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Abstract

Digital microfluidics (DMF) has recently emerged as a popular technology for a wide
range of applications. In DMF, nL-mL droplets containing samples and reagents are controlled
(i.e., moved, merged, mixed, and dispensed from reservoirs) by applying a series of electrical
potentials to an array of electrodes coated with a hydrophobic insulator. DMF is distinct from
microchannel-based fluidics as it allows for precise control over multiple reagent phases (liquid
and solid) in heterogeneous systems with no need for complex networks of microvalves. In this
thesis, digital microfluidics has been applied to address key challenges in the fields of chemistry,
biology and medicine.

For applications in chemistry, the first two-plate digital microfluidic platform for
synchronized chemical synthesis is reported. The new method, which was applied to
synthesizing peptide macrocycles, is fast and amenable to automation, and is convenient for
parallel scale fluid handling in a straightforward manner. For applications in biology, I present
the first DMF-based method for extraction of proteins (via precipitation) in serum and cell lysate.
The performance of the new method was comparable to that of conventional techniques, with the
advantages of automation and reduced analysis time. The results suggest great potential for

digital microfluidics for proteomic biomarker discovery. Furthermore, I integrated DMF with



iii
microchannels for in-line biological sample processing and separations. Finally, for applications
in medicine, I developed the first microfluidic method for sample clean-up and extraction of
estrogen from one-microliter droplets of breast tissue homogenates, blood, and serum. The new
method is fast and automated, and features >1000x reduction in sample use relative to
conventional techniques. This method has significant potential for applications in endocrinology
and breast cancer risk reduction. In addition, I describe a new microfluidic system incorporating
a digital microfluidic platform for on-chip blood spotting and processing, and a microchannel
emitter for direct analysis by mass spectrometry. The new method is fast, robust, precise, and is
capable of quantifying analytes associated with common congenital disorders such as

homocystinuria, phenylketonuria, and tyrosinemia.
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Overview of Chapters

This thesis describes a series of projects that I completed during my Ph.D. studies in
Aaron Wheeler's research group at the University of Toronto. The theme of this thesis is the
invention and development of new digital microfluidic (DMF) device architectures for
applications in the fields of chemistry, biology and medicine. The unique capabilities of DMF
are highlighted in the various chapters, ranging from straightforward integration of syncrhonized
synthesis (chapter two), to preparation of biological and clinical samples for proteomic,
hormonal and inborn metabolic disorder analysis (chapters three-six). Here, I provide a brief
description of each chapter.

Chapter one is a literature review of DMF with special emphasis on topics encountered
during the course of the projects described in my thesis. This chapter describes the state-of-the-
art in digital microfluidics as applied to a wide range of applications in chemistry, biology and
medicine.

Chapter two presents the first two-plate digital microfluidic platform for chemical
synthesis, suitable for control of multiplexed, multi-component, multi-step reactions in parallel.
For proof-of-principle, the method was used to carry out synchronized synthesis of peptide
macrocycles. The results suggest that there is significant potential for digital microfluidics for
fast and automated synthesis of libraries of compounds for applications such as drug discovery
and high-throughput screening.

Chapter three describes the first DMF-based method for extracting proteins from
heterogeneous fluids, including the key steps of precipitation, rinsing, and resolubilization. The
method is compatible with proteins representing a range of different physicochemical properties,
as well as with complex mixtures such as fetal bovine serum and cell lysate. The work represents
an important first step in efforts to develop fully automated microfluidic methods for proteomic
analyses.

Chapter four introduces a new multilayer "hybrid microfluidics" device configuration,
in which a DMF device is formed on a top substrate which is mated to a network of
microchannels below. In this hybrid device, droplets are dispensed from reservoirs, merged,
mixed, and split on the top layer, and are subsequently transferred to microchannels through a

vertical interface into channels for chemical separations. To validate the capabilities of the new
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method, on-chip serial dilution experiments and multi-step enzymatic digestion regimens were

implemented. The new multilayer hybrid microfluidic device has the potential to become a
powerful new tool for biological assays.

Chapter five describes the application of DMF to the extraction of estrogen in 1-
microliter samples of breast tissue homogenate, whole blood, and serum. This technique was
developed in response to the conventional methods that require invasive biopsies of hundreds to
thousands of milligrams of tissue which can result in scarring and require many hours of
laboratory time for analysis. The new integrated sample cleanup method may prove useful for a
wide range of clinically relevant applications, specifically conditions requiring frequent analysis
of hormones in clinical samples (e.g., infertility and cancer).

Chapter six presents a new integrated microfluidic system developed to quantify amino
acids in samples of newborn blood. The method is capable of processing two kinds of samples:
blood spotted directly onto the chip and dried, and discs of filter paper bearing dried blood. For
some applications, the device was integrated with a microchannel emitter for direct analysis by
mass spectrometry. The presented method is fast and precise, and is capable of screening blood
samples for inborn metabolic disorders.

The Appendices describe two side-projects that are outside of the scope of the main
text. Appendix 1 describes a fully integrated digital microfluidic system with automated droplet
control for protein extraction by precipitation followed by solution-phase processing. Appendix 2
describes an inexpensive and fast method for generating an insulating and hydrophobic layer

using laboratory wrap (Parafilm®) for DMF devices.
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Chapter 1 Review of Digital Microfluidics
1.1 Digital Microfluidics

The most common format for microfluidics is based on enclosed microchannels in planar
platforms. While such systems have been used for applications in chemistry,'™ biology®” and

112 4n this minireview, we focus on a related but distinct technology called digital

medicine,
microfluidics. Like microchannel-based fluidics, digital microfluidics is being used to
miniaturize a wide range of applications, with the advantages of reduced reagent and solvent
consumption, faster reaction rates, and capacity for integration (i.e., the lab-on-a-chip concept).
In digital microfluidics, discrete droplets of samples and reagents are manipulated (i.e.,
dispensed from reservoirs, split, merged and mixed) on an open surface by applying a series of
electrical potentials to an array of electrodes.*'* Although microchannels can also be used to
manipulate droplets,>' digital microfluidics is a distinct paradigm that offers several unique
advantages.

One unique advantage of digital microfluidics is the capacity to address each reagent
individually with no need for complex networks of tubing or microvalves (Figure 1.1a). A
second advantage is the capacity to control liquids relative to solids with no risk of clogging --
thus, as shown in Figure 1.1b, digital microfluidics is a good match for the analysis of solid
samples.''® A third advantage for digital microfluidics is compatibility with a large range of
volumes (see Figure 1.1c), making it useful for preparative-scale sample handling. This is
contrasted with microchannels, in which volumes are typically much smaller and are suitable for
analytical applications (but not preparative applications). There are of course many advantages
for microchannels relative to digital microfluidics (e.g., suitability for separations and reactions
in continuous flow). The key capabilities and challenges for digital microfluidics are summarized
in Table 1.1

In the following sections, I describe my contributions to the field of digital microfluidics, the
physics and formats of digital microfluidics, followed by a discussion of the state-of-the-art for

applications in chemistry, biology, medicine, and beyond.
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Figure 1.1 Digital microfluidics vs. microchannels. a) Digital microfluidic platform (left) controlling more
than twenty reaction droplets with no need for external hardware (i.e., pumps, connectors and tubing) or
microvalves vs. a microchannel platform (right) with requiring a complex network of hardware and
microvalves. Reproduced with permission from '’ Copyright © 2010 John Wiley & Sons, Inc. and * Copyright
© 2009 The Royal Society of Chemistry. b) Digital microfluidic platform (left) in which a droplet of
supernatant liquid is driven away from a solid precipitate with no clogging vs. a microchannel platform
(right) depicting a channel clogged with bacteria lysate. Reproduced with permission from '’ Copyright ©
2009 The American Chemical Society and 20 Copyright © 2009 Elsevier. ¢) Digital microfluidic platform (left)
Picture of a used to manipulate a ~3 mL sample droplet vs. a microchannel platform (right) used to
manipulate 740 pL sample droplets. Reproduced with permission from *' Copyright © 2008 The Royal
Society of Chemistry and ** Copyright © 2009 The Royal Society of Chemistry.

Table 1.1 Capabilities of and challenges for digital microfluidics

Capabilities Challenges

- Easy to manipulate reagent droplets with - Not suitable for chemical separations or
no need for pumps, tubing and continuous-flow synthesis
microvalves - Incompatible with high temperatures ( above

- Can handle wide range of volumes (nL- 35 °C) and pressures (above 1 mbar) if device
mL), suitable for preparative applications open to atmoshphere.

- Compatible with aqueous and organic - Fouling of device surfaces can result in droplet
solvents sticking

- Straightforward control over different - Incompatible with centrifugation
phases




1.2 My Contributions

This thesis is a compilation of the innovations that I have contributed to the technique of
digital microfluidics, which includes the development of new digital microfluidic device
architectures and demonstrating their capabilities for applications in chemistry, biology and
medicine.

For applications in chemistry, I developed the first two-plate DMF platform for carrying
out synchronized synthesis of peptide macrocycles. The new method is fast, compatible with a
wide range of solvents, liberated from external hardware (e.g., tubing, microvalves, etc.), and is
particularly well-suited for parallel processing. For applications in biology, I designed and built
the first-of-its-kind DMF device capable of separating a liquid phase from solid which facilitated
the extraction and purification of proteins from complex biological mixtures (e.g., serum and cell
lysate) for proteomic application. Furthermore, I designed and fabricated the first multilayer
hybrid microfluidic configuration, in which a digital microfluidic device is formed on a top
substrate for biological sample preparation mated to a network of microchannels below for
separation.

For applications in medicine, I developed a novel DMF device capable of carrying key
processes (i.e., solid-liquid and liquid-liquid extractions) for extracting and purifying hormones
from clinical samples (e.g., whole blood and tissue homogenates). As a second application in
medicine, I developed a new integrated microfluidic system incorporating a DMF platform for
on-chip blood spotting and processing, and a microchannel emitter for direct analysis by mass
spectrometry. The method is fast, robust and capable of screening samples for metabolic
disorders.

The following sections describe the physics and format of digital microfluidics, followed
by a review of applications of digital microfluidics in the areas of chemistry, biology, and

medicine, as well as miscellaneous applications that defy categorization.

1.3 Physics and Formats of Digital Microfluidics
Digital microfluidics was popularized in the early 2000s by the Fair*> and Kim** groups
at Duke and UCLA, respectively. In this pioneering work, droplets were made to move across an

insulating surface upon application of electrical potentials to electrodes positioned under the
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insulator. The technique was explained as being a phenomenon driven by surface tension, and
was called “electrowetting” or “electrowetting-on-dielectric” (EWOD). This naming convention
arose from the observation that the contact angle between an aqueous droplet and the device
surface is dramatically reduced (i.e., wetted) during droplet movement. In the "electrowetting"
paradigm, the two phenomena (wetting and movement) were viewed as being cause-and-effect:
droplet movement was understood as being a consequence of capillary pressure arising from
non-symmetrical contact angles. However, this understanding does not explain droplet motion
for liquids with low surface tension that have no apparent changes in contact angle;* nor can it
explain related phenomena, such as contact angle saturation (i.e., the observed limit on contact
angle change above a threshold in applied potential).

A Dbetter understanding of the physics of droplet actuation is derived from

- . 2629
electromechanical analysis,

which explains both the wetting and the droplet movement
phenomena in terms of electrical forces generated on free charges in the droplet meniscus (in
case of conductive liquids) or on dipoles inside of the droplet (in case of dielectric liquids). For
the purposes of modeling, these forces can be estimated by integrating the Maxwell-Stress
tensor, 73 (Eq. 1) (which can be derived from the Lorenz equation’), over any arbitrary surface
surrounding the droplet?’":
I, = ‘9(EiE_/ _%%Ezj

where £ 1s the permittivity of the medium surrounding the droplet, i and j refer to pairs of x, y,
and z axes, J;; is the Kronecker delta, and E is the electric field surrounding the droplet. Unlike
electrowetting, this formulation explains the motion of dielectric liquids and liquids that do not
experience a change in contact angle. In addition, it provides a rationale for the phenomenon of
contact-angle saturation as an equilibrium between electrical and surface-tension forces.?”*®

Digital microfluidics is typically implemented in one of two different configurations
(Figure 1.2a) — the closed format (also known as the two-plate format) in which droplets are
sandwiched between two substrates patterned with electrodes (the substrates house driving and
ground electrodes, respectively) and the open format (also known as the single-plate format) in

which droplets are placed on top of a single substrate housing both actuation and ground

electrodes. In both configurations, an insulating layer is deposited on top of the actuation
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electrodes, and the insulating layer is typically covered by an additional hydrophobic coating to
reduce droplet sticking to the surface.

The closed and open digital microfluidic configurations have complementary advantages.
Closed digital microfluidic devices are well suited for a wide range of fluidic operations —
droplet dispensing, moving, splitting, and merging are all feasible.’> In contrast, open digital
microfluidic devices are typically not capable of splitting and dispensing; however, the open
format facilitates fast sample and reagent mixing,” the capacity to move large droplets,”’ and
better access to samples for external detectors.® Additionally, evaporation rates are higher in
open format devices, which may be advantageous or inconvenient, depending on the application.
Digital microfluidic devices are typically fabricated in a clean-room facility using conventional
techniques such as photolithography and etching; electrodes are formed from substrates common
to such facilities (e.g., chromium, gold, indium-tin oxide (ITO), doped polysilicon, etc.). The
insulating layer can be formed using a variety of techniques, including vapor deposition
(parylene, amorphous fluoropolymers, silicon nitride, etc.), thermal growth (silicon oxide), or
spin coating (PDMS or SU-8). The hydrophobic coating is usually formed by spin-coating a thin
layer of a fluorinated polymer such as Teflon-AF or Cytop.

After devices have been fabricated and assembled, a second key distinction in format is
the nature of the matrix surrounding droplets on the device. For many applications, this matrix is
simply ambient air. This format is the most striaghtforward, but is susceptible to evaporation and
may require humidified chambers to overcome this issue.”> Another common format uses a

matrix of oil,

which limits evaporation and reduces the surface energy, and thus allows for
lower electrical potentials for droplet actuation. Oil-immersed systems have drawbacks,
however, including the requirement of gaskets or other structures to contain the oil bath, the

potential for liquid-liquid extraction of analytes into the surrounding oil,”'

the incompatibility
with oil-miscible liquids (e.g., organic solvents), and the incompatibility with assays requiring
drying droplets onto the device surface.’’

While digital microfluidics is typically implemented in planar formats (Figure 1.1a), the
use of flexible platforms is growing in popularity. For example, Abdelgawad et al.*' described
the format of “All Terrain Droplet Actuation” (ATDA) using devices fabricated on flexible

substrates, and demonstrated droplet actuation on non-planar (i.e., inclined, declined, upside-

down, etc.) surfaces. This format allows for straightforward integration of multiple
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physicochemical environments on the same device for applications such as temperature cycling
(Figure 1.2b). Similarly, Fan et al.*® developed a wearable “droplet-on-a-wristband” device
formed from flexible polyethylene terephthalate substrates that can fit around patients’ wrists for

potential point-of-care applications (Figure 1.2c).

a) Two - Plate Device One - Plate Device

I Top Plate '

Bottom Plate Bottom Plate

[l Electrode i Hydrophobic Insulator

d) Side-to-Side Interface Multilayer Interface
Pipet Tip ~ Dispensed Reservoir

, Interface Droplet Droplet

Droplet

i \m — oo
/y f Glass GIEV /1 \

Electrode Array  Channel Interface  Channel Electrode Array

Interface

Figure 1.2. Digital microfluidic formats. a) Side-view schematics of two- (left) and one-plate (right) digital
microfluidic formats. b) Picture of a flexible “All-Terrain Droplet Actuation” device moving a droplet from a
warm to a cool area. Reproduced with permission from ?' Copyright © 2008 The Royal Society of Chemistry.
¢) Picture of a wearable “droplet-on-a-wristband” device. Reproduced with permission from ** Copyright ©
2011 The Royal Society of Chemistry. d) Side-view schematics (top) and aerial pictures (bottom) of two
formats of '"hybrid microfluidics," which combines digital microfluidics for sample processing with
microchannels for separations. The side-to-side configuration (left) comprises a one-plate digital microfluidic
device mated to a PDMS microchannel on a common substrate and the multilayer design (right) comprises a
digital microfluidic array patterned on a top substrate mated to a network of microchannels in a glass
substrate below. Side-view schematics and aerial picture of multilayer interface were reproduced with
permission from * Copyright © 2010 The American Chemical Society, and aerial picture of side-to-side
configuration was reproduced with permission from *° Copyright © 2008 The Royal Society of Chemistry.
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Another recent trend for digital microfluidic device design is integration with

microchannels. For example, “hybrid microfluidics™”*

combines digital microfluidics for
sample processing with microchannels for separations. The Wheeler group developed a side-on
configuration of hybrid microfluidics,™ which comprises a one-plate digital microfluidic device
mated to a PDMS microchannel (Figure 1.2d, left). Devices formed in this manner were
demonstrated to be useful for applications such as in-line sample labelling with fluorogenic
reagents followed by separations. A multilayer configuration was then developed™ (see Chapter
4) which comprises a two-plate digital microfluidic substrate on a top layer mated to a network
of channels on a bottom layer (Figure 1.2d, right). This more elegant format facilitates the
implementation of complex processing regimens (e.g., multi-enzyme digestion of a proteomic
sample) followed by electrophoretic separations. A similar strategy was reported by Gorbatsova

et al.*!

, who mated samples controlled by digital microfluidics to the inlet of an external capillary
for separations. In on-going work, methods are being developed to couple digital microfluidics
with integrated nanoelectrospray ionization emitters for direct analysis by mass spectrometry.*
Given the myriad applications requiring sample pre-processing and chemical separations, hybrid
microfluidics and related techniques have the potential to become a useful new strategy for micro

total analysis systems.

1.4 Digital Microfluidic Applications in Chemistry

The format of digital microfluidics, in which droplets can be used as individually
addressable microreactors, seems well suited for chemical synthesis. This assertion was greatly
strengthened when Chatterjee et al.”> demonstrated the capacity to actuate organic solvents
including acetone, acetonitrile, ethanol, dichloromethane and others. In an early demonstration of
chemical applications in digital microfluidic format, Millman et al.** synthesized a wide variety
of different kinds of micro-particles, including capsules, semiconducting microbeads, and
anisotropic striped and “eyeball” particles (Figure 1.3a). Droplets containing suspensions of
micro/nano particles, polymer solutions, and polymer precursors were merged, mixed, and dried
to yield the different types of particles. In the most unique design (“eyeball” beads), darker
microparticles (forming the “iris”) were driven to the droplet surface by internal convection
currents induced by evaporation. In another example of synthesis applications on digital

microfluide devices, Dubois et al.* implemented Grieco’s reaction using ionic liquid droplets as
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microreactors to synthesize tetrahydroquinolines. In this reaction (scheme 1), a task-specific
onium salt (1) is reacted with benzaldehydic derivatives (2a-c) and excess indene (3) in ionic
liquid matrix ([tmba][NTf2]) to obtain tetrahydroquinolines (4a-c), see Figure 1.3b . Ionic liquids
are advantageous for this application because of their low vapor pressure — reactions can be
implemented in small droplets (<1 pL) on single-plate devices with no evaporation. In addition,
ionic liquids have other advantages for use with digital microfluidics, such as intrinsic

conductivity and thermal stability.

. O :
3
BE;, (MeN~ 0 + HZN_@_X ;» BE;, Me)N~ > 0
| [tmba][NTF2]

1 2a X=NO, 4a X=NO,
2b X=Br 4b X=Br
2c X=H 4c X=H

Scheme 1.1 Synthesis of tetrahydroquinolines in ionic liquids by Grieco reaction.*

The studies described above established the compatibility of digital microfluidics with
chemical synthesis; however, they used fairly simple devices that were capable of carrying out
only a single, serial reaction (with no dispensing, splitting, active mixing, or flexibility in droplet
volumes). I recently introduced the first two-plate digital microfluidic platform for chemical
synthesis that is suitable for control of many different multi-component, multi-step reactions in
parallel” (see Chapter 2). The platform was used to carry out synchronized synthesis of five
peptide macrocycles from three different components followed by late-stage modification with
thiobenzoic acid 5 to generate aziridine ring-opened products. The digital microfluidic device
featured ten reagent reservoirs and eighty-eight actuation electrodes dedicated to dispensing,
merging, and mixing droplets of reagents and products.

In comparison with other miniaturized fluidic technologies (e.g., enclosed
microchannels), digital microfluidics is particularly well-suited for applications in synthesis, as
digital microfluidics allows for precise control over multiple reagent phases. Moreover, there are
no limits (nL - mL) on the volume of solvent used to re-dissolve a particular solid. This stands in
contrast to microchannels, in which volumes are defined by channel dimensions and cannot be

changed.
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The most useful features of digital microfluidics for synthesis include individual addressing of

. : 45,4
all reagents with no need for complex networks of microvalves,**

chemically inert Teflon-AF-
based device surfaces that facilitate the use of organic solvents and corrosive chemicals, and easy
access to reasonably large amounts of products for off-chip analysis. On the other hand, digital
microfluidics is not appropriate for all synthetic applications; for example, reactions performed
at high temperature and pressure that require in-line purification are better suited for closed
microchannel systems'’ and there are several unique advantages associated with modular
continuous flow reactors formed in microchannels (also known as mesofluidics'*®).
Nevertheless, as a synthetic platform, digital microfluidics is under-used relative to its

advantages and has tremendous room for innovation.

