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Abstract

Within this dissertation, we have developed several new microfluidic circuit components
that permit precise flow control at the nanoliter scale, and we have demonstrated their suc-
cessful applications in either proof-of-concept experiments or in true bioanalytical settings.

We first introduced key concepts of microfluidics (Chapter 1), the following two chapters
are focused on improvements in the microfluidic sample chopper (uChopper). Secondly, we
improved upon our puChoppers performance by adding automation with on-chip pneumatic
valving (Chapter 2). The device, in combination with lock-in analysis, was shown to sig-
nificantly reduce 1/f noise, which is a challenging problem in small scale detection of low
magnitude signals. This device allowed tightly phase-locked fluorescence detection with a
bandwidth of only 0.04 Hz for droplets generated at 3.5 Hz, which resulted in a detection
limit of only 12 pM fluorescein (3.1 x 107 moles) or 9.3 nM insulin (1.9 x 107!¢ mol) using
homogeneous immunoassays. The device was finally applied to the quantification of free fatty
acid (FFA) uptake by 3T3-L1 adipocyte cells, and for the first time, single adipocyte FFA
uptake was measured at 3.5 x 107 mol cell™*. Thirdly, we expanded the applicability of
this high performance detection system by designing and testing a multi-channel Chopper.
The device consisted of six sample input channels and one oil input, again with automated
control using seven on-chip valves. The next-generation puChopper was shown to perform
various modes of analyses such as constant calibration mode, mixed mode, multiplex mode,
and standard addition mode. Each mode was characterized for future application using
fluorescein to mimic biological assays. We present result showing that this next-generation
uChopper can not only reduce 1/f noise, but also reduce human error. Furthermore, analysis
times were significantly faster since all calibrations could be completed in a single run of the

device.
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Fourthly, we implemented a new strategy for rapid, on-chip protein detection by com-
bining a customized rotary mixer design with a novel, homogeneous (mix-and-read) protein
assay (Chapter 3). Rapid mixing of a few nanoliters of each assay component (sample and
probes) was achieved within 2.2 seconds. Aptamer or antibody-oligonucleotide based assays
were used to measure protein quantities in these small-volume mixers. By combining the
benefits of automated rotary mixer with homogeneous protein assays, we demonstrated that
proteins could be detected at quantities as low as the attomole range.

Finally, we outlined a frequency-dependent study on passive microfluidic flow control
components, namely autoregulators (Chapter 5). Using an autoregulator design developed
by others, we sought to characterize the component’s frequency dependence to gauge its
usability in more complex microfluidic circuits. Our approach first relied on simulation
of the microfluidic circuit using electrical circuit analogies. The results confirm that the
autoregulators were functional as nonlinear components, permitting feedback control of the
output fluidic flow rate and giving constant output flow rates at a range of input pressures.
We also confirmed for the first time that these components are functional at relatively high
switching frequencies-up to 16 Hz-a result that matched well with circuit simulations. Finally,
we applied this knowledge to design and demonstrate a new microfluidic circuit, a flow rate
mirror. Results showed that an autoregulator could control the flow rate in a parallel fluidic
path, essentially independent of the downstream flow resistance. Within this work, we also
demonstrated two new methods for characterizing fluidic circuit components based on real-
time microscopy (fluorescence and transmission modes) to allow continuous measurements
of pressures and flow rates in these devices.

Overall, we have demonstrated several new microfluidic circuit designs for nanoliter-scale
flow control that allow sensitive bioanalytical measurements or provide novel flow control

methodologies that should be useful for future studies in microfluidic systems.
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Chapter 1

Introduction

1.1 Introduction to Microfluidic Techniques

1.1.1 History of Microfluidics

Since the 20th century, electronic technology has evolve exponentially thanks to the
discovery of semiconductors and the enhancements made possible due to the development
of photolithographic techniques to enable miniaturization[1, 2]. To date, electronics devices
continue to be smaller and smaller. Similarly, laboratory experiment also felt a need for
miniaturization especially in biological laboratories where being able to work with small
volumes is important but can be not-trivial. Therefore, deriving from the same techniques
used to miniaturized electronic components, a novel scientific field named microfluidics was
created [3].

Microfluidics is the science that studies the behavior of fluids confined into channels of
size ranging from 10 to 100 micrometers [4]. It is a technique where all laboratory equip-
ment and glassware can theoretically be reduced into a single chip, generally about one inch
square in dimensions. Therefore the platform is often referred to as Lab-on-chip (LOC)
. This technology primarily focuses on the manufacture of microfluidic chips where small
volume of fluids (down to femtoliter) can be controlled and manipulated. Due to its ad-
vantages such as small volume consumption, low cost, and short analyses time, this field is
gaining more popularity in biology, chemistry, and engineering. Over the years, the field of
microfluidics has greatly expanded with more research groups being created as well as more
investment from the industries. In fact, microfluidics publication in engineering, multidisci-

plinary science, biology, and medicine journals sees a significant increase in the number of



publications every year, and the microfluidics market also is observing a growing number
of companies|5, 6, 7]. The success of microfluidics is most probably due to the fact that it
allows large flexibility in the design of the devices to include the flow regime, functionality,
and application. Advantages such as low sample volume consumption, faster analyses time,
and its low fabrication cost are not to be omitted.

The bioscience field presents a wide variety of tools for analyses but when miniaturiza-
tion is necessary, there is an option of choosing between the microtiter plate, the microarray,
and microfluidics. Although these tools can all achieve similar results, microfluidics surpasses
the other techniques with better advantages. Lion et al. have compared these three devices
in their review and placed microfluidics on top in terms of analytical sampling volume, and
analysis time [8]. To explain the faster analysis time observed in microfluidic systems, we
can consider the analogy where two molecules placed in a large volume takes more time to
come to a close proximity and react than when placed in a smaller environment such as the
microfluidic channels. Furthermore, microfluidics can integrate different functionality into
one device to create a system known as Micrototal Analyses (uTAS). For a device to be
consider a pTAS, all components and processing steps should be integrated, it should be
portable, and also provide all of the possible analyses in the same device with no user inter-
action required except for initialization. Examples of such devices have integrated sample
preparation, solid phase extraction (SPE) , dilution, electrophoresis, mixing, incubation, and
detection into a single device[9, 10, 11, 12]. Another advantage of microfluidics is the low
cost of material which can be less than a dollar per chip. These advantages arguably make
microfluidics the best candidate for field applications and point of care detection (POC) .

The evolution of microfluidics as an analytic tool have lead to usage of a wide range
of materials for fabrication. The materials mainly used are glass, paper, or polymers
such as polydimethyl siloxane (PDMS). Other polymers such as polymethylmethacrylate
(PMMA), photocurable perfluoropolyether, biodegradable polymers, photosensitive poly-

mers, and polymerized hydrogels have been used to make microfluidic channels[13, 14, 15,



16, 17] Paper microfluidics is more suitable for point of care detection (POC) and can be
used in developing world for diagnostic applications. On the other hand, glass, PDMS and
PMMA microfluic are mostly used in research and medical laboratories as well as in the
industry.

Microfluidics is a multidisciplinary technique because it finds applications in chemistry,
biology, physics, and engineering. Some applications include protein crystallization[18], cell
culture[19], high throughput drug screening, cell sorting, generation and manipulation of
monodisperse droplets, etc. One of the biggest achievements of microfluidics system is the
detection of a single DNA molecule by polymerase chain reaction (PCR). Figure 1.1 depicts
single molecule encapsulation, PCR amplification and detection[20, 21]. In this method,
single copies of DNA strands are encapsulated in femtoliter volume droplets and are enzy-

matically amplified. Positive droplets (green) can be digitally counted with high precision.

1.1.2 Microfluidic electric circuit analogue

We know that lab-on-a-chip technology is directly related to electronic circuits because
materials and fabrication techniques are similar, and it has similar goal to combine compo-
nents with different fonctionality in a small chip. As such every microfluidics component can
be thought of as having an equivalent electronic component. Therefore a microfluidic chip
can be directly compared to an electronic chip in terms of component functionality. Figure
1.2 illustrates a few microfluidic components that behave similarly to electronic components.
In general, fluid pressure, fluid flow, and flow resistance can be modeled by electric voltage,
current, and resistance respectively. So the Ohm’s law can easily be applied to microfluidics

by replacing the voltage, current, and resistor by their microfluidic analogue.
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Figure 1.1: Single molecule detection with droplet microfluidics.

(A) Microfluidic design for compartmentalization and amplification of single DNA
molecules. (B) Droplet emulsion collection for PCR amplification. (C) Droplet re-injection
onto the microfluidic chip for fluorescence imaging. (D-F)) Fluorescence confocal
microscopy analysis of thermocycled droplets showing the wild-type DNA (D), the mutated
DNA (E),and both the wild type and the mutated DNA (F). This Figure was reprinted
with permission from ref [21] Copyright 2011, Lab-on-Chip.

