually on the elec-
trowetting chip using a pipettor. They are then merged and physically mixed by shuttling
the coalesced droplet across 3 or 4 electrodes for 10-15 seconds, at a switching rate of 8Hz,
and an actuation voltage of 50V. The time for physical mixing (10 seconds) is higher than
what is required and can be reduced to less than 5 seconds [39]. At the end of the mixing
phase, the absorbance is measured for at least 30 seconds using the LED-photodiode setup

described earlier. The mixed droplet is held stationary by electrowetting forces, during the
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absorbance measurement step. Since the absorbance measurements begin 15 seconds after
the droplets are merged, the measured reaction rate may not be exactly equal to the initial
rate. This difference between the measured and the actual initial rate may be noticeable
for high glucose concentrations. All experiments were performed at room temperature.
An increase in the reaction temperature will increase the sensitivity till an optimal value is
reached. 1cSt silicone oil is used as the filler medium for all experiments. The volumes
of glucose sample and reagent were chosen to result in sample dilution factors (DF) of
2 and 3. These dilution factors are orders of magnitude lower than those used in conven-
tional colorimetric glucose sensors, which are typically greater than 100. We have not used
larger dilution factors due to chip real-estate concerns and reduced mixing efficiency. For
the low mixing ratios used in our system, we have also observed dissolved oxygen to be
the limiting reactant. The reaction slows down once the dissolved oxygen is exhausted,
and takes a long time to proceed to completion, making end-point methods infeasible. Fig-
ure 4.1 shows snapshots of a colorimetric glucose assay of a 800mg/dL sample droplet on

an electrowetting chip.

SAMPLE BEAGENT BEFORE MERGING MIXING

ENZYME CATALY ED FORMATION of COLORED PRODULT OVER TIME

P R S

e S R PG

Figure 4.1: Snapshots of a colorimetric glucose assay on an electrowetting chip

45

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



4.4.1 Dilution factor of 2 (DF=2)

The dilution factor for both the sample and the reagent is 2 in this case. The constitution
of the of the glucose reagent is chosen to account for this dilution of the reagent, and is
- glucose oxidase (6U/mL), peroxidase (6U/mL), AAP (6mM) and TOPS (10mM). The
volumes used are 1.0uL for both the sample and the reagent. The absorbance A(f) as
a function of time for various concentrations from 25mg/dL to 400mg/dL is shown in
Figure 4.2. T=0 in the graphs corresponds the time instant just after the sample and reagent
droplets are mixed (15 seconds after merging). The slope of these curves (obtained by
least-squares linear regression in Excel) gives the rate of reaction corresponding to each
concentration. Figure 4.3 plots of the reaction rate as a function of the sample glucose
concentration. The linear region of Figure 4.3 is shown in Figure 4.4. The linear fit is
obtained by least-squares regression in Excel, with the line forced to pass through the
origin. The plot shows excellent linearity up to a glucose concentration of 100mg/dL
with a R? (measure of goodness of fit) of 99.89%. The sensitivity of the assay (slope of

Figure 4.4) is S, = 27.2 AU sec™! /mgdL~' (AU stands for Absorbance Units).

4.4.2 Dilution factor of 3 (DF=3)

The dilution factor for the reagent is 2/3 in this case. The constitution of the glucose reagent
is chosen to account for this dilution of the reagent, and is - glucose oxidase (4.5U/mL),
peroxidase (4.5U/mL), AAP (4.5mM) and TOPS (7.5mM). The volume used for the sam-
ple and the reagent are 0.7uL. and 1.4uL respectively. The rate of reaction is plotted as a
function of concentration in Figure 4.5, and the linear range is shown in Figure 4.6. From
the figure we can see that the reaction is linear to concentrations of 300mg/dL with a R? of
99.76%. The sensitivity of the assay (sloper of 4.6is S5 = 16.6 HAU sec™! fmgdL™1.
Since the assay conditions (enzyme activity and path length) are the same for both

experiments (DF=2 and DF=3), the sensitivities are inversely related to the dilution factors
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Figure 4.2: Absorbance versus time for Glucose concentrations from 25mg/dL to
300mg/dL, for a sample dilution factor of 2.
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Figure 4.3: Rate of reaction as a function of glucose concentrations from 25mg/dl to
800mg/dl, for a sample dilution factor of 2.
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Figure 4.4: Rate of reaction as a function of glucose concentration in the linear range, for
a sample dilution factor of 2.

(from Equation 4.8). The ratio of the sensitivities is

S(DF=2) 272 3
S(DF =3) 166 1.83

(4.11)

which is close to the expected value of 3/2.

Comparison with Reference Method

The assay results obtained on the electrowetting chip for a dilution factor of 3 were com-
pared with those obtained on a commercial Gensys 20 spectrophotometer. In order for
the comparison to be meaningful, the absorbance measured in the electrowetting system
is multiplied by a scaling factor to account for the difference in path lengths between our
system and the spectrophotometer (path length = lcm). The scaling factor is determined
by measuring the end-point absorbance of a glucose assay on both the systems. Note that

since the LED light source is not collimated, the path length in the electrowetting system
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Figure 4.5: Rate of reaction as a function of glucose concentrations from 100mg/dL to
800mg/dL, for a sample dilution factor of 3.
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Figure 4.6: Rate of reaction as a function of glucose concentrations in the linear range, for
a sample dilution factor of 3.
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is not exactly equal to the gap spacing. Figure 4.7 compares the results from the elec-
trowetting chip with the results obtained from identical assays on a commercial Gensys 20
spectrophotometer in Figure 4.7. From the figure we can see that the data from the spec-
trophotometer and from the electrowetting system are in good agreement up to 400mg/dL.
The slight deviation at the higher concentrations (600mg/dL and 800mg/dL) can be at-
tributed to the difference in the measured rate and the actual initial rate, due to the mixing
delay. Figure 4.8 compares the results in the linear range. The solid and dotted lines corre-
spond to least squares linear fits to the data points. Since the assay conditions are identical
for both the experiments the sensitivities are proportional to V), (from Equation 4.7).
The nearly identical sensitivities from the figure indicate that there is no significant change

in enzyme activity (V) under electrowetting conditions.

0.1
0.09 | | —4— Spectrophotometer
- - i1 - - Electrowetting LoC

0.08 -
0.07 -
0.06 -
0.05 -
0.04 -
0.03 -
0.02 -
0.01 -

0

Normalized rate of reaction in AU/sec

T T i T

0 200 400 600 800 1000
Glucose concentration in mg/di

Figure 4.7: Comparison of results from a spectrophotometer and our electrowetting-based
LoC, for a dilution factor of 3.
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Figure 4.8: Comparison of results from a spectrophotometer and our electrowetting-based
LoC, in the linear range, for a dilution factor of 3.

Lineweaver-Burke plot

The Lineweaver-Burke plot (refer section 4.2.4) is used to obtain the effective Michaelis-
Menten constant K, of the reaction. The K, value will determine the dilution factor
required to achieve a certain linear range. The Lineweaver-Burke plot, for the glucose
assay using a dilution factor of 3, is shown in Figure 4.9. and the K, value is calculated
using Equation 4.9 from the graph is 494 mg/dL. The K, obtained from the plot is highly
sensitive to the measured value of the reaction rate and in order to minimize the errors,
the sample concentrations were chosen so that 1/[Glucose] is uniformly distributed across
the entire range. The excellent linearity of the Lineweaver-Burke plot validates the use of

Michaelis-Menten kinetics to model the system.
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Figure 4.9: Lineweaver-Burke plot for Glucose Assay

4.4.3 Analytical range

The normal range of glucose in human serum in a healthy adult is between 75mg/dL and
110mg/dL. These ranges are lower for children (60-100mg/dL) and even lower for neonates
(30-60mg/dL). The clinical decision levels for glucose are 50 mg/dL (hypoglycemia), 126
mg/dL and 200 mg/dL (hyperglycemia) and therefore an analytical range of 25-200mg/dL.
is sufficient for human subjects. The results presented in the previous sections indicate that
this linear range is achievable using a dilution factor less than or equal to 3. A dilution
factor of 3 can be obtained by mixing one droplet of sample with two droplets of reagent.
Higher dilution factors would require some sort of on-chip sample dilution such as the

serial dilution method, proposed in [37].
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4.5 Assays for Lactate and Creatinine

In addition to glucose, assays for other analytes such as lactate and creatinine were also
developed in order to demonstrate multiplexed analysis on the electrowetting system. The
assays were chosen to have a color producing step identical to the glucose assay to enable

the use of a single optical detector for all the analytes.

Peroxidase
— s

2H,0, + 4-AAP + TOPS Quinoneimine + 4H,0

The optical detector can be time-multiplexed for parallel detection of all the analytes.

4.5.1 Lactate Assay

The enzymatic reactions involved in the colorimetric lactate assay are

Lactate Oxidase

Lactate + H,0 + O, ————— Pyruwate + H,0,

Peroxidase

2H,0, + 4-AAP +TOPS ———  Quinoneimine + 4H,0

The lactate assay was initially tested on a spectrophotometer to determine the sensitiv-
ity and the linear range of operation. The following reagent composition was used as the

starting point for the lactate assays.

e Buffer 0.1IM PIPES pH=6.8,

Lactate Oxidase - 0.5 U/ml,

Peroxidase - 0.5 U/ml,

TOPS - 5SmM,

e 4-Aminoantipyrine (4-AAP) - 0.5mM
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Lactic acid standard solutions with concentrations in the clinical relevant range of 0.5mM-
4mM were used as the sample. The initial results on the spectrophotometer were not
encouraging with respect to the linearity of the assay. The calibration curve was flat with
no change in the reaction rate with concentration. This was due to the very small Km
of lactate oxidase under the assay conditions. In the second iteration oxalate ions which
inhibit the activity of lactate oxidate was added to the reagent to improve the linearity.
Sodium oxalate was tried initially but the results were not consistent between experiments
due to its poor solubility in water. Potassium oxalate was much more soluble in water and
was used at a concentration of 15mM in the reagent as the source of oxalate ions in the
modified reagent.