= ¥R

Figure 1.3 Digital microfluidic applications in chemistry. a) Pictures depicting microparticles synthesized
using digital microfluidics. The products include conductive gold/SU-8 particles (1), semiconducting
polypyrrole particles (2), “eyeball” microbeads (3), and cup-shaped particles formed by drying water
droplets that were originally encapsulated in latex (4). Scale bars are 1 mm; reprinted with permission from
# Copyright © 2005 Nature Publishing Group. b) Pictures depicting synthesis of tetrahydroquinolines in
ionic liquids by digital microfluidics. The process includes merging three ionic liquid droplets containing
task-specific onium salt, benzaldehydic derivative and excess indene (1-3). Reproduced with permission from
* Copyright © 2009 The American Chemical Society.
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1.5 Digital Microfluidic Application in Biology

Digital microfluidics is an attractive platform for biological applications, which often
require the use of expensive or precious reagents. However, a non-trivial challenge is non-
specific adsorption of biological molecules to device surfaces (or fouling), which can lead to
sample loss, cross-contamination, or droplet sticking (which renders devices useless). Several
strategies have been developed to overcome this problem. Srinivasan et al.*’ demonstrated that
fouling could be minimized by suspending droplets in an immiscible oil, which facilitates
manipulation of a variety of fluids containing high concentrations of potential surface fouling
molecules (i.e., blood, serum and plasma). Oil is not compatible with all applications, and an
alternative strategy is to mix samples and reagents with low concentrations of amphiphilic
polymer additives, which facilitates the actuation of serum and other concentrated biochemical
reagents with reduced fouling.” Finally, a third technique is to use a removeable hydrophobic
insulator, such that each successive experiment is implemented on a fresh device surface.”'
These advances and others have made digital microfluidics compatible with a wide range of
applications in biology, including proteomics, enzyme assays and immunoassays, applications

involving DNA, cell-based assays, and clinical applications. These topics are reviewed below.

1.5.1 Proteomics

Proteomic experiments typically require tedious, multi-step sample processing prior to
analysis by mass spectrometry, and the capacity of digital microfluidics for individual addressing
of many reagents simultaneously makes it a good fit for such processes. In an early
demonstration of proteomics in a DMF format, the Garrell and Kim groups developed DMF-
based methods to purify peptides and proteins from heterogeneous mixtures.””>® The methods
comprised a series of steps, including drying the sample droplet, rinsing the dried spot with DI
water droplet to remove impurities, and finally delivering a droplet of matrix assisted laser
desportion/ionization (MALDI) matrix to the purified proteins for analysis on-chip by mass
spectrometry. The same team then improved upon this process by implementing simultaneous
purification of 6 samples (Figure 1.4a).”” Recently, I developed a DMF-based protocol for
extracting and purifying proteins from complex biological mixtures by precipitation, rinsing, and
resolubilization (see Chapter 3) '’. The method had comparable protein recovery efficiencies

(=80 %) relative to conventional techniques, combined with the advantages of no centrifugation,
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and 2x faster extraction and purification. In a separate study, Luk et al.>* applied DMF to key
proteomic processing steps that commonly follow protein extraction, including protein reduction,
alkylation, and digestion. Peptide mixtures processed in this manner were analyzed off-chip by
MALDI-MS, and identified by Mascot database search engine yielding correct sample
identifications with confidence levels >95%. In related work, Garrell’s group demonstrated on-
chip protein biochemical processing combined with in situ analysis by MALDI-MS,> and were
able to speed the rates of biochemical processes by introducing localized Joule heating.” For a
complete proteomic sample workup, I developed an automated DMF-based platform integrating
all common processes, including protein precipitation, rinsing, resolubilization, reduction,

alkylation, and digestion®’ (see Appendix 2).

1.5.2 Immunoassays and Enzyme Assays

Immunoassays and enzyme assays are routinely used to detect analytes in biological
samples with high selectivity, and the former (immunoassays) has recently emerged as a good
match for DMF. Sista et al.>® reported a droplet-based magnetic bead immunoassay using digital
microfluidics to detect insulin and interleukin-6. In this work, a droplet of analyte and a second
droplet containing magnetic beads (modified with primary capture antibodies), blocking proteins,
and reporter antibodies were merged to form capture antibody—antigen—reporter antibody
complexes. A magnetic field was then used to immobilize the beads such that the supernatant
could be driven away by DMF. Close to 100% bead recovery was realized after 8000-fold
dilution-based washing of the supernatant. The beads were then resuspended in a new buffer
droplet and the analytes were detected by chemiluminescence. The assay had low detection
limits: less than 10 pmol L™ and 5 pg mL™ for insulin and interleukin-6. In a separate study, the
same group implemented a similar method to perform immunoassays for cardiac troponin I in
whole blood in less than 8 minutes.” Recently, Miller et al.** developed a digital microfluidic
platform for similar immunoassay applications® without the requirement for beads or magnets.
As shown in Figure 1.4b, the method relied on device surfaces modified with spots of capture
antibody (Fc-specific anti-human IgG), which binds antigens in the droplet sample, which is in
turn recognized by detection antibodies.

Enzyme assays have long been a popular target for digital microfluidics. In one of the

first reports, Taniguchi et al.®’ demonstrated a bioluminescence assay for ATP using the enzyme,
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luciferase. In another early report, the Fair group developed an automated glucose assay
compatible with a range of physiological fluids (serum, saliva, plasma, and urine) on a DMF
device.*® Droplets of glucose oxidase were merged with sample droplets spiked with glucose,
then mixed, and the glucose concentration was measured using an integrated LED/photodiode
detector. Nichols and Gardeniers® carried time-sensitive measurement-using DMF to mix
reagents and MALDI time-of-flight mass spectrometry to investigate pre-steady-state kinetics of
the enzyme, tyrosine phosphatase. Miller et al.** applied DMF to the study of enzyme kinetics by
mixing and merging droplets of alkaline phosphatase with fluorescein diphosphate on a
multiplexed DMF device (Figure 1.4c). Enzyme reaction coefficients, K, and k.., generated by
DMF agreed with literature values, and the assays used much smaller volumes and had higher
sensitivity than conventional methods. Finally, Martin et al.** described initial steps for
constructing artificial Golgi organelle through the use of DMF, recombinant enzymes, and

magnetic nanoparticles.

1.5.3 Applications Involving DNA

Handling, purifying, detecting, and characterizing samples of DNA have become critical
steps for a wide range of basic and applied fields of science. Thus, it is not surprising that such
processes have been an attractive match for DMF. For example, Miller et al. demonstrated the
first of these processes, DNA handling and purification, using digital microfluidics to implement
liquid-liquid extraction of a heterogenous mixture of DNA and proteins.”' In this work, All-
Terrain Droplet Actuation (ATDA) was used to drive aqueous droplets containing a mixture of
DNA and proteins into and out of a pool of phenolic oil, which had the effect of removing
proteins from the droplet and purifying the nucleic acid. A second application, repair of oxidized

1. In this work,

lesions in oligonucleotides, was implemented in DMF format by Jary et a
droplets containing a DNA repair enzyme and damaged DNA were merged by DMF, incubated,
and then the repaired DNA was detected by fluorescence microscopy. Liu et al.°® demonstrated a
similar application, in which a DMF device was developed to facilitate DNA ligation by merging
droplets containing vector DNA and the enzyme, DNA ligase. In a different application, Malic et
al.% carried out on-chip immobilization of thiolated DNA probes followed by hybridization with

droplets containing complementary oligonucelotide target sequences. Surface plasmon resonance
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imaging measurements revealed a two-fold increase in the efficiency of DNA immobilization

under an applied potential in comparison to passive immobilization.
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Figure 1.4 Digital microfluidic applications in biology. a) Schematic of a digital microfluidic device used to
perform multiplexed proteomic sample de-salting. Reproduced with permission from *" Copyright © 2006
The Royal Society of Chemistry. b) Schematic (top) depicting an IgG sandwich immunoassay, and picture
(bottom) a droplet containing detection antibody (FITC-labeled anti-IgG). Reproduced with permission from
5 Copyright © 2011 Springer. c) Picture of a multiplexed digital microfluidic device used to study enzyme
kinetics. Reproduced with permission from * Copyright © 2008 The American Chemical Society. d) Picture
of self-contained digital microfluidic system for multiplexed real-time PCR. Reproduced with permission
from ® Copyright © 2010 The American Chemical Society. e) Pictures of a digital microfluidic platform
developed for complete cell culture (left) and sequence of frames (right) from a movie illustrating HeLa cells
on a device from day 2 to day 5 of culture. Reproduced with permission from ** Copyright © 2010 The Royal
Society of Chemistry.
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The most complete DNA application using DMF was initially reported by Chang et al.,””
who implemented the polymerase chain reaction (PCR). In this work, a digital microfluidic
device with an embedded micro-heater was developed to facilitate thermal cycling. The
fluorescent signals from DNA amplified on-chip were comparable to those generated using a
bench-scale PCR machine with 50% and 70% reductions in total time and sample consumption,
respectively. Sista et al.”” improved on this technique, performing a 40-cycle real-time PCR in 12
minutes by shuttling droplet through two different temperature zones on a DMF cartridge
capable of accommodating other assays (immunoassays and sample preparation). More recently,
Pollack and coworkers expanded on this technique to develop an automated and self-contained
multichannel DMF platform for multiplexed real-time PCR assays . The entire system is the
size of a shoebox and comprises all of the required control and detection capabilities, and a
disposable microfluidic cartridge in which sample processing and PCR takes place (Figure 1.4d).
The system has an amplification efficiency of 94.7% and is capable of detecting the equivalent of
a single genome of test samples (methicillin-resistant S.aureus). As a proof-of-concept for high-
throughput multiplexed PCR applications, the authors demonstrated that multiple DNA samples

could be amplified and detected simultaneously.

1.5.4 Cell-Based Assays

Cell-based assays have been a popular target for miniaturization, as the reagents and other
materials are often prohibitively expensive. Despite this obvious match, cell-based assays have
only recently been embraced by the DMF community: in the past two years, five papers have
been published describing DMF applications involving cells.”>’" In the first,”” Barbulovic-Nad
et al. implemented a toxicity assay in which droplets carrying Jurkat-T cells were merged with
droplets containing different concentrations of the surfactant Tween 20 (lethal to cells) and were
then merged again with droplets carrying viability dyes. The DMF assay was more sensitive than
an identical one performed in a 384-well plate, such that the DMF-generated results gave a better
approximation of the empirical value of the 100% lethal concentration, and also had a 30x
reduction in reagent consumption. Additionally, actuation by DMF was found to have no
significant effects on cell vitality. This agrees with the second DMF/cell study, in which Zhou et
al.”! reported no increase in number of dead osteoblasts after droplet actuation. In the third study,

Fan et al. used dielectrophoresis to separate neuroblastoma cells to different regions of droplets
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that were manipulated by digital microfluidics.” The original droplets were then split into
daughter droplets containing different cell densities. In the fourth study, Shah et al. developed an
integrated DMF-lateral field optoelectronic tweezer microfluidic device for cell handling.”
Finally, Barbulovic-Nad et al.” recently developed the first microfluidic platform capable of
implementing all of the steps required for mammalian cell culture—cell seeding, growth,
detachment, and re-seeding on a fresh surface.”> The new DMF technique demonstrated cell
growth characteristics comparable to those found in conventional tissue culture and were used

for on-chip transfection of cells (Figure 1.4e).

1.6 Digital Microfluidic Applications in Medicine

The precise control over different reagents, phases, and volumes afforded by digital
microfluidics makes it a good match for applications in medicine. In an important first step
towards this aim, the Fair group developed a series of glucose assays in physiological fluids
(serum, saliva, plasma, and urine) with actuation by digital microfluidics®® (see Figure 1.5a).
More recently, Sista et al.”’ developed a digital microfluidic technique to extract DNA from
whole blood samples using magnetic beads with integrated analysis with immunoassays and
PCR, see Figure 1.5b. Recently, I reported a digital microfluidic-driven method for sample
clean-up and extraction of estradiol (the most biologically active form of estrogen) in 1 pL
samples of human breast tissue homogenate, as well as from whole blood and serum'® (see
Chapter 5). In a typical assay, a sample was chemically lysed, the estradiol extracted into a polar
solvent, unwanted constituents extracted into a nonpolar solvent, and the extract was delivered to
a collection reservoir for off-chip analysis (Figure 1.5¢). The digital microfluidic method used a
sample size that is 1000-4000x smaller than the conventional methods for extraction and
quantification of steroids, and was 20-30x faster. Similar advantages are leveraged in a new
digital microfluidic technique for analyzing newborn blood samples for screening for metabolic
disorders.” This new method is integrated with hybrid microfluidics and an integrated
nanoelecrospray ionization emitter for direct detection by mass spectrometry, which results in

analysis techniques that are faster and more efficient than the state-of-the-art (see Chapter 6).
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Figure 1.5 Digital microfluidic applications in medicine. a) Picture of digital microfluidic device used to
perform glucose assays. Reproduced with permission from ** Copyright © 2004 The Royal Society of
Chemistry. b) DMF cartridge capable of performing magnetic bead-based immunoassays, PCR, and sample
preparation. Reproduced with permission from * Copyright © 2008 The Royal Society of Chemistry. c)
Schematic of DMF device for extracting and purifying estrogen from 1 pL. human breast tissue homogenate,
whole blood and serum. The device includes sample and solvent reservoirs, and a liquid-liquid extraction
zone (bounded by a photoresist wall). Reproduced with permission from '* Copyright © 2009 The American
Association for the Advancement of Science.

1.7 Miscellaneous Applications

The unique characteristics of digital microfluidics have made the technology attractive for
a diverse set of applications that do not fit into any of the categories described above. For
example, Zhao et al.”* manipulated air bubbles, instead of droplets, on digital microfluidic
devices, and used these bubbles to effect a chemical reaction between gaseous reagents. Moon et

al.” used digital microfluidics to form a conveyer system by placing a piece of thin silicon wafer
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on top of four water droplets that were moved on a track of electrodes (Figure 1.6a). In another
creative marriage of technology and application, droplets controlled by digital microfluidics were
used to collect particles from surfaces of perforated microfilter membranes, which may be useful
for sampling bioaerosols for environmental applications as shown in Figure 1.6b.”° Finally,

Polous et al.”’

developed an integrated digital microfluidic device bearing thin-film Ag/AgCl
electrodes for the formation and analysis of lipid bilayer membranes (Figure 1.6¢). In this work,
aqueous droplets surrounded by a lipid-containing organic oil were moved close to each other

and lipid bilayer formation at the interface was measured using electrochemical techniques.
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Figure 1.6 Miscellaneous applications of digital microfluidics. a) Pictures of a micro-belt conveyer system
based on digital microfluidics; the picture on the right shows a lady bug carried on a silicon wafer supported
by 4 droplets. Reproduced with permission from > Copyright © 2006 Elsevier B.V. b) A schematic of a digital
microfluidic-powered monitoring system for airborne particle sampling and analyses. Reproduced with
permission from ® Copyright © 2009 IOP Publishing. ¢) Picture (left) of a digital microfluidic device
integrated with Ag/AgCl electrodes positioning two aqueous droplets (surrounded by lipid-containing organic
phase) in contact, and electrical measurnment (right) of bilayer formation at the droplets interface by
electrodes. Reproduced with permission from "’ Copyright © 2009 American Institute of Physics.
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1.8 Conclusion

As a lab-on-a-chip technology, digital microfluidics is making unique contributions in the
fields of chemistry, biology and medicine. This success is a result of the advantages it offers,
including the ability to manage reagents in an assay individually with no cross-talk, capacity to
control liquids relative to solids and compatibility with a wide range of volumes. However, this
technology is still in its infancy and this thesis presents work utilizing digital microfluidics solely
and in combinations with the traditional microfluidic format (i.e., microchannels) to address key
issues in the fields of chemistry (e.g., miniaturized chemical synthesis), biology (e.g.,

proteomics) and medicine (e.g., hormone assays and newborn screening).
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Chapter 2 Synchronized Synthesis of Peptide-Based
Macrocycles by Digital Microfluidics

In this chapter, a new microfluidic technique is reported for synchronized chemical
synthesis of peptide-based macrocycles and their analogues. The method relies on digital
microfluidics, a technique in which discrete nL-mL droplets of samples and reagents are
controlled in parallel by applying a series of electrical potentials to an array of electrodes coated
with a hydrophobic insulator. There is significant potential for digital microfluidics for fast and

automated synthesis of libraries of compounds for applications such as drug discovery.
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2.1 Introduction

There has been considerable interest in peptide-based macrocycles, * >

as their topology
allows them to resist digestion by exopeptidases while retaining high affinities for their

- - 81,83,84
biochemical targets.” ™

Recently, Hili et al. described a novel macrocyclization strategy that is
enabled by amphoteric aziridine aldehydes (Scheme 2.1).*’ Peptide macrocycles can now be
made with high chemoselectivity from amino acids or linear peptides, isocyanides, and
amphoteric aziridine aldehydes in a one-step process. Importantly, the resulting products possess
useful structural features that allow specific modification at defined positions. In initial work,
serial batches of peptides were formed using conventional macroscale synthetic techniques. The
utility of this method is limited, however, without a high-throughput approach for generating
focused libraries of peptide macrocycles. Such a method would be automated and would enable

multistep reactions to be handled in parallel. Herein, a new miniaturized technique for

synchronized on-chip synthesis of peptide macrocycles and related products is presented.
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Scheme 2.1 Synthesis of peptide-based macrocycles and their ring-opened peptide derivatives.

The most common format for miniaturized synthesis is enclosed microchannels in planar

. . . 4.4 -

platforms. Such systems have been used for conventional organic synthesis,*****
polymerization reactions,””° formation of biomolecules, such as peptides and DNA,”"™ and

39495 However, there are some challenges that limit the

generation of nanoparticles and colloids.
scope of their use for parallel chemical synthesis. For example, many microchannel platforms are
formed from poly(dimethylsiloxane), a material that is susceptible to degradation in common
organic solvents.”*’’ Furthermore, control of many reagents simultaneously (a feature required to
implement parallel synthetic reactions) in microchannels requires pumps, tubing, valves, and/or

three dimensional channel networks that can be difficult to fabricate and operate.zxs’46 This has
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prompted researchers to develop specialized techniques’™?’ to overcome this limitation. Another
disadvantage associated with the microchannel format is the challenge inherent in the removal of
solvents and re-dissolution of solids that are common steps in synthesis. Solid reagents and
products can clog microchannels, making targeted reagent delivery difficult to control. Finally,
the small volumes of samples in microchannels makes it difficult to recover them in sufficient
quantities for off-line analysis techniques, such as NMR spectroscopy.

In need of a platform capable of generating a) peptide macrocycles for downstream
transfer onto functionalized surfaces, and b) spatially resolved macrocyclic peptide products in
the solid state, we implemented an alternative format for automation of synthesis, called digital
microfluidics.'* In digital microfluidics, discrete nL to mL sized droplets of samples and reagents
are controlled in parallel by applying a series of electrical potentials to an array of electrodes
coated with a hydrophobic insulator (Figure 2.1). Digital microfluidics has become popular for

biological and chemical applications, including cell culture and assays,” ™% enzyme

36,49,63

assays, immunoassays,”*”’

17,37,53-55,57

protein processing (see chapter 3), clinical sample

processing and analysis (see chapter 5),'® and synthesis of anisotropic particles and

L 4344 43,44
tetrahydroquinolines.™ ’

The initial synthesis studies™"" used simple one-plate devices that are
capable of carrying out only a single, serial reaction, with no reagent supply reservoirs,
dispensing, splitting, or active mixing. The goal is to implement a fully integrated platform with
reagent supply reservoirs, precise control over reagents (i.e., dispensing, splitting, and active
mixing), and the capability to precipitate peptide macrocycles for hierarchical modification and

analysis.

Figure 2.1 A digital microfluidic platform. Each droplet acts as a microvessel in which parallel reactions can
take place with no cross-contamination.
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In this chapter, the first two-plate digital microfluidic platform for chemical synthesis is
used because it is suitable for control of many different multi-component, multi-step reactions in
parallel. This system was used to carry out synchronized synthesis of peptide macrocycles from
three different components. The resulting products contain aziridines as sites that are primed for
specific, late-stage modification by nucleophilic ring-opening. Using the same chemistry, the
synthesis of a nine-membered macrocycle was also demonstrated, a ring size that is associated
with considerable synthetic difficulties in conventional cyclic peptide synthesis.'”" The new
method is fast, amenable to automation, compatible with a wide range of solvents, liberated from
external hardware (e.g., pumps, tubing, etc.), and is particularly well-suited for parallel

processing.
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2.2 Experimental

2.2.1 Reagents and Materials

L-Isoleucine (Ile), L-methionine (Met), L-Proline (Pro), L-Threonine (Thr), L-Valine
(Val), proline-leucine (ProLeu), tert-butyl isocyanide (‘BuNC), thiobenzoic acid (PhCOSH),
trifluoroethanol (TFE), methanol, water, boric acid, 50% formic acid, and fluorinert FC-40, were
purchased from Sigma Chemical (Oakville, ON). Deuterated Met (d;-Met) was obtained from
Cambridge Isotope Laboratories (Andover, MA). Aziridine aldehyde was synthesized using

method reported previously.®'*

In all experiments, organic solvents were HPLC grade and
deionized (DI) water had a resistivity of 18 Q at 25°C. Parylene C dimer was from Specialty

Coating Systems (Indianapolis, IN), and Teflon-AF was from DuPont (Wilmington, DE).

2.2.2 Device Fabrication and Operation

Digital microfluidic devices were fabricated in the University of Toronto Emerging
Communications Technology Institute (ECTI) cleanroom facility, using a transparent photomask
printed at Norwood Graphics (Toronto, ON). Glass devices bearing patterned chromium

1
737 and were

electrodes were formed by photolithography and etching as described elsewhere,
coated with 2.5 um of Parylene-C and 50 nm of Teflon-AF. Parylene-C was applied using a
vapor deposition instrument (Specialty Coating Systems), and Teflon-AF was spin-coated (1%
wt/wt in Fluorinert FC-40, 2000 rpm, 60 s) followed by post-baking on a hot-plate (160 °C, 10
min). The polymer coatings were removed from contact pads by gentle scraping with a scalpel to
facilitate electrical contact for droplet actuation. In addition to patterned devices, unpatterned
indium tin oxide (ITO) coated glass substrates (Delta Technologies Ltd, Stillwater, MN) were
coated with Teflon-AF (50 nm, as above).