AP = ¢Rpwizic Equation 1.1

where AP is the change in pressure, ¢ is the flow rate, and Rpgjyiq4ic is the fluidic resis-
tance.

Fluid control and manipulation can be done by using other components such as microflu-
idic diodes, capacitors (illustrated in Figure 1.2), and transistors (or switches) that are often

fabricated by modifying the design and the functionality of microfluidic valves[22, 23, 24].



The Quake research group have pioneered microfluidic fabrication of electronic circuit ana-
logues. They have fabricated a microfluidic multiplexer[25] and another device capable of
memory storage tasks[26]. Similarly, a work showing a microfluidic shift register have been
published[27]. The electronic analogies enable a deeper understanding of fluid dynamics at
the microscale and for predicting reaction conditions. However, further investigation needs
to be done to fully understand device function. For instance, newly described microfluidic
components should be further studied for their frequency dependence and dynamic function
to enable improved integration into complex devices. In fact, frequency responses of several

components are shown within this dissertation.

1.1.3 Flow Regime in Microfluidic Systems

The basis of microfluidics is to be able to flow very little amount of fluids into micrometer
channels and therefore perform reactions at the microscale. When fluids are allowed to flow
in such small space, the forces acting on the fluid are different than those at the macroscale.
Fluid behavior in microscale channels is governed by laminar flow (Figure 1.3) where plates
of fluids flow side-by-side and in a uniform fashion as opposed to turbulent flow where the
layers of fluids flow in a chaotic fashion and can be quickly mixed. Those plates or layers of
fluids can only mix with the neighboring layers by slow diffusion. In such systems, inertial
forces and gravity are negligible and the dominants forces are surface tension, van de Waals
interaction, and surface roughness[28, 29]. The viscous force within the fluid is also more
important than the inertial force. Another important characteristic of flow in microfluidics
is the capillary forces or simply capillary number, which is the ratio between viscous forces
and the surface tension. I will elaborate more on this particular characteristic in the droplet
subsection bellow.

Flow can be initiated in microfluidic devices by using a pressure or vacuum source,
peristaltic pump, or electro-osmosis. A simple syringe pump or pressurized syringe can be

used to apply vacuum or pressure to flow reagents in the channels. Peristaltic pumps are
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Figure 1.2: Microfluidic electronic analogue

(a) A microfluidic chip depicting fluidic components analogue to electric circuit such a
fluidic resistors, capacitors and diodes. (b) A cross-section on the microfluidic chip showing
the same components. This Figure was reprinted with permission from ref [24] Copyright

2009, Nature Physics.



exclusively used in automated systems where no continuous external force is needed to move
or mix the fluids. Electroosmotic flow is initiated by applying a potential across the channel
to move fluids; it is mostly used for microfluidic electrophoresis. This dissertation work
only focuses on pressure and vacuum driven flow with or without valves in single phase and

multiphase microfluidics.

Continuous Flow Microfluidics

A microfluidic device is in the continuous flow regime when the fluid is the same through-
out the channel and have the same density. In general, only the aqueous phase is used in

the system. In this flow regime the channel size and the hydrophilicity of channel walls

Figure 1.3: Ilustration of laminar flow
An image of the laminar flow process in the microfluidic channel showing 7 layers of fluids
flowing side-by-side without mixing. This Figure was reprinted with permission from ref
[28] Copyright 1999, Science.



give important characteristics which is the large surface-to-volume ratio. This is the most
common and the simplest flow regime, and it is present in almost all microfluidic systems.

The first microfluidic device functioned on single phase flow and was used for gas chro-
matography to analyze ambient air[3]. The single phase has since evolved to using aqueous
reagents to perform chemical reactions on-chip. Implementation of this flow regime can
be found in various microfluidics techniques going from simply using pressure or vacuum
to flow liquids in channels to highly complex, automated systems such as the high-density
microfluidic chip for large scale integration fabricated by the Quake group[25]. This device
consisted of complex fluidic networks controlled by thousands of micromechanical valves and
contained hundreds of individually addressable chambers that together function much like
an electronic multiplexer. The same group presented other microfluidic devices based on
continuous flow fluid manipulation, one that could flux stabilize flow and act as flip-flop
memory|[26], and another that was capable of segmenting precise volume of fluid for effec-
tive mixing[30]. Utilizing the continuous flow regime in microfluidics is beneficial for point
of care (POC) detection (Figure 1.4, A and B)[31, 32|, to mimic blood flow in the case of
organ-on-chip devices (Figure 1.4C)[33], and is the only type of flow possible in some type
of microfluidic devices such as the compact disk microfluidic (Figure 1.4D)[34] and paper
microfluidic (Figure 1.4E) devices[35].

Microfluidics systems employing the continuous flow have found applications in fluid
handling, point-of-care detection, cell separation, solid phase extraction (SPE), and on-chip
assays. As mentioned in the previous paragraph, fluid control and manipulation using single
phase flow are mostly applied to microfluidics electronic analogues to prove that microfludic
can perform similar tasks as electronic circuits. Point of care diagnosis including paper
microfluidics are simple and disposable devices that require only sample and reagent to
react and be detected through color change. Cell sorting has also been done by flowing
different types of cells in the same stream and using different geometries and mechanism to

sort the cells[36].
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Figure 1.4: Some applications of continuous flow microfluidic devices
(A) An integrated disposable diagnostic card for analyses of filtered saliva in point of car
(POC) detection. (B) A disposable microfluidic device for sandwich immunoassays used in
POC detection. (C) Microfluidic organs-on-chip, an image depicting lung-on-chip. (D) A
microfluidic compact disc device for isolation of rare circulating tumor cells (CTCs). (E) A
3D paper microfluidic device showing streams of fluids crossing each other. Figure A, B, C
D, and E were printed with the permission from ref [31] Copyright 2006, Nature; ref [32]
Copyright 2005, Anal. Chem. ACS; ref [33] Copyright 2014, Nature Biotechnology; ref [34]
Copyright 2014, Anal. Chem.; and ref [35] Copyright, 2008 PNAS.



1.1.4 Droplet Microfluidics

Droplet microfluidics is a sub-field of microfluidics where monodisperse bubbles or
droplets (typically from fL to nL. volume) of a dispersed gas or liquid phase in a contin-
uous liquid stream are generated and manipulated. Since it was first introduced[37], droplet
microfluidics has undergone rapid progress as it offers unique advantages and a wide range
of applications, notably for single molecule analysis, digital PCR, protein crystallization,
and high throughput screening. The driving force of droplet microfluidics is its ability to
serve as individual, small volume compartments in which to isolate and study chemical or
biochemical systems. Isolation of droplets by the immiscible fluid allows them to behave as
individual test tubes or microreactors where millions of reactions or assays can be performed

at the same time.

Droplet formation

Droplets are formed at the region where two immiscible fluids streams merge. The
characteristics involved in droplet formation and break-out are directly related to the local
geometry and surface chemistry of microchannels. Several geometries designed for passive
droplet formation have been proposed and are being used by researchers, namely the cross-
flow, the co-flow, and the flow focusing designs. The choice amongst these design is a matter
of preference since they can all produce stable and monodisperse droplets with consistent

size at a prescribed frequency|38].

Cross-Flow

When the dispersed and the continuous phase channels meet at an angle, the geometry
is referred to as cross-flow (Figure 1.5A, and B)[39]. The most commonly used cross-flow
geometry is the T-junction where the two phases of fluid meet at an orthogonal cross section
between the channels (Figure 1.5A). It was introduced by the Quake group in 2001 when they

created the first droplet microfluidic device (Figure 1.5B)[37]. The coefficient of variation
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(CV), in droplet volumes using this geometry was less than 2%, thus making it the simplest
method of producing monodispersed droplets and therefore the most widely used geometry.
There is another T-junction design where the angle between the two phases is modified and
the effect of varying the angle affects droplet breakup. The original T-junction design can
also be used but with the two immiscible fluid coming in a straight channel in opposite
directions and flowing together in an orthogonal channel after droplet formation. This T-
junction style is called "head-on device” and form a Y-shape. If there is a need to flow
two different population of droplets in the same channel, another channel can be added
orthogonally to the carrier fluid channel (Figure 1.5A, bottom). The result is a production
of alternating pairs of droplets where one could serve as reference droplet[40]. We have
exploited this geometry for our lock-in detection discussed in section 1.5.2 and chapter 2 of
this dissertation. Similar droplet pairs are produced with a Y-shape cross-flow design when
using a parallel dual T-junction geometry. Other cross-flow geometries found in literature

are the K-junction, and the V-junction[39].

Co-flow and flow focusing geometries

In the flow focusing droplet generation geometry, three fluidic streams converge into a
main channel through a narrow pathway. In this configuration, two streams of the continuous
phase surround the dispersed phase stream (Figure 1.5C, and D)[41].

The co-flow droplet generation geometry is based on injection of the dispersed phase in
a central microchannel placed in the middle of another microchannel with larger dimension.
The dispersed and continuous phase fluids flow in parallel streams and meet at the injection
tip where droplets break-up(Figure 1.5E) . The device can be either 2D planar or 3D coaxial
configuration[39].