Figure 4.10 shows the calibration curve obtained using the reagent with the inhibitor
for a 1:1 mixing ratio. Though the linearity improved significantly from the initial exper-
iment, it was still not sufficient in the range relevant to human samples. Increasing the
concentration of potassium oxalate beyond 15mM had a negligible effect on improving the

linearity.

4.5.2 Creatinine Assay

The enzymatic reactions involved in the creatinine assay are the following [54].

.. Creatininase .
Creatinine + Hy0 ———— Creatine

Creatinase

Creatine + H20 —————  Sarcosine + Urea

Sarcosine Oxidase

Sarcosine + O, + H,0 Glycine + Formaldehyde + 2H,O0,

2H,0, + 4-AAP + TOPS L2945 Oinoneimine + 4H,0

The enzymatic creatinine assay as developed by Fossati et al [54] is an end-point

reaction and not a kinetic assay. The time to completion for the end-point reaction was
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Figure 4.10: Calibration curve for a lactate assay done on a spectrophotometer

20 minutes at an elevated temperature of 37°C. Such long assay times are not currently
feasible on the electrowetting lab-on-a-chip, so the kinetics of the enzymatic creatinine
assay was evaluated to see if a rate-kinetic method could be used.

The reagent composition was 3mM TOPS, 0.6mM AAP, 12U/mL peroxidase, 10U/mL
sarcosine oxidase, 20U/mL creatinase, 20U/mL creatininase in 0.1M PBS (pH=7.4). Stan-
dard solutions of creatinine in the range of 0.5-2mg/dL (human range in serum) were used
as the sample.

Figure 4.11 shows the kinetics of a creatinine assay over a 10 minute time period. The
reaction is very slow at the beginning and requires a little more than 3 minutes before a
measurable color change is observed. Figure 4.12 plots the slope of the linear region of
the kinetic curve (from 300-500 seconds) as a function of the concentration. The assay is
linear up to the tested concentration of 2mg/dL. however the sensitivity is very poor (2e-4

AU/sec/mg/dL) even for the lcm path length. For a 100um path-length this sensitivity
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translates to an absorbance change of 8e-4 in 300 seconds for a concentration of 2mg/dL.
Such small absorbance changes are not detectable with the current setup. For this reason

the creatinine assay was not tested on the microfluidic lab-on-a-chip.

CreRtinirs Assay Fade Kineie
P
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Figure 4.11: Kinetics of a enzymatic creatinine assay on a spectrophotometer

4.6 Chapter summary

A glucose assay protocol suitable for a droplet-based lab-on-a-chip was designed in this
chapter. The assay is linear up to concentration of 100mg/dL for a sample:reagent ratio of
1:1 and up to 300mg/dL for a sample:reagent ratio of 1:2. The assay was tested manually
on an electrowetting chip and the results compared well with those that were obtained using
a conventional method. Enzymatic assays for lactate and creatinine were also developed
using the same color producing step as the glucose assay. The lactate assay suffers from
poor linearity in the human range. The creatinine assay exhibited poor sensitivity even at

path lengths of 1cm and would not be detectable on the microfluidic lab-on-a-chip.

56

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



Cresfinine Aaaap CEDration Cirve

00004 & Sarmad
— Lirwar (Satioet]

] 05 1 = 4 25
Conoertr 2thon - inghd.

Figure 4.12: Calibration curve for the creatinine assay done on a spectrophotometer
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Chapter 5

Automated and Integrated Assays on a
Lab-on-a-chip

The basic toolkit required to perform fully automated and integrated analytical assays was
developed in the previous chapters of this thesis. Glucose assays were demonstrated on an
electrowetting chip using manual pipetting of droplets that were microliters in volume. In
this chapter the glucose assay protocol is transferred to a fully automated nanoliter lab-on-
a-chip.

Three different aspects of the lab-on-a-chip operation are addressed in this chapter -
microfluidic automation, assay repeatability, and analysis of a human physiological sample
(serum). The prototype nanoliter lab-on-a-chip described in chapter 2 was used in all the
experiments reported in this chapter. The glucose assay developed in chapter 4 was used

as the model system to evaluate the repeatability of clinical assays.

5.1 Microfluidic automation

The automation of a clinical assay protocol from “sample injection to result” on the lab-
on-a-chip requires the integration of droplet dispensing, transport, mixing, detection and

disposal.

5.1.1 Pipelined Glucose Assays

It has been previously discussed that the use of multiphase buses on the lab-on-a-chip
requires the use of pipelining strategies for partially parallel operation. Two pipelined

glucose assays were performed on the prototype lab-on-a-chip and the flowchart of the
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experiment is shown in Figure 5.1. Two droplets each of glucose samples and reagent
were formed from 4 different reservoirs in a serial fashion. While the first sample and
reagent were being mixed the second set of droplets were transported towards the mixing
area. The mixed droplet was split into two and one droplet was moved to a storage area for
detection while the other droplet was sent to waste. The second sample and reagent were

mixed while the color change in the first assay occured.

Croplet fometion —semple 1
g reagent 1

Lroplet faretion —sempla 2
Trarsportsample 1 and sl reagent
meagert 1 o midng sres
Tremsportsemple 2 and
A s ample 1 and rasgent 1. reegent 2 towends miking sres.
Sttt mined droplet, mows one
;;-} o detection snather bo wests.
o Micsample 2endresgem 2.
\.‘
Lpticel absorhance
et urernant for raaction 1
Sl mived droplet, move one
o detection snoher to wesie.
Opticsl shsorbance
rregsurement for reschion 2
v

Figure 5.1: A flowchart describing the pipelined operation of two glucose assays

Figure 5.2 shows a snapshot of the chip during the operation of the pipelined assay.
The figure shows colorimetric reactions on two droplets in the 3-phase inner storage bus,
sample and reagent mixing, another sample and reagent droplet being transported on the
outer 4-phase bus towards the mixing area, and a droplet being moved to the waste area
- all occurring parallel in time. This experiment demonstrates the full capability of the

lab-on-a-chip with high-level of integration and automation.
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Figure 5.2: A snapshot during the course of a pipelined glucose assay on a digital mi-
crofluidic lab-on-a-chip

The experiment described above required a complex program for execution and was
difficult to setup and execute for repeated use. For the repeatability experiment and to
demonstrate the multianalyte assaying capabilities of the lab-on-a-chip a simpler assay
protocol was developed. In the revised assay protocol multiple samples were analyzed in

a serial fashion - one sample at a time.

5.2 Assay Repeatability

The repeatability of a measurement or the precision is one of the most important perfor-
mance metrics of a analytical method. There are two aspects of precision in a clinical
method, within-run precision and day-to-day precision. A within-run precision test is per-
formed by analyzing the same control sample at least 20 times in a repetitive manner within
a short interval. Day-to-day precision is calculated by analyzing the same control sample
over several days.

In the electrowetting system the within-run precision is mainly affected by errors in
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droplet volumes, cross contamination between experiments, and errors in measurement.
The within-run precision was evaluated by performing multiple automated assays on glu-

cose samples.

5.3 Serial Assays on Multiple Glucose Samples

Three different concentrations of glucose (40mg/dL., 80mg/dL and 120mg/dL) were as-
sayed in a serial fashion. Droplets of sample and reagent were formed in succession,
merged and mixed by simply moving the droplet on the bus. The absorbance was moni-
tored for 60 seconds using the LED-photodiode setup described previously and the droplet
was discarded to a waste area on-chip. Three assays were performed on each sample for a
total of nine assays. The entire experiment was fully automated and lasted a little more than
10 minutes. The absorbance as a function of time for the 9 assays is shown in Figure 5.3.
The rate of change of absorbance for each assay was estimated by linear curve fitting in

Excel and the calibration curve as a function of concentration is shown in Figure 5.4.

5.3.1 Within-run variation

The percentage coefficient of variation for the three different concentrations is shown in

Table 5.1.

Table 5.1: Coefficient of variation for the three different glucose concentrations

Glucose Concentration (mg/dL) | Coefficient of variation
40 1.81
80 1.86
120 0.72

From Table 5.1 we can see that there is less than 2% within-run variation in the as-
says. The excellent reproducibility of the results indicates minimal volume variability and
negligible cross-contamination. The reproducibility is the best (0.72%) for the highest
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Automated Glucose Assays done Serially
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Figure 5.3: The absorbance measured as a function of time for nine serial glucose assays
- three different glucose concentrations assayed three times each
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Figure 5.4: On-chip calibration curve for multiple glucose assays
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concentration (120mg/dL) and is lower (1.8%) for the smaller concentrations. This can
be explained due to a larger component of error due to measurement noise at the lower

concentrations. The higher noise at 40 and 80mg/dL is evident from Figure 5.3.