The device design featured an array of eighty-eight actuation electrodes (2.2 x 2.2 mm
ea.) connected to ten reservoir electrodes (5 X 5 mm ea.), with inter-electrode gaps of 40 pum.
Devices were assembled with an unpatterned ITO—glass top plate and a patterned bottom plate
separated by a spacer formed from two pieces of double-sided tape (total spacer thickness 180
um). Reagents were delivered to their respective reservoirs by simultaneously applying potential
to reservoir and pipetting the reagent adjacent to the 180 um gap between the bottom and top

plates. Unit droplet and reservoir droplet volumes on these devices were ~900 nL and ~4.5 pL,
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respectively. To actuate droplets, driving potentials (70-100 VRMS) were generated by
amplifying the output of a function generator (Agilent Technologies, Santa Clara, CA) operating
at 18 kHz. As described elsewhere,'” droplets were sandwiched between the two plates and
actuated by applying driving potentials between the top electrode (ground) and sequential
electrodes on the bottom plate via the exposed contact pads. To ensure droplet actuation at all
times, droplet must be larger than the footprint of home-electrode so that it overlaps its
neighbouring electrode. Droplet actuation was monitored and recorded by a CCD camera

mounted with a lens.

2.2.3 DMF Synthesis of Peptide-Based Macrocycles and Ring Opened

Peptides

To synthesize cyclic peptide-based macrocycles, three 900 nL droplets containing a)
amino acid (0.1M in dionized water, 90 nmol), b) aziridine aldehyde (0.05M in trifluoroethanol
(TFE), 45 nmol), and c) tert-butyl isocyanide (0.1M in TFE, 90 nmol) were dispensed from their
respective reservoirs and merged. The pooled droplet was mixed (20 s, RT) by periodically
actuating in a circular motion on four electrodes and then incubated (1 h, RT) in a Petri dish
sealed with parafilm to minimize evaporation. After the reaction, macrocycles were obtained by
removing the top plate and allowing the solvent to evaporate (15 min, RT). After synthesizing
and isolating macrocycles, some samples were re-dissolved in an appropriate solvent and
collected by pipette for off-chip analyses, while others were subsequently processed on-chip to
form aziridine ring-opened peptides. In the latter case, peptide-based macrocycle products were
resolubilized by dispensing four droplets of TFE and driving them to the dried spot (combined
volume 3.5 pL, 90 nmol). A droplet containing thiobenzoic acid (0.1M in TFE, 90 nmol) was
then dispensed and merged with the resolubilized peptide, and the combined droplet was mixed
(20 s, room temperature) and then incubated in a sealed Petri dish (1 h, RT).

The aziridine ring-opened peptides were obtained by removing the top plate and allowing
the solvent to evaporate (15 min, RT). For analyses of peptide-based macrocycles and aziridine
ring-opened peptides off-chip, isolated samples were resolubilized in 100 pL methanol
containing 0.1% formic acid for mass spectrometry, or 250 uL. CD;OD for NMR spectroscopy.

The synthesis of the nine-membered macrocycles was similar to that of the macrocycles. The
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substrate in this reaction was proline—leucine (0.1m in TFE, 90 nmol), and the reaction required

longer incubation (3 h, RT) and frequent mixing (20 s, every 30 min).

2.2.4 Macroscale Synthesis

Peptide-based macrocycle containing methionine (Met) and its aziridine ring-opened
derivative were synthesized using methods we reported previously.® In brief, for synthesis of
peptide-based macrocycle containing Met, in a screw-cap vial equipped with a magnetic stirring
bar was added Met (0.2 mmol) and 1 mL of TFE:H,O (20:1) and stirred until homogeneous
solution has been obtained. Aziridine aldehyde dimer (0.1 mmol) and tert-butyl isocyanide (0.2
mmol) were then added sequentially and the resulting mixture was stirred for 1-3 h. For aziridine
ring-opened derivative, in a screw-cap vial equipped with a magnetic stirring bar was added
peptide-based macrocycle containing Met (0.06 mmol). Solvent (DCM, 0.2 ml) and thiobenzoic

acid (0.12 mmol) were then added sequentially and the resulting mixture was stirred for 1 h.

2.2.5 Mass Spectrometry

For analysis by mass spectrometry, reaction products were diluted into methanol
containing 0.1% formic acid (~870 uM final concentration of products) and injected into an LTQ
linear ion trap mass spectrometer (Thermo Fischer Scientific, Waltham, MA) operating in
positive ion mode. Samples were delivered via a fused silica capillary transfer line (100 pm 1.d.)
mated to a New Objective Inc. (Woburn, MA) nanoelectrospray emitter (100 um i.d. tapering to
30 um i.d.). The samples were delivered at a flow rate of 1.5 pL min™', with an applied voltage of
1.7-1.9 kV and capillary temperature of 170 °C. Spectra were collected as an average of 50

acquisitions, and data shown here are representative of analysis of samples in triplicate.

2.2.6 Nuclear Magnetic Resonance

For analysis by nuclear magnetic resonance (NMR), concentrated solutions (~7 mM) of
peptide-based macrocycle containing Met or its aziridine ring-opened derivative were prepared
by re-suspending the reaction products synthesized in a single droplet by digital microfluidics in
12 uL MeOH-d4. A Protasis CapNMR probe (Savoy, IL) was used for sample injection and
'"HNMR spectra were generated using a Varian UnityPlus 500 MHz NMR spectrometer
referenced to MeOH-d, (3.31 ppm). "H-NMR spectra were recorded with a spectral window of
10998 Hz, using a 2.4 us pulse with 45505 real plus complex points acquired with 256 scans. For
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analysis of reaction products synthesized by macroscale, 'H spectra were recorded on Varian

Mercury 400 MHz spectrometers.

2.2.7 Reaction Rate Analysis

For reaction progress, the reaction rate of Met was analyzed. Two sets of five ~900 nL
droplets containing Met (0.1 M) were dispensed on the same device. The first set of droplets
were reacted with aziridine aldehyde and tert-butyl isocyanide (as above) for various periods of
time (15, 30, 60 and 90 min), and the second set of control droplets were not reacted. After the
reactions were completed, the top plate was removed and the two sets of droplets (reaction and
controls) were allowed to dry. The solids were resolubilized in 100 pL methanol/water 50:50
ppm containing 250 uM deuterated Met (ds;-Met) as an internal standard, collected in a pipette,
and evaluated by MS (as above). % conversion of Met reactant over time was determined by
comparing the abundance ratio of the Met:d;-Met peaks in the spectra of reacted samples to the
abundance ratio of the Met:d;-Met peaks in the spectra of the controls, and subtracting this ratio
from 100%. Four replicate measurements were made for each sample and control. An analagous
method (with volumes scaled appropriately) was used to evaluate reaction progress of

macroscale synthesis.
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2.3 Results and Discussion

2.3.1 Device and Peptide-based macrocycles Synthesis

Parallel synthesis of peptide-based macrocycles was implemented on a new digital
microfluidic system (Figure 2.2a). The design features ten reagent reservoirs and eighty-eight
actuation electrodes dedicated to dispensing, merging, and mixing droplets of reagents and
products. The devices were designed to handle ten different reagents, including five amino acids,
an aziridine aldehyde, tert-butyl isocyanide (‘BuNC), and thiobenzoic acid (PhCOSH) as stock
solutions in trifluoroethanol (TFE) or water. As shown in Figure 2.2b, the digital microfluidic
device facilitated the implementation of synchronized synthesis of five different macrocycles in
three steps. First, five 900 nL droplets containing one of five amino acid substrates (Val, Met,
Ile, Thr, and Pro) were dispensed from their respective reservoirs. Second, five 900 nL droplets
containing aziridine aldehyde were dispensed and merged with the amino acid droplets and
mixed. Third, five 900 nL droplets of tert-butyl isocyanide were dispensed and merged with the
droplets containing the amino acids, and incubated. Finally, macrocyclic peptide products were

isolated by allowing the solvent to evaporate.

a)

PhCOSH
BUNC i

Figure 2.2 a) Top- and side-view schematics of the digital microfluidic device design used for peptide-based
macrocycles (PM) synthesis. b) Sequence of frames from a movie illustrating digital microfluidic-based
synthesis of PM. In frames 1-3, droplets (~900 nL) containing AA substrates and aziridine aldehyde were
dispensed from their respective reservoirs, and merged and mixed. In frames 4-5, droplets of ‘BuNC were
dispensed and merged with the droplets of AA substrates and aziridine aldehyde, and the reaction was
allowed to proceed for 1 h at room temperature. Finally, in frame 6, PM products were isolated by allowing
the solvent to evaporate. In these frames, the top plate is not visible, as it is formed from transparent ITO-
glass.
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Some macrocycles were further modified in three additional steps to form structurally
modified products (Figure 2.3). First, each macrocyclic peptide product was re-dissolved in fresh
trifluoroethanol. Second, five 900 nL droplets containing thiobenzoic acid were dispensed, and
merged with macrocycle droplets, and the reactions were allowed to incubate. Third, the
aziridine ring-opened products were isolated by allowing the trifluoroethanol to evaporate,
delivering precipitated macrocycyclic peptide thioesters at defined positions. In all, this method

constituted thirty processing steps—six steps each for five reactions in parallel.
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Figure 2.3 Sequence of frames from a movie illustrating the key steps in digital microfluidic-based synthesis
of aziridine ring-opened products (ROP). Peptide-based macrocycles (PM) are solubilized in trifluoroethanol
(frames 1,2), then merged (frames 3,4) with droplets containing thiobenzoic acid (PhCOSH), and then mixed
and incubated for 1 h at room temperature, followed by isolation of RO products (frame 5) by allowing the
trifluoroethanol solvent to evaporate.

2.3.2 Mass Spectrometry and Nuclear Magnetic Resonance Analysis

Mass spectrometry (MS) and NMR were used to evaluate the effectiveness of on-chip
peptide macrocycle and aziridine ring-opened product synthesis. Figure 2.4 shows representative
mass spectra generated from unreacted methionine (Met) and also peptide-based macrocycle-

containing Met and its aziridine ring-opened derivative synthesized on a digital microfluidic
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device, with peaks at m/z 150, 342, and 480, respectively (mass spectra of the other peptide-
based macrocycles and their aziridine ring-opened products are given in Figures 2.5-2.8). The
mass spectra of products from the microscale synthesis were nearly identical to those of the same
products from macroscale synthesis (Figure 2.9a,b). Complementing the MS data, NMR spectra
of the peptide-based macrocycle containing methionine (Figure 2.10) and its aziridine ring-
opened derivative (Figure 2.11) synthesized on the digital microfluidic platform and on the
macroscale had similar chemical shifts that correlated well with all the protons. The reaction
progress was monitored as a function of Met conversion over time on the digital microfluidic
platform (Figure 2.4d) and on the macroscale (Figure 2.9c). The reaction kinetics of the two
methods were similar, with about 70% (digital microfluidic) and about 90% (macroscale)
depletion of the initial reagent within one hour; we anticipate that future systems integrated with

103,104

continuous, rapid mixing will improve the kinetics of the microfluidic technique.
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Figure 2.4 ESI-MS spectra of a) methionine (Met), and products synthesized by digital microfluidics,
including a b) peptide-based macrocycle containing Met and c) the aziridine ring-opened derivative. d)
Reaction progress by digital microfluidics as percentage conversion of Met over time. Each data point
represents the mean * standard deviation of 4 samples.



Isoleucine (lle)

100

30

a)

80 1

[<2]
o
1

Intensity (%)
-y
e

N
o
1

0

L

g

L

|

100

50 100 150 200 25

m/z

0 300 350 400

|b)
80+

60 -

40

Intensity (%)

20+

0

l_"u

bl

rd

50

100

100

) ) ) “ ‘ll
150 200 250 300 350 400

m/z

I

80+
60 -

40

Intensity (%)

20+

0-
200

250

300

350 400
m/z

V'

450 500

Figure 2.5 ESI-MS spectra generated from a) pure reactant solution of isoleucine (Ile) (m/z 132), b) on-chip
synthesized peptide-based macrocycle containing Ile (m/z 324), and c¢) on-chip synthesized aziridine ring-

opened derivative (m/z 462).
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Figure 2.6 ESI-MS spectra generated from a) pure reactant solution of valine (Val) (m/z 118), b) on-chip
synthesized peptide-based macrocycle containing Val (m/z 310), and ¢) on-chip synthesized aziridine ring-
opened derivative (m/z 448).
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Figure 2.7 ESI-MS spectra generated from a) pure reactant solution of proline (Pro) (m/z 116), b) on-chip
synthesized peptide-based macrocycle containing Pro (m/z 306), and c) aziridine ring-opened derivative (m/z
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Figure 2.8 ESI-MS spectra generated from a) pure reactant solution of threonine (Thr) (m/z 120), b) on-chip
synthesized peptide-based macrocycle containing Thr (m/z 312), and c¢) on-chip synthesized aziridine ring-

opened derivative (m/z 450).
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"H NMR §: 4.42 (ddd, J = 10.0, 4.3, 1.9 Hz, 1H), 4.00 (d, J= 5.9 Hz, 1H), 3.58 (dd, J= 7.7, 4.1 Hz, 1H), 3.48 (dd,
J=8.6,6.6 Hz, 1H),2.71 (dd, J= 5.9, 3.7 Hz, 2H), 2.10 (s, 3H), 1.98 (ddd, J = 10.4, 8.0, 4.7 Hz, 2H), 1.87 (m, 2H),
1.77 (m, 1H), 1.34 (s, 9H), 0.98 (d, J= 5.1 Hz, 3H), 0.97 (d, J = 5.0 Hz, 3H) ppm.

Figure 2.10 NMR spectra generated from a) on-chip and b) macroscale synthesized cyclic peptide-Met in

MeOH-d4. Below are the chemical shifts of proton.
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1H), 2.05 (s, 3H), 1.89 (m, 2H), 1.74 (m, 1H), 1.39 (s, 9H), 0.98 (d, J = 6.4 Hz, 3H), 0.93 (d, J = 6.3 Hz, 3H) ppm.

Figure 2.11 NMR spectra generated from a) on-chip and b) macroscale synthesized ring opened
cyclic peptide-Met in MeOH-d4. Below are the chemical shifts of protons.
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To further show the application of the technique, a nine-membered macrocycle was
synthesized on-chip (Figure 2.12a). In this method, a Pro—Leu-derived macrocycle was prepared
in three steps. Droplets of 900 nL volumes containing dipeptide, aziridine aldehyde, and
isocyanide were dispensed from respective reservoirs, merged, mixed, and incubated. Figure
2.12b shows a mass spectrum from a Pro—Leu-derived macrocycle synthesized on a digital
microfluidic device, which further demonstrates the reaction selectivity. Of note is an exciting
possibility offered by this new on-chip conjugation strategy: thioesters are well-known

. . . . 105
precursors to native chemical ligation.
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Figure 2.12 a) Synthesis of a nine-membered macrocycle. b) ESI-MS spectrum of 8.

The new digital microfluidic method is capable of synthesizing peptide-based
macrocycles and aziridine ring opened derivatives that are analogous to the macroscale method,
as shown by MS and NMR results. In comparison with other miniaturized fluidic technologies,
digital microfluidics is particularly well-suited for applications in synthesis, as it allows precise
control over multiple reagent phases. Importantly, it supports the critical step of solvent removal
and re-dissolution of product for further processing (Figure 2.3, frames 1,2). This highlights the
flexibility of digital microfluidics: there are no limits on the volume of solvent used to re-

dissolve a particular solid (for example, in this method, four droplets of trifluoroethanol
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representing a combined volume of 3.5 pL were dispensed to facilitate dissolution of each solid
macrocycle). The salient features of digital microfluidics for synthesis include individual

addressing of all reagents with no need for complex networks of microvalves,***

a chemically
inert Teflon-based device surface that diversifies the scope of compatible reagents to include
organic solvents and corrosive chemicals, and easy access to reasonably large amounts of
products for off-chip analysis (such as simply removing the top plate on a device). Last but not
least, the technique will likely be well-suited for evaluating macrocyclic libraries if the solvent is

removed by evaporation.
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2.4 Conclusion

In summary, a new microfluidic technique for synchronized synthesis of peptide-based
macrocycles and their analogues with side chains appended during aziridine ring-opening was
described. The device was designed to handle diverse reagents and thirty reaction steps, and was
capable of forming five products in parallel. The multiplexing demonstrated here is likely just
the beginning; future systems might be capable of synthesis of tens or hundreds of products
simultaneously, which would streamline the formation of spatially addressable crystalline
peptide based macrocycles. These advantages suggest a significant potential for digital
microfluidics for fast and automated synthesis of libraries of compounds for applications such as

drug discovery and high-throughput screening.
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Chapter 3 A Digital Microfluidic Method For Protein
Extraction by Precipitation

In this chapter, we report the first microfluidic method for extracting proteins from
heterogeneous fluids by precipitation. The method comprises an automated protocol for
precipitation of proteins onto surfaces, rinsing the precipitates to remove impurities, and
resolubilization in buffer for further analysis. The method is compatible with proteins
representing a range of different physicochemical properties, as well as with complex mixtures
such as fetal bovine serum and cell lysate. In all cases, the quantitative performance (measured
using a fluorescent assay for % recovery) was comparable to that of conventional techniques,
which are manual and require more time. we believe this work is an important first step towards

developing a fully automated microfluidic method for proteomic analyses.
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3.1 Introduction

In the post-genome era, proteomics has emerged as the next great scientific challenge.
While methodologies vary widely, a near-universal first step for proteomic analyses of
physiological samples (e.g., blood, serum, tissue extract, etc.) is removal of the non-relevant

106-109
A common method used to

solution constituents (e.g., nucleic acids and lipids).
accomplish this task is protein precipitation. In this technique, one or more precipitants (organic
solvents, salts, or pH modulators) is mixed with the protein-containing sample, which causes
proteins to precipitate and settle to the bottom of the reaction vessel.'%!%%10113 A fier
centrifuging, removal of supernatant, and washing in appropriate rinse solvents, the precipitate
can be re-dissolved, and the now-purified solution can be used for subsequent processing and
analysis.

Here, the development of an automated microfluidic method for extracting proteins from
heterogeneous fluids by precipitation is described. Although there has been a myriad applications
of microfluidic technologies to proteomics,''* there have been no work describing protein
extraction by precipitation in microchannels. Precipitation has been used in channels to remove
proteins for analysis of other analytes,'" but not as a technique to extract and collect proteins for
further analysis. This shortfall is a function of complexity and heterogeneity — in protein
extraction by precipitation, liquids (samples, precipitants, rinse solutions), solids (precipitates),
and vapor phases (air for drying precipitates) all play prominent roles and must be precisely
controlled. These requirements seem like a poor match for the conventional format of
microfluidics, enclosed microchannels, thus digital microfluidics (DMF) was used for this work.

In DMF, discrete droplets of sample and reagents are controlled (i.e., moved, merged,
mixed, and dispensed from reservoirs) by applying a series of electrical potentials to an array of
electrodes coated with a hydrophobic insulator.”** Although microchannels can also be used to
manipulate droplets, DMF is a distinct paradigm; the principal difference is that in DMF,
samples are addressed individually, while in channels, they are controlled in series.'* DMF has
recently become popular for a wide range biochemical applications including cell-based assays,”

36,49,63

enzyme assays, protein profiling,*’**>?

and the polymerase chain reaction. More

importantly, the DMF format seems well suited for complex procedures such as protein
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extraction by precipitation, as DMF can be used to precisely control liquid-, solid-, and gas-
phase reagents in heterogeneous systems.*'''¢!!8

In the work described here, we present a DMF-based protocol for extracting and
purifying proteins from heterogeneous mixtures, including the key steps of precipitation, rinsing,
and resolubilization. The effectiveness of the new method was determined using electrospray
ionization mass spectrometry (ESI-MS), and the % recovery was quantified using fluorescence.
The method was demonstrated to be compatible with protein standards representing a range of
different physicochemical properties, as well as with complex mixtures such as fetal bovine
serum and cell lysate. In all cases, the performance of the new method was comparable to that of
conventional techniques, with the advantages of automation and reduced analysis time. we

believe this may be an important an important first step in efforts to develop a fully automated

microfluidic methods for proteomic analyses.
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3.2 Experimental

3.2.1 Reagents and Materials

Acetone, acetonitrile (ACN), chloroform, methanol, boric acid, 50% formic acid,
fluorinert FC-40, sodium hydroxide, Pluronic F127, trichloroacetic acid (TCA), Triton X-100,
phenylmethylsulfonyl fluoride (PMSF), sodium dodecyl sulfate (SDS), fluorescamine,
ammonium sulfate, bovine serum albumin (BSA), fibrinogen (Fb), and myoglobin (Mb) were
purchased from Sigma Chemical (Oakville, ON). Dulbecco’s phosphate buffered saline (PBS)
and fetal bovine serum (FBS) were purchased from Invitrogen Canada (Burlington, Ontario).
1,2-Dibutyroyl-sn-glycero-3-phosphocholine (PC) was purchased from Avanti Polar Lipids Inc.
(Alabaster, AL). In all experiments, solvents of HPLC-grade and deionized (DI) water with a
resistivity of 18 MQ-cm at 25°C were used.