There are few factors that characterize droplets size in co-flow systems, for example the
flow rate. When the continuous phase droplet is faster, the droplets produced are smaller.

Conversely, when the dispersed phase is faster, the droplets become larger. Another factor
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Figure 1.5: Schematic of the droplet formation geometries
(A)T-junction geometries, single (top), dual T-junction (bottom); (B) Schematic and
image of the first droplet formation device. (C) Planar flow focusing geometry. (D) The
first flow focusing device. (E) Co-flow system. Figure B, and D were printed with
permission from ref [37] copyright 2001, Physical Review Letters, form ref [41] Copyright
2011, Int. J Mol, Sci.
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characterizing droplet size is the geometry of the co-flow system. The fact that the contin-
uous flow surrounds the dispersed phase allows sub-micron droplets generation in co-flow

systems|[42, 43].

Droplet surface biocompatibility

One crucial element in droplet microfluidics is the use of surfactants. By definition,
surfactants are amphiphilic molecules that lower the interfacial tension between two immis-
cible liquids. In addition, in droplet microfluidics technology they essentially form a shell
that stabilize droplet interface,to make the system biocompatible, and to minimize cross-
contamination between droplets(Figure 1.10A). This is a basic requirement for biochemical
reactions for each droplet to become a stable individual reaction vessel without coalescing
especially when conducting millions of reaction in picoliter volumes. Surfactants are part
typically of the mixture of the oil carrier. Fluorinated surfactants are widely used for the
stabilization of droplets. Although they have been well reported for their biocompatibility,
they still present some limitations for water in oil interfaces. There have been many at-
tempts to increase the biocompatibility of fluorinated oils by modifying the fluorocarbons.
For example, perfluorooctanaol (PFO) with short fluorinated tails that is used as therapeutic
agents in lung deficiency have been applied to microfluics. The limitation of the technique is
the non-specific interaction of the surfactants with fibrinogen. However, changing the head
groups of the PFO can lead to an increase or decrease in protein adsorption depending of
which head group is used. There are few examples of a truly biocompatible surfactant. The
solution is sometimes to chemically bond another organic group to the fluorosurfactants[44].
One example is the perfluoropolyethers (PFPE) with hydrophilic head group, shown in
Figure 1.6B[45]. While the PFPE stabilize the droplet, the PEG prevents adsorption of
biomolecules to the droplet surface. These type of biocomapatible surfactants are now com-
mercially available. For instance Picosurf 1, commercialized by Dolomite Microfluidics, can

be mixed with oil and has been proven to be very effective.
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Figure 1.6: Surfactants role in droplet biocompatibility
(A) Schematis of a droplet in oil and surrounded by surfactants that prevent molecules or
cells from entering or exiting the droplet. (B) An example of surfactant chemical structure.
Reprinted with permission from ref [45] Copyright 2008, Lab-on-Chip.
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Advantages of droplets microfluidics
Droplet trapping

After the droplets are produced, they can be directly detected or they can be manip-
ulated to produce other benefits for biological and chemical analyses. For this purpose,
discrete volume of droplets can be trapped, split (fission), merged (fusion), and sorted. Be-
cause stable droplets will make it difficult to perform these different tasks, manipulation of
droplets is done often without surfactants.

Droplet trapping allows the parallel processing and monitoring of chemical and biological
assays (Figure 1.7A). Drug screening, microbiology and cell biology have benefited from the
use of droplet array technologies. Traditional methods such as the 96-well plate have been
the only avenue for such applications in the past[46]. However, the well-plate or microtiter
plate require tedious labor to dispense reagents into each well, it consumes larger amounts
of expensive biological sample, and analysis time takes several hours to obtain results. In
microfluidics, thousands of droplets can be produced in high frequency and trapped into
microfluidic trapping channels to form droplets array. Taking advantage of the small volume
of droplets (down to femtoliter), reagents can be saved. Also, microfluidics reaction times are
faster (from minutes to seconds). Therefore microfluidic droplet trapping presents itself as
an excellent alternative to microtiter plates. Additionally, droplet trapping is well suited for
incubation, detection, and making observations. Many droplets trapping geometries involve
channels with narrow regions (sometimes a membrane valve) where droplets can be trapped
and a detour channel where the next droplet can bypass and be trapped in the next narrow

region[46, 47, 48, 49]. A pillar array have also been used to trap and fuse droplets[50].

Droplet merging or splitting

Another purpose of droplet trapping is to fuse or merge the trapped droplet with another

droplet. The main purpose of droplet merging is that it offers precise control over the reaction
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mixture. Since chemical and biological reaction often involve the combination of different
reagents, droplet merging provides ease of performing on-chip reagent mixture or dilution
(Figure 1.7B)[48]. Droplet merging device geometries are often similar to that of trapping
but require a larger chamber before the narrow region where two or more droplets can
be trapped and merged. For two droplets to fuse together, they must achieve temporal
and spatial synchronization. Therefore if two droplets are to be fused, the environmental
conditions should only allow the two droplets to fuse at a time. One strategy has been to
add surfactants in the continuous phase to make the fuse droplet more stable. However, the
presence of surfactant in the solution could make the fusion difficult. The best alternative
is to design geometries that would be favorable to droplet merging. One of the simplest
techniques is to produce the droplet in a narrower channel and moved it into a widened
channel where it can expand, be trapped, and coalesce with the next droplet[48, 51]. The
efficient control of the continuous flow velocity is also a key factor.

Since the droplets can be fused to achieve some chemical and biological purposes, they
can also be split as well. The importance of splitting droplet can be used to remove certain
reagents in a droplet for assay operation or simply to replicate droplets. For example, Abate
et al. designed a droplet spitting devices that could split larger droplets several times to
form emulsion droplets in a much faster rate (Figure 1.7C top)[52]. The splitting mechanism
relies on a sharp channel edge where the droplet with a large circumference can be split in

two.

Droplet mixing

Mixing reagents in a droplet is a crucial aspect of droplets manipulation. Mixing es-
tablishes a homogeneous mixture of reagents inside a droplet and therefore allows faster
reaction. Without faster mixing techniques in microfluidic devices, mixing would rely solely
on the diffusion of molecules, which is time consuming and will compromised one of the most

lauded advantages of microfluidics which is faster reaction time. Figure 1.8 shows the most
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commonly used mixing mechanism involved in droplet microfluidics[53, 54]. The mixing is
useful for size of droplets that are large enough to come in contact with the channels wall.
The channel is designed in a serpentine fashion to allow each droplet to fold itself when
passing through the sharp turn(Figure 1.8a). The folding increases the laminar plates (Fig-
ure 1.8b) while reducing their thicknesses; after each turn the droplet folds into itself and
reorient for the next folding and leave an exponential number of thin laminar plates where
diffusion happens at much faster rate. Figure 1.8c is another channel design for droplet

mixing where the same result is obtained.

Electrowetting

So far, the droplet manipulation techniques discussed use passive flow control where
droplet manipulation is constrained by the geometry the devices. Droplet digital microflu-
idics is a microfluidic sub-field where electrical power is used to mix, merge, and split droplets
(Figure 1.7D)[55]. The technique is called electrowetting on dielectric (EWOD). In this
method, and array of electrodes is used to modify the wettability and the contact angle of
the surface. The drawbacks of this method is complexity of microfluidic device fabrication

and the use of external electrical equipment that could interfere with biochemical reactions.

Droplet manipulation for high throughput application

Droplet microfluidics is a powerful technique because it produces micro-size droplets
that act as ideal reactor chambers for different biological and chemical reactions. It also
provides large flexibility in terms of droplet manipulation and application. Droplet sorting
and pico-injection are the most important techniques of droplet manipulation or application
because they allow high throughput and accurate analytical solution in cellular biology,

biotechnology, and medicine.
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Figure 1.7: Various methods for droplets manipulation

(A) Image of droplets encapsulated with worms trapped in an array of 24. (B) Image of
droplet trapping and merging. (C) Droplet splitting techniques. (D) Digital microfluidics
device capable of mixing, merging, and splitting droplets. (E) Valve-based droplet sorting.