5.3.2 Comparison with off-chip results

The results obtained on-chip were compared with those obtained on a spectrophotometer
to verify that there is no change in the behavior of the assay under electrowetting. Since
the path lengths for the two systems were different and the calibration curve was not linear
in the range of concentrations tested, the Michaelis-Menten constant was used as a figure
of merit of the assay. Figure 5.5 shows the Michaelis-Menten curve for the glucose assays
done on-chip. The effective Km for the assay from the curve is 147.7mg/dL. The excellent
linearity of the Michaelis-Menten curve also validates the use of the rate-kinetic model
for the glucose assay. Figure 5.6 shows the Michaelis-Menten curve for identical assays
done on a spectrophotometer. The effective Km for the assay is 136.7mg/dL and compares
very well with the Km obtained from the on-chip assays, indicating negligible change in

behavior of the assay on-chip.

5.4 Serial Assays on Same Glucose Sample

A 120mg/dL glucose sample was analyzed nine times serially to further evaluate the within-
run variation. Droplets of the sample and the reagent were dispensed, mixed and the ab-
sorbance change monitored for 30 seconds. Figure 5.7 plots the absorbance measured as
a function of time for all the nine experiments. The solid line represents the least-squares
linear fit to the data points. Figure 5.8 plots the initial rate of the reaction (slope of the
linear fit) against the run number. The coefficient of variation for the entire experiment is
5.7%. The CV drops to 2.2% if only the first 6 data points are considered. The reason

for the larger error in the last 3 runs is due to the wider variation in the droplet volumes
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Figure 5.5: Michaelis-Menten Curve (on-chip assays)
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Michaelis-menten Curve (off-chip)
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Figure 5.6: Michaelis-Menten Curve (off-chip spectrophotometric assay)
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as the reservoir becomes empty. Another reason for the increased variation in this exper-
iment is the shorter data collection period. Since data is collected only for 30 seconds
(as compared to 60 seconds in the previous experiment) the change in absorbance (signal)
measured is correspondingly smaller. The smaller change in measured signal implies a

larger signal-to-noise ratio.

Kinetics of serial assays on 120mg/dL glucose sample
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Figure 5.7: Absorbance as a function of time for multiple glucose assays on the same
120mg/dL sample

The within-run experiment was repeated with a 40mg/dL glucose sample. Five sample
droplets were assayed in a serial fashion using the same assay protocol as the 120mg/dL
sample. Figure 5.9 plots the absorbance measured as function of time for all the five experi-
ments. The solid line represents the least squares linear fit. From the figure one can observe
that the R? values are very poor (95% to 97%) which indicates that the measurement er-

rors are significant for this experiment. Figure 5.10 plots the initial rate of the reaction
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Figure 5.8: Reaction rate versus the run number for multiple glucose assays on the same
120mg/dL sample
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against the run number. The coefficient of variation for the experiment was 10.5%. The
error is significantly larger compared to previous results, and most of it is attributed to

measurement errors rather than droplet volume variations.

Kinetics of serial glucose assays - 40mg/dL
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Figure 5.9: Absorbance as a function of time for multiple glucose assays on the same
40mg/dL. sample

5.5 Glucose assay on serum

An on-chip automated assay was performed on a serum sample and compared to results ob-
tained using a reference methodology. The assay protocol was similar to the ones used pre-
viously. The glucose assay is first performed on a 100mg/dL calibrant sample and the rate
of reaction was noted as the reference reading (Rate,q,). The reaction rate for the serum

sample was then measured (Ratesen,,) and the unknown concentration ([Glucose|serum)

69

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



Glucose Assay - within-run variation - 40mg/dL

0.0012
CV=105%

0.001 A

0.0008 -

0.0006 -

Initial rate in AlU/sec

0.0004 -

0.0002 -

0 =
1 2 3 4 5
Run/Sample Droplet Number

Figure 5.10: Reaction rate versus the run number for multiple glucose assays on the same
40mg/dL sample
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was inferred using the following equation.

[Glucose]serum = x 100mg/dL (5.1

The unknown glucose concentration was measured to be 35mg/dL. The reference method
was done on a spectrophotometer using a dilution factor of 100 and a dilution factor of 2
(to simulate on-chip conditions). The glucose concentration obtained using the reference
methodology was 63mg/dL for a dilution factor of 100 and 33mg/dL for a dilution factor
of 2. The huge difference in the glucose concentrations measured for dilution factors of
100 and 2 is attributed to interference. One of the important reasons for using a high
dilution factor is to reduce the effect of interfering substances in the sample to insignificant
levels. So the role of interferents could be significant if small dilution factors are used. The
discrepancy between the results for dilution factors of 2 and 100 was also observable for
other serum samples which were tested on the spectrophotometer as indicated in Table 5.5.
From the table we can see that the glucose concentration measured using a dilution factor
of 2 is at least 30 to 40mg/dL smaller than the value obtained using a more conventional

dilution factor of 100.

Table 5.2: Comparison of serum glucose values obtained using dilution factors of 2 and

100
Glucose concentration in mg/dL
Dilution factor = 2 | Dilution factor = 100

32.5 63.8
27 63
37 80
32 70.3
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5.6 Lactate assay on-chip

The lactate assay developed in the previous chapter was also tested on the lab-on-a-chip.
It was not possible to obtain a measurable signal change irrespective of the lactate concen-
tration and the duration of the assay. This was unexpected since the sensitivities obtained
using 1:1 mixing ratio on the spectrophotometer indicate that a measurable color change
should be produced on the lab-on-a-chip. However scaling the system up to a 1.5mm pitch,
500um gap and microliter volumes produced good color in short times. The only differ-
ence between the nanoliter scale lab-on-a-chip and the microliter scale experiment was the
significantly larger surface area of the oil-droplet interface in the latter case. Since silicone
oil is permeable to oxygen this means that the oxygen concentration available for the re-
action is higher in the microliter scale than the nanoliter scale. Though this evidence is
inconclusive it leads us to suspect that the unexpected behavior on the nanoliter lab-on-a-

chip had something to do with oxygen limitation.

5.7 Chapter summary

The complete automation and integration from sample injection to result was demonstrated
by performing multiple glucose assays using pipelined and serial assay protocols. The
within-run reproducibility was excellent suggesting that the droplet-volume variability and
the effects of cross-contamination are minimal. Glucose assays on serum performed poorly
on-chip due to high interference at small dilution factors. The interference could be re-
duced by increasing the dilution factor. A higher dilution factor however means a lower

sensitivity and requires alternative detection methodologies.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

A fully programmable digital microfluidic lab-on-a-chip (I.oC) was developed in this the-
sis. The digital microfluidic platform is based on discrete microdroplets actuated in a pro-
grammable fashion by electrowetting. The lab-on-a-chip integrates and automates all the

operations from sample injection to detection to provide sample-in-result-out functionality.

6.1.1 Lab-on-a-chip Architecture

A high-level architecture for the lab-on-a-chip, integrating previously developed digital
microfluidic components, was first designed for integrated and automated analysis of mul-
tiplexed analysis on a monolithic device. The lab-on-a-chip integrates fluidic input ports
for sample injection, on-chip reservoirs for droplet formation, fluidic pathways for trans-
port and mixing areas and optical detection sites on the same monolithic substrate. The
functional requirements of each of these individual components were elaborated and each
component was designed taking these requirement into consideration.

A prototype lab-on-a-chip with sample injection elements, reservoirs (and waste), droplet
formation structures, fluidic pathways, mixing areas and optical detection sites, was fab-
ricated to test the various components of the architecture both individually and in an inte-
grated fashion. The interconnect complexity of the electrowetting chips required a 2-layer
metal process for fabrication. The interconnections were defined in the first layer, the
electrode shapes in the second layer and metallized vias were used to connect the two.
Insulator breakdown in the reservoir area was the major cause of failure of these chips and
reduced the average lifetime of a chip to 5 minutes of continuous operation. Though the
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exact reason for the breakdown is unknown at this time it is surmised that this is due to
mechanical cracking or failure of the Parylene film at the gasket-electrode junction in the

reservoir, which exposes the metal to the liquid and causes electrolysis.

The fluidic input port was designed for manual loading using a small volume pipette
through a loading hole in the top plate. The formation of air bubbles during the load-
ing process was the main challenge and considerable operator skill and practise was re-
quired. Droplets were formed from a reservoir on-chip using only electrowetting forces.
The droplet volume and the formation process was dependent on several factors including
the reservoir shape, electrode dimensions, and liquid properties. The reproducibility in the
droplet volume was excellent and less then 3% (CV). The reproducibility is independent

of of the scale of the device and is the same for microliter or nanoliter droplets.

A multi-phased bused architecture was used for the droplet pathways to minimize the
electrical signals to chip and simplify programming. 25nL droplets of water were trans-
portable at 50Hz, corresponding to an average speed of 2.5cm/sec, on the lab-on-a-chip.
Mixing was simply achieved by transporting the merged droplet on the bus at a high fre-
quency. The droplets were moved in a single direction and not shuttled, to prevent unmix-
ing due to flow reversibility. 25nL droplets of fluorescein and water were completely mixed
in ~0.8 seconds. An optical absorbance measurement system, consisting of an LED and
a photodiode, was also integrated with the electrowetting device to monitor colorimetric

assays.