Working solutions of all proteins were prepared in 10 mM borate buffer (pH 8.5) with
0.08% Pluronics F127 (w/v).”® For qualitative analysis of protein extraction, a test solution
containing 0.71 mM protein (Mb) and 62 mM lipid (PC) was prepared. For quantitative analysis
of protein recovery, solutions of BSA (50 mg/mL), Mb (30 mg/mL), and Fb (20 mg/mL) were
prepared. For experiments involving FBS and cell lysate, solutions were spiked with 0.08 %
Pluronics F127. Protein precipitation methods used trichloroacetic acid (TCA) (20% in DI
water), acetonitrile (ACN), and ammonium sulfate (saturated solution in DI water) as the
precipitants and acetone, chloroform/ACN (70/30 v/v), and chloroform/acetone (60/40 v/v) as
rinse solutions.

Clean-room reagents and supplies included Shipley S1811 photoresist and MF321
developer from Rohm and Haas (Marlborough, MA), AZ300T photoresist stripper from AZ
Electronic Materials (Somerville, NJ), parylene C dimer from Specialty Coating Systems
(Indianapolis, IN), Teflon-AF from DuPont (Wilmington, DE), solid chromium from Kurt J.
Lesker Canada (Toronto, ON), CR-4 chromium etchant from Cyantek (Fremont, CA),
hexamethyldisilazane (HMDS) from Shin-Etsu MicroSi (Phoenix, AZ), and concentrated
sulfuric acid and hydrogen peroxide (30%) from Fisher Scientific Canada (Ottawa, ON). Piranha

solution was prepared as a 3/1 v/v mixture of sulfuric acid/hydrogen peroxide.
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3.2.2 Cell Culture and Analysis

Jurkat T-cells were maintained in a humidified atmosphere (5% CO,, 37°C) in RPMI
1640 medium supplemented with 10% fetal bovine serum, penicillin (100 TU mL™"), and
streptomycin (100 pg mL ™). Cells were subcultured every 3—4 days at 5 x 10° cells mL™. Lysing
medium was PBS with 0.08% (wt/v) F 127, 1% Triton X-100, and 1 mM PMSF. For
precipitation experiments, cells were washed once in PBS, suspended in lysing medium at 6 x
107 cells mL™", incubated on ice (30 min), and centrifuged (13,000 rpm, 5 min). The supernatant

was collected and stored at —80°C until use.

3.2.3 Device Fabrication and Operation

Digital microfluidic devices were fabricated using conventional methods in the
University of Toronto Emerging Communications Technology Institute (ECTI) cleanroom
facility, using a transparent photomask printed at Norwood Graphics (Toronto, ON). Glass
wafers (Howard Glass Co. Inc., Worcester, MA) were cleaned in piranha solution (10 min), and
then coated with chromium (250 nm) by electron beam deposition. After rinsing and drying, the
substrates were primed by spin-coating with HMDS (3000 rpm, 30 s) and then spin-coated again
with Shipley S1811 photoresist (3000 rpm, 30 s). Substrates were pre-baked on a hotplate
(100°C, 2 min), and then exposed to UV radiation (35.5 mW cm 2, 365 nm, 4 s) through a
photomask using a Karl Suss MA6 mask aligner (Garching, Germany). After exposure,
substrates were developed in MF-321 (3 min), and then post-baked on a hot plate (100 °C, 1
min). Following photolithography, substrates were immersed in chromium etchant (30 s). The
remaining photoresist was stripped in AZ-300T (10 min). After forming electrodes and cleaning
in piranha solution (30 s), substrates were coated with 2.5 um of Parylene-C and 50 nm of
Teflon-AF. Parylene-C was applied using a vapor deposition instrument (Specialty Coating
Systems), and Teflon-AF was spin-coated (1 % wt/wt in Fluorinert FC-40, 2000 rpm, 60 s)
followed by post-baking on a hot-plate (160 °C, 10 min). The polymer coatings were removed
from contact pads by gentle scraping with a scalpel to facilitate electrical contact for droplet
actuation. In addition to patterned devices, unpatterned indium tin oxide (ITO) coated glass
substrates (Delta Technologies Ltd, Stillwater, MN) were coated with Teflon-AF (50 nm, as

above).
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The devices had a double-cross geometry as shown in Fig. 3.1a, with 1 X 1 and 1.5 x 1.5
mm actuation electrodes, 2.5 x 2.5 mm and 3.0 x 3.0 mm reservoir electrodes, and inter-
electrode gaps of 40 um. Devices were assembled with an unpatterned ITO—glass top plate and a
patterned bottom plate separated by a spacer formed from one or two pieces of double-sided tape
(70 or 140 pum thick). Driving potentials (70-100 VRMS) were generated by amplifying the
output of a function generator (Agilent Technologies, Santa Clara, CA) operating at 18 kHz. As
described elsewhere,”® droplets were sandwiched between the two plates and actuated by
applying driving potentials between the top electrode (ground) and sequential electrodes on the
bottom plate via the exposed contact pads. Droplet actuation was monitored and recorded by a

CCD camera mounted on a lens.

3.2.4 Digital Microfluidics-Driven Protein Extraction

Protocols were developed using digital microfluidics to implement protein extraction by
precipitation and resolubilization. In each experiment, droplets containing the sample (i.e.,
protein standards, mixtures, FBS, or cell lysate) and a precipitant were dispensed from their
respective reservoirs and merged on the extraction electrode. In some cases, a third droplet
containing a secondary precipitant was also dispensed and merged. The combined droplet was
allowed to incubate until the protein was observed to precipitate from solution (~5 min, room
temperature), after which the supernatant was actuated away from the extraction electrode (to the
waste reservoir). The precipitate was then washed by dispensing and driving three droplets of
rinse solution across the extraction electrode to waste. The precipitate was dried and a droplet of
resolubilization solution was dispensed and driven to the extraction electrode to dissolve the
protein. In some cases the precipitate was baked on a hot plate (95°C, 5 min) prior to
resolubilization to ensure complete removal of any solvent residue.

The composition of precipitant(s), rinse solutions, and resolubilization solutions were
optimized for each analyte by trial-and-error, and are recorded in Table 1. For protocols applied
to standards, mixtures, and serum, sample and precipitant droplet volumes were ~140 nLL and
rinse and resolubilization solution droplet volumes were ~315 nL. For the protocol applied to

cell lysate, the corresponding volumes were ~70 and ~158 nL, respectively.
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3.2.5 Conventional Protein Extraction

Protein samples were extracted on the macroscale by combining 10 pL. of sample with 10
uL chilled precipitant in a microcentrifuge tube. The solution was incubated (5 min, 4 °C) and
then centrifuged (13,000 rpm, 5 min), and the supernatant was discarded. The pellet was washed
three times by iteratively suspending in rinse solution (22.5 uL) and centrifuging (13,000 rpm, 5
min) and discarding the supernatant. The final pellet was dissolved in 100 pL. The precipitant,
rinse solution, and resolubilization solution for each analyte were identical to those used for

DMF.

3.2.6 Mass Spectrometry

Extracts of PC/Mb mixtures were evaluated qualitatively by mass spectrometry. Briefly,
315-nL samples (prepared by DMF as described above) were diluted into 50 pL of 50/50
water/ACN containing 0.1% formic acid and injected into an LTQ linear ion trap mass
spectrometer (Thermo Fischer Scientific, Waltham, MA) operating in positive ion mode.
Samples were delivered via a fused silica capillary transfer line (100 pm i.d.) mated to a New
Objective Inc. (Woburn, MA) nanoelectrospray emitter (100 um i.d. tapering to 30 um i.d.). The
samples were delivered at a flow rate of 0.5 uL min™, with an applied voltage of 1.7-1.9 kV and
capillary temperature of 170°C. Spectra were collected as an average of 50 acquisitions, and data

shown here are representative of analysis of samples in triplicate.

3.2.7 Fluorescence

Extraction efficiency was evaluated quantitatively using a fluorescence-based assay. For
samples prepared by DMF, 315- or 158-nL droplets (as above) of sample were diluted into 13-
pL aliquots of pH 8.5 working buffer in wells in a 384-well low-volume microplate. The
working buffers were identical to the resolubilizing buffers (Table 1). Upon addition of 2 pL of
fluorescamine (5 mg/mL in acetone) the microplate was inserted into a fluorescence microplate
reader (Pherastar, BMG Labtech, Durham, NC) equipped with a module for 390 nm excitation
and 510 nm emission. The plate was shaken (1 min), allowed to sit (2 min), and then the
fluorescence was measured.

As a control, for each analyte, identical samples that had not been extracted were

evaluated using the same fluorescent assay. To ensure that controls were processed in identical
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volumes relative to extracted samples, each control was prepared by dispensing a droplet on a
device, delivering it to the extraction electrode, and allowing it to dry. A droplet of
resolubilization solution was then dispensed, driven to the dried spot, incubated to allow for full
dissolution, and the droplet was collected and analyzed. Four replicate measurements were made
for each sample and control.

For samples extracted using conventional methods, the quantitative analysis protocol was
similar to that used for samples prepared by DMF, with identical working buffers and reagents.
The difference was volume — in each case, precipitate from 10 pL samples was resolubilized in
100-uL of working buffer. Each sample was mixed with 13 pL fluorescamine (5 mg/mL in
acetone) in a well in a 96-well plate. As with samples prepared by DMF, controls were

evaluated, and four replicate trials were conducted for each sample and control.
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3.3 Results and Discussion

3.3.1 Device and Method Optimization

In an automated method for protein extraction by precipitation, at least four different
solutions must be managed: sample, precipitant, rinse solution, and resolubilization solution. To
facilitate this goal, as shown in Figure 3.1a, we designed and built a digital microfluidic device
with a “double T” pattern of electrodes, with four reservoirs (with dedicated droplet movement
paths) for the various reagents, and a fifth reservoir for waste. The dimensions of the electrodes
were chosen such that (in normal circumstances) the droplet volumes were 140 nL (sample and
precipitant) and 315 nL (rinse and resolubilization solutions), respectively. As shown, a key
position in the design is the extraction electrode — the surface above this electrode is where the

precipitation and purification of proteins takes place.
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Figure 3.1 Digital microfluidic device and method for protein precipitation. a) Schematic of device depicting
the four reagent reservoirs, the waste reservoir, and extraction electrode. b) Frames from a movie depicting
the extraction and purification of BSA (50 mg/mL) in 20% TCA (precipitant) and washing with 70/30 v/v
chloroform/acetonitrile (rinse solution). In the final frame, the precipitated protein is redissolved in a droplet
of 100 mM borate buffer containing 1% SDS.
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In practice, samples were sequentially precipitated onto the extraction electrode, washed
in rinse solution, and then resolubilized in solvent. Figure 3.1b shows a series of frames from a
movie depicting this process for a sample containing BSA. As shown, a droplet containing BSA
was merged with a droplet containing 20% TCA to precipitate the protein. After precipitation,
the supernatant was driven away to the waste reservoir leaving the precipitate on the extraction
electrode. The precipitate was then washed in three droplets of 70/30 chloroform/ACN and
allowed to dry. Finally, the purified protein was resolubilized in a droplet of 100 mM borate (pH
8.5) buffer containing 1% SDS.

As is the case for conventional methods,''? we found that the optimal DMF-driven recipe
for protein precipitation varied from sample to sample (Table 2.1). For example, ACN worked
well as a precipitant for highly concentrated solutions of Mb and Fb. Low concentrations (<I
mM) were more challenging — for example, reproducible precipitation and extraction of 0.71
mM myoglobin required two different precipitants, including concentrated ammonium sulfate.
For samples containing proteins and phospholipids, chloroform was found to be a useful rinsing
agent to remove residues of the phospholipid from the precipitate. However, because neat
chloroform is not amenable to actuation at low driving potentials (as reported previously™), a
mixture of chloroform and ACN (70/30 v/v) (which was readily movable) was used. As has been
reported, ' TCA was the best precipitant for large proteins and complex mixtures (BSA,
FBS, and cell lysate). For BSA and FBS, acetone was found to be a useful rinsing agent to
remove traces of TCA from the precipitate. For cell lysate, however, neat acetone was found to
dissolve some of the precipitated protein; thus, a mixture of chloroform and acetone (60/40 v/v)
was used. In all experiments, borate buffer containing SDS worked well for resolubilization,
although in future work, alternatives such as acid labile surfactants and urea will be used.

The protein extraction method reported here differs from conventional techniques in
many respects, but one difference stands out: no centrifugation is required. In initial experiments,
we observed that precipitates in droplets settle much more quickly than they do in centrifuge
tubes. This is largely a function of distance — the maximum path in DMF samples is ~0.1 mm,
while the comparable parameter in microcentrifuge tubes or well plates is several millimetres.
Moreover, once settled, precipitates in DMF devices adhere strongly to the Teflon-AF device

surfaces. This is fortuitous, as it facilitates the process of separating the liquid phase from solid
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(Figure 3.1b, frames 3,4). These characteristics make the DMF-based extraction procedure faster

by a factor of two relative to the macroscale equivalent (from ~30 to ~15 min).

Table 2.1 Solutions used for extracting, purifying, and resolubilizing proteins.

Sample Primary Secondary Rinse Resolubilizing
Precipitant Precipitant Solution Solution
Mb ACN — Chloroform/ACN 10mM Borate
(70/30 v/v) with 1% SDS
Fb " — " "
Mb/PC " Ammonium Sulfate " "
(saturated in DI
water)
BSA 20% TCA — " 100mM Borate
with 1% SDS
FBS " — Acetone 100mM Borate
with 10% SDS
Cell Lysate " — Chloroform/Acetone "
(60/40 v/v)

3.3.2 Evaluation of Method Efficiency

To qualitatively evaluate the effectiveness of on-chip protein extraction, we used a model
system comprising a protein analyte (Mb) and a phospholipid contaminant (PC). To approximate
a demanding scenario, the concentrations were chosen to have a large excess (80:1) of
contaminant. Figure 3.2 shows representative mass spectra generated from control and extracted
solutions. As shown, in the spectrum of the control sample (Figure 3.2a), there are two
prominent peaks at m/z 398 and 795 representing the [M+1]" and [2M+1]"" ions of PC. A close
look at the spectrum reveals a noisy baseline in the 600 — 1,800 m/z region corresponding to a
low signal from Mb, which is suppressed by the high concentration of contaminant. In the
spectrum of the extracted sample (Figure 3.2b), the peaks in the 600 — 1,800 m/z region
correspond to the multiply charged ions of Mb (+27 to +10). An additional peak at m/z 616
represents the [M+1]"" ion of dissociated Heme cofactor. A very small peak at m/z 398
corresponds to the trace PC that remains in the solution. As shown, this method is a qualitative
success, transforming a contaminated sample with very little analyte signal into a much purer

solution that contains primarily analyte.
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Figure 3.2 ESI-MS spectra of a) control and b) extracted samples containing model analyte, Mb (0.71 mM)
and model contaminant, PC (62 mM).

To quantitatively evaluate the extraction efficiency of the new DMF techniques, we used
a fluorescence-based assay similar to the widely used absorbance-based Bradford test.'"” The
fluorescent method relies on fluorescamine, a fluorogenic reagent that exhibits no fluorescence
until it reacts with primary amines, such as those at the N-terminus of proteins.'**'*! The

reaction is immediate, and is used for non-specific labelling and quantification of proteins in
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solution.'?>!?

66 kDa, pl 4.7), Mb (17 kDa, pl 7.3), and Fb (MW 340 kDa, pI 5.5) were evaluated at different

Three proteins representing a range of physicochemical characteristics, BSA (MW

concentrations to determine the range of linear response. Concentrations found to be in this range
(50, 30, and 20 mg/mL of BSA, Mb, and Fb respectively) were chosen for quantitative analysis,
and % recovery was determined by comparing the fluorescence intensity of multiple samples
before and after extraction. For comparison, the same samples and concentrations were also

extracted from 10 pL aliquots in microcentrifuge tubes.

I DMF
100 - I Conventional

Recovery (%)

BSA Mb Fb

Figure 3.3 Bar graph comparing the recovery efficiency for protein standards using the DMF method (blue
bars) and conventional macroscale techniques (pipette, centrifuge, etc.) (red bars). In each experiment, BSA
(50 mg/mL), Mb (30 mg/mL), or Fb (20 mg/mL) samples were precipitated, washed, resolubilized, and
reacted with fluorescamine, and the fluorescence intensity was compared with that of a control. The data
represent the mean = S.D. of 4 extractions for each condition.

As shown in Figure 3.3, the new digital microfluidic method proved to be very efficient —
over 80% was recovered for each protein standard evaluated. In initial experiments, we
hypothesized that macroscale methods might have better recovery, as the centrifugation step
might facilitate collection of very small, non-settling precipitate particles. However, we did not
observe this to be the case — as shown; the efficiencies determined for the new method were

comparable or better than those calculated for standard techniques. Note that protein recovery in
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conventional precipitation methods scales with concentration, and the use of lower
concentrations (e.g., < Img/mL) results in reduced recovery rates (low concentrations were not
evaluated here). Regardless, for the concentration ranges described here (which overlap with
those commonly encountered in clinical samples) the new microfluidic method seems to be an
analogous procedure to the macroscale technique, with the advantages of automation and shorter

processing times.

3.3.3 Application to Complex Solutions

Protein precipitation is most useful as a sample cleanup step applied to complex mixtures
— for example, precipitation is often used to purify proteins from plasma for proteome
profiling.”**'* To evaluate the potential for the new digital microfluidic method for such
applications, we tested two model systems: fetal bovine serum (FBS) and cell lysate (CL). In
both cases, the samples were found to be compatible with digital microfluidic manipulation and
extraction. Figure 3.4 shows images of dried protein precipitates generated from droplets of FBS
and CL.

FBS and CL solutions were more challenging to work with than protein standard
solutions. First, dispensing droplets of cell lysate was difficult because the solution was so
viscous. To solve this problem, the spacing between the top plate and the patterned bottom plate
was decreased from 140 to 70 pum (resulting in a smaller droplet volume) — this strategy
(reducing the spacing between plates) has been shown to enhance dispensing of viscous solutions
in DMF.** Second, precipitates formed from FBS and CL were particularly sticky, and in rare
cases, the supernatant droplet could not be driven away from the extraction electrode. In such
cases, we found that if a supplemental droplet of rinse solution was dispensed and driven to the
extraction electrode, the combined droplet (rinse solvent + supernatant) could be successfully
driven to waste. Upon application of these strategies (reduced inter-plate spacing and
supplemental rinse droplets), the extraction process for FBS and CL became reliable and
reproducible.

Protein recovery efficiencies from FBS and CL were determined using the fluorescent
assay described above. In each case, performance was excellent (mean = S.D.) — 84.0% (= 7.8%)
for FBS and 82.4% (£ 11.5%) for CL. These values are comparable to those reported for macro-

107

scale techniques. "' Note that higher protein recovery can be achieved by using less rigorous
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rinsing; however, multiple rinse steps are typically used to ensure high purity of the processed
sample. In summary, the performance of the new DMF-driven method is comparable to
conventional techniques even for complex mixtures, which bodes well for plans to integrate this
procedure with other processing steps (such as enzymatic digestion’’) for automated,

miniaturized proteomic analysis.

a)

b) Cell Lysate

Figure 3.4 Images of protein precipitates generated from droplets of a) fetal bovine serum (140 nL) and b) cell
lysate (70 nL) using the DMF method.
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3.4 Conclusion

Here, the first application of microfluidics to protein extraction by precipitation is
described. In this work, digital microfluidics (DMF) was used to extract and purify proteins from
protein standards and heterogeneous mixtures. The new method had comparable performance
relative to conventional techniques, combined with the advantages of reduced reagent and
sample consumption, no centrifugation, and automated liquid handling. These results suggest
great potential for the development of integrated, multistep processes incorporating sample
reduction, alkylation, and digestion. we believe this work represents an important first step in

developing a fully automated microfluidic method for proteomic analyses.
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Chapter 4 Multilayer Hybrid Microfluidics: A Digital-to-
Channel Interface for Sample Processing and
Separations

Microchannels can separate analytes faster with higher resolution, higher efficiency and
with lower reagent consumption than typical column techniques. Unfortunately, an impediment
in the path toward fully integrated microchannel-based labs-on-a-chip is the integration of pre-
separation sample processing. In contrast, the alternative format of digital microfluidics (DMF),
in which discrete droplets are manipulated on an array of electrodes, is well-suited for carrying
out sequential chemical reactions such as those commonly employed in proteomic sample
preparation. Recently, Abdelgawad et al.* reported a new paradigm of "hybrid microfluidics",
integrating DMF with microchannels for in-line sample processing and separations. Here, we
build on initial efforts, introducing a second-generation hybrid microfluidic device architecture.
In the new multilayer design, droplets are manipulated by DMF in the two-plate format, an
improvement that facilitates dispensing samples from reservoirs, as well as droplet splitting and
storage for subsequent analysis. To demonstrate the capabilities of the new method, we
implemented an on-chip serial dilution experiment, as well as multi-step enzymatic digestion
followed by separation. Given the myriad applications requiring pre-processing and chemical
separations, we believe the hybrid digital-channel format has the potential to become a powerful

new tool for micro total analysis systems.
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4.1 Introduction

Microchannels have revolutionized separation science, allowing for rapid, efficient
analyses with miniscule reagent and sample consumption.'”® To complement chemical
separations, microchannel-based systems have been developed incorporating precolumn

. - 128
7 organic  synthesis, and fluorescent

reactions, including enzymatic digestion,'
derivatization.'”” These techniques represent the promise of the “lab-on-a-chip”. Unfortunately,
the scope of laboratories-on-a-chip capable of integrating precolumn reactions with separations
is limited. For example, there are no microchannel-based methods reported that are useful for
shotgun proteomics, in which samples are subjected to a rigorous, multistep processing regimen
requiring several days to complete.””® This deficit is largely mechanistic managing multiple
reagents with precise control over position and reaction time in microchannels is complicated by
the near-universal effects of hydrostatic and capillary flows."*"""** On-chip microvalves'” offer
some relief from this problem; however, the complicated fabrication and control infrastructure
required for this technology limits their widespread adoption and use."** Another technique that
might be useful for precolumn reactions and separations is multiphase microchannel systems

(i.e., drople‘[s—in—channels).15 Several glroupsm'137

recently reported methods capable of
delivering droplets from such systems directly into separation channels. This is an exciting
development, but we posit that the droplets-in-channels paradigm is not ideally suited for
controlling multistep chemical reactions between many different reagents (as is required for

shotgun proteomics'’

), as the droplets in such systems (regardless of their contents) are
controlled in series.