Figure A, B, C, D, and E were reprinted with permission from ref [46] Copyright 2008,

Lab-on-Chip, ref [48] Copyright 2013, Lab-on-Chip, ref [52] Copyright 2011,
Lab-on-Chip,[55] Copyright 2015 New Biotechnology, and ref[56] Copyright 2010, Aplied
Physics Letters.
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Figure 1.8: Droplets mixing mechanism
(a) Serpentine channel showing chaotic mixing in microchannel. (b) Schematic of the fluid
element undergoing chaotic stretching, folding, and reorientaion steps for mixing in
serpentine channels. (c¢) Another channel configuration for chaotic mixing. This figure was
reprinted with the permission from ref [?] Copyright 2006, Nature.
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Droplet sorting

Droplet sorting enables differentiation of droplets depending on their content for further
analysis. It is used in microfluidic analyses to sort encapsulated cells or molecules from
complex, heterogeneous mixtures in a sample[57]. For example, droplet technology offers the
advantage of encapsulating a single cell into a droplet for analysis and facilitate diagnosis of
malignant cells for early cancer detection or simply enrich or purify cell samples into well-
defined populations[58, 59]. Other example include encapsulation and sorting of enzymes[60],
bacteria[61], Proteins, and microbeads[62]. There are two main methods used in microfluidics
to sort droplets. One is the use of pneumatic forces to divert detected droplet from the main
stream. For example the system developed by Adam Abate (Figure 1.9E) where high speed
fluorescent droplets sorting can be performed using a membrane valve that can be actuated
to squeeze an asymmetric channel and divert fluorescent droplets. Another sorting technique
is based on applying electromagnetic forces to sort droplets[56]. One most famous example
is the fluorescence activated cell sorting (FACS) where cells can be sorted at very high rate

(2000 droplet/s) with an error of less than 1 in 10* droplets[63].

Droplet pico-injection

Droplet pico-injection is a technology used to add reagent into droplets. Its importance
is crucial in the case where multistep reactions which require mixing reagent at different
times is needed. There are a few other methods of mixing reagents in droplet microfluidics
including droplet merge mentioned above. Pico-injection offers a much simpler method
of adding reagent in droplets because it does not require synchronization of droplets, and
surfactants can be used. While initial technologies used metal electrodes to inject reagent
in droplet[64], Abate and coworker have developed methods using a channel with dissolved

electrolyte in solution[65, 66].
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Static microfluidic droplet devices

Droplets can also be produced and manipulated without moving them through mi-
crochannels. Similar to the microtiter plate and the droplet trapping microfluidic device
mentioned above, such systems are usually made to produce a droplet array platform for
high throughput screening.

The static droplet array (SDA) device is the closest analogue of the 96-well plate. In
this system an array of droplet is produced by first flowing the sample into a microchannels
network with a repeated sequence of loops. Fluidic trap regions and bypass channels are
the combination at every loops. First, sample is flowed to fill the channels, and plugs of the
sample are trapped in the fluidic trap regions. Next, oil is flowed in the channels to remove
sample in the channels and leave only the trapped sample droplets. The volume of droplets
trapped varies from nanoliter (nL) to picoliter (pL) and is well suited for single DNA and
cell screening. Some of these devices are capable of performing reactions with concentration
gradients[67]. An automated static droplet device that is capable of generating, transport,
immobilize in fusing, storing, analyzing, and retrieving droplet have been reported[68].

The SlipChip is another device where static droplets can be analyzed. This device is
made of two plates in close contact to each other. In the bottom plate, there are prefabricated
wells where reagents are to be loaded as well as ducts for the sample. The top plate serves
as lid to the bottom plate but it also has wells where sample are to be loaded. The device
contains a fluidic network where sample can be flowed to fill the sample wells and ducts.
To initiate a reaction, the top plate is "slipped”, or moved so that the top wells overlap
with the bottom wells containing the reagents. The reaction between sample and reagent
occurs by diffusion. This device can be applied for multiplexed reactions where there is a
need to evaluate the reaction of one sample exposed to many reagents in small volume[69].
This technology has been commercialized to offer microfluidic platforms for quantitative

measurements of nucleic acids and proteins.
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1.2 Microfluidic Chip Design and Fabrication

1.2.1 Mask design

The first step into the fabrication of a microfluidic device is to make a photomask which
is a predefined pattern made of opaque film with transparent areas to allow light to pass
through. It is a glossy plastic used in the microelectronic industry, and in microfluidics
during photolitography process. The mask can be positive or negative depending on which
photoresist will be used. After deciding all features and functionalities of the device a pro-
gram such as Adobe Illustrator is used to design the microfluidic channels. The predefined
patterns dimensions (length and width) will be directly imprinted onto a silicon wafer after
the photolithography process. To ensure that the device will operate as expected, the de-
signing and manufacturing process must be carefully performed. Starting from the design in
Adobe Illustrator, the dimensions should be carefully chosen according the flow rate, reac-
tion time, and functionality needed. When all the design and features are done, the design
files is sent to a company for photomask printing.

Other very important rules should be taken into consideration when designing a mi-
crofluidic device. For example, alignment marks should be included in all devices. This
helps for alignment on the mask aligner especially when fabricating a multilayer device.
Hole punch sizes, generally 3 mm for reservoirs and 1.5 mm for tygon tubings, should be
predefined on the photomask. Flow channels should be designed according to acceptable
aspect ratios to avoid channel collapse after fabrication, low (1:10) and high (4:1) aspect
ratio limits are generally advised. Space on the photomask should be arranged to carry the
maximum number of chips. Our designs usually carry no more than 6 devices at a time for
~1 in? chips. The lines separating the 6 devices indicate where the chip should be diced. The
device should be designed to function with a 30 um tolerance to account for alignment and
dicing errors. For multilayer microfluidics where valves are used, the cross section between

control and flow channel should be designed to achieve nominal valve area; for example if
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the flow channel is 35 pum, the valve area should be at least 150 pym x 150 pm and the closing
pressure is at least 5 psi[70]. The PDMS membrane thickness should be less than 30 pm for

the valve to properly close.

1.2.2 Photolithography

After the photmask is created, the next step is to fabricate the silicon wafer substrate.
This is done by the photolithographic process where the design printed on the photomask
is transfered to the surface of a silicon wafer. This process was developed for the semicon-
ductor industry in the 1940s with the synthesis of photoresist. In fact, the process was first
developed by Niepce as a photographic printing method using ink and paper[1]. In modern
semiconductor fabrication, photolithography uses optical radiation to print an image of the
design from the mask to a silicon wafer. The process begins with cleaning of the wafer to
remove contamination, following by dehydration to remove water, and sometimes addition of
an adhesion promoter. Next, a light photocurable material called photoresist is spin-coated
on the surface of the wafer at a desired thickness. To remove solvent, the spin-coated wafer
is baked (a process called soft bake) on a hot plate at a given temperature depending on the
photoresist used. After removing the solvent the design imprinted photomask is placed on
top of the wafer in a mask aligner, then aligned to make sure that all the design fit the wafer.
UV exposure is done at this stage to change the solubility of the resist during the developing
step. The last two steps are to bake in order to remove excess solvent (post-exposure bake)
and to develop using a photoresist developer and reveal a positive relief imprinted design on
the mask|[71]. In microfluidics where soft polymers such as PDMS are used, photolithography
is referred to as soft lithography. This process is illustrated in Figure 1.9.

As noted, the process uses an organic material called photoresist which reacts to the
Ultraviolet (UV) light. There are two categories of photoresist, positive and negative pho-

toresist. They react in an opposite manner upon exposure to UV light.
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Positive Photoresist

Positive photoresist is a material that when exposed to UV light, the underlying material
is removed. The resist is made so that the exposure to UV light changes the chemical
structure to react with the developer and dissolve, leaving the unexposed underlying material.
The chemical structure of an example positive photoresist is shown on Figure 1.12A. The
basic compound used in this type of phoresist is a photo active compound (PAC) that belongs
to the group of diazonaphtho-quinones (DNQ). UV-light triggers a reaction where nitrogen
gas is released and water is absorbed. DNQ is converted to carboxylic acid, and the alkaline
solubility is increased. An example of positive photoresist is the AZ 40XT used in this
dissertation to make rounded channels. This photoresist allows the photoresist pattern to

be directly transferred to positive-relief structures on the wafer.

Negative Photoresist

As opposed to the positive photoresist, the negative photoresist when exposed to UV-
light reacts in the opposite way. One of the negative photoresists mostly used in microfluidics
is the SU-8 (Figure 1.12B) to create squared channels. It is a chain of biphenol-A having 8
epoxy group at their ends. The exposure to UV-light causes the SU-8 molecules to becomes
crosslinked or polymerized, and the exposed pattern remains on the wafer surface after
developing. In this case, the developer is used to wash out the unexposed areas of the SU-
8. The image transferred onto the wafer in this case is an inverse copy of the photomask

pattern.