6.1.2 Biocompatibility

The compatibility of a liquid with the electrowetting system was evaluated by testing the
transportability of the droplet and the ability to form droplets from an on-chip reservoir
using only electrowetting forces. Using air as the filler media was incompatible with pro-

tein solutions due to non-specific adsorption. Silicone oil on the other hand formed a thin
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film between the droplet and the chip surfaces and minimized the non-specific adsorption.
Using silicone oil as the filler fluid rapid and repeatable transport of human physiological
fluids such as whole blood, serum, urine and plasma, and other proteins such as bovine
serum albumin, was achieved. All the physiological fluids could be actuated at frequen-
cies of 20 Hz using less than 65 V. The general trend that was observed is that the fluids
with less or no protein moved more easily than the ones with higher protein content. The
transport of a droplet of heparinized whole blood was sustainable for ~25,000 continu-
ous droplet transfers at 10 Hz (=40 min) using an actuating voltage of 52 V. After 25,000
cycles the droplet was slower to respond and required a higher voltage to maintain the
same switching frequency. This performance degradation could either be due to insulator
degradation or gradual adsorption of proteins on to the Teflon surface.

Protein concentrations for which droplet formation worked were much smaller than the
maximum concentration that was transportable. Reliable on-chip dispensing was possible
up to concentrations up to 0.01mg/mlL., which is three orders of magnitude smaller than
the concentration for which transport would work (10mg/mL). This is likely due to non-
specific protein adsorption in the reservoir due to its much larger surface area (~20 times
more than a unit droplet). Droplets could be reliably formed from serum, plasma and
the enzymatic reagents using the standard operating voltage of 50V. Three different serum
samples with different total protein contents were tested and the dispensing reliability was

identical for all of them. However droplet dispensing did not work for whole blood up to a

voltage of 120V.

6.1.3 Biological assays

A colorimetric enzyme-kinetic assay (based on the Trinder’s reaction) was also developed
for the detection of glucose in physiological fluids to act as a model system. The glucose

assay was linear up to 100mg/dL using a sample to reagent (volume) ratio of 1:1 and up
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to 300mg/dL using a ratio of 1:2. There was also no significant change in the activity of
the enzymes under electrowetting conditions. Assays were also developed for lactate and
creatinine for use on the lab-on-a-chip. Lactate assays suffered from poor linearity in the
human range for a dilution factor of 2. The linearity of the creatinine assay was excellent

in the human range, however, the sensitivity was very poor even at a path length of 1cm.

6.1.4 Integrated and automated lab-on-a-chip

The automation of a clinical assay protocol from “sample injection to result” was demon-
strated on the prototype lab-on-a-chip. Two different assay protocols were implemented

on the lab-on-a-chip - a pipelined protocol and a serial protocol.

Two pipelined glucose assays were performed on the prototype lab-on-a-chip. Two
droplets each of glucose samples and reagent were formed from 4 different reservoirs in
a serial fashion. While the first sample and reagent were being mixed the second set of
droplets were transported towards the mixing area. The mixed droplet was split into two
and one droplet was moved to a storage area for detection while the other droplet was sent
to waste. The second sample and reagent were mixed while the color change in the first
assay occurred. This is the first time such complex fluidic protocols have been implemented
in a programmable, automated and integrated fashion on any microfluidic lab-on-a-chip.

Using a serial assay protocol, three assays were each done on three samples each of 40,
80 and 120mg/dL glucose standards, to automatically generate a calibration curve and to
study the within-run variation. The entire experiment was done in an automated and inte-
grated fashion. The within-run reproducibility was less then 2% which indicated that both
the volume variation and the the cross-contamination was negligible. The reproducibility
was the best (0.72%) for the highest concentration (120mg/dL.) and was lower (1.8%) for
the smaller concentrations. This was due to a larger component of error due to measure-

ment noise at the lower concentrations. The results obtained on-chip were compared with
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those obtained on a spectrophotometer and it was verified that there was no change in the

behavior of the assay under electrowetting.

A 120mg/dL glucose sample was analyzed nine times serially to further evaluate the
within-run variation. The coefficient of variation for all the 9 samples was 5.7%. The CV
dropped to 2.2% if only the first 6 data points were considered. The reason for the larger
error in the last 3 runs was due to the wider variation in the droplet volumes as the reservoir

became empty.

Serum samples were also assayed on-chip but the results did not compare favorably to
reference measurements due to interferences which become significant at lower dilution
factors. Assays done on-chip and off-chip using identical dilution factors however com-
pared well, indicating that the electrowetting chip was not responsible for the lower values
obtained on-chip.

In summary - the microfluidic capability of the electrowetting-based lab-on-a-chip plat-
form has been significantly expanded in this thesis to now achieve high-levels of integra-
tion and operation. The basic biocompatibility of the electrowetting system has also been
established. The most challenging technology component that is currently missing from
the digital microfluidic toolkit is a good detection methodology and future research should

focus on this aspect of the technology.

6.2 Future Work

The three main issues that need to be addressed to make an electrowetting-based lab-on-

a-chip useful for analytical applications are the dilution factor, detection methodology and

system integration.
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6.2.1 Dilution factor

Most established biochemistry assay protocols require the reagent to be at least a few 10s
of times in excess of the sample. Dilution factors of a 100 or 200 are most common. There

are several reasons for using such high dilation factors.

1. Having the reagent in excess buffers any variations in the composition (concentra-
tion, pH, ionic strength) of the reagent due to the addition of the sample. The reagent
will therefore be usable with samples with widely varying physical and chemical

properties.

2. For enzyme-kinetic assays a larger dilution factor increases the linear range of oper-

ation of the assay.

3. Having the reagent in excess (or effectively diluting the sample) effectively enables
reactions requiring oxygen which pose a problem on our system due to the presence

of oil.
4. The most significant benefit of dilution is the suppression of interfering substances.

The main drawback of using high dilutions is the loss in sensitivity of the assay since sam-
ple concentrations are effectively reduced. This is significant on the electrowetting-based
lab-on-a-chip due to poor scaling of optical detection methodologies. However sample
dilution is imperative for correct operation of assays and cannot be compromised.

There are a couple of ways of realizing large dilution factors on the electrowetting chip.
The first way is to serially dilute the sample and then add the reagent. This is not preferable
since errors in dilution increase geometrically with every additional dilution step. A better
alternative would be to use different sized electrodes and consequently droplets, for the

sample and the reagent.
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6.2.2 Detection methodologies

Optical detection is easiest to integrate with the electrowetting-based lab-on-a-chip plat-
form. However optical systems scale very poorly with miniaturization [55]. For example
the path length for the lab-on-a-chip (0.1mm) presented in this thesis is 100 times smaller
than conventional systems (10mm). The absorbances to be measured are therefore 100
times smaller on the electrowetting system and this poses serious sensitivity issues. Other
optical methods such as fluorescence and chemiluminescence have orders of magnitude
better sensitivities than absorbance. However these methods are not as common for blood
chemistry applications. Electrochemical detection is a more suitable detection methodol-
ogy but has the drawback of adding to the fabrication complexity in the device. However
electrochemical methods are unavoidable if whole blood analysis at the point-of-care is
required [56]. Future research should focus on increasing the path length for absorbance

to the more conventionally used lcm and integrating electrochemical detection on-chip.

6.2.3 System integration

The lack of good sample preparation methods is currently the biggest impediment to the
commercial acceptability of microfluidic technologies and considerable research effort is
required in this area [57] to integrate this critical operation on-chip. The main topics under
sample preparation would be the separation of cells from whole blood to obtain serum
or plasma, and sample preconcentration. Sample preconcentration becomes essential in
assays where the molecules which are to be detected are very small in number - causing

errors in sampling at small volumes.

Packaging also become critical if the device is to be used in widely varying environ-
mental conditions. The role of temperature fluctuations on the performance of the chip
also needs to be evaluated and ways to maintain the temperature of the system constant is

absolutely necessary for field operation. Reagent storage and shelf life is another impor-
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tant system design issue if these devices are to be used in a clinical setting as disposable

cartridges.
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Appendix A

Protein Stamping for MALDI Mass
Spectrometry using an Electrowetting-based
Microfluidic Platform

A.1 Abstract

MALDI-MS (matrix-assisted laser desorption/ionization mass spectrometry) is one of the
most commonly used techniques for protein analysis. In conventional systems sample
preparation is typically done in well-plates and transferred onto a MALDI target by robotic
systems, which are complex, huge, expensive and slow. In this paper, we present a droplet-
based microfluidic interface to transfer protein samples from a well-plate format onto a
MALDI target for MS analysis. The droplets are actuated using the electrowetting phe-
nomenon, and are immersed in silicone oil which prevents non-specific adsorption and
enables the manipulation of high concentrations of proteins. Droplet transport and droplet
formation were evaluated as a function of protein concentration using bovine serum albu-
min (BSA) as a test system. Droplet transport was possible for BSA concentrations up
to 10mg/mL which is three orders of magnitude higher than previously reported results on
handling proteins by electrowetting. Droplet formation from on-chip reservoirs, using only
electrowetting forces and no external pressure assistance, was possible up to concentrations
of 0.01mg/mL.. An interface between a well-plate format and the electrowetting chip, and
a scheme to passively stamp droplets onto a target substrate was then designed and tested
by stamping BSA solutions. In two separate experiments 3.6fmoles and 16fmoles of BSA
were stamped onto a glass slide using 0.001mg/mL and 0.01mg/mL samples respectively.

A protein mixture with known constituents (ABI 4700 proteomics analyzer calibration
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solution) was stamped onto a MALDI plate and the individual proteins were correctly
identified in the mass spectrum obtained using MALDI-TOF- MS. The preliminary results
establish the feasibility of using an electrowetting-based microfluidic system to handle
proteins especially for protein stamping applications. The proposed system has a small
footprint, is easy to control, and is very fast compared to conventional robotic systems. In
addition, there are no moving parts and the associated mechanical reliability issues. Future
work involves scaling to a larger number of samples and integration of sample preparation

steps on-chip.