An alternative miniaturized fluid handling format to microchannels is digital
microfluidics (DMF), a technique in which discrete fluidic droplets are manipulated by
electrostatic forces on an array of electrodes coated with an insulating dielectric.'**** DMF is
well-suited for carrying out sequential chemical reactions; this is particularly true for the two-
plate format, in which droplets are sandwiched between a top substrate bearing a ground
electrode and a bottom substrate bearing driving electrodes. In this configuration, droplets
containing different reagents can be dispensed from reservoirs, moved, merged, mixed, and
split,*> which facilitates multistep proteomic sample processing in which protein samples are

sequentially reduced, alkylated, and digested prior to mass spectrometric analysis.”*>>’
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Likewise, two-plate DMF can be used to purify proteins from serum in a multistep process
comprising precipitation, rinsing, and resolubilization.'”” Ideally, digital microfluidics could be
coupled with microchannels (as noted, microchannels are well-suited for chemical separation
analysis) on a single platform for a fully integrated lab-on-a-chip.

Recently, Abdelgawad et al. developed the first device architecture combining reactions
and processing by digital microfluidics with separations in microchannels.*® This method called
“hybrid microfluidics” comprised of a single-plate digital microfluidic device interfaced in a
“side-on” configuration with a network of microchannels. Using this design, proof-of-concept
experiments including on-chip fluorescent labeling of amines in cell lysate and enzymatic
digestion of proteins, followed by separation of the products were performed. However,
preliminary hybrid microfluidics design'*® was limited in that the DMF portion of the device was
operated in single-plate format. The single-plate format is not compatible with some key fluidic
manipulation steps, including dispensing samples from reservoirs and splitting sample droplets.
Evaporation is also a concern for this format, as droplets are directly exposed to the environment.
Furthermore, the PDMS channel used in the initial design was not ideal, as this material suffers
from well-known disadvantages'” for lab-on-a-chip applications (e.g., surface adsorption of
analytes, solvent compatibilities).

Here, we present a second-generation interface between digital microfluidics and
microchannels, using a two-plate configuration for the digital platform. In this device, the side-

to-side junction between DMF and microchannels (i.e., the previous design'*®

) is replaced with a
multi-layer junction between an actuation electrode on a top layer and a vertical access hole to a
microchannel network on a layer below. In the following, we describe the implementation of this
second-generation of hybrid microfluidics paradigm, and present its application to sample

processing and separations.
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4.2 Experimental

4.2.1 Reagents and Materials

All chemicals, unless otherwise stated, were purchased from Sigma Aldrich (Oakville,
ON) and used without further purification. Alexa Fluor 488 labeled bovine serum albumin (AF-
BSA) was from Invitrogen-Molecular Probes (Eugene, OR) and food coloring dyes from
McCormick Canada (London, ON). Sodium borate and acetate buffers were dissolved in
deionized water (diH,O, 18 MQ cm), filtered through Millipore nylon syringe filters (Billerica,
MA, 0.2 um pore dia.) and degassed by ultrasonication (5 min) prior to use. Materials required
for device fabrication included Parafilm-M laboratory film (Pechiney Plastic Packaging,
Menasha, WI) chromium pellets (Kurt J. Lesker Canada, Toronto, ON), parylene-C (Specialty
Coating Systems, Indianapolis, IN), and Teflon-AF1600 (DuPont, Wilmington, DE).

4.2.2 Device Fabrication and Operation

Glass slides bearing a simple cross network of microchannels (substrate 3 in Figure 4.1)
thermally bonded to slides with drilled-hole (1.5 mm dia.) inlets (substrate 2 in Figure 3.1) were
obtained from Caliper Life Science (Hopkinton, MA). The devices were then modified by
patterning a digital microfluidic device (an array of chromium electrodes coated with Parylene-C
and Teflon-AF) on top of substrate 2. As shown in Figure 4.1, the DMF design comprised
thirteen driving electrodes (2.2 mm x 2.2 mm) and three reservoir electrodes (3 mm x 3 mm or 5
mm x 5 mm) and was positioned such that one of the driving electrodes was adjacent to one of
the inlets — this inlet served as the “digital-channel interface”.

The digital microfluidic device architecture was formed in the University of Toronto
Emerging Communications and Technology Institute (ECTI) using methods described

1
elsewhere! ™’

with two modifications. First, prior to coating with chromium, the channel inlets
were protected by inserting small plugs of Parafilm-M. After coating with chromium, the plugs
were carefully removed. Second, after electrode patterning, the channels were inspected and
rinsed with acetone and methanol, and the vertical inlets were sealed with dicing tape
(Semiconductor Equipment Corp., Moorpark, CA). After coating with Parylene-C and Teflon-

AF the tape was removed.
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Indium-Tin Oxide Coated Glass Cover
(Substrate 1)
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Figure 4.1 Exploded view of a multilayer hybrid microfluidic device. A two-plate digital microfluidic (DMF)
structure is defined by substrates 1 and 2, and the network of microchannels is defined by substrates 2 and 3.
In practice, the DMF architecture was fabricated on the top of pre-formed commercially available glass
microchannel devices. Pipet tip buffer reservoirs were inserted into the B, SW and BW channel inlets.

After coating, hybrid devices were largely complete, save for the final preparation steps.
Pipette tips were trimmed (into pieces capable of holding ~20 puL) and were inserted into all of
the microchannel access holes except for the digital-channel interface. Platinum wires were
inserted into each of these reservoirs. At the digital-channel interface, a platinum wire was
affixed such that it was flat on the surface of the top substrate, terminating in a hook that
penetrated the access hole. Samples and reagents were pipetted into the DMF reservoirs, and a

top plate (substrate 1 in Figure 4.1) comprising an indium-tin oxide (ITO) and Teflon-AF coated
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glass slide formed as described elsewhere' >’ was positioned on top of the device. The top plate
was separated from the array of electrodes by spaces formed from 4 pieces of double-sided tape
(280 um total thickness). Finally, the network of microchannels was filled with separation buffer
(20 mM or 100 mM borate buffer, pH 9.0, for on-chip dilutions or enzyme digests, respectively).

Device operation comprised two stages: sample processing by droplet actuation followed by
chemical separation by electrophoresis. In the first stage, droplet actuation (i.e. dispensing,
merging, mixing and splitting) was implemented in two-plate format. Voltages for actuation of
droplets were generated by applying an AC signal (20 kHz, 100-200Vrums) originating from a
function generator (Agilent, Santa Clara, CA) and high-voltage amplifier (Trek, Medina, NY).
After sample processing in droplets (described in detail below) was complete, samples to be
analyzed were driven to the digital-channel interface inlet for sampling into the microchannels
below. In the second device operation stage (analysis by separation), DC signals were applied at
the sample inlet (S), sample waste outlet (SW), buffer inlet (B) and buffer waste outlet (BW)
using a high voltage sequencer (LabSmith, Livermore, CA). Initially, the solution in the droplet
at the interface was driven through the injection cross by applying high voltage between S and
SW (S=900V; SW=0V;B=650V; BW =850 V). A plug of sample was then injected onto
the separation column by switching voltage to drop between B and BW (S = 500 V; SW = 500
V;B=1000 V; BW=0V).

Analytes were detected 3 cm downstream from the injection cross by LIF using an
inverted microscope (Olympus IX-71) mated to an argon ion laser (Melles Griot, Carlsbad, CA).
The 488 nm laser line (20 mW) was focused into the channel using an objective (60 X); the
fluorescent signal was collected by the same lens and filtered optically (536/40 nm band-pass
and 488 nm notch filter) and spatially (500 um pinhole), and imaged onto a photomultiplier tube
(PMT, Hamamatsu, Bridgewater, NJ). PMT current was converted to a voltage using a
picoammeter (Keithley Instruments, Cleveland, OH) and then collected using an A-D converter
and a PC running a custom LabVIEW (National Instruments) program to generate

electropherograms.

4.2.3 On-Chip Calibration Curves

To generate on-chip calibration curves, a droplet containing both rhodamine 123 and

fluorescein (1 uM each in 20 mM borate buffer, pH 9.0) was dispensed and merged with a
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second droplet containing only rhodamine (1 pM) and mixed by moving the droplet across
several electrodes. The mixed droplet (~0.5 uM fluorescein and 1 pM rhodamine) was then split
into two sub-droplets; one sub-droplet was stored on the array while the other was driven to the
interface and analyzed. The stored droplet was then merged and mixed with a third droplet of
rhodamine (1 pM), to create the next dilution (~0.25 uM fluorescein and 1 uM rhodamine).
Again, this droplet was split, and one sub-droplet was driven to the interface for analysis, while
the other sub-droplet was stored. Between each analysis, the remaining portion of the previous
sample was removed by suction with a fine needle connected to a vacuum flask.

After collecting electropherograms, peak areas were quantified using PeakFit (SeaSolve
Software Inc., Framingham, MA). In each case, the peak area of fluorescein was measured
relative to that of the internal standard, rhodamine 123. The resulting ratio was plotted as a
function of fluorescein concentration to generate calibration curves. The variance of this method

was probed by assessing the percent relative standard deviation (% RSD) from 5 replicates.

4.2.4 On-Chip Protein Digestion

A model protein, AF-BSA, was used to demonstrate the compatibility of the new device
architecture with multi-step sample processing. In each experiment, a droplet of AF-BSA (20
pg/mL in DI water containing 0.1 %wt. F-68) was dispensed, merged and mixed with a droplet
containing either pepsin (I mg/mL in 1 mM acetate buffer containing 0.1%wt. F-68, pH 4.5) or
trypsin (1 mg/mL in 50 mM borate buffer containing 0.1%wt. F-68, pH 9.0). After droplet
merging, the device was incubated (30 min) in a humidified chamber (a Petri dish containing a
water-saturated wipe), after which the combined droplet was split and one sub-droplet was
delivered to the interface for analysis. Experiments included analysis of AF-BSA alone, AF-BSA
digested by pepsin alone, AF-BSA digested by trypsin alone, and AF-BSA digested by pepsin

followed by trypsin. Each condition was repeated in triplicate.
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4.3 Results and Discussion

4.3.1 Device fabrication and operation

A new architecture mating digital microfluidics (useful for sample processing) to
microchannels (useful for separations) has been developed. The new hybrid devices were formed
by creating a DMF device on the top surface of a commercially available glass device bearing a
network of microchannels. An exploded view is shown in Figure 4.1, the digital microfluidic
device is defined by substrates 1 and 2, and the network of microchannels is defined substrates 2
and 3. Critically, the new multilayer architecture facilitates manipulation of droplets in the two-
plate format, representing an advance over the previous hybrid microfluidics device
configuration (which relied on single-plate droplet actuation™).

The new device was designed such that the two fluid manipulation paradigms —
electrostatic droplet manipulation in the top layer and electrokinetic flow in the bottom layer —
are orthogonal and independent. For the former, droplets were dispensed from reservoirs,
merged, mixed, and split by applying a series of AC potentials to sequential driving electrodes.
Adsorption of proteins and reagents from droplets onto device surfaces was minimized by the
addition of pluronic as a buffer additive,”® and droplet evaporation was controlled by storing
devices in a humidified chamber.” For the latter, sample at the digital-channel interface was
loaded and separated by applying DC voltage to drive electroosmotic flow (EOF) through the
channels. Channels and reservoirs were filled prior to actuation of droplets and were cleaned and
refilled after performing electrophoretic separations.

As shown in Figure 4.1, the central feature of this design is the digital-channel interface
formed at the intersection of a DMF electrode and one of the drilled-hole channel inlets. Thus, in
this scheme, droplets are manipulated on the top of the device, and are subsequently transferred
to microchannels on the bottom of the device through the interface. This process is depicted in
Figure 4.2. As shown, a droplet is actuated on the array of electrodes (not visible in the
perspective of Figure 4.2) such that it approaches the digital-channel interface. As the droplet
reaches the inlet, it spontaneously wets the exposed glass, settling into the bottom of the hole. In
this design, unit droplet volumes (~3 pL) were chosen to approximate the volume bounded by

the hole (2 mm. dia., I mm deep), but this is not a requirement for operation.
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Figure 4.2 Series of images from a movie (side-view) depicting sample transfer from the digital microfluidic
platform (above) to the network of microchannels (below). As the droplet (colored blue for visualization)
approaches the digital-channel interface (a drilled hole in the glass), it spontaneously wets and settles into the
hole. A magnified image of the droplet settled in the inlet is shown in the bottom panel.

In initial work, the design and fabrication protocol for hybrid microfluidic devices was
optimized to address two challenges: droplet transition into the network of microchannels, and
protection of the channel network during cleanroom processing. For the former challenge, it was
found that reliable sample transfer into the interface hole required that the actuation electrode
(2.2 x 2.2 mm) be aligned to partially overlap with the vertical hole (2 mm dia.). In initial
experiments, it was found that if the electrode and hole do not overlap, the droplet will not
contact the exposed glass. However, if the electrode and hole overlap too much, the electrode
will not be sufficiently attractive to the droplet. In the final design, the interface electrode was
patterned such that it overlapped the interface access hole by ~1 mm, which facilitated reliable
droplet transfer. For the latter challenge, it was found that protection of the channels during
electrode patterning and coating was necessary to prevent channel clogging. During metal
deposition and photoresist coating, channel inlets were protected with plugs of parafilm, which is
easy to mould and forms a tight seal. Paraffin was also explored as a channel protectant.'*’
However, the high temperatures required for metal deposition and photoresist curing sometimes
caused the paraffin to melt. During Parylene-C and Teflon-AF coating, it was found that the best

method for channel protection was covering the inlets with dicing tape. This was particularly

important at the digital-channel interface — the tape must be carefully positioned such that the
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electrode is exposed but the hole is covered. Parafilm plugs were not used for this step because
the conformal Parylene-C coating makes extraction of the plugs difficult, leading to pealing or
blistering of the dielectric layer.

An additional challenge for device operation was optimization of sample/buffer volumes.
In microchannel electrophoresis, large reservoir volumes are often used to limit the effects of
buffer depletion and evaporation, which can lead to unpredictable EOF rates. Moreover, it is
often advisable to match the fluid heights in reservoirs to avoid siphoning and unwanted

: 131
pressure-driven flows.

Unfortunately, in the new hybrid device design, the sample volume is
small (i.e., a 3 puL droplet). In response to this challenge, strategy was adopted in which large
volumes (15 pL) were used for buffer, buffer waste, and sample waste reservoirs, and a small
volume (3 uL droplet) for the sample. Pressure-driven flow towards the sample inlet is observed
under these conditions. However, it is predictable, and the voltages for electrokinetic loading and
electrokinetic separations were chosen to compensate for the pressure-driven flow. In the future,

channel restrictions'*' or small-pore porous polymer plugs'* may be used to further mitigate the

effects of siphoning.

4.3.2 On-chip calibration curves

The unique hybrid architecture of the device reported here makes it straightforward to
integrate sample preparation with chemical separations. As shown in Figure 4.3, droplets can be
dispensed from reservoirs (frame 2), merged (frame 3), mixed (frames 3-4) and split to form sub-
droplets (frames 4-5). Droplet dispensing and splitting are particularly welcome capabilities, as
the initial hybrid microfluidic design®’ (relying on single-plate DMF) was incapable of these
operations. After completion of processing, samples can be transferred to the network of
channels below for analysis (frame 6). To illustrate this capacity, the new method was used to
create a set of calibration standards on the digital platform with in-line analysis by
electrophoretic separations. Serial dilutions were formed by merging a droplet containing both
analyte (fluorescein) and internal standard (rhodamine 123) with a droplet of diluent (buffer
containing internal standard only). Thorough mixing (by moving the merged droplet in a circular
pattern for several seconds'”) produced a droplet with a 2x dilution of analyte. This droplet was
split (as in Figure 4.3, frames 4-5), and one daughter droplet was analyzed by electrophoresis and

LIF, and the other daughter droplet was stored for further processing. Subsequent mixing of the
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Figure 4.3 Series of images from a movie (top-view) depicting droplet manipulation on the hybrid
microfluidic device. Devices were capable of all basic DMF operations: dispensing (frames 1-2), merging
(frame 3), mixing (frames 3-4) and splitting (frames 4-5). Processed droplets were then delivered to the
vertical interface to access the channels below (frame 6). Red and blue dyes were added for visualization.

stored droplet with another droplet of diluent resulted in a product droplet with 4x-diluted
analyte concentrations. Figure 4.4 summarizes the results of replicate (n = 5) electrophoretic
analyses. Figure 4.4a is a series of representative electropherograms for a dilution curve set (i.e.
undiluted stock, first dilution and second dilution). Both the analyte and the internal standard are
fully baseline resolved and peak area was used as the calibration metric. A calibration curve
(Figure 4.4b) was generated by plotting the ratio of analyte peak area (Aa) to that of the internal
standard (Ajs) as a function of analyte concentration. The precision in each measurement (RSD =
2.9%, 3.7%, and 7.4% for the stock, first dilution, and second dilution, respectively) and the
correlation coefficient (R* = 0.9937) demonstrates that the method is reproducible and linear.
Efficiency for the separation (29,000 plates for rhodamine 123) was also very high, and
represents an improvement over what was reported for the previous design® (4.7 x 10° plates/m).
The improvement can be attributed to the channel materials, as PDMS (used in the previous
design) is known to contribute to band broadening relative to glass (used in the current design).
Devices used in this proof of concept experiment were designed with equal sized

electrodes and accomplished a maximum of a 4x dilution. This limit on dilution factor derives
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from both the uniform shape of the actuation electrodes and the size of the reservoir. Droplets

dispensed on chip contain a volume that is proportional to the electrode size dispensed upon.

Therefore if a different solution series (i.e., 10x or 100x dilution) is desired the electrode pattern

can be adjusted accordingly to accomplish the correct volume metering.
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Figure 4.4 Data generated from on-chip serial dilutions and analysis. a) Representative electropherograms of
analyte, fluorescein (Flu) and internal standard, rhodamine 123 (Rho) from an undiluted stock, first dilution
and second dilution (offset vertically for clarity). b) Calibration curve for the ratio of peak area of analyte
(A,) to that of internal standard (A;s) from five replicate analyses. Error bars are £ 1 S.D.



68

4.3.3 Multi-step protein processing

Analysis of complex samples often requires the combination of multi-step sample
processing followed by separations. A well-known example is shotgun protoemics,"*’ in which
samples are exposed to a rigorous sample processing regimen and then separated by HPLC. A
key step in this method is enzymatic digestion of proteins into constitutive peptides which are
easier to handle and analyze. In fact, this step is so important, that samples are often digested

130
Here, the new

serially with multiple enzymes that cleave at different amino acid residues.
multi-layer hybrid microfluidic device was used to integrate digestion by multiple enzymes
followed by separations. In this work, a model analyte (fluorescently labeled bovine serum
albumin, AF-BSA) was digested by pepsin (which cleaves after Phe, Tyr and Trp) and trypsin
(which cleaves after Arg and Lys). All solution processing was implemented on the DMF
platform, and the resulting processed samples were delivered to the digital-channel interface for
analysis by microchannel electrophoresis.

AF-BSA was analyzed in three states: undigested, digested with pepsin (30 min), and
digested with pepsin (30 min) followed by digestion with trypsin (30 min each). (AF-BSA
digested with trypsin-only was also analyzed, but is not shown.) As shown in Figure 4.5, each
enzyme produces a unique series of peaks in the resulting electropherograms. Pepsin selectively
cleaves at aromatic residues (Trp, Tyr and Phe), resulting in multiply charged peptides. The
resulting electropherograms (middle trace in Figure 4.5) include several peaks that elute at a
range of times relative to the AF-BSA reactant. From these data, the digestion has clearly
proceeded long enough to generate a variety of subsequent peptides. Trypsin selectively cleaves
at basic residues (Lsy and Arg), resulting in a reduction of multiply charged peptides from the
pepsin digestion. Thus, in these electropherograms (top trace in Figure 4.5), a new series of
peaks is observed, with the peptides eluting closer together. These data sufficiently proves that
the new multi-layer hybrid design is capable of multi-step on-chip digestion of a model protein.
In future work digestions will also be monitored by MALDI-MS to confirm protein digest

progress in addition to digest sequence coverage.
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Figure 4.5 Multi-step processing of a model protein. AF-BSA was subjected to enzymatic digestion by two
proteolytic enzymes; pepsin and trypsin. The three electropherograms (offset vertically for clarity) represent
(1) undigested AF-BSA (20 pg/mL), (2) AF-BSA digested by pepsin (30 min) and (3) AF-BSA digested by
pepsin followed by trypsin (30 min each).