1.2.3 Polydimethylsiloxane (PDMS)

The development of soft lithography techniques has provided an inexpensive method for
microfabrication and has played a large contribution in the advancement of microfluidics[29,
72, 73]. As I mention in the previous section, the term soft lithography is used because the

basis of this fabrication technique is the soft rubbery polymer polydimethylsiloxane (PDMS).
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It is an organic polymer that is purchased in liquid form and when mixed with a desired
ratio of curing agent, the monomers become cross-linked and a ruber like polymer is obtained
at the end[74]. The reaction (shown in Figure 1.13) is preferably carried out at 60 °C or
above and the reaction time is depending on the polymer to curing agent ratio. PDMS is
a widely used silicon-based polymer in the microfluidic field for the fabrication of channels
because it possess mechanical and optical properties that are favorable for analytical usage
and it is easy to make. The optical property of PDMS is that it is transparent from ~3580-
900 nm with a refractive index of 1.41 and therefore easy to see through with a visible light
microscope. It is also inert meaning that the chance of reacting with other reagent flowing in
the channels is relatively low. PDMS is a very flexible material, making it a good candidate
used in mimicking organs as well as biological environment[33, 75, 76, 77]. Another advantage
promoting its usage for cell and organs-on-chip application is the porosity of PDMS making
it air permeable while effectively preventing water leakage and evaporation. PDMS is also
non toxic and is used in the shampoos and as food additive as well as anti-foaming agent in

beverage or in lubricating oil. The elastomeric feature of PDMS makes it a suitable material

=

Figure 1.10: Photoresist chemical structure
(A) Positive photoresist. (B) Negative photoresist.



to mimic muscle tissues[78]. In fact, a new field referred to as ”soft robotics” has been
created using PDMS to fabricate small robots[79]. Depending on the application, different
ratios of PDMS elastomer and curing agent can be used for the fabrication of microfluidic
chips. When only one layer is used, the ratio is generally 10:1 (elastomer : curing agent).
For double layer PDMS chip (used when making microfluidic valves), the thin layer, at the
bottom, typically has a ratio of 20:1, and the thick layer is 5:1. The difference in ratios allows
the excess curing agent in the thin layer to react with the thick layer that has less curing
agent after bonding, fusing the layers together. This protocol has permitted the fabrication

of intricate, multilayer devices that mimic electric circuits[25].

1.2.4 Plasma Oxidization

To complete the microchannel fabrication, the opened channels imprinted on the PDMS
must be covered with a glass slide. Plasma oxidation is the process in which PDMS is co-
valently bonded to glass slide. It is often the final process in microfluidic chip fabrication.
During this process, the surface chemistry of PDMS and glass slide are changed. The hydro-
carbon groups are oxidized to silanol (SiIOH) on the surface. The plasma oxidization time
takes about 45 seconds in the plasma oxidizer (Figure 1.14A). Upon contact with another
oxidized PDMS or glass slide, a condensation reaction occurs and creates an irreversible
bonding (Si-O-Si) at the interface of the PDMS and glass cover (Figure 1.14B). Leak-free
channels are created in the process. Plasma oxidization is also one of the techniques used to
change surface properties of the PDMS channels and to make them hydrophilic[80]. However,
the hydrophilicity in this case can only last for few hours due to the hydrophobic recovery
caused by diffusion of unreacted oligomers to the surface. Vickers and coworkers have devel-
oped a method to stop the hydrophobic recovery of PDMS by first extracting the oligomers

using organic solvents and secondly by plasma oxidization|[81].
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Figure 1.11: Cross-linking reaction of PDMS
(Top) The two forms of PDMS; vinyl terminated (1) and the fragmented formula (2).
(Bottom) Methylhydroxilane oligomer and cross-linker hydrosilanization reaction to
produce a flexible polymer PDMS.

1.3 Flow characterization in Microfluidic Channels

Flow in microfluidic channels is characterized by few elements such as the geometry of

the channels, the Reynolds number, and the Capillary number.

Channel size and shape

When including other functionality such as valves on a microfluidic chip, one very impor-

tant factor is the channel’s shape. Microfluidic channels are usually rectangular, or rounded
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in shape. The most popular device fabrication method is soft lithography method that was
described earlier. However, chemical (or wet) etching and deep plasma (or dry) etching
can be used. Etching methods[82, 83| leaves rounded channels and to obtain squared or
rectangular cross-section of the channels, another process must be added. For the PDMS,
whether using the SU-8 or the AZ photoresist, the channels shape will be rectangular after
phololitography and developing. However, the AZ material can be reflowed to create rounded
features. Therefore, to make rectangular or squared cross-section channels, SU-8 is used and
to make rounded channels, AZ is used (Figure 1.13A).

The second most important factor is the channel’s size. To assure better flow control,
optimum conditions for the channels must be respected for the design and fabrication of
PDMS channels. For example, aspect ratio, for channels involving valves, must be lower than
1:10 (height:width) otherwise, the structure will collapse. For passive flow, the resistance
and the change in pressure (AP) are used as the major tool to control flow rate. In addition
to this, flow in automated systems is control by valves and pumps. Therefore, it is important
to carefully choose the depth, width, and length of the channel. The microfluidic resistance

is defined by
129L

’wh—3F Equation 1.2

RFluidic =

where Rppiqic is the fluidic resistance, n is the viscosity, L is the channel length, w is the
channel width, h is the channel height,and F is the geometric form factor for rectangular
shape channels. This formula is based on rectangular channels, therefore channel that are
not perfectly rectangular (Figure 1.13B) can cause some error in calculating fluidic resistance

value with Equation 1.2[84].

Reynolds Number

A major factor that characterizes flow in microfluidics is the Reynolds number which is
the ratio between viscous forces and inertial forces. It determines whether flow will be either

laminar or turbulent. The laminar flow regime (Figure 1.3) often occurs at low Reynolds
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Figure 1.13: Channel size and shapes
(A) Rounded (left) and squared (right) channels feature. (B) Different shapes of squared
channels. From left to right, perfect to deformed squared channels. This Figure was
reprinted with the permission from ref [84] Copyright 2012, Anal Chim Act.
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number (Re), in general when Re is less than 2000, and when Re is more than 4000, the
flow becomes unstable, and the turbulent flow regime occurs[85]. Using aqueous solution in
microchannels, the Reynolds number becomes lower and lower as the flow path and the fluid
velocity gets smaller. In microfluidics, viscous forces become the dominant forces over the
inertial forces allowing only laminar flow to occurs, and the Reynolds number in this case, is
estimated to be less than 1. Equation 1.3 displays the equation of the Reynolds number (Re)
where p is the density, v is the fluid velocity, L is the characteristic length of the channels, and
71 is the dynamic viscosity of the fluid.

B pvL

R, Equation 1.3

Capillary Number

While the Reynolds number characterizes flow in all microfluidic systems, in addition
to this, another important factor also characterizes flow in the case of two immiscible fluids,
namely the capillary number, which is the ratio of the viscous forces and the surface tension
acting on the interface between liquid and gas or between two immiscible fluids. In droplet
microfluidics for example, the capillary number acts on the interface between oil and liquid.
Droplets are formed when the viscous force exerted by the outer liquid phase grows linearly
with the droplet diameter, and break up when it exceeds the capillary force. The following

equation describes the capillary number (Ca):

Ca= all Equation 1.4
8

where p is the fluid viscosity, V is the flow rate of the carrier fluid, and ~ is the surface
tension. Ca is used to measure the ability of droplets to form. At low Capillary number,
the shear stress acting on the droplet causes it to break off[86]. The capillary number in

microfluidic droplet formation devices is estimated between 1072 to 10'[41, 87].
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1.4 Automated Flow Control Methods

There are two essential components used in microfluidics to permit automated flow
control: the microfluidic valves which function like electrical switches to interrupt or allow
flow in the channels, and the micropumps which are series of valves on a channel. Valved
microfluidics and micropumps present many advantages compared to passive flow control. In
droplet microfluidics for example, introduction of a valve system provides a tunable droplet
size and frequency by controlling droplet formation time and/or by controlling the oil phase
only. In passive flow these parameters are dictated by the channel size and the change
in pressure, which are sometimes are difficult to control and present some inconsistencies.
Furthermore, automated valve systems allow the integration of multiple functions into one
device, for example the microfluidic large-scale integration (mLSI) where thousands of valves
and control components are integrated in a single chip, enabling hundreds of assays to
be carried out in parallel. Microvalves control flow direction, timing, separation of fluids,
and allow precise volume control. Micropumps, on the other hand, can provide temporal
and tunable direction of flow as well as precise volumetric movement of liquid and they
are also used to reduce amount external hardware. Because they tune the flow direction
and move precise volume of liquid, they are used to mix reagents in microfluidic channels.
There are numerous valving and micropumps techniques presented in the literature, and this

dissertation relies heavily on the technology.

1.4.1 Microfluidic Valves

Valves are the basic component of fluid control in microfluidic large scale integration
(mLST). Just like transistors in electronics, microvalves are key to mLSI. They give the abil-
ity to combine different tasks and create highly complex systems for micro-total analysis.
The first microvalve was created by Kovacs and coworkers using silicon microelectromechan-
ical system (MEMS). The valve was etched into a silicon microchip and could be actuated

mechanically[88]. Unfortunately, the fabrication of this valve was highly complex and could
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not be adapted to large scale integration. Soon after, a number of valves technique were
also developed using silicone rubber membrane on etched silicon or glass and could be actu-
ated pneumatically. Nowadays, microvalve fabrication technology has greatly evolved with
various techniques being proposed.