A.2 Introduction

Mass spectroscopy (MS) is increasingly becoming the method of choice for protein anal-
ysis in biological samples [58]. Among the various MS methods, MALDI-TOF (Matrix
Assisted Laser Desorption-Ionization Time of Flight) is the most commonly used due to
its simplicity, high sensitivity and resolution. A typical MALDI-MS protocol for protein
identification involves sample preparation, stamping onto a MALDI target and analysis
on a MALDI-TOF mass spectrometer. Sample preparation steps (such as digestion and
concentration) are usually done in the well-plate format and last {or several hours at the
least. The stamping is done using complex robotic systems which are huge, expensive and
immobile. Sample volumes required are also very high, which is a concern for proteins
available in very small quantities.

The emerging paradigm of microfluidic lab-on-a-chip systems can alleviate these draw-
backs by reducing volume requirements to nanoliters, decreasing sample preparation time
(due to more efficient kinetics on the microscale) and by providing a simpler interface to
MALDI-MS instrumentation without moving parts. Several microfluidic platforms have
been proposed for protein analysis using MALDI-MS. Ekstrom et al [59] integrated a mi-

crochannel immobilized enzyme reactor (for protein digestion of 1L samples within 3
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minutes) with a piezoelectric microdispenser for stamping in a high-density format. The
microfluidic device used a syringe pump for inducing fluid flow. Brivio et al [60] developed
a continuous flow lab-on-a-chip consisting of an on-chip microfluidic device with reaction
microchannels and integrating the microdevice with a MALDI-TOF MS standard sample
plate. A pressure driven pumping mechanism using the vacuum of the instrument was used
as a driving force in the reaction microchannel. Gyros AB (Uppsala, Sweden) [61, 28] has
developed a system to integrate sample concentration, elution and crystallization on a CD

platform for MALDI analysis.

All the microfluidic devices discussed above are based on continuous flow in fixed mi-
crochannels, offering very little flexibility in terms of scalability and reconfigurability. An
alternative approach is to manipulate the liquid as discrete microdroplets. This approach,
referred to as digital microfluidics, has several advantages over continuous-flow systems,
the most important being the ease of fabrication, and reconfigurability and the scalability

of -architecture.

Electrowetting is one of several techniques that have been proposed to actuate mi-
crodroplets. Electrowetting refers to the modulation of the interfacial tension between a
conducting liquid phase and an insulated solid electrode, by the application of an electric
potential between the two. Kim et al [62] have proposed an electrowetting-based sys-
tem for analysis of peptides and proteins by MALDI using the electrowetting chip itself
as the MALDI target. However since the droplets are manipulated in air, non-specific
protein adsorption problems arise and only sufficiently hydrophilic proteins or ultra low
concentrations of other proteins (<< pg/mL) would work. The system proposed in this
paper uses silicone oil to encapsulate the droplet and minimize adsorption, enabling the
manipulation of very high concentrations of protein solutions. Using this technique we
have previously demonstrated the manipulation of real physiological samples containing

proteins for a clinical diagnostic application [63]. In this paper we extend our system to
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format protein samples for MALDI-MS analysis and present preliminary results to estab-
lish the proof of concept. Droplet transport and formation from an on-chip reservoir is first
evaluated as a function of the protein concentration using bovine serum albumin (BSA) as
a test system. An interface between a well-plate format and an electrowetting chip, and a
scheme to passively stamp droplets onto a target substrate is then designed and tested using
water and BSA solutions. Finally droplets of a known protein mixture are stamped on to a

standard MALDI target plate and analyzed on an ABI 4700 MALDI-MS TOF system.

A.3 Materials and Methods
A.3.1 Chip fabrication

The electrowetting system comprises of a photolithographically patterned metal electrode
array (chrome or indium tin oxide) on a glass substrate and a continuous ground plane
(indium tin oxide on glass or polycarbonate) parallel to it. A spacer of known thickness
(H) separates the electrode array and the ground plane and the droplets are sandwiched
between the two. The spacer material is also used to physically define the on-chip reser-
voir. 1¢St silicone oil (DMS-TO01, Gelest, Morrisville, Pennsylvania, USA) is used as the
filler medium surrounding the droplets to prevent evaporation and facilitate transport. The
electrode array is insulated from the droplet by layer of Parylene C (=800nm) and both the
surfaces are hydrophobized by a thin layer of Teflon AF 1600 (=50nm). Figure A.1 shows
the vertical cross-section of a typical electrowetting device. The fabrication and operation

of the electrowetting system are described in detail in [33].

A.3.2 Chemicals

Bovine Serum Albumin (BSA, A-4378) was obtained from Sigma Chemicals (St Louis,

Missouri, USA) and stock solutions of 0.1 mg/mL, 0.0 mg/mL and 0.001 mg/mL were

prepared in de-ionized water. BSA (10mg/mL) was also provided by GlaxoSmithKline
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Figure A.1: Top and side views of a typical electrowetting setup

(Durham, North Carolina, USA) and diluted to 1 mg/mL, 0.1 mg/ml., 0.01 mg/mL and
0.001 mg/mL in deionized water. ABI 4700 proteomics analyzer calibration solution was
provided by the Duke University Proteomics Center (Durham, North Carolina, USA) and
consisted of 1.0uM des-Argl-Bradykinin, v Angiotensin I, 1.3uM Glul-Fibrinopeptide
B, 2.0uM ACTH (1-17 clip), 1.5uM ACTH (18-39 clip), and 3.0uM ACTH (7-38 clip) in

a-cyano-4-hydroxycinnamic acid/acetonitrile/TFA matrix.

A.4 Manipulation of Protein Samples by Electrowetting

The manipulation (droplet formation, transport etc) of non-biological electrolytes using
electrowetting has been demonstrated both in air [44] and in other immiscible media such
as silicone oil [33]. However dealing with fluids containing proteins is not as straightfor-
ward, since they tend to irreversibly adsorb to hydrophobic surfaces such as the Teflon AF
surface in the electrowetting setup. Any contact between the protein sample and the Teflon
AF surface will therefore contaminate the surface and also render the surface permanently
hydrophilic [46]. This is detrimental to electrowetting since electrowetting works on the
principle of reversible modification of the wettability of a hydrophobic surface. Therefore
any contact between a liquid containing proteins and the Teflon surface should be avoided
to prevent contamination and not inhibit transport. As a consequence, air is not a suitable
filler medium for applications involving proteins, since the droplet is always in contact with

the Teflon surface. Silicone oil with its low surface tension (=20dynes/cm) and spreading
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property is an ideal alternative. From visual observations we have inferred the presence
of a thin film of oil, encapsulating the droplet. This oil film isolates the droplet from the
Teflon surfaces, minimizing adsorption and facilitating reversible electrowetting. However,
we need to evaluate if lipophilic proteins in droplets would partition into the surrounding
oil.

The stability of the oil film, though yet to be extensively characterized, appears to de-
crease with increasing protein content which causes lowering of the interfacial tension be-
tween the liquid (droplet) and oil. A less stable oil film implies more adsorption of proteins
on to the Teflon surface and consequently liquids having high protein concentrations are
more difficult to manipulate and require higher actuation voltages. The droplet transport
and droplet formation processes are therefore studied as a function of protein concentra-
tion using bovine serum albumin (BSA) as a test protein. We have previously shown the
transport of a variety of biological fluids including whole blood, serum, plasma and urine

on our system using silicone oil as the filler fluid [63].

A.4.1 Protein Droplet Transport

Due to the discrete nature of operation of a digital microfluidic system, the maximum
switching frequency (defined as the highest rate at which a droplet can be completely
moved across two adjacent electrodes) is the measure of the transport- performance of the
system. Higher the switching frequency, more the number of discrete fluidic operations
that can be performed per second and higher the throughput of the system. The maximum
switching frequency is evaluated for droplets containing different concentrations of BSA
as a function of the applied voltage. Droplets are manually dispensed using a pipette in

order to nullify the effect of the concentration dependency of automated droplet formation.
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A.4.2 Protein Droplet Formation

Unit droplet generation from a larger volume liquid of is a very important component of
the world-to-chip interface of any droplet-based microfluidic device. In an electrowetting
system, droplets can be generated from on-chip reservoirs using purely internal electrowet-
ting forces, from external reservoirs using active pressure sources, or a combination of the
two. We have previously demonstrated droplet generation with and without external pres-
sure assistance for aqueous electrolytes [63, 33] . However, as in the case of transport,
droplet formation also needs to be evaluated for protein solutions to completely establish
the compatibility of the liquid with our platform. The formation process is likely to be more
severely affected by protein adsorption than transport, since the liquid in the reservoir has a
much larger surface area to adsorb to than a unit droplet. Concentrations for which forma-
tion would work are therefore expected to be smaller than the maximum concentration for
which simple transport would work. Droplet formation using only electrowetting forces is

tested for BSA solutions with concentrations ranging from 0.001-0.1mg/mL.