The small footprint (3.5 x 2 cm) of the commercial microchannel devices used here
limited the size of the DMF array to a few electrodes. In the future work, devices will be
fabricated with larger DMF arrays capable of manipulating up to 10 different reagents’’ to
integrate on-chip protein precipitation'’ and sample reduction, alkylation, and digestion.>* In the
long-term, it is anticipated that integration of such techniques with microchannel
chromatography'* and nanoelectrospray mass spectrometry'** will form a powerful new tool for

application to shotgun proteomics and many other applications.
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4.4 Conclusions

Here, we introduced a new multi-layer hybrid microfluidic device architecture, bearing a
digital microfluidic module on the top of the device and a network of microchannels below. In
such devices, droplets are dispensed from reservoirs, merged, mixed, and split on the top layer,
and are subsequently transferred to microchannels on the bottom of the device through a vertical
interface. To validate the capabilities of the new method, an on-chip serial dilution experiments,
as well as multi-step enzymatic digestion were implemented. Given the many applications
require pre-processing and a chemical separation, the two-layer hybrid digital-channel format has

the potential to become a powerful new tool for micro total analysis systems.
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Chapter 5 Droplet-Scale Estrogen Assays in Breast
Tissue, Blood, and Serum

Estrogen is a key hormone in human reproductive physiology, controlling ovulation and
secondary sexual characteristics. In addition, it plays important role in the pathogenesis of breast
cancer. Indeed, estrogen receptor antagonists and aromatase inhibitors (which block estrogen
biosynthesis) are primary drugs used for treatment and prevention in at-risk populations. In spite
of its importance, tissue concentrations of estrogens are not routinely measured because
conventional techniques require large samples of biopsies for analysis. In response to this need,
we have developed a digital microfluidic method and applied it to the extraction of estrogen in
one-microliter samples of breast tissue homogenate (as would be collected with fine-needle
aspiration), as well as in whole blood and serum. we believe this method has potential for
application to conditions requiring frequent analysis of hormones in clinical samples (for

example, infertility and cancer).
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5.1 Introduction

In addition to its well-known role as a blood-borne hormone, estrogen is an important
intracrine and paracrine messenger in many tissues including the breast."*"'*" Indeed, in situ
biosynthesis of estrogen contributes up to 75% of the total estrogen produced in the breasts of
premenopausal women (menstruating women of reproductive age) and almost 100% in
menopausal women.'** There is a need for measuring estrogen concentrations in breast tissue to
identify women at risk for developing breast cancer or to monitor the effect of anti-estrogen

14910 Unfortunately, local breast tissue

breast cancer therapies such as aromatase inhibitors.
estrogen concentrations are not routinely measured because existing methods require invasive
biopsies of hundreds to thousands of milligrams of tissue.””"'>* Such procedures are not
performed in part because they require local anesthesia and carry the risk of scarring or
deformity. Moreover, prior to analysis, large tissue samples must be processed (including lysis,
homogenization, extraction, purification, and resolubilization), which requires many hours of

153,154

laboratory time. These procedures are ill-suited for routine testing. Although most

problematic for tissue samples, many of these same limitations apply to blood and serum

155-158 or in

samples [for example, in applications related to monitoring low levels of hormones
management of infertility].

In response to these challenges, we have developed a miniaturized, automated and
integrated method for hormone analysis in one-microliter samples. The method relies on digital
microfluidics (DMF), a technique in which sample and reagent droplets are moved across an

%9 This technique is

open surface by applying electrical potentials to an array of electrodes.
particularly well suited to multistep sample processing, and, in this chapter, we describe the
application of DMF to sample clean-up and extraction of estradiol (the most biologically active
form of estrogen) in breast tissue from postmenopausal breast cancer patients, as well as from

samples of whole blood and serum.
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5.2 Experimental

5.2.1 Study Subjects

Breast tissue was obtained from apparently normal areas adjacent to breast cancer tumors
during surgery in two postmenopausal breast cancer patients and kept at —80°C until analysis.
Blood and serum samples were collected from a healthy female volunteer during 5 different
reproductive cycles (mid luteal phase) and kept at —20°C until analysis. Human ethics approvals

were obtained from Mount Sinai Hospital and the Ontario Tumor Bank Research Ethics Boards.

5.2.2 Reagents and Materials

Dichloromethane (DCM) and 2,2,4 Trimethylpentane (Isooctane) 99.8% and HPLC-
grade water were purchased from Sigma. Methyl alcohol (Methanol, HPLC grade) was from
Fisher Scientific. Estradiol (17-8) was purchased from Steraloids Inc. Shipley S1811 photoresist
and MF321 developer from Rohm and Haas, AZ300T photoresist stripper from AZ Electronic
Materials, parylene C dimer from Specialty Coating Systems, Teflon-AF from DuPont, solid
chromium from Kurt J. Lesker Canada, CR-4 chromium etchant from Cyantek,
hexamethyldisilazane (HMDS) from Shin-Etsu MicroSi, concentrated sulfuric acid and hydrogen
peroxide (30%) from Fisher Scientific Canada, Fluorinert FC-40 from Sigma, and SU-8 and SU-

8 developer from MicroChem.

5.2.3 Device fabrication and Operation

Digital microfluidic devices were fabricated in the University of Toronto Emerging
Communications Technology Institute (ECTI) clean room facility, using transparency
photomasks printed at City Graphics. Glass wafers (Howard Glass Co. Inc.) were cleaned in
piranha solution (a 3/1 v/v mixture of sulfuric acid/hydrogen peroxide) for 10 min, and coated
with chromium (150 nm) by electron beam deposition (BOC Edwards). After rinsing (acetone,
methanol, DI water) and baking on a hot plate (115°C, 5 min), substrates were primed by spin-
coating HMDS (3000 rpm, 30 s) and then spin-coating Shipley S1811 photoresist (3000 rpm, 30
s). Substrates were baked on a hot plate (100 °C, 2 min) and exposed (35.5 mW/cm®, 4 s)
through a transparency photomask using a Karl Suss MA6 mask aligner. Then substrates were

developed (MF321 developer, 3 min) and postbaked on a hot plate (100 °C, 1 min). After
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photolithography, exposed chromium was etched (CR-4, 2 min) and the remaining photoresist
was stripped by sonicating in AZ300T (5 min).

After forming electrodes and cleaning in piranha solution (30 s), a photoresist wall was
formed, using methods similar to those reported by Moon et al. *’ Briefly, substrates were spin-
coated with SU-8-25 (500 rpm, 5 s, then 1000 rpm, 30 s), baked on a hotplate (65°C, 5 min, then
95°C, 15 min), and then exposed to UV light (35.5 W/cm?, 7 s). After baking (65°C, 1 min, then
95°C, 4 min), and developing in SU-8 developer, substrates were coated with 2 um of parylene-
C and 100 nm of Teflon-AF. Parylene-C was applied using a vapor deposition instrument
(Specialty Coating Systems) and Teflon-AF was spin-coated (1% by weight in Fluorinert FC-40,
1000 rpm, 1 min) followed by baking on a hot plate (160°C, 10 min). The polymer coatings were
removed from contact pads by gentle scraping with a scalpel to facilitate electrical contact for
droplet actuation. In addition to patterned devices, unpatterned indium-tin oxide (ITO) coated
glass substrates (Delta Technologies Ltd) were coated with Teflon-AF using the conditions
described above, to serve as the top plate on assembled devices.

The device design included three input reservoir electrodes (3.5 x 3.5 mm) for the raw
sample, lysing solvent, and polar extraction solvent, respectively, and a fourth reservoir electrode
for collection of the processed sample. Actuation electrodes (1.5 mm x 1.5 mm with a 40 pm
inter-electrode gap) formed a path linking the input reservoirs, which passed through a fifth
reservoir (delineated by a photoresist wall) containing non-polar extraction solvent. Devices
were assembled with an unpatterned ITO—glass top plate and a patterned bottom plate separated
by a spacer formed from one or two pieces of double-sided tape (90 or 180 um thick). Thus,
depending on the spacer thickness, reservoir volumes were ~1.1 or 2.2 pl, and unit droplets
(covering a single actuation electrode) were ~200 or 400 nl. A single spacer was used to process
standard solutions of estradiol, while a double spacer was used for blood, serum, and tissue.
Droplets were sandwiched between the two plates and actuated by applying AC potentials
(18 kHz, 100 V) between the top electrode (ground) and sequential electrodes on the bottom
plate via the exposed contact pads. Droplet motion was monitored by a CCD camera mated to an

imaging lens positioned over the top of the device.
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5.2.4 Digital Microfluidic Estrogen Extraction

The DMF-driven estrogen extraction technique was comprised of four steps. First, an
aliquot of whole blood, serum, breast tissue homogenate, or estradiol standard solution was
positioned in the sample reservoir of a device. Standard solutions were used immediately, and
blood, serum, or tissue homogenate samples were allowed to dry on the surface. The top plate
was then affixed and the solvents (DCM/acetone 80:20 v/v as lysing solvent, methanol as polar
extracting solvent, and isooctane as non-polar extracting solvent) were loaded. Second, a series
of reservoir volumes (9 x 1.1 pl or 5 x 2.2 pul) of DCM/acetone was dispensed and driven by
DMF drop-wise to the sample, each of which was allowed to incubate at room temperature until
dry (~1 min per reservoir volume). Third, a reservoir volume of methanol (1.1 or 2.2 ul) was
dispensed and driven by DMF to the dried lysate to dissolve the steroids. A unit droplet of the
dissolved sample (200 or 400 nl) was dispensed and delivered by DMF to the isooctane reservoir
and circulated within the pool for ~20 s prior to driving the droplet out of the isooctane and
towards the collection reservoir. This process was repeated until the sample reservoir was empty
of the methanol. Fourth, step three was repeated with successive reservoir volumes of methanol
(for atotal of 9 x 1.1 pl or 5 x 2.2 pl) to ensure the extraction of all of the free estradiol. Finally,
all extractate droplets were pooled in the output reservoir and allowed to dry. After collecting
and drying the extract, the devices were stored at —20°C. Immediately prior to analysis, each

extract was resolubilized in an aliquot (30 pl) of methanol/DCM (2:1 v/v).

5.2.5 Liquid Chromatography and Tandem Mass Spectrometry (LC-
MS/MS)

LC-MS/MS with selected reaction monitoring (SRM) was used to evaluate estradiol in
extractates from standard solutions, breast tissue homogenate, and blood. SRM is a highly
selective method used to quantify a known analyte by tandem mass spectrometry. In SRM, two
sequential mass selections are carried out, the first to isolate the analyte parent ion, and the
second to isolate a fragment ion after reaction with a collision gas. The intensity of the fragment
ion is recorded. Standard solutions (1 pl, 2 mg/ml in methanol) and blood (dried from 1 pl) were
extracted by DMF (method one, as above) with no prior processing, while breast tissue (400 mg)
was manually homogenized in DCM (1 ml), from which 1 pl samples were dried and processed

similarly. In all cases, after extraction, samples were resuspended in 100 pl of methanol:water
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(80:20 v/v), 10 pul of which was injected onto an HPLC (HP-Agilent 1100 series LC) interfaced
by electrospray to a QTRAP LC-MS/MS (Applied Biosystems). The samples were analyzed in
negative mode with SRM, evaluating an ion transition of m/z 271/145 to identify and determine
the abundance of estradiol.'® Operating parameters included 300 pl/min flow rate, 4200 V spray
potential, 60 V collision energy and 400°C nebulizing temperature. A microbore (2.1 mm i.d. x
50 mm) Thermo Gold C18 (2.2 um) column with isocratic elution via a mobile phase of

methanol:water (80:20 v/v) was used for LC separation.
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5.3 Results and Discussion

Estrogen and other steroid hormones are fundamental for growth and reproduction, and
disturbances in their physiological levels can be associated with a multitude of clinical disorders,
including hormone-sensitive cancers (for example, breast, endometrial and prostate cancers),

infertility, and pregnancy complications such as intrauterine growth restriction.'®''%°

Moreover,
hormonal therapeutics have been used for decades as anti-cancer medications, contraceptives,
hormone replacement, and fertility drugs.'®'”" Thus, there are a wide range of clinical
conditions that require frequent monitoring of these hormones in tissue or blood for accurate
diagnosis and treatment. Here, we report the extraction of the sex steroid estrogen in 1 pl volume
samples using digital microfluidics (DMF). Figure 5.1a depicts the DMF device designed to
adapt conventional techniques for estrogen extraction to the DMF format. As shown, an array of
electrodes connects a series of reservoirs containing the sample and reagents. The process of
estrogen extraction from a sample of human blood is depicted in Figure 5.1b. As shown, in
typical assays, samples were lysed, the estradiol was extracted into a polar solvent (methanol),
unwanted constituents were extracted into a non-polar solvent (isooctane), and the extractate was
delivered to a collection reservoir. The device illustrated in Figure 5.1 could be used with breast
tissue homogenate, whole blood, serum, and standard solutions.

The sample size required by DMF is 1000-4000 times smaller than that required for
conventional methods of extraction and quantification of steroids including extraction followed
by immunoassays or mass spectrometry.'>""**!">17> As shown in Figure 5.2, the method could be
applied to routine screening of breast estrogen concentrations in microaspirates as a potential
marker of cancer risk, or blood estrogen in finger pricks to monitor hormone levels in infertility
patients. In addition to the advantages that come with smaller samples, automation of the digital
microfluidic method allows considerably less time- and labor-intensive assays relative to
conventional processing techniques. Specifically, the conventional 5 to 6 hour hormone
extraction techniques (including various liquid-liquid extraction and solid phase extraction based
protocols) that require extensive pipetting, centrifugation and drying but could be replaced with

the 10 to 20-min digital microfluidic process described here.
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Figure 5.1 Digital Microfluidic (DMF) Device Design and Operation. a) Schematic of the DMF device, which
includes sample and solvent reservoirs and the liquid-liquid extraction zone (bounded by a photoresist
“wall”). b) A series of frames from a movie (1-8) illustrating the key steps in the DMF-based extraction of
estrogen from a droplet of human blood (1 pl). As shown, samples are lysed, the estradiol is extracted into a
polar solvent (methanol), unwanted constituents are extracted into a non-polar solvent (isooctane), and the
extractate is delivered to a collection reservoir. Among the remarkable features of this technique is the ease
with which the methanolic phase is controlled within the isooctane phase (frame 6) and then separated from it
after liquid-liquid extraction (frame 7).
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Figure 5.2 Reduction in Sample Volume. a) Picture of 500 mg of breast tissue collected by incisional biopsy
(representing the sample size required for conventional analysis methods) compared to a 1 pl microaspirate
collected using a 30 ga. needle (representing the sample size used with the new method). b) Pictures of breast
tissue microaspirate (1 pl) being lysed on the DMF device and of the dried estrogen extracted from it.

To test whether estradiol can be quantified in samples extracted by the digital
microfluidic method, liquid chromatography and tandem mass spectrometry (LC-MS/MS) with
selected reaction monitoring (SRM) was used to evaluate estradiol extracted by DMF from
standard solutions (Figure 5.3a), from breast tissue homogenate from a postmenopausal breast
cancer patient (Figure 5.3b) and from whole blood from a female volunteer (Figure 5.3c). As
shown, estradiol was detected with high signal-to-noise ratio (S/N) at retention time ~3.2 min for
all cases. Further work will include developing ELISA and LC-MS/MS based methods for
quantifying estradiol.

The method described here is powered by digital microfluidics, ">

a technology
similar to but distinct from microchannel-based fluidics. Although microchannels are well suited
for many applications (for example, electrophoresis, in vitro culture and analysis of cells),
microchannel-based fluidics would likely be a poor match for the application described here.

. 177-1
Indeed, in few reports'’ "

of microchannel-powered methods for liquid-liquid extraction
(representing only one of the series of steps required for estrogen processing from clinical
samples), the techniques have been inherently limited by the challenge of separating and
collecting one liquid phase from the other after they have come into contact. In contrast, this step

is straightforward in the method we have reported here (Fig. 5.1b, frame 7). The precise control
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over different reagents,'™ phases'’ (see chapter 3) and volumes®' afforded by digital

microfluidics makes it a good match for this application.
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Figure 5.3 LC-MS/MS Analysis of DMF-Extracted Samples. Chromatograms generated by LC-MS/MS with
selective reaction monitoring (SRM) from 1 pl samples of a) estradiol standard solution (2 mg/ml), b) breast
tissue homogenate from a postmenopausal patient with breast cancer, and c¢) whole blood. The estradiol-
specific ion pair evaluated for SRM was m/z 271/145.
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5.4 Conclusion

In this chapter, we described a lab-on-a-chip method powered by digital microfluidics for
sample clean-up and extraction of estradiol in microdrops of samples (breast tissue homogenate,
whole blood, serum and standard solutions). We anticipate that integrated sample cleanup
methods, such as the one described here, may prove useful for a wide range of clinically relevant

applications in many different sample types.



82

Chapter 6 A Digital Microfluidic Method For Amino
Acid Quantification in Dried Blood Spots

Screening the population for treatable congenital diseases is a major public health endeavor
in countries around the world. In Ontario, Canada, for example, the Newborn Screening Ontario
(NSO) facility at the Children’s Hospital of Eastern Ontario evaluates approximately 140,000
babies each year for at least 28 diseases, including several inborn errors of amino acid
metabolism. Each screening test requires collection of a blood sample which is spotted onto a
piece of filter paper and dried. This dried blood spot (DBS) is then sent to NSO for analysis by
tandem mass spectrometry (MS/MS). MS/MS is particularly powerful for this application, as it
facilitates the detection of many analytes simultaneously in a single run. Unfortunately, this
technique is slowed by an extensive sample preparation regimen (including excision/punching,
extraction, evaporation, derivatization, and resolubilization), and in addition, high-throughput
screening requires robotic sample handling. As a first-step towards solving these challenges, we
have developed an integrated microfluidic system for processing samples for quantification of
amino acids in blood. The new method is fast, robust, precise, and is capable of quantifying
analytes associated with common congenital disorders such as homocystinuria, phenylketonuria,
and tyrosinemia. We propose that the new method can potentially contribute to a new generation
of sample preparation techniques for inborn errors of amino acid metabolism and other diseases.
If widely applied, this could have a major impact on the bottom line for newborn screening

programs around the world.
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6.1 Introduction

Inborn errors of amino acid (AA) metabolism are a class of inherited diseases characterized
by the inability to metabolize AAs; examples include homocystinuria (build-up of excess
methionine and homocysteine), phenylketonuria (build-up of excess phenylalanine), and

IBI-18 1f left untreated, these

tyrosinemia (build-up of excess tyrosine and its metabolites).
diseases can have serious consequences including mental and physical retardation, seizures, and
death.'®"- 183185186 Bocause a symptom-free period is often present early in life, babies are
routinely screened in the first days after birth. For example, a blood sample from every baby
born in the province of Ontario, Canada is analyzed at the Newborn Screening Ontario (NSO)
facility at the Children’s Hospital of Eastern Ontario.'®” This represents a significant public
health undertaking, requiring the evaluation of approximately 2,800 blood samples each week.

Many jurisdictions around the world have instituted similar programs.'**'*°

. 187,191-193
In each newborn blood analysis,'®”

a sample is obtained by pricking the subject’s heel
(or by venipuncture) and spotting the blood on a piece of filter paper; this is referred to as a
“dried blood spot” (DBS). The DBS is couriered to the central facility, where 3.2 mm diameter
circular discs are punched, and the analytes are extracted, mixed with isotope-labelled internal
standards, derivatized, and then reconstituted for analysis by tandem mass spectrometry
(MS/MS). As shown in Figure 6.la, the derivatization step transforms each AA to its
corresponding butyl ester (derivatized AA) that allows for a characteristic fragmentation pattern
(neutral loss of 102) via collision induced dissociation (CID). This allows for quantification of
most AAs in a single scan. Figure 6.1b-c contains representative primary (MS1) and secondary
(MS2) mass spectra for the amino acid, phenylalanine, with peaks at m/z 222 and 120. In
addition to amino acids, the same derivatization step butylates acylcarnitines (AC), which serve
as markers of inborn errors of fatty acid and organic acid metabolism.'**'*?

As reviewed in a recent cover story in Chemical and Engineering News,"”* the success of
DBS and MS/MS for newborn screening has led to a surge in popularity for these techniques for
a wide spectrum of applications in clinical labs and the pharmaceutical industry. DBS methods
allow for the collection of tiny amounts of sample and are convenient for long-term storage and

cataloguing. MS/MS methods allow for the measurement of many different analytes in a single

shot. But despite these advantages, a number of important challenges remain. For example,
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maintenance of instruments (sample preparation robots and mass spectrometers) and plumbing
(capillary tubes and associated connections) requires expertise and time.'”>'® In addition, the
costs (~$20 per sample'”®) are magnified by the scale of operation (e.g., nearly 140,000
samples/year for NSO). Finally, collection procedures (i.e., spotting blood samples on filter
paper) can suffer from challenges (e.g., uneven distribution or overlapping blood spots and
supersaturated filter paper) that can skew results.'®”"*'""*7 Thus, programs relying on DBS and

MS/MS are continuously seeking innovative laboratory approaches and technologies that can

improve sample preparation throughput and quality of analysis.
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Figure 6.1 Processing blood samples for quantification of amino acids (AAs) by tandem mass spectrometry.
(a) Reaction scheme involving derivatization of the extracted AA, followed by derivatization with n-butanol,
followed by the formation of a daughter ion by collision induced dissociation (CID) in the mass spectrometer.
(b) Mass spectrum generated from primary analysis (MS1) of derivatized phenyalanine (Phe). (¢) Mass

spectrum generated from the secondary analysis (MS2) of derivatized Phe showing the loss of 102 amu as a
result of CID.
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In this Chapter, we report a new automated method for quantifying analytes related to
genetic diseases in newborn blood samples powered by digital microfluidics (DMF). DMF is a
relatively new technique in which droplets are manipulated on an array of electrodes by
application of electromechanical forces'* and is useful for precise control of complex samples
and reagents for biochemical analyses.”™® Moreover, as described previously,'”® DMF is
particularly useful for extracting analytes from dried blood, as the solids stick to the device
surface, allowing the extracted analytes to be ferried away for analysis in moving droplets. We
report here a series of new DMF-driven methods for analyzing amino acids in newborn blood
samples. This is the first report of microfluidic methods that are capable of direct analysis of
analytes in DBS samples. The new methods are automated and have significant advantages
relative to the conventional techniques in terms of sample preparation and reagent use.
Moreover, the new technology is liberated from reliance on robots and capillary-plumbing. We
propose that the methods may someday be a useful tool for newborn screening or other

applications.
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6.2 Experimental

6.2.1 Study Subjects

Blood samples were collected from a healthy adult male volunteer after a 10 h fasting
period, and were kept at —20°C until analysis. Punches from residual dried blood spots from
three infants screened by Newborn Screening Ontario (NSO, Ottawa, ON) were stored at -80°C

until analysis.