There are two main types of valves, a normally-open (NO) valve which closes upon
actuation, and normally-closed (NC) valve for which actuation is opposite that of NO valves.
Many types of valves have been developed with different actuation modes. Microfluidic valves
can be actuated manually, electrochemically, and pneumatically to name a few. Figure 1.14
displays some microfluidic valves found in the literature. Some valves have latches than
can be used to manually or electrically actuate the opening and closing. An example of
such valve is in Figure 1.14A where an inserted screw can be turned to actuate the valve.
This types of valves are more advantageous for point of care (POC) applications because
they do not need external connections, and they do not require a computer a program
to function[32, 89, 90, 91]. However, they lack in volume precision, and the basis of its
functionality is prone to human errors.

Without any doubt, the most popular valves in the microfluidic field are pneumatic
valves. Baek et al. fabricated a normally closed microvalve consisting of 3 layers of PDMS
and one bias-relief plate with 3D flow path that could effectively control and regulate flow
(Figure 1.14B). This type of valve is called a Plunger microvalve[92]. They are fabricated
through a complex process involving multiple steps PDMS bonding. Mathies valves (Figure
1.14C) are one of the most widely used in microfluidics. They where developed by professor
Richard A. Mathies from the University of California Berkeley. The valve is made of a PDMS
membrane "sandwiched” between the control channel and the flow channel which are made
in glass. The particularity of this valve is that the amount of off-chip controller is reduced
therefore, a single vacuum source can control many valves[93, 94].

The simplest and most commonly used microfluidic valve was developed by the Quake

group from Stanford University[95, 96]. It is a normally opened valve that provide precise
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fluid control and timing. They are easy to fabricate by simply bonding two layers of PDMS
together, a process called multilayer soft lithography (MSL). Each layer plays an essential
role which is to control the flow and to flow liquids. The microvalve is formed by crossing the
control channel and the flow channel perpendicular to each other, leaving a thin membrane
of PDMS in between them. The control layer can be above (push-down valve) or bellow
(push-up valve) the flow layer (Figure 1.16). For the valve to function properly, some design
rules must be taken into consideration. First, the flow channel must have a rounded profile to
allow the valve to fully close when actuated. Secondly, a nominal valve area and the PDMS
memebrane thickness must be respected for a given closing pressure. For example, a valve
area of 100 um x 100 gm with flow channels of 5 to 15 ym depth and a PDMS membrane
~10 pm in thickness requires a closing pressure of at least 10 psi for a push-down and 5 psi
for a push-up valve. Thirdly, appropriate aspect ratios must be respected for channels not
to collapse (see soft lithography section above). Last but not least, maximum and minimum

channels dimension are given in the table below[97]. For the push-down valve, the maximum
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Figure 1.14: Microfluidic valves
Example of some valves used in microfluidics. A manually activated crew-valve for point of
care use (left), Plunger valve with 3D flow path (middle), and the Mathies valve in close
position (top right) and open position (right bottom). Figure A and B were reprinted with
the permission from ref [32] Copyright 2005, Anal Chem and ref [92] Copyright 2005, J
Micromech and Microeng.
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flow channel height is limited to 15 um, and it requires higher pressure to close. Conversely,
the push valve can have a maximum flow channel height of 45 ym and can be closed with
much smaller pressure. Investigation of closing pressures at different channels dimensions for
the Quake valve was performed by Fordyce et al., who measured the dimensions and closing
pressures of up to 120 different valves both before and after rounding. They found out that
valves dimensions before and after rounding are proportional to aspect ratios[98].
Non-pneumatic valves are also well reported in literature and actuation mode varies
depending on the application. Electrokinetic valves for example are best suited for microflu-
idic electrophoresis (Figure 1.15). They are used to control electoosmotic flow by changing
the potential from one channel to the other. This is depicted on Figure 1.15 from b to d
where the flow is switched between sample and buffer. Another valve that does not require
pneumatic actuation is the check microvalve. Although the pressure is used to generate
flow in the channels, valve actuation is based on the flow direction. When the sample and
the reagent are flowing in the same direction, the valve opens and the two solution flow in
the same stream. If the reagent flow direction is reversed, the valve closes itself[99]. The

drawbacks of these valves are their cost of fabrication and the precision of control.
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Table 1.1: Summary of some critical design rule information

Parameter Value (pm)

Minimum overall chip thickness 3

Maximum overall chip thickness 7

Minimum flow channel height ( push-down valve ) 5
Maximum flow channel height ( push-down valve ) 15
Minimum flow channel height ( push-up valve ) 5
Maximum flow channel height ( push-up valve ) 45
Minimum possible feature width 15
Maximum possible feature height (rectangular profile only) 150

Nominal control channel height 10 or 25

Minimum spacing between borders of adjacent devices 2.0
inimum center-to-center spacing between punch holes (for 20 gauge) 1.5
Minimum center-to-center spacing between punch holes (for 15 gauge) 2.0

Microfluidic pumps

In addition to microvalves, microfluidic pumps or micropumps can be integrated into
microfluidic chips, adding another important functionality on-chip to generate flow and re-
duce the number of external input such as pressure sources. When it comes to microfluidic
large scale integration (mLSI), micropumps play an essential part just like valves because
they can drive flow, control flow direction, and even mix liquids relatively fast despite the
laminar flow[30]. Although passive micropumps have been reported[100], active micropumps
are mostly used in microfluidics because of their ability to better control flow. The simplest
active pump consists of series valves put one after the other along a flow channel. The pumps
function by applying a sequential opening and closing of the valves across the flow channel.

Most active micropumps are actuated pneumatically by applying and external pressure

to the series of valves. This pumping mechanism is refer to as a peristaltic pump. Activation
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Figure 1.15: Example of non-pneumatic valve
(a) Image of an electrokinetic valve that can perform sample loading (b), dispense (c), and
analysis (d). This Figure was reprinted with the permission from ref [99] Copyright 1999,
Anal Chem.

of valve membranes creates a vacuum that pulls a certain volume of liquid, often set by the
central valve volume. The sequential actuation of the valves moves the same volume in one
direction with each pump cycle. The two most popular pneumatic pumps are made with
Mathies valves[101] or Quake valves. Figure 1.17 depicts micropumps made with these two

types of valves.
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Figure 1.16: Quake style valves: Closing profile of multilayer soft lithography (MSL) valves
(A) Valve formed at the intersection between flow and control channels. (B) Quake’s
push-down and push-up valves. (C) Squared channel reflowed to obtain rounded profile.
Valve area defined by the cross-section area between the two channels (D). This figure was
reprinted with permission from ref [98] Copyright 2012, Lab-on-Chip.

Figure 1.17: The two main types of micropumps
(A) Micropump made with Mathies style valves. (B) Peristaltic pump made with Quake
valves. Figure A, and B were reprinted with permission from ref [30] Copyright 2000,
Science; and ref [101] Copyright 2003, Sensors and Actuators B: Chemical.

1.4.2 Passive Components

So far we have only explored flow controlled by active components. Microfluidic flow
can also be controlled with built-in components that function in response to flow conditions.
Those components are directly derived from electronics and play an important role in mi-
crofluidic large scale integration systems. Each components, often made of valves, respond to
flow by functioning as diodes, capacitors, or fluidic transistors acting as flow regulators[102].
The microfluidic diode for example is useful in drug delivery systems where backflow could
be a major issue[103, 104, 105]. Microfluidic capacitors can be used to periodically store

fluid and has been used to study oscillation[106], and dielectric permittivity of fluids[107].
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As mentioned above, valves in microfluidic are analogues to the transistors and can be used
passively to regulate flow in microfluidics when the valve and the fluidic channel are con-
nected to the same pressure source[108]. Chapter 5 of this dissertation essentially covers

autoregulators as a passive component.

1.5 Detection in microfluidic systems

Since the development of microfluidics, analytical chemists have implemented new meth-
ods for on-chip detection and/or adapted well established bench-top detection techniques on
microfluidic chips. Although fluorescence microscopy is the most widespread detection tech-
nique, the success in the application of other methods for on-chip detection is indisputable.
Amongst the detection methods reported are Raman spectroscopy[109], mass spectroscopy
(MS)[110], UV-vis absorption[111], laser-induced fluorescence (LIF)[112], chemiluminescence[113],
colorimetric detection[114], electrochemical detection[115], and inductively coupled plasma-
atomic emission spectroscopy (ICP-AES)[116]. The choice of detection method often de-
pends on the analyte to be studied or the type of microfluidic device used. For example,
mass spectroscopy (MS) is used for proteomic, glycomic, and small molecules analyses be-
cause of microfluidic’s ability to deal with such complicated sample analysis. Other abilities
such as ease of automation and parallelization to meet the demands of high throughput
are the driving forces of microfluidic mass spectroscopy[117]. Proteomic detection meth-
ods using mass spectrometry rely on soft ionization methods such as matrix assisted laser
desorption/ionization (MALDI) and electro-spray ionization (ESI). Interfacing microfluidics
with both of these techniques is a major challenge in the field. Mass spectroscopy is usually
performed on glass or PDMS microfluidics with an off-chip or on-chip electro-spray emit-
ter. Raman spectroscopy is used to detect structural properties of various analytes in one
sample. It is often used as an alternative to fluorescence detection because it is a label-free