A.5 Passive Protein Stamping

Stamping refers to the process of transferring a protein droplet on to a MALDI substrate
which can be analyzed on a MALDI MS system. Figure A.2 shows a high level schematic
of an electrowetting-based stamping system which interfaces a standard well-plate format
and a MALDI target substrate. The electrowetting chip consists of an on-chip reservoir
(physically defined by the spacer material) and a set of contiguous electrodes connecting
it to the stamping site. A polycarbonate sheet (coated with conductive indium tin oxide
to act as the ground plane) is clamped to the electrowetting chip, and has holes for in-
jecting liquid into the reservoir from a well-plate and for extraction (stamping) onto the
MALDI target. By designing the diameter of the stamping hole to be much larger than
the spacer thickness (which is also the droplet height), the liquid is passively pushed out
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of the stamping hole. The larger diameter creates a lower pressure at the stamping hole
as compared to the transport layer on the chip, which forces the droplet out spontaneously
without active forces [64]. However some liquid is still expected to be left behind in the
hole as dead volume. Preliminary stamping experiments are done with water or protein so-
lutions containing 0.01mg/mL or 0.001mg/mL bovine serum albumin. Sample is injected
into the on-chip reservoirs either from a well-plate (using a syringe pump to apply pres-
sure) or a pipette. Droplets are then automatically generated from the reservoir, configured
on the chip by electrowetting, and vertically stamped onto a MALDI target. To complete
the feasibility study, a known protein mixture (AB1 4700 proteomics analyzer calibration
solution) is stamped on to a standard MALDI target plate and analyzed on an ABI 4700
MALDI-MS TOF system to determine if any proteins are lost on the electrowetting plat-
form or the stamping hole. We would like to note that though the eventual objective is to
do sample preparation on-chip, the well-plate format still represents a standardized high-
throughput input format. Hence the emphasis on interfacing the electrowetting chip to the

well-plate format.

A.6 Results and Discussion

A.6.1 Transport of BSA droplets

The maximum switching frequency of droplets containing different concentrations of BSA
(0.001-10mg/mL) was evaluated as a function of voltage. The electrode pitch was L=1mm,
the gap was H=500um (refer to Figure 1 for definition of L and H), and the droplet volume
was 0.75uL. Silicone oil (1¢St) was used as the filler fluid. Figure A.3 plots the maximum
switching frequency as a function of the voltage, for various concentrations of BSA. As
expected, droplets with higher protein content are more difficult to transport and require
higher voltages for operation. This is the first time such high concentrations of protein have

been demonstrated to transport on an electrowetting system. Using air as a filler medium,
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Figure A.2: High level schematic of the droplet stamping setup

static electrowetting (i.e. static change in contact angle by application of a potential) of
4pg/mL BSA droplets has been previously demonstrated in a limited sense [46]. However
dynamic transport has not been shown in air and will indeed be a big challenge due to
the reasons mentioned previously. Even in the static case the reversibility of the contact
angle change reduces over time due to continuous non-specific and electric field driven

adsorption.

A.6.2 BSA Droplet Formation

Droplet formation from BSA solutions of various concentrations (0.001-0.1mg/mL) using
only electrowetting forces was evaluated. The electrode pitch was L=750pm and the spacer
thickness was H=75um. For concentrations up to 0.01mg/mL reliable on-chip dispensing
was possible. For solutions containing higher concentrations of BSA (>= 0.1mg/mL)
it was not possible to generate droplets using electrowetting alone, despite the fact that
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Figure A.3: Maximum switching frequency of a BSA droplet as a function of the voltage
for various concentration of BSA

individual droplets containing up to 10mg/mlL BSA have been transported previously. This
is likely due to protein adsorption, since the liquid in the reservoir has a much larger surface
area (=20 times more than a unit droplet) and therefore a higher probability of adsorbing

to the surfaces of the reservoir.

A.6.3 Protein Stamping

Preliminary experiments were conducted with water, and protein solutions containing 0.01
mg/mL or 0.001 mg/mL bovine serum albumin. The electrode pitch was L=750pm and the
spacer thickness was H~75pm, resulting in a unit droplet volume of ~40nL. The thickness
of the top plate of polycarbonate sheet was 500¢m, and the diameter of the stamping hole
was 600um. A hydrophobic glass slide with a hydrophilic patch (aligned to the stamping
hole) was used as the stamping target. The spacing between the stamping target and the
polycarbonate top plate was ~90um. Liquid was loaded from a well-plate (for water sam-

ples) or using a pipette (for protein solutions). Droplets were then automatically generated
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from the reservoir, routed to the stamping hole, and vertically stamped onto the stamp-
ing target. Figure A.4 shows the time lapsed images of an experiment where 10 droplets
(=40nL each) of 0.001mg/mL were dispensed from the reservoir, of which 6 droplets
(~240nL corresponding to 3.6fmoles) was stamped onto the glass slide. The remaining
4 droplets (=~160nL) were left behind in the stamping hole as dead volume. In a similar
experiment, an estimated 16fmoles of BSA was stamped using 0.01mg/mL BSA solution.
The number of moles stamped can be further increased by increasing the concentration of

the protein solution or the volume of liquid i.e. the number of droplets stamped.

Figure A.4: Time lapsed images of a protein stamping experiment

A.6.4 MALDI-MS on protein calibration solution

To complete the feasibility study, a protein stamping experiment was performed using
ABI 4700 calibration solution as a test protein sample. The electrode pitch was L=1.5mm
and the spacer height was H=300um. The calibration solution contained the following

proteins.
e des-Arg-Bradykinin (mol. Wt. = 904.468 Daltons)
e Angiotensin I (1296.685 Da)

e Glu-Fibrinopeptide B (1570.677 Da)
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e ACTH (1-17) (2093.087 Da)
e ACTH (18-39) (2465.199 Da)

e ACTH (7-38) (3657.929 Da).

Two 1uL droplets of the calibration solution were dispensed manually onto chip, trans-
ported by electrowetting, and passively stamped through the polycarbonate top plate on to
a MALDI plate. The MALDI plate was then analyzed on an ABI4700 MALDI TOF/TOF
system and the spectrum obtained is shown in Figure A.5. The figure shows that all the pro-
teins in the calibration solution are detectable in the spectrum even after on-chip operations
of transport and passive stamping were performed. ACTH (7-38) does not appear on the
graph since the mass spectroscopy was done only till a molecular weight of 3400 Daltons
as suggested by the manufacturer protocol. The preliminary results establish the feasibil-
ity of using an electrowetting-based microfluidic system for protein stamping applications.
Further work is required to integrate sample preparation on-chip which would reduce the
total analysis time significantly. Mechanical design issues also need to be considered at
the injection and ejection orifices, such as air bubbles and dead volume. Ways to increase
the total amount of protein stamped also need to be investigated. This could be done by
spotting more number of droplets at the same location, by increasing the concentration of
the protein in solution or by scaling the system up in dimensions. Eventually the system

also needs to be scaled to accommodate an actual 96-well plate or 384-well plate.

A.7 Conclusions

An electrowetting-based microfiuidic platform for protein stamping applications was de-
scribed in this paper. Protein droplet transport and formation from an on-chip reservoir
was initially evaluated to establish the compatibility of the protein with the electrowet-

ting system. Bovine serum albumin (BSA) was used as a test protein, and concentrations
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MALDI-MS spectrum for Protein Calibration Solution
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Figure A.5: Mass spectra of the ABI4700 MALDI calibration solution

up to 10mg/mL were transportable, which is more than three orders of magnitude higher
than previously reported results. Droplets formation was possible up to concentrations of
0.01mg/mL using only electrowetting forces. We were able to manipulate droplets contain-
ing such high concentrations of proteins due to the presence of an oil film encapsulating the
droplet and minimizing non-specific adsorption to Teflon AF. A passive stamping scheme
was designed to vertically actuate droplets onto a MALDI target and tested using BSA
and water. Liquid was loaded from a well-plate (for water samples) or using a pipette
(for protein solutions), and droplets were automatically generated from the reservoir and
configured on the chip by electrowetting to be vertically stamped onto the stamping target.
By designing the diameter of the stamping hole to be much larger than the spacer thick-
ness, a lower pressure is created at the stamping hole as compared to the transport layer
on the chip, which forces the droplet out spontaneously without active forces. In two sep-
arate experiments 3.6fmoles and 16fmoles of BSA were stamped onto a glass slide using

0.001mg/mL and 0.01lmg/mL samples respectively. MALDI-MS was also performed on

93

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



an ABI 4700 proteomics analyzer calibration solution and from the mass spectra the pro-
teins in the calibration solution were correctly identified. The preliminary results establish
the feasibility of using an electrowetting-based microfluidic system for protein stamping
applications. The proposed system has a small footprint, is easy to control, and is very
fast compared to conventional robotic systems. In addition, there are no moving parts and
the associated mechanical reliability issues. Future work mainly involves integration of

sample preparation on-chip and scaling the system to a larger array.
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Appendix B

A Droplet-based Lab-on-a-chip for Colorimetric
Detection of Nitroaromatic Explosives

B.1 Abstract

Portable and automated field screening equipment would be very effective in detecting
and quantifying explosives at various sites. A droplet-based microfluidic lab-on-achip uti-
lizing electrowetting is presented for the colorimetric detection of TNT (trinitrotoluene).
The method uses the reaction between nitroaromatics and a strong base which forms the
highly colored Jackson- Meisenheimer complex. Microliter-sized droplets of TNT are pro-
grammed to transport, mix, and react with potassium hydroxide (KOH) on the microfluidic
chip. Colorimetric reactions of TNT are characterized both on a spectrophotometer and on
the microfluidic chip. The detection of TNT on the chip is linear in the range of 4-20ug/mL
with a time-to-result of 2.5minutes. It is also observed that the absorbance peaks of DNT
(dinitrotoluene) and TNT are mutually independent and that the presence of DNT does not
affect the detection of TNT. Electrowetting also does not seem to influence the colorimet-
ric complex as observed from a comparison of results between a spectrophotometer and

on-chip.