6.2.2 Reagents and Materials

L-Methionine (Met), L-Phenylalanine (Phe), L-Tyrosine (Tyr), acetonitrile (ACN),
acetone, methanol (MeOH), boric acid and fluorescamine were purchased from Sigma Chemical
(Oakville, ON). Deuterated Methionine (Met-d3), Phenylalanine (Phe-ds), and Tyrosine (Tyr-ds)
were obtained from Cambridge Isotope Laboratories (Andover, MA). Concentrated hydrochloric
acid (HCIl) was purchased from Fisher Scientific (Ottawa, ON) and n-butanol from ACP
Chemicals (Montreal, QC). In all experiments, organic solvents were HPLC grade and deionized
(DI) water had a resistivity of 18 MQ-cm at 25 °C.

Working solutions of all amino acids (AAs) (25, 50, 100 and 500 uM ea.) were prepared
in DI water. For derivatization of extracted AAs, a 3 N HCl-butanol solution was prepared from
a mixture of 12 N HCl/neat butanol (1:3 v/v). For analysis of AAs in blood samples, the
extracting solvent (MeOH) contained 50 uM of the appropriate deuterated AA (d;-Met, ds-Phe
or ds-Tyr). For quantitative analysis of AA recovery from blood and for experiments mimicking
diseased/healthy infant blood, samples were spiked with 200 uM of the appropriate AA (Met,
Phe or Tyr). A series of 3.2 mm dia. punches of dried blood samples containing different
concentrations of phenylalanine (see Table 6.1) were prepared by NSO staff as described
previously.'”?

6.2.3 Non-Digital Microfluidic Sample Processing and Analysis
Amino acids were extracted and quantified from dried blood spot punches by NSO staff

. . 1
as described previously.'”?
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6.2.4 Reagents and Materials for Fabrication

Concentrated sulfuric acid and hydrogen peroxide (30%) were from Fisher Scientific
(Ottawa, ON), Parylene C dimer was from Specialty Coating Systems (Indianapolis, IN) and
Teflon-AF was from DuPont (Wilmington, DE). Shipley S1811 photoresist and MF321
developer were from Rohm and Haas (Marlborough, MA), AZ300T photoresist stripper was
from AZ Electronic Materials (Somerville, NJ), solid chromium was from Kurt J. Lesker Canada
(Toronto, ON), CR-4 chromium etchant was from Cyantek (Fremont, CA), hexamethyldisilazane
(HMDS) was from Shin-Etsu MicroSi (Phoenix, AZ), and Fluorinert was FC-40 from Sigma
(Oakville, ON). Piranha solution was prepared as a 3/1 v/v mixture of sulfuric acid/hydrogen
peroxide. Dicing tape (medium tack) was purchased from Semiconductor Equipment Corp.
(Moorpark, CA).
Table 6.1 Measured phenylalanine (Phe) concentration in 3.2 mm dia. punches from filter paper bearing

dried blood using digital microfluidic method 2 (left) and standard techniques at NSO (right). The average
difference between the measurements generated by the two methods is 6.4%.

Measured Phe .
Sample | Concentration (uM) Using Measured Phe Concentration
DMF Method 2 (UM) Using NSO Technique

1 70 70

2 550 548

3 93 38

4 93 95

S 368 305

6 534 239

! 735 871

6.2.5 DMF Device Fabrication and Operation

Digital microfluidic devices were fabricated in the University of Toronto Emerging
Communications Technology Institute (ECTI) cleanroom facility, using a transparency
photomask printed at Norwood Graphics (Toronto, ON). Glass devices bearing patterned
chromium electrodes were formed by photolithography and etching as described previously 7,
and were coated with 2.5 um of Parylene-C and 50 nm of Teflon-AF. Parylene-C was applied

using a vapor deposition instrument (Specialty Coating Systems), and Teflon-AF was spin-
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coated (1% wt/wt in Fluorinert FC-40, 2000 rpm, 60 s) followed by post-baking on a hot-plate
(160 °C, 10 min). The polymer coatings were removed from contact pads by gentle scraping with
a scalpel to facilitate electrical contact for droplet actuation. In addition to patterned devices,
unpatterned indium tin oxide (ITO) coated glass substrates (Delta Technologies Ltd, Stillwater,
MN) were coated with Teflon-AF (50 nm, as above).

The device design used in methods 1 and 2 featured an array of eighty-eight actuation
electrodes (2.2 x 2.2 mm ea.) connected to ten reservoir electrodes (5 X 5 mm ea.), with inter-
electrode gaps of 40 pm. For method 1, devices were assembled with an unpatterned ITO—glass
top plate and a patterned bottom plate separated by a spacer formed from four pieces of double-
sided tape (total spacer thickness 360 um). For method 2, the two plates were separated by six
pieces of double-sided tape (total spacer thickness 540 um). To actuate droplets, driving
potentials (70-100 Vrms) were generated by amplifying the output of a function generator
(Agilent Technologies, Santa Clara, CA) operating at 18 kHz. As described elsewhere,'””’
droplets were sandwiched between the two plates and actuated by applying driving potentials
between the top electrode (ground) and sequential electrodes on the bottom plate via the exposed

contact pads. Droplet actuation was monitored and recorded by a CCD camera mounted on a

lens.

6.2.6 Hybrid Device Fabrication and Operation

Hybrid DMF-microchannel devices used for method 3, were fabricated in four steps.
First, a DMF bottom substrate (layer 2 in Figure 6.2) was fabricated as described above (but with
no Teflon-AF coating). The design, shown in Figure 4 in the main text, was similar to that of the
DMF-only devices, but with fewer electrodes — 2 rows of 9 actuation electrodes (2.2 x 2.2 mm)
and 3 reservoir electrodes (5 x 5 mm).Moreover, the substrates were first modified by drilling an
access hole (~2mm diameter) through the substrate using a micro drill-press (manufacturer,
location) before the photolithographic processes. After patterning the electrodes, the opposite
side was first coated with 7um of Parylene-C for bonding with a second substrate (layer 3 in
Figure 6.2). Second, a glass substrate bearing a microchannel nanoelectrospray tip (layer 3 in
Figure 6.2) formed in Parylene was fabricated using methods similar to those described
previously,'** but with a few modifications. 37 grams of Parylene-C were deposited on piranha

cleaned, silanized glass slide (25 x 55 mm) via vapour deposition. After Cr deposition, a
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microchannel (25 pm wide x 5 mm long) was photolithographically patterned on the substrate by
UV radiation (365nm, 35mW/cm?, 50s) using a Karl-Suss MA6 mask aligner (Garching,
Germany). Third, the channel side of layer 3 was mated to the non-electrode side of layer 2,
placed under pressre in a precision vise (~20 MPa), and thermally bonded in a vacuum oven
(200°C, 24 h). After cooling, the top of layer 2 was first coated with 2 um of parylene followed
by spin-coating 50 nm of Teflon-AF with a small piece of dicing tape covering the accessing
hole. The tape was removed before post-baking on a hot plate (160°C, 10min). Fourth, the top
plate (layer 1 in Figure 6.2) was assembled with spacers formed from four pieces of double-sided

tape as described above for droplet actuation.

Layer 1: DMF Counter Electrode

Layer 2: DMF Driving Electrodes

Layer 3: Microchannel

Figure 6.2. Exploded view schematic of the hybrid DMF-microchannel device used for method 3 for in-line
analysis by mass spectrometry.

6.2.7 Digital Microfluidic-Driven Sample Processing

For samples analyzed by digital microfluidic methods 1 and 3, 5-uL droplets of blood
were spotted onto the bottom plate of a device and dried. The top plate was then affixed and two
solvents were loaded into the appropriate reservoirs, including MeOH containing 50 pM of
deuterated AA (extraction solvent), and 3 N HCl-butanol (derivatization solvent). A reservoir
volume (10 pL) of extraction solvent was dispensed and driven by DMF to the dried sample and
allowed to incubate (5 min). The extraction solvent was then actuated away from the sample and
dried (~15 min, room temperature) at a second site, after which a reservoir volume (10 pL) of
derivatization solvent was dispensed to the dried extract and incubated for 15 min at 75°C.
Following the reaction, the top plate was removed and the solvent was allowed to evaporate (~15

min, room temperature). For samples analyzed by method 2, the process was identical to the
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above, but with two differences: (1) punches (3.2 mm dia.) from filter paper bearing dried blood
were positioned on the bottom plate of a device in place of liquid blood, and (2) a larger volume

(15 pL) of extraction solvent was used.

6.2.8 Digital Microfluidic-Driven Sample Analysis

Samples processed by digital microfluidic methods 1 and 2 were analyzed offline by
nanoelectrospray tandem mass spectrometry (nESI-MS/MS). Such samples (stored dry on device
or in centrifuge tube until analysis) were reconstituted in 70 pl of acetonitrile/water (4:1 v/v);
samples originating from blood were, in addition, passed through PVDF membrane centrifuge-
filters with 0.1 um pore diameter (Millipore, ON). Samples were injected into an LTQ Mass
Spectrometer (Thermo Scientific) via a fused silica capillary transfer line (100 um i.d.) mated to
a New Objective Inc. (Woburn, MA) nanoelectrospray emitter (100 um i.d. tapering to 50 um
i.d.) at a flow rate of 0.8 puL min"', with an applied voltage of 1.7-1.9 kV and capillary
temperature of 200°C. Tandem MS/MS analysis was carried out by introducing 30% collision
energy to the parent ions and then the fragments over the m/z range of 100-300 were scanned.
AA daughter ions detected in the second mass selection, which exhibit a loss of butylformate
(HCOOC4Hy, 102 m/z), were observed and used for quantification. Spectra were collected as an
average of 50 acquisitions, and replicate spectra were obtained for DMF-derivatized samples of
both control and blood. For samples processed by method 3 (Fig. 6.3¢), devices bearing an
integrated nESI emitter were mounted on a 3-axis micromanipulator (Edmund Optics, NJ)
positioned near the inlet of the LTQ MS. After sample processing, a spray was generated by
applying 2.5-3.0 kV to a platinum wire inserted in the access hole, with parameters identical to
the above.

For samples processed by digital microfluidic method 1, calibration plots were generated
by plotting the MS/MS intensity ratio of daughter ions from the extracted AAs relative to the
those of the internal standards (i.e., Met m/z 104:107, Phe m/z 120:125, and Tyr m/z 136:140) as
a function of AA concentration in standard solutions (25-500 uM in DI water). Data points
included in the calibration plots represent an average of at least 4 replicate measurements, and
the data in each plot were fit with a linear regression. Blood samples were then evaluated (with

on-chip derivatization and extraction, and measurement by MS/MS relative to internal standards,
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as above), and the values were compared to the calibration plots to determine the AA
concentrations.

For samples processed by digital microfluidic method 2, quantitation was similar to that
for method 1, except that standards were formed from adult male blood spiked with Phe to
different concentrations (25-900 M) which was pipetted onto sheets of filter paper (Whatman,
NJ) allowed to dry, and punched (3.2 mm dia.). Newborn blood samples (as DBS filter paper
punches) from NSO were then analyzed as above and compared with the calibration plot to

determine the Phe concentrations.

6.2.9 Digital Microfluidic-Driven Sample Recovery Determination

The % recovery of AAs in Method 1 was evaluated quantitatively using (i) a
fluorescence-based assay and (ii)) MS/MS. For (i), control samples (Met, Phe or Tyr; 50 uM of
each) were processed by DMF (as above), excluding the derivatization step. The dried extracts
were diluted into 95 pL aliquots of borate buffer (20 mM, pH 8.5) in wells in a 96-well
microplate. Upon addition of 5 uL. of fluorescamine (5 mg/mL in acetone) the microplate was
inserted into a fluorescence microplate reader (Pherastar, BMG Labtech, Durham, NC) equipped
with a module for 390 nm excitation and 510 nm emission. The plate was shaken (5 s) and the
fluorescence was measured. As a control, identical samples that had not been extracted were
evaluated using the same fluorescence assay. To ensure that controls were processed in identical
manner relative to extracted samples, each control sample was spotted on a device, dried and
then reconstituted in buffer for analyses. Four replicate measurements were made for each
sample and control. For (ii), blood samples of known AA concentrations were spiked with 200
uM of AA standards and extracted (as above). Knowing the total concentration of AAs in blood
spots (e.g. native methionine concentration plus spiked methionine), % recovery was obtained by

comparing the concentration values (obtained from calibration curves) vs. the known values.
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6.3 Results and Discussion

Digital microfluidic methods were developed to automate the quantification of methionine as
a marker for homocystinuria, phenylalanine as a marker for phenylketonuria, and tyrosine as a
marker for tyrosinemia in newborn blood samples. (Note that for Type 1 Tyrosinemia,

% is typically measured as a primary screen.) To accommodate different

succinylacetone'
sampling and analysis needs, three related methods were developed. As shown in Figure 6.3, in
method 1, a sample of liquid blood is spotted directly onto a device and allowed to dry. In
method 2, a punched sample of filter paper bearing dried blood is deposited onto a device for
analysis. In methods 1 and 2, analysis is carried out off-line, while in method 3, an integrated

nanoelectrospray emitter facilitates in-line analysis with mass spectrometry.

a) Method 1

Blood Spotting

b) Method 2

P Punched
Filter P

On-Chip Dried \
Blood Spot Punc

c) Method 3

Direct Analysis by
Mass Spectrometry

Figure 6.3 Three digital microfluidic methods designed to quantify amino acids in newborn samples of blood.
In method 1 (a), a S pL droplet of blood is spotted directly onto the device surface and allowed to dry. In
method 2 (b), a 3.2-mm diameter punch from filter paper bearing dried blood is positioned on the device
surface. In method 3 (c¢), a microchannel nanoelectrospray emitter is coupled to the device to facilitate inline
analysis by tandem mass spectrometry (MS/MS).
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Figure 6.4 Analysis of amino acids in blood by digital microfliudic method 1. a) Sequence of frames from a
movie depicting several stages in sample processing by DMF including: (1) a dried blood sample prior to
processing; (2) mixing and incubating an extractant droplet with the sample; (3) a droplet containing sample
extract after translation away from the dried sample; (4) a dried extract; (5) mixing and incubating a
derivatization reagent droplet with the dried extract; and (6) the dried, derivatized product. b) Calibration
curves generated by DMF method 1 for quantification of methionine (Met), phenylalanine (Phe), and tyrosine
(Tyr). Data were generated by plotting the intensity ratios of the daughter ions of each amino acid (AA)
relative to their deuterated internal standard (IS) (i.e., d3-Met, d5-Phe, d4-Tyr, respectively) as a function of
AA concentration. Each data point represents at least four replicate measurements, and error bars represent
£1 S.D. Regression lines were linear with R? > 0.996 for each analyte. ¢) Comparison of Met, Phe, and Tyr
concentrations in normal (green) and spiked (red) blood samples as biomarkers for homocystinuria,
phenylketonuria, and tyrosinemia, respectively. The dashed lines indicate the upper levels for normal
concentrations in newborn blood samples. Each data point represents at least four replicate measurements,

and error bars represent £1 S.D.
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While the most common method for newborn screening relies on DBS samples on filter
paper, we propose that for some cases, it may be useful to analyze blood samples that are dried
directly onto the surface of a device, as in method 1 (Figure 6.3a). An experiment using method
1 is depicted in Figure 6.4a. As shown, a blood sample is spotted onto the device, dried,
extracted into methanol containing isotope-labelled standards, and the solvent is allowed to
evaporate. The extract and standards are then derivatized, and the products are isolated by
allowing the solvent to evaporate. The entire process requires 50 min to complete. Samples
processed by method 1 were collected and analyzed off-line by nanoelectrospray ionization
tandem mass spectrometry (nESI-MS/MS) to quantify AAs. Calibration curves with R* greater
than 0.996 (Figure 6.4b) were generated for Met, Phe, and Tyr by analyzing standards processed
by DMF at known concentrations from the abundance ratio of each AA to its deuterated standard
peak in the secondary (MS2) spectra. As listed in Table 6.2, when method 1 was used to evaluate
blood collected from an adult male volunteer, the values obtained were in the expected
physiological range and the precision in the method was high with coefficients of variation

(CVs) ranging from 5 to 11%.

Table 6.2. Concentrations of amino acids in blood of an adulte male volunteer measured by digital
microfluidic method 1 (left column) and normal concentration ranges (right column).

Measured Blood Normal Blood

Amino Acid Conce+ntrat|on (uM) Concentration (uM)
+1 S.D.
Methionine 25 + 2 16-33199200
Phenylalanine 38+2 41-6819%:201

Tyrosine 46 +5 45-7419920
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To evaluate the potential of DMF method 1 as a platform for discriminating between disease
and healthy states in blood, spiked blood samples (mimicking diseased states) and non-spiked
blood samples (mimicking healthy state) were analyzed by mass spectrometry. Figure 6.4c
shows a comparison of measured concentration of AAs in normal and spiked blood samples. The
dashed line indicates typical threshold values indicative of homocysteinuria (100 uM Met)'*"**
phenylketonuria (120 pM Phe)***** and tyrosinemia (150 pM Tyr)'*****. As shown, the method
is useful for distinguishing between these concentrations.

Extraction efficiency is an important parameter for any new analytical method. To evaluate
the extraction efficiency of DMF method 1, two orthogonal tests were used: fluorescence and
MS/MS. In the former test, fluorescamine, a fluorogenic reagent that exhibits no fluorescence
until it reacts with primary amines'?' was used to label standard samples before and after
extraction to determine concentrations. In the latter test, blood samples were spiked with AA and
recovery was determined by comparing the AA concentration (endogenous plus spiked AA) vs.
known concentration. As listed in Table 6.3, the two orthogonal methods (fluorescence and
MS/MS) agree and reveal the new DMF technique to be very efficient. Recovery was >80% for

each sample evaluated. As above, the precision of these measurements was high, with CVs

ranging from 1 to 10%.

Table 6.3. % Recovery of digital microfluidic method 1 measured by fluorescence (left) and MS/MS (right)

% Recovery by % Recovery by

Amino Acld | £y orescence £ 1'S.D. | MS/MS 1 S.D.

Methionine 98 + 10 100 £+ 1

Phenylalanine 869 855

Tyrosine 82 +10 84 +7




96

As noted above, dried blood spots (DBS) are surging in popularity for a wide range of

applications in clinical chemistry and the pharmaceutical industry.'”*

We developed digital
microfluidic method 2 (Figure 6.3b) to analyze punched discs from DBS. A portion of an
experiment is depicted in Figure 6.5a. As shown, a droplet of extraction solvent was dispensed
and driven to a 3.2 mm diameter filter paper punch, and the extract was then moved away for
further processing (i.e., derivatization and solvent exchange, similar to Figure 6.4a). Like method
1, this process requires ~50 min to complete. Although analytes extracted from DBS samples

206 a5 far as we are

(using conventional means) have been analyzed by microfluidic methods,
aware, DMF method 2 is the first microfluidic method that has been reported that can accept a

DBS punch directly as a sample input.

Derivatized
Extract

T

Phe Concentration (uM)

Newborn Newborn Newborn
Patient 1 Patient 2 Patient 3

Figure 6.5 Analysis of amino acids in blood by digital microfliudic method 2. a) Frames from a movie
depicting sample processing of 3.2 mm diameter punch of a dried blood spot (DBS) on filter paper by digital
microfluidics (DMF). b) Graph of Phe concentrations measured by the digital microfluidic method in DBS
punches from three NSO patients. As shown, patients 1 and 3 were correctly diagnosed as having
phenylketonuria, and patient 2 was correctly identified as being unaffected. The dashed lines indicates the
upper level for normal concentrations of Phe in newborn blood samples.
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To evaluate digital microfluidic method 2 relative to gold standard practices, a series of
punches from blood samples containing various concentrations of Phe were processed by DMF
method 2 and analyzed in Toronto, and identical punches were evaluated using the routine
newborn screening technique in Ottawa. As listed in Table 6.1, a paired #-test revealed no
significant difference between the two data sets at a 95% confidence level. To validate the new
technique for application to clinical samples, DBS punches from three newborn patients of NSO
were evaluated by the DMF method. As shown in Figure 6.5b, the new technique correctly
identified patients 1 and 3 as suffering from phenylketonuria, and patient 2 as being unaffected.

While the data described above were generated with microfluidic sample processing and off-
line analysis, there may be some cases in which a fully integrated (processing + analysis) method
is useful. To accommodate this need, method 3 (Figure 6.3¢c) was developed in which a digital
microfluidic platform was coupled directly to a nanoelectrospray emitter for in-line analysis by
mass spectrometry. As shown in Figure 6.2, the central feature of this method (building on recent
work with hybrid microfluidics™) is an intersection of a DMF electrode and a microchannel
through a vertical hole. In this device, droplets are manipulated on the top surface, and are
subsequently transferred to microchannels on the bottom of the device through the hole. A
portion of an experiment using method 3 is depicted in Figure 6.6a. A blood sample was first
spotted on the device as in method 1 (note that analogous methods could be developed using
DBS samples similar to method 2) and the AAs were extracted and derivatized as described
above. The dried, derivatized sample was then resuspended and the droplet was actuated to the
access hole such that it filled the channel below by capillary action. A nanoelectrospray is

. 144,20
generated at a corner of the device'***"

(Figure 6.6b) by applying a high voltage to the counter
electrode. Representative mass spectra generated from samples processed and analyzed on-chip
are shown in Figure 6.6c. The entire process requires ~1 h from sampling to analysis, and
requires only the hybrid DMF device and a mass spectrometer (i.e., no nanoflow pumps,
capillary connections, robots, or samplers).