technique. In this method, every analyte is recognized by the fingerprint of Raman shift,
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and the amount is proportional to the peak intensity. Using Raman spectroscopy, it is pos-
sible to detect multiple analytes simultaneously and to perform high throughput detection
and/or high spatial resolution. These advantages have been used in droplet microfluidics to
profile the concentration of two compounds at different points along the microchannel[109].
Electrochemical detection can be used in immunoassays to detect or quantify biomolecules.
It works with paper, PDMS, as well as glass microfluidics. Colorimetric detection is used in
paper microfluidics for the detection of any reaction that results in color change. ICP-AES
is used for the detection of trace metal. It has been successfully adapted to microfluidics for
on-chip trace metal detection. UV-vis absorption has also been reported in the microfluidic
field for various purposes; proving that Beer’s law can also be succesfully applied on narrower
pathlengths such as microfluidic channels[111, 118, 40]. Laser-induced fluorescence is just
one of many fluorescence based method used in microfluidics. The next subsection explores
the basics of fluorescence detection and it’s use in microfluidics. Chemiluminescence is used
in microfluidics and it is also used as an alternative to fluorescence because it does not require
any light source or any expensive optical system. The use of microfluidics not only promotes
miniaturization of the instrumental detection, but it also simplifies equipment, personnel,
and laborious operations. Furthermore, microfluidics technology provides sensitive, low-cost,

and rapid diagnosis that is ideal for point-of-care (POC) settings.

1.5.1 Fluorescence detection

Fluorescence is the most frequently used detection technique in the microfluidics field
by chemists, biologists, and biochemists to study biomolecules. It consists of measuring the
amount of light emitted when a fluorescent molecule is excited. The excitation wavelength
is lower (higher energy) than the emission wavelength. Fluorescence emission occurs when
molecules undergo absorption and subsequent re-radiation of light. The fluorescence process
is relatively fast with absorption and emission of light being nearly simultaneous. In fact,

the time between absorption of the light and the emission of the photon is in terms of
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nanoseconds. During the of fluorescence process, a molecule primarily at the ground state
is excited to a higher energy state and looses some energy trough relaxation process, and
emits light in the process of returning to the ground state. Using fluorescence for detection
provides many advantages. First, fluorescence has greater sensitivity compared to other
methods such as absorption. Second it uses wells characterized fluorescent dyes to label the

analytes of interest. A fluorescent label can be a small molecule, protein, or quantum dot
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Figure 1.18: Diagram of typical setup for fluorescence detection on microfluidic device
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that is used to tag a target such as a proteins, nucleic acids, or lipids. The labels chemically
bond to the analyte and form a complex which is capable of providing quantitative and
qualitative information[119]. Fluorescent dye molecules are used in in-vivo experiments to
localize specific cells and their counterparts. There are a wide range of fluorescent reporters
or dyes commercially available. They can be found in multitude of colors and the choice
for fluorescent label could simply depend on the instrument used. This includes the optical
filters, the detector, and the excitation source. The assay to be used is also a determining
factor; one must also look for compatibility of dyes with certain samples, the pH sensitivity,
and the stability to photobleaching. Finally, fluorescence gives the ability to quantitatively
measure molecules in solution as well as obtaining structural information on macromolecules
through high resolution Forster resonance energy transfer (FRET).

The basic setting for lab-on-chip fluorescence detection is illustrated in Figure 1.18. The
instrument used is generally an upright or inverted microscope with a light source restricted
to a narrow range of wavelengths, a dichromatic mirror which serves as wavelength selector
or filter, an objective, and a detector. The detectors commonly used are the charge couple
device (CCD) and the photonmultiplier tube (PMT'). The sample holder here is a microfluidic

or LOC device (Figure 1.18) where the sample to be analyze is confined in small channels.

Forster Resonance Energy Transfer (FRET)

When a an excited fluorescent molecule called a donor transfer its energy to a nearby
acceptor molecule, the process is called Forster resonance energy transfer (FRET). In this
process, the donor is at its excited state, and its emission energy overlaps with the absorption
energy of the acceptor. It is a very sensitive fluorescence technique with the distance between
the donor and acceptor typically ranging from 1 to 10 nm. Homogeneous methods of nucleic
acid detection have benefited largely from this technique. They use a fluorophore as the

donor and a quencher as the acceptor both attached to two different DNA probes. The
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alteration of fluorescent signal when the donor and acceptor are in close proximity can help
to determine the number of target strands that are present[120].

Oligonucleotide based FRET can also be used for protein detection. The most famous
example is the pincer assay developed by Heyduk and coworkers (Figure 1.19). They utilize
two specific antibody-oligonucleotide conjugates as sensors. These sensors were designed
to perform homogeneous, antibody-based, rapid protein detection. A target protein with
antibodies that specifically recognize non-overlaping epitopes of the protein, increases the
stability of the complementary oligonucleotides, resulting in efficient FRET. As a result of
this FRET, fluorescence signal changes can be measured to homogeneously quantify the
target protein[121].

In our laboratory, we use similar homogeneous assays that exploit the FRET for pro-
tein detection. Several of these assays employ thermofluorimetric analysis (TFA) which
is based on using a qPCR instrument to thermally scan the sample to distinguish between
bound proteins (signal) and unbound probes (background). In one format, bivalent antibody-
oligonucelotide or aptamers can be used as probes to selectively bind proteins. This technique
was successfully applied to human serum, human plasma, and cell secretion[122] which are
the main subjects studied in our lab. Another version of the assay uses the proximity FRET
assay (pFRET). Here, two antibody-bound oligonucleotides are also used to selectively bind
a protein of interest. One of the antibody-bound oligonucleotide is labeled with a fluorophore
while the other is labeled with a quencher. Similar to the pincer assay (Figure 1.19), the an-
tibody binding to the target protein results in an increase in the protein and antibody-bound
oligonucleotide probe complex. A complementary oligonucleotide that serves as connector
anneals with the two oligonucleotides and brings the quencher at close proximity to the
fluorophore and a reduction in fluorescence signal is observed. These homogeneous assays
are appealing substitutes to widely used sensitive protein detection assay like the enzyme

linked immunosorbent assay (ELISA) where multiple washing steps are involved. Protein
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Figure 1.19: Illustration of molecular pincer assay
(A) Antibodies labeled with signaling oligonucleotides specific to the target protein T. (B)
Different configurations for the labeling of antibody with signaling oligonucleotides, and
illustration of signal reduction due to FRET. This figure was reprinted with permission
from ref [121] Copyright 2008, Analytical Chemistry.
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detection on microfluidic devices will benefit substantially from these homogeneous assay for

rapid and sensitive on-Chip protein detection.

1.5.2 Automated lock-in detection
Principle of Lock-in detection

Lock-in detection is an analytical method that is mostly used by instrument developers
to extract weak signals in an overwhelming noise environment. The measured amplitude
of signal is modulated at the same frequency with the reference amplitude signal. This
way, the frequency of the signal of interest is “locked-in” to the reference frequency signal,
and all other frequencies are ignored. A small signal normally undetectable due to noise
can therefore be extracted from noise[123]. The optical chopper used in labs, cameras, and
industrial machines work in combination with lock-in amplifiers to reduce background noise.
Lock-in detection was first applied to microfluic droplets in our lab by Deal et al[40]. As
an analogue to the optical beam chopper, we used two opposing T-junction microfluidic
channels where reference and sample droplet can be chopped in alternating manner. Here
instead of chopping the optical beam, the sample is chopped fluidically to mimic the optical
beam chopper (Figure 1.20, bottom) [124] allowing constant referencing between the sample
droplets. The aqueous channels in a opposite T-junction configuration allow self modulation
of the reference signal at same frequency and phase to that of the sample. This method
was applied to absorbance detection of bromophenol blue where lock-in method was used
to significantly reduce 1/f noise. This method greatly improved sensitivity with a limit of
detection (LOD) of bromophenol blue as low as 500 nM on a pathlength of only 27 um.
The device was self regulated, and flow was initiated by just pulling a hand-held syringe to

generated self alternation droplets.
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Figure 1.20: Block diagram of lock-in detection
Representation of lock-in detection system: Diagram of the optical beam chopper (top),
droplets fluidic chopper (xChopper) analogue for beam chopper (bottom). This figure was
reprinted from ref [124], Copyright 2013, Auburn University.

Automated Microfluidic Sample Chopper: Application in lock-in detection

The microfluidic lock-in detection concept was later improved by adding automation
on the device. This was done in order to provide more control over the droplet formation
and the measuring time as well as more accurate measurements. In the new device, droplet
formation is controlled by pneumatic valves through a computer program to automatically
control droplet formation and allow a phase-locked and precise fluorescence detection. The
precision is made possible by stopping the droplets at the region of interest (ROI) and
recording the signal only when the droplet is present. The lock-in analysis was also performed
using a computer program. The entire chapter 2 of this dissertation provides extensive details

about this new lock-in device.