B.2 Introduction

Recent thrusts in counterterrorism efforts have led to an increased interest in technologies
for the detection of explosives. Explosives need to be detected in a variety of complex en-
vironments such as mail, luggage, urban areas of high population density (such as airports,

subways, stadiums), soils (from munitions manufacturing sites, military bases, land mine
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fields, post-blast sites), and water (ground, surface, and sea).

Nitroaromatics (TNT, DNT, DNB) form one of the most commonly used class of ex-
plosive compounds, with TNT being the most widely used explosive [65]. TNT poses
a health risk to humans even at very low parts per billion concentrations in ground wa-
ter [66] and is suspected to be a carcinogen besides being highly toxic for humans, plants,

and animals [67].

TNT is currently analyzed in the laboratory using the high performance liquid chro-
matography -based U.S. EPA SW-846 Method 8330 [68]. Several commercial field screen-
ing test kits are also available for the detection of TNT, based either on immunoassays [69,
70] or colorimetric methods [71, 72]. In a comparison of all on-site TNT analysis methods,
the colorimetric method as detailed in EPA Method 8515 was found to be the most suitable
for on-site detection based on accuracy, detection limits, precision, ease of use, cost per
sample, and the ability to detect classes of explosives [73]. The EPA 8515 method is based
on the reaction between a nitroaromatic and a strong base which forms the highly colored
Jackson- Meisenheimer anion, and has a detection limit of partsper- million.

Current Jaboratory methods for trace analysis of nitroaromatics have long turnaround
times (3 days), are expensive (1000 dollars) and require skilled technicians [74]. Commer-
cial field screening test kits have a shorter turnaround time but still require a skilled on-site
technician. There is therefore a need for on-site explosive detection systems that would be
fully-automated in addition to being inexpensive, sensitive, reliable, and compatible with
a broad range of samples. The advent of microfluidic labon- a-chip technology offers such
detection systems due to the advantages in portability, reduction of the volumes of the sam-
ple and reagents, faster analysis, increased automation, mass manufacturability, and high
throughput.

Most microfluidic devices are based on continuous flow which are rigid in design and

have limited reconfigurability and scalability in architecture. An alternative approach,
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which offers a more generic microfluidic platform, is to manipulate the liquid as unit-sized
discrete microdroplets. Electrowetting is one of several techniques that have been success-
fully used to implement a digital microfluidic lab-on-a-chip. Electrowetting refers to the
modulation of interfacial tension between a conducting liquid and a solid electrode, by the
application of an electric field between them. We have previously utilized electrowetting
to demonstrate a fully integrated and automated colorimetric assay for glucose [63]. In
this paper, while sample extraction is still manual, we extend the utility of our electrowet-
ting platform by automating the chemical analysis and detection of droplets containing
nitroaromatic explosives. The proposed digital microfiuidic platform for the detection of
TNT is shown in Figure B.1. This platform could be used to perform simultaneous optical

detection on multiple droplets.

. Mixed Droplet
Photodiode ’ \ P ot
W T " Bleowical Pad
s R ; T .
Q ’ E i \ *‘;g\ 5 : i %X“
’ / 9\ Mixing Sample
Electrowetting Electrode & Reagent

Figure B.1: Schematic of the electrowetting lab-on-achip integrated with optical detection

B.3 Materials and Methods
B.3.1 Chemicals

Commercial grade 2,4,6-trinitrotoluene (TNT) and pure 2,4-dinitrotoluene were obtained

from Sandia National Labs. KOH and DMSO were reagent grade. 20ug/mL stock solu-
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tions of TNT and DNT were freshly prepared in DMSO and diluted to obtain various sam-
ple concentrations between 4-20tg/mL. Since KOH does not dissolve readily in DMSO,
a 0.36M KOH solution was first prepared in deionized water and then diluted 2000 times
with DMSO to obtain a stock concentration of 180uM. The KOH stock solution finally

ended up with less than 0.05% water.

B.3.2 Electrowetting setup and Chip Fabrication

The electrowetting system consists of two parallel electrode plates, a continuous ground
plate on top and an addressable electrode array (pitch = L) on the bottom plate as shown in
Figure 1. A spacer separates the top and bottom plates, yielding a fixed gap (H). The droplet
is sandwiched between the two plates, and surrounded by immiscible silicone oil, which
prevents evaporation of the droplets and also reduces the voltages required for transporting
the droplets. The electrode array is insulated (Parylene C) from the liquid and both surfaces
are hydrophobized (Teflon AF). Indium Tin Oxide (ITO), a transparent conductor, is used
as the material for the electrodes, to enable easy integration of optical detection methods. In
the experiments reported in this paper, we have used electrowetting chips with an electrode

pitch (L) of 1.5 mm and a gap spacing (H) of 600 pm.

B.3.3 Colorimetric method for the detection of TNT

Nitroaromatic compounds such as TNT/DNT react with nucleophiles (bases) such as hy-
droxides and alkoxides, to form colored Jackson-Meisenheimer complexes. Acetone, ace-
tonitrile and methanol have been the most popular choices for TNT analysis even though
this reaction has been demonstrated in various organic solvents. These solvents are mis-
cible with silicone oil in the current setup. DMSO is another versatile solvent which dis-
solves most aromatic hydrocarbons, including nitroaromatics such as TNT, and yet is im-

miscible with silicone oil, making it a compatible solvent with our current setup. Also
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DMSO is completely miscible with water in all proportions and has a low order of toxicity
for use in the field. For these reasons we chose to use DMSO as the solvent to develop the
TNT reactions. DMSO is also known to enhance the stability of the Jackson-Meisenheimer
complex [75]. In the experiments reported in this paper, potassium hydroxide (KOH) was
used as the base to react with TNT to produce the colored complex. To the best of the
authors’ knowledge the reaction between TNT/DNT and KOH using DMSO as the solvent
has not been characterized in terms of the absorbance peaks of the colored complexes, and

is therefore reported in this paper.

B.3.4 Optical Detection

The colored Jackson-Meisenheimer complex is detected using a simple absorbance mea-
surement system comprising of an LED (505nm) and a photodiode, perpendicular to the
plane of the electrowetting chip, as shown in Figure B.1. The absorbance is calculated
from the equation A=In(V/Vo), where V is the photodiode voltage output using TNT as the

sample and Vo corresponds to the blank absorbance.

B.3.5 System Operation Protocol

The reactions were performed on the chip in three steps: dispensing, electrowetting-enabled
mixing, and colorimetric detection. Droplets of TNT and KOH are dispensed manually by
a pipette on the electrowetting chip. These two droplets are merged by applying voltages
to the appropriate electrodes. The merged droplet is further mixed by shuttling it across
four electrodes for 30 seconds at an actuation voltage of 50 V. Our earlier results indicate
that mixing should be complete in less than 30 seconds for this pattern of mixing [39].
At the completion of mixing, the absorbance is measured using the LED (light emitting
diode)/photodiode setup described earlier. All the reactions were performed at room tem-

perature.
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B.4 Results and Discussion
B.4.1 Absorbance spectra of colored product

The absorbance spectrum of the colored product resuiting from the reaction between TNT
(or DNT) and KOH, in DMSO is shown in Figure B.2. TNT has absorbance peaks (Amqx)
at 336 nm and 510 nm, while DNT has peaks at 407 nm and 657 nm. It should also be
noted that TNT has absorbance minima close to the absorbance peaks of DNT and vice-
versa. The TNT reaction was monitored at 505 nm (close to A,;4x=510nm), which is the

peak emission wavelength of the LED used in the on-chip optical measurements.

0.6

—TNT

0.5 407nm ---DNT
. 510nm

0.4

0.3 -

0.2

Absorbance (AU

0.1

300 400 500 600 700 800 90
Wavelength (nm)

Figure B.2: Absorbance spectra of colored complexes formed in the reaction between
TNT/DNT and KOH using DMSO as the solvent

B.4.2 TNT reaction on a spectrophotometer

The TNT reaction was initially characterized on a bench top spectrophotometer (Gensys
20). 500uL of 180uM KOH was added to 500uL of the sample (4-20ug/ml.) at T=0s

and the absorbance was monitored at 505nm on the spectrophotometer. Figure B.3 shows
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the absorbance of the colored complex, as a function of time. From the figure note that
the absorbance remains stable after T=120s. Figure B.4 plots the absorbance obtained
at T=150s (after stable color is reached) as a function of the TNT concentration. The
absorbance is linear up to 20ug/ml. which was the highest concentration tested, with an

R? (measure of goodness of fit) of 99.94%.
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Figure B.3: Absorbance of the colored complex for various concentrations of TNT as a
function of time on the spectrophotometer

B.4.3 Detection of TNT on-chip

A 1.5pL droplet of the TNT sample (4-20ug/mL) and a 1.5uL droplet of 180uM KOH
was dispensed and mixed to react on the chip. The blank absorbance is measured with
the KOH droplet. Figure 5 shows absorbance under the reaction conditions as a function
of time. T=0s corresponds to the time instant at which the droplets were merged. From
the figure it can be observed that the color stabilizes around T=150s. The absorbance

measurements are therefore taken 150s after the droplets were merged. A comparison of
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Figure B.4: Calibration curve of absorbance with respect to the concentration of TNT
demonstrating a linear relation on the spectrophotometer

reaction kinetics after 30s in Figure 3 and Figure B.5 shows that qualitatively the trends are
similar. On-chip reaction kinetics data are not available before 30s because the droplets are
being shuttled for mixing during that time. It should be noted that the absorbance values
are not the same, due to the different optical path lengths for each case. From Figure B.6,
the absorbance is linearly related to TNT with an R? of 98.63% up to 20 g/mL (the highest

concentration tested).