Newborn screening programs have been implemented around the world to detect
aminoacidopathies at an early stage.'**'****® Tandem mass spectrometry, which facilitates the
simultaneous quantification of multiple analytes, is particularly useful for such programs, but the

technique is hampered by disadvantages associated with sample preparation. Here, we report a

new automated microfluidic method powered by DMF for quantifying amino acids in blood
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samples, and present proof-of-concept results demonstrating that it may be useful for screening
samples for homocystinuria, phenylketonuria, and certain types of tyrosinemia. The new method

has several advantages relative to the conventional techniques, which are discussed below.
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Figure 6.6 Analysis of amino acids in blood by digital microfliudic method 3. a) Frames from a movie (left-to-
right) demonstrating derivatization and extraction of AA from dried blood, resolubilization in solvent, and
analyte solution in spray microchannel. b) Image of sample spraying from an integrated emitter. ¢c) MS2
spectra of Phe (left) and ds-Phe (right) generated from blood samples.

An obvious advantage of the microfluidic methods relative to conventional techniques is
automation -- a single technician using instruments powered by digital microfluidics could likely
do the work of several technicians using conventional methods. Furthermore, the digital

184,209,210
L™, and a

microfluidic techniques facilitate reduction in reagent use [20 pL vs. 170-450 p
reduction in analysis time [~1 h vs. >3.5 h'*'®]. Note that the 3.5 h required by the
conventional method is for analysis of 96 samples, while the 1 h required by the new method is
for the analysis of 3 samples. We propose that future generations of the digital microfluidic
technique should be capable of accommodating 96 samples in parallel.

Another advantage of the new technique is the potential for integration directly with mass

spectrometry (Figure 6.6). Nanoflow electrospray ionization (nESI) is used in nearly all newborn

screening laboratories, and is a finicky technique requiring operator expertise and vigilance to
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achieve reproducible results. This is a serious limitation, and is part of the reason why all
newborn blood samples in Ontario are mailed to a single facility."®” Indeed, a recent editorial on
this subject decried the inherent limitations of systems relying on “conventional electrospray
plumbing including capillary tubes etc”.'”® The device shown in Figure 6.6a is the first ever
reported to integrate digital microfluidics with in-line mass spectrometry. In this design, the nESI
plumbing is built-in to the device by standard batch-processing. Sample analysis is realized
simply by positioning a device in front of the mass spectrometer and applying an electrical
potential.

Over the past two decades MS/MS has revolutionized newborn screening, replacing the tests
used historically for diagnosing amino acid disorders (i.e., Guthrie’s bacterial inhibition*'' and
fluorometric*'? and enzymatic'" tests). This is mainly because MS/MS facilitates the analysis of
multiple analytes simultaneously in a single run in comparison to the traditional single-analyte

. . . 183,192
assays, which improves efficiency and reduces costs.

In this work, we present the first
method to combine microfluidic sample handling and preparation with MS/MS for analysis of
amino acids. Note that there are other metabolic and non-metabolic disorders (e.g., cystic
fibrosis, congenital hypothyroidism, biotinidase deficiency, galactosemia) that are commonly
screened in newborns that are not routinely detected by MS/MS. Instead, these diseases are

183,214

evaluated by enzyme-, DNA-, or immunoassay-based tests and a variety of new

214213 (including digital microfluidics®'®) are being developed to implement them.

technologies
We speculate that future microfluidic systems might be capable of implementing all of the
necessary tests, including those that rely on mass spectrometry and those that do not.

The current work demonstrates proof-of-concept for quantification of three amino acids
(methionine, phenylalanine, and tyrosine) that are often measured for early diagnosis of diseases
in newborn screening, and in on-going work, the goal is to extend the technique to be compatible
with the full suite of diseases tested by MS/MS by NSO."” If successful, we propose that these
methods might be useful for a wide range of applications. For example, we propose that blood

samples could be spotted directly onto inexpensive devices®'’*'®

(or removable device
coverings’'), after which they would be returned to a laboratory for analysis, with results
obtained more efficiently than they are today. Alternatively, punches from DBS samples could
be used (i.e., method 2), and either sampling technique might be combined with in-line analysis

(i.e., method 3). Given the nature of the problem (quantifying multiple analytes from tiny blood
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samples) and context (soaring medical and drug discovery costs), these new methods, which
combine rapid, efficient microfluidic sample preparation with tandem mass spectrometry, are an

attractive advance for the field of analytical science.
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6.4 Conclusion

In this chapter, we report new a method for sample processing and analysis of markers of
amino acids in dried blood samples using an integrated microfluidic device. The new methods
are automated, and facilitate significant reductions in reagent consumption. In addition, the new
methods have built-in plumbing for direct interfacing with mass spectrometry. We propose that

these advances have the potential to contribute to a new paradigm of fast, inexpensive screening.
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Concluding Remarks and Future Potentials

In the work described in this dissertation, digital microfluidics (DMF) was used for
applications in chemistry, biology and medicine. Here, I summarize my contributions in each of
these areas and propose suggestions for directions for future work.

Chemistry

A DMF-driven method for parallel-scale synthesis was developed and is described in
chapter 2. The device was designed to handle diverse reagents and multiple reaction steps and
was capable of forming five products in parallel with no need for complex networks of tubing
and microvalves. The multiplexing demonstrated here is likely just the beginning; I propose that
in the future, the device architecture should be expanded to facilitate split-and-pool
combinatorial synthesis of tens or even hundreds of products simultaneously. Additionally, I
propose that the device would be improved through interfacing to microchannels (as in chapter
4) for interfacing to a mass spectrometer (MS) for in-line analyses (as in chapter 6). Finally, it’s
worth mentioning that in its conventional format, DMF is not appropriate for all synthetic
applications (e.g., reactions performed at high temperature and pressure). Thus, I propose that
there is tremendous room for innovation in device format and operation.

Biology

I presented the first DMF-driven method for extracting proteins from heterogeneous
mixtures via precipitation in chapter 3. The new method has comparable performance relative to
conventional techniques, combined with the advantages of reduced reagent and sample
consumption, and no centrifugation. The results suggest great potential for digital microfluidics
for automated proteomic biomarker discovery, but the results in chapter 3 represent only the first
step of many. To reach that goal, several new methods must be developed, including: (1) an
integrated DMF device incorporating sample reduction, alkylation, and digestion; (2) a
microfluidic platform comprising a sample preparation DMF platform coupled to a network of
microchannels for separations. A prototype of the latter method is described in chapter 4 -- a
multilayer hybrid microfluidic configuration in which a digital microfluidic module is interfaced
to a network of microchannels. This platform was capable of performing multi-step enzymatic
digestion followed by electrophoretic separations. Additional future experiments will include

equipping microchannels with monoliths to carry out two-dimensional chromatography (i.e.,
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Strong cation-exchange followed by reverse phase separations), which is a key requirement prior

to tandem MS/MS analyses in the proteomic technology.
Medicine

The first DMF-driven method for sample clean-up and extraction of estradiol in 1uL of
clinical samples (i.e., whole blood, serum and breast-tissue homogenates) is presented in chapter
5. The new method is fast and features >1000x reduction in sample use relative to conventional
techniques. But estradiol is just the beginning. Future experiments will include validating the
compatibility of the new method with the extraction of other hormones (e.g., progesterone and
testosterone) that are involved in hormone-sensitive diseases such as infertility. In chapter 6, a
new method for rapid processing and analysis of inborn amino acid diseases using an integrated
microfluidic device was presented. The new method has built-in plumbing for direct interfacing
with mass spectrometry, which has the potential to contribute to a new generation of fast,
inexpensive screening for congenital diseases. The current work demonstrates proof-of-concept
for quantification of three amino acids (methionine, phenylalanine, and tyrosine) that are often
measured for early diagnosis of diseases in newborn screening, and for future work, I anticipate
the extension of the technique to be compatible with the full suite of diseases tested by newborn
screening programs. For example, future DMF platforms will incorporate more reagents for
extracting and derivatizing other sets of biomarkers such as organic acids and acylcarnitines to

screen for many diseases at once.
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Appendix 1 Digital Microfluidics For Automated
Proteomic Processing

Digital Microfluidics (DMF) is a technique characterized by the manipulation of discrete
droplets (~nL - mL) on an array of electrodes by the application of electrical fields. It is well-
suited for carrying out rapid, sequential, miniaturized automated biochemical assays. Here, I
report a DMF platform capable of automating several processing steps (extraction, reduction,

alkylation, digestion) used in proteomic analyses.
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A1.1 Protocol
A1.1.1 Device Fabrication

1. Clean glass substrates in piranha solution (3:1 conc. sulfuric acid: 30% hydrogen
peroxide). Leave the substrates in piranha solution for 10 min with frequent agitation.

2. After rinsing in deionized (DI) water and drying the substrates with N, gas, place the
substrates inside the electron beam deposition chamber for chromium deposition
(thickness of 250 nm).

3. To dehydrate the chromium-coated substrate, rinse in isopropanol and then bake on a
hot plate for 5 min at 115°C.

4. Dry the substrates and prime with hexamethyldisilazane (HMDS) by spin-coating (30
s, 3000 rpm). Spin-coat again (using identical parameters) with Shipley S1811
photoresist.

5. Pre-bake the substrate on a hot-plate (100°C, 2 min), then pattern the photoresist by
exposure to ultraviolet (UV) irradiation for 5 s through a photomask.

6. Develop the UV-exposed substrates in Shipley MF 321 developer for 3 min and wash
in DI water. Post-bake on a hot-plate at 100°C for 1 min.

7. Etch the exposed chromium by immersing in chromium etchant for 30 s. Rinse and
immerse in AZ300T stripper for 10 min to remove the remaining photoresist. Rinse in
DI water and dry with N2 gas.

8. Deposit 2-5 um Parylene-C (an insulating polymer) by chemical vapour deposition
onto a substrate bearing patterned chromium. Deposit 50 nm of Teflon-AF (to make
the surface hydrophobic) by spin-coating a solution (1% wt/wt in Fluorinert FC-40) at
2000 rpm for 60 s. Post-bake on a hot-plate (160 °C, 10 min).

9. To form the top plate, coat an un-patterned indium tin oxide (ITO) glass substrates 50

nm Teflon-AF, as above.



106

A1.1.2 Device Setup and Automation

1.

In digital microfluidic devices operated in "two-plate" conﬁguration,13 droplets are
positioned between a bottom substrate (with patterned electrodes) and a top substrate

(with one contiguous, transparent electrode, typically formed from ITO).

. To set the device up, remove polymer coatings from the contact pads of a bottom

substrate by gentle scraping with a scalpel. Couple the exposed pads of the bottom

substrate with 40-pin connectors (Fig. 1a).

. Power-on a computer running LabView (National Instruments, Austin, TX), a home-

built control box (featuring an array of high-voltage relays that are controlled by
signals from a National Instruments DaqPad), a function generator, and an amplifier.
The computer/control box facilitates user control over application of 100 VRMS/18

kHz signals to the device via the 40-pin connectors.

. Assemble the device by positioning two pieces of double-sided tape (140 pum total

thickness) on the edges of the bottom substrate and complete with unpatterned ITO
slides (top plate).

. To initialize the control system, run the LabView calibration program (written in-

house) to calibrate the feedback control.
Load the sample and reagents into the appropriate reservoirs and enclose them under
the top substrate (Teflon-coated side facing down). Attach the ground connector to the

top substrate.

. Load the actuation code in LabView (written in-house) and execute the program to

initiate droplet actuation.

A1.1.3 Sample and Reagent Preparation

1.

Prepare working buffer (WB): 100 mM TrisHCI (pH 7.8) and 0.08% Pluronic F127

w/v.

. Dissolve protein(s) to be analyzed in WB and pipette sample into reservoir 1 (R-1) on

the device, as shown in Fig. 1b.

. Prepare precipitant, 20% Trichloroacetic acid (TCA) in DI water, and pipette into R-2.

Prepare wash buffer, 70/30 Chloroform/acetonitrile (ACN) and pipette into R-4.



107

5. Prepare resolubilizing buffer, 100 mM Ammonium Bicarbonate (pH 8.0) and 0.08%
Pluronic F127 w/v, and pipette into R-5.

6. Dissolve reductant, tris(2-carboxyethyl) phosphine (TCEP), at 10 mM in WB and
pipette into R-6.

7. Dissolve alkylating agent, iodoacetamide (IAM), at 12 mM in WB and pipette into R-
7.

8. Dissolve trypsin in WB at a concentration equal to1/5 of the concentration of the total

protein sample and pipette into R-8.

R6 R-7
a) R2 (Reducing (Alkylating
(Precipitant  Agen} Agen)

R-3 R-8
(Waste (Digestive
Reservoly 1l i .!.- Protease
T mm i
SQUATE = !
50 m gaps -
;;.'La;'e—:u u i
R-1 R4 R-5
(Serum (Solvent (Resolubilizing
Samplg Buffey

\

DMF Pin

Platform Connectors

/

Figure Al.1 a) A picture a DMF device mated to 40-pin connectors for automated droplet actuation. b) A
schematic of a device depicting the positioning of sample and reagents required for a proteomic workup.
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A1.1.4 Digital Microfluidics Sample Processing

1.

The following procedure is implemented automatically by means of LabView code
written in-house. The volume of droplets dispensed from reservoirs is defined by the

dimensions of the electrodes (in this case, dispensed droplets are ~600nL).

. Dispense a droplet of protein-containing sample from R-1 and a droplet of precipitant

from R-2 (Fig. 2, frame 1). Merge the two droplets and allow the combined droplet to
incubate for 5 min, resulting in the precipitation of proteins onto the surface (Fig. 2,
frames 2-3). Actuate the supernatant away from the precipitated protein to the waste

reservoir, R-3 (Fig. 2, frame 4).

. Dispense three droplets of wash buffer from R-4 and drive them across the precipitated

protein to the waste reservoir, R-3 (Fig. 2, frame 5).
Allow the precipitate to dry, and dispense a droplet of resolubilizing buffer from R-5
to the protein. Allow the buffer to incubate for 20 min until the precipitate has

dissolved (Fig. 2, frame 6).

Precipitant

Precipitation
after 5 min

Protein

Remove Resolubilize
supernatant

Figure A1.2 Frames from a movie depicting the automated extraction and purification of BSA in 20% TCA
(precipitant) and 70/30% chloroform/acetonitrile (rinse solution). In frame 6, the precipitated protein is
redissolved in a droplet of 100 mM ammonium bicarbonate.
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5. Dispense a droplet of reductant from R-6 and merge it with the sample droplet. Mix
the combined droplet by actuating it across 6 electrodes in a circular pattern. Allow the
droplet to incubate for 1 h at room temperature in a humidified chamber (Fig. 3,
frames 1-2).

6. Dispense a droplet of alkylating agent from R-7 and merge it with the sample droplet,
followed by mixing (as in 4.5). Allow the droplet to incubate for 15 min at room
temperature in a humidified chamber, protected from light (Fig. 3, frames 2-3).

7. Dispense a droplet of trypsin from R-8, and merge it with the sample droplet, followed
by mixing (as in 4.5). Allow the droplet to incubate for 3 h at 37°C in a humidified
chamber on a hot plate (Fig. 3, frames 3-4).

Reduction

4

lodoacetamide

Alkylation : Digestion

-

Trypsin

Figure A1.3 Frames from a movie illustrating sequential reduction, alkylation, and digestion of a droplet of
resolubilized protein. In this figure, the reagents are colored with dyes for clarity; in practice, the reagents
are not colored.
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A1.1.5 Post-Processing Sample Preparation

1.

Remove top substrate and quench digestion reaction by adding 0.6 mL of 2.5%

trifluoroacetic acid in water.

. Purify quenched reaction product using C18 ZipTips (Millipore, Billerica, MA)

according to manufacturer’s instructions.

Dilute purified sample in DI water to a final volume of 100 mL.

A1.1.6 Mass Spectrometry

1.

Evaluate the processed sample on a nano-HPLC mated to a tandem mass spectrometer.
The HPLC system used here is from Eksigent Technologies and is equipped with a
trap column (3 mm dia. C18 beads, 150 um ID x 2.5 cm) and a reversed-phase
separation column (3 pum dia. C18 beads, 75 um ID x 15 cm). The mass spectrometer

used here is an LTQ from Thermo-Fisher Scientific.

. Load a 2 uLL sample onto the trap column at SpL./min in a mobile phase comprising 5%

acetonitrile in water. Separate the sample on the reversed phase column at 0.5uL/min
using a linear gradient from 20% acetonitrile to 80% acetonitrile over 25 min.

Continue running at 80% acetonitrile for another 10 min.

. Analyze the bands eluting off the column by tandem mass spectrometry. In the work

reported here, the eluent is sampled into the mass spectrometer via a nanoelectrospray
emitter (20 um ID tapered to 10 um ID) from NewObjective.

Identify the proteins in the sample using a database search program such as
SEQUEST. In this work, I used the version of SEQUEST incorporated in Bioworks
v3.01 (Thermo-Fisher Scientific), and identified proteins that had probability scores of
less than 1.0E-03 (equivalent to 99.9% confidence interval), and sequence coverages

of at least 30% (Fig. 4).
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Relative Abundance

Time [min}

Figure A1.4 MS chromatogram of a sample of bovine serum albumin processed by digital microfluidics. 25
distinct peptides were identified (99.9% confidence interval) corresponding a sequence coverage of 44%.
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A1.2 Discussion and Conclusion

The lack of standardized sample handling and processing in proteomics is a major
limitation for the field. In addition, conventional macroscale sample handling involves multiple
containers and solution transfers, which can lead to sample loss and contamination. A potential
solution to these problems is to form integrated systems for sample processing relying on digital
microfluidics (DMF)." In previous work, DMF was shown to be useful for efficient removal of
unwanted contaminants in heterogeneous protein-containing solutions.!’ Likewise, DMF was
shown to be compatible with integration of multistep solution-phase processing (reduction,
alkylation and digestion) on an integrated device.”® Here, we have demonstrated a fully
integrated system with automated droplet control for protein extraction by precipitation followed
by solution-phase processing. We speculate that if methods such as these are widely adopted, the
human error inherent in proteomic sample processing can be largely eliminated, resulting in
analyses with better reproducibility. In short, we propose that DMF has the potential for being
useful for a broad cross-section of applications, as the conditions can be precisely duplicated in

any laboratory in the world.
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Appendix 2 A Two-for-One Dielectric and Hydrophobic
Layer for Digital Microfluidics

A2.1 Why is this useful?

Digital microfluidics (DMF) is a technique in which droplets of reagents in micro- to
nano-liter volumes are manipulated by applying a series of electrical potentials to an array of
electrodes.'* In DMF devices, the actuation electrodes are coated with an insulating layer. Upon
application of electrical potentials, charges accumulate on either side of the insulator, a
phenomenon that can be exploited to make droplets move, merge, mix, split, and dispense from
reservoirs. The insulating layer is covered by an additional hydrophobic coating, which reduces
droplet sticking to the surface.”* The instruments and materials required for forming these layers
are expensive (tens-to-hundreds of thousands of dollars) and the deposition methods are time-
consuming (many hours). Recently, Hao et al.”' demonstrated a new strategy for reusing DMF
devices by fitting them with insulating polymer coverings (e.g., food wrap) that are spin-coated
with Teflon. Here, we share an even simpler method that is cheap (tens of dollars) and fast
(minutes) featuring a two-for-one insulating and hydrophobic layer formed from laboratory
wrap (Parafilm®, Alcan Packaging, Neenah, WI). No Teflon is required for fabricating these

devices, and we speculate that this will be useful for laboratories interested in rapid prototyping.

A2.2 What do I need?

e Bottom substrate patterned with working electrodes (typically chromium or gold on

glass); electrodes can be formed using conventional cleanroom techniques’>*"

or by
rapid prototyping techniques such as microcontact printing,”* laser toner printing,”'” or
marker masking®'®

¢ Indium-tin-oxide coated glass (can be purchased from Delta Technologies Ltd, Stillwater,
MN) to serve as top substrate

e Parafilm® and wax paper backing

e Scissors

e Scalpel
e Hot plate
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A2.3 What do I do?

1. With scissors, cut a piece of Parafilm® and stretch the film horizontally and vertically to

its limits (Figure A2.1a), and place over the bottom plate of the DMF device (with

patterned electrodes) (Figure A2.1b)

Figure A2.1 Pictures illustrating a) stretching a piece of Parafilm® and b) placing over the bottom and top
plate of the DMF device.

2. With a wax paper apply pressure with your finger on the film to release any air trapped
between the electrode(s) and film (Figure A2.2a). Then, score film with a scalpel and
peel off excess Parafilm® (Figure A2.2b,c).

Figure A2.2. Pictures illustrating a) applying pressure on the film with finger, b) scoring the film with a
scalpel and c) peeling off excess Parafilm® .
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3. Repeat steps 1 and 2 to apply parafilm layer to the top substrate (indium-tin oxide coated
glass)

4. Place substrates on hotplate for 30 seconds at 80-85°C.

5. Allow substrates to cool down to room temperature (Figure A2.3a), and then assemble
the device with a top plate”*

A2.3 (b-e).

to dispense, merge and split droplets as shown in Figure

Droplets Droplets
Dispensed Merged

e) Droplets

Splitting Split
i

Figure A2.3 Pictures illustrating a) a DMF device fitted with Parafilm® and assembled to b) dispense,
c)merge and d,e) split droplets.

A2.4 What else should I know?

e A ~45x4.5 cm piece of Parafilm® stretched to its limits will give a thickness of 6 — 9
pm.

e A voltage of 300 — 500V is appropriate for actuation for above thickness.

e Use of wax paper when applying pressure is important as it avoids contamination of
Parafilm® surface.

e Device can be recycled by simply peeling off old Parafilm® and replacing it with a new
film.
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