B.4.4 Detection of TNT in a mixture of TNT and DNT

From Figure B.2 we can see that the absorbance spectra for TNT and DNT are mutually
independent. This means that TNT can be quantitatively estimated even in the presence of
DNT. To verify this hypothesis, mixtures of TNT and DNT were analyzed in various ratios
on a spectrophotometer at 505nm (absorbance peak of TNT), and the results are shown in

Figure B.7. 100% TNT or DNT corresponds to a concentration of 20 pg/mL. From Figure
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Figure B.5: Absorbance of the colored complex for various concentrations of TNT as a
function of time on the electrowetting chip
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Figure B.6: Calibration curve of absorbance with respect to the concentration of TNT
demonstrating a linear relation on the electrowetting chip
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7, the absorbance at 505 nm is linear with varying concentrations of TNT in the TNT+DNT
mixture and is negligible for 100% DNT and 0% TNT. Therefore, using this colorimetric

reaction, TNT can be detected even in the presence of DNT.
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Figure B.7: Absorbance of TNT at 505 nm with varying amounts of TNT+DNT demon-

strating the noninterference of DNT with the TNT reaction. At 0% TNT in the mixture,
DNT is 100%

B.5 Conclusions

A digital microfiuidic lab-on-a-chip based on electrowetting actuation of droplets has been
demonstrated for the detection of 2,4,6-trinitrotoluene (TNT) in DMSO. The colorimetric
detection is based on the absorption of the Jackson-Meisenheimer complex formed as a
result of the reaction between the nitroaromatics and a strong base. We have demonstrated
a linear range of detection for TNT between 4 g/mL to 20ug/ml and the time for each
reaction-to-detection is about 2.5 minutes. The lab-on-achip can handle multiple samples

in parallel, so the detection time would still be 2.5 minutes for simultaneous detection of a
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number of samples. Advantages of such a labon- a-chip system include complete automa-
tion and integration, on-chip calibration, nanoliter sample/reagent consumption, increased
parallelism, and portability. Since the current lab-on-a-chip platform is being developed as
a generic analytical platform, analysis of a broader range of samples encompassing both
chemical and biological realms can be integrated on the same platform. Future work would
involve improving the detection limits of the system from ptg/mL to ng/mL. Also, exper-
iments need to be performed on nitroaromatic samples extracted from soil and post-blast
residues to establish the suitability of a digital microfluidic system for field screening of
nitroaromatics. Methods will also be adapted for the colorimetric detection of nitramines
and nitrate esters. The system will also need to work with a wider range of solvents includ-
ing acetone and acetonitrile, which are more commonly used solvents. Even though we
have automated analysis, extraction is still manual therefore extraction procedures need to

be automated in order to have a fully automated system.
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Appendix C

3-D Imaging of Moving Droplets for
Microfluidics Using Optical Coherence
Tomography

C.1 Abstract

We present the use of optical coherence tomography (OCT), an interferometric 3-D imag-
ing technique, to visualize microdroplets in an electrowetting-based microfluidic device.
Vertical cross-sectional images of stationary and moving microdroplets are obtained using
this technique, to provide information on static and dynamic contact angle changes and
flow profiles inside the microdroplet during transport. The initial results are encouraging
and OCT appears to be a promising method to study fundamental, yet poorly understood
electrowetting phenomena such as contact angle saturation and contact angle hysteresis.

OCT can also be used in visualizing 3-D flow profiles in droplet-based microfluidics.

C.2 Introduction

There has been considerable interest lately in electrowetting-based microfluidic systems.
Electrowetting refers to the electrical modulation of the interfacial tension between a con-
ducting liquid phase and a solid electrode [33]. Though there have been considerable ad-
vances from a technology perspective, the science behind electrowetting is not understood
completely, and several fundamental questions still remain unanswered [76], partially ow-
ing to the lack of good visualization tools.

Current visualization techniques in an electrowetting system have been limited to ob-
servation of the top and side views of droplets using CCD microscope cameras, with vary-
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ing degrees of sophistication in automation and optics [39, 77]. This technique, though
sufficient for observation from the top, can pose severe constraints on materials and sys-
tem design for imaging from the side. Another drawback is that these techniques do not
provide 3-D tomographical information.

Optical coherence tomography (OCT) is an emerging real-time, in-situ, and noninva-
sive imaging technique based on low-coherence interferometry, with micrometer resolu-
tion [78]. Though most of its applications have been for cross-sectional tissue imaging in
biological systems, OCT has recently been used to image flow patterns in a continuous
flow microfluidic device [79]. In this paper we present the use of OCT to image mi-
crodroplets in an electrowetting-based microfluidic system. Unlike the CCD microscope-
based methods, OCT obtains tomographical images by non-invasively scanning the droplet

from above, circumventing the design constraints mentioned before.

C.3 Experimental Setup

Electrowetting Actuator - The electrowetting system consists of two parallel electrode
plates - a continuous ground plate and an addressable electrode array. The droplet is
sandwiched between the two plates, and is surrounded by immiscible 1cSt silicone oil.
The electrode array is insulated from the liquid and both surfaces are hydrophobized. The
spacing between the electrode array and the ground plane is 520um in all experiments
described in this paper. The fabrication details of the electrowetting chip can be found
in [33]. The liquids used in the OCT experiments are required to scatter light; therefore
droplets of skim milk or an aqueous solution of 1m polystyrene beads are used. Opti-
cal Coherence Tomography Imaging - The details of the OCT setup are described in detail
in [78]. The high speed OCT system used in this study has an axial and lateral resolution of
~20um. The axial scan range (vertical field-of-view) is set to 1.5mm, and the lateral scan

range (horizontal field-of-view) is set to 1mm for the static experiments and to 2mm for
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the dynamic experiments. All images and videos are captured at the center of the droplet
though in practice any cross-section of the droplet can be visualized. Video images are

captured at a rate of 8 frames per second.

C.4 Results and Discussion
C.4.1 Static Contact Angle

OCT is used to visualize the change in “apparent” contact angle of a 400nL. polybead
droplet with the bottom plate at different voltages. We use the term apparent contact angle
since a thin oil film can exist underneath the droplet under certain conditions, resulting in
a two-phase system for which contact angles are not defined. Figure C.1 shows images
of the droplet at various voltages. The contact angle increases with applied voltage and
saturates beyond a certain voltage, as seen in the images. Saturation of contact angles at
higher voltages is a very important contact angle phenomenon of interest in the fundamen-
tal study of electrowetting. Using OCT, this phenomenon can be visualized very clearly

under different conditions.

Figure C.1: Images showing the change in static contact angle of a droplet containing
beads as a the voltage is changed
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C4.2 Dynamic Contact Angle

Dynamic contact angle changes are visualized using OCT while the droplet is in motion.
Figure C.2 shows snapshots of a 500nL skim milk droplet as it moves across two 1mm
electrodes. The arrow indicates the direction of droplet motion. The dynamic contact
angle information can be used to study the effect of contact angle hysteresis on the droplet

transport.

Figure C.2: Images showing the change in dynamic contact angle of a milk droplet as it
moves from one electrode to another

C.4.3 Flow Patterns during Transport

Flow profiles inside the droplet can be obtained by imaging a moving droplet loaded with
beads. A 500nL KCl droplet (0.1M) is loaded with a small volume (<50nL) of the poly-
beads. The droplet is then shuttled across two 1mm electrodes. Figure C.3 shows snapshots
of the droplet as it moves across the two electrodes. Complete flow reversibility is evident
from the images, corroborating the observations in [39].

Comparing the results from the static and dynamic experiments, we can see that that the
non-linearities at the edges of the image are more pronounced while using a 2mm lateral
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Figure C.3: Flow profiles inside a moving droplet illustrating complete reversibility of
flow
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scan. The lateral scan should be limited to Imm to obtain good linearity, which means that

smaller electrodes need to be used.

C.4.4 Quantitative Contact Angle Data

The most accurate method of determining the contact angle from the OCT images is by
fitting the outline of the droplet to the Laplace- Young equation; 8P = y(1/R1+ 1/R2),
where 6P is the pressure difference across the droplet-oil interface, ¥ is the interfacial
tension, and R1 and R2 are the principal radii of curvature of the droplet-oil interface.
This is because the contact angle measured from the OCT images is very sensitive to the
location of the (apparent) 3-phase contact point, which is difficult to determine accurately.
The images also need to be compensated to account for changes in effective path length
that arise due to differences in refractive indices between the droplet and the oil. Therefore,

significant post-processing of these images is required to obtain useful quantitative data.

C.5 Conclusions and Future Work

We have demonstrated the use of OCT to image microdroplets in an electrowetting-based
microfluidic system. OCT was used to obtain static and dynamic contact angle information,
which is of use in studying important electrowetting phenomena such as contact angle
hysteresis and saturation. Flow profiles were visualized inside a droplet with beads. The
flow visualization can be further extended to study droplet mixing. The initial results
yielded qualitative information on the utility of OCT to image droplets. Further analysis is

needed to obtain quantitative results.
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