1.5.3 LabView control

The automated lock-in detection is enabled by a computer program interfaced with the

microfluidic device. A National Instruments program called “LabView” is best suited for
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interfacing with microfluidic chip for control and data acquisition. Labview is a graphical
programming software that is used in most laboratories by engineers and scientists. It uses
icons instead of lines of text to create executable tasks or applications. The coding is made
on a platform called Virtual Instrument or VI. Codifications or programs can be made for
a wide range of applications. Some applications include testing and measurement, data
acquisition and analysis, hardware control, image processing etc. For microfluidic devices,
LabView is used to control the valves by actuating a solenoid system connected to the valves.

LabView was used for various projects throughout this dissertation.

1.5.4 Concluding remarks

This chapter introduced the background as well as the basics of microfluidic chip fabri-
cation. A survey of different techniques and application of microfluidics was also presented
with an emphasis to the detection of small amounts or low limits of detection (LOD). Various
techniques of fluid handling at the microscale and their importance in life science were also
highlighted.

Microfluidics is touted for its advantages over bench-top techniques mostly for the small
volume consumption and faster analysis time. Droplet microfluidics, for example where
volume can be down to femtoliter level is popular for single molecule detection. However,
quantitative measurements of droplets, namely direct concentration measurements inside
droplets, is still rarely reported in literature. As microfluidic operate at a very small scale,
detection would require a powerful technique to filter overwhelming noise in the system for
accurate detection. For example, absorbance detection would be nearly impossible in mi-
crofluidic channels due to limitation of Beer’s law which is pathlength dependent. At the
micrometer scale, the optics cannot discern any difference between the sample and the refer-
ence. Similarly, fluorescence detection for quantification purposes is also a tedious task. Even
though fluorescence have been proven to possess high sensitivity and low background noise,

it is still difficult to detect small amount of analyte inside a droplet using this techniques.
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Not only the optical system poses an issue for the detection in microchannels, but also some
major issues are caused by the signal drift (1/f noise) and human error introduced during
experimental settings. Taking all these factors into consideration, it is important to develop
new detection techniques for microfluidic systems that will eliminate most of these draw-
backs and allow an ease of detection at low concentration. We have attempted to address
some of these limitations within this dissertation.

Moreover, it is important to study fluid behavior at the microscale in order to improve
existing designs and to develop new microfluidic devices with better performance. The best
method to employ would be to passively control fluidic transport in microfluidic system. By
doing so, the complexity of device operation is reduced. Most of the time, fluidic control is
done by connecting external devices to the microfluidic chip, which adds to the robustness of
the device. However, adding external hardware to microfluidic will take away some of its ad-
vantages such as portability and the use for point-of-care detection. As such, another theme

of this dissertation is simplifying flow control with passive devices such as autoregulators.
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Chapter 2
An automated microfluidic droplet-based sample chopper for detection of small

fluorescence differences using lock-in analysis
2.1 Introduction

To maximize sensitivity in optical measurements, noise reduction is an important issue to
address. When signal levels are low, at similar magnitude to the noise floor, background drifts
due to optical system fluctuations or detector noise begin to complicate signal collection. Low
frequency noise (1/f noise or drift) is particularly detrimental to measurements and is often
indistinguishable from signals. A fitting and well-established solution to this problem is
the lock-in amplifier, which effectively modulates the signal of interest to a higher frequency,
removes low frequency noise, and then demodulates the signal for recovery[125, 126, 127, 128].
Signals at levels several orders of magnitude lower than the noise can be recovered using this
technique, which typically employs optical beam choppers and electronic phase-locking of
photodetectors[129].

In the field of microfluidics, particularly for droplet fluidics, fluorescence is ideally suited,
as optical probe volumes can be reduced to match channel and droplet dimensions[130].
However, practical limitations exist, since high numerical aperture lenses are limited to
submillimeter working distances and are often unsuitable to interrogate a variety of fluidic
and substrate architectures. By integrating optics onto the microdevice, the subfield of
optofluidics has addressed many of these challenges. Integrated waveguides, lenses, filters,
detectors, etc., in microfluidic systems, have been applied in fields ranging from cell biology to
energy conservation[131, 132, 133, 134, 135]. On the other hand, typical optofluidic systems

obligate fabrication complexities that can serve as barriers to widespread use. What remains
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is a need for alternative, generalizable approaches to reduce noise in more standard optical
detection systems used with microfluidic devices.

A common detection system used for droplet microfluidics is a standard fluorescence mi-
croscope, based on the similarity of optical probe volume and droplet volume. It is certainly
possible to implement optical beam choppers and phase-locked detectors into microscope
optics, yet this approach has been rare and is unlikely to gain widespread use due to its
impracticality. Recently, our group and others have shown that constant droplet referenc-
ing can be used in lieu of optical choppers, allowing lock-in detection to be applied to both
absorbance[136] and Raman spectroscopy|[137] with relatively simple optical systems (Figure
2.1). In our passively controlled microfluidic device (uChopper), alternation of sample and
reference droplets at ~10 Hz each permitted the use of phase sensitive detection, i.e., lock-in
detection, and 1/f noise was greatly reduced. This pChopper device promoted quantitative
absorbance measurements at nanomolar concentrations through a path length of only 27
pum[136]. Oil phase referencing was also proven useful by our group using fluorescence[138]
and by Marz et al. using Raman spectroscopy[137]. However, such passively controlled
systems[139, 140] are inherently limited by the frequency-domain bandwidth of droplet for-
mation. The main sensitivity limitation then shifts to the precision of droplet generation
frequency, for which passively operated devices are prone to frequency-domain drifts.

In this work, we extend our uChopper concept to fluorescence detection with standard
wide-field microscope optics. Notably, these devices show greatly improved droplet formation
precision after integrating pneumatic valving,[95] and we show herein that this enhanced pre-
cision leads to concomitant improvements in drift correction and limit of detection. Finally,
we present biological validation of the methodology by quantifying free fatty acid uptake
in single adipocytes and by homogeneous protein detection at the attomole level. Thus, a
significant performance enhancement can be achieved by combining droplet fluidics with ac-

tively controlled valves that are phase-locked with the detection system, resulting in a novel
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Figure 2.1: Previous example of lock-in detection using droplet microfluidics.
Passively operated uChopper device achieved the absorbance detection of low
concentration of bromophenol blue on pathlength of only 27 um (top). Baseline correction
of Raman spectrum using constant referencing between oil and droplets (bottom).
Reprinted with the permission from reference [40]; copyright 2012 ACS and reference [137];
copyright 2011 ACS.

microfluidic platform that should be well-suited to a variety of single-cell or small-volume

analyses.

2.2 DMaterials and Methods

2.2.1 Materials and Reagents

Polydimethylsiloxane (PDMS) precursors, Sylgard 184 elastomer base, and curing agent
were purchased from Dow Corning (Midland, Maryland, USA). Silicon wafers were acquired

from Polishing Corporation of America (Santa Clara, CA, USA). AZ-40-XT photoresist, AZ
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300 MIF developer, and SU-8 photoresist and developer were purchased from Microchem
(Westborough, MA, USA). Tubing (TGY-020-5C; 0.02 in. ID, 0.06 in. OD, 0.02 in. wall)
and blunt needles (NE-223PL-C 22G) to interface syringes and devices were obtained from
Small Parts (Logansport, IN, USA). Fluorescein was obtained from Alfa Aesar (Ward Hill,
MA, USA). Fetal bovine serum (FBS) was purchased from VWR (West Chester, Pennsyl-
vania, USA) and Aquapel from Pittsburgh Glass Works (Pennsylvania, USA). KHsPOy,
NaH,PO,, 42-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES), phosphate buffered-
saline solution (PBS), insulin, penicillin/streptomycin, 3-isobutyl-1-methylxanthine (IBMX),
dexamethasone, and D-glucose were obtained from SigmaAldrich (St. Louis, Missouri, USA).
BODIPY FL Cy (termed as FFA*) and Dulbeccos Modified Eagle Medium (DMEM) were
obtained from Invitrogen (Thermo Fisher Scientific). Surfactant solutions were made by dis-
solving Pico Surf 2 (Dolomite Microfluidics, Royston, UK) surfactant in HFE-7500 oil (3M,
St. Paul, MN, USA) to make 1.0% w/w solution. This not only helps to minimize exchange

of compounds between aqueous and oil phases but also prevents adsorption to the PDMS.

2.2.2 Microfluidic Device Fabrication

Microfluidic devices were made of two layers of patterned PDMS following standard
soft lithography guidelines[96]. While standard methods employ photolithography using a
mask aligner and UV light source, we employed an in-house built UV lithography source[141]
based on 365 nm LEDs, after a few modifications to the recent design detailed by Groisman
and co-workers[142]. Two master wafers for fluidic and pneumatic channels were fabricated.
All channel layouts were designed in Adobe Illustrator, and photolithographic masks were
printed at 50 800 dpi resolution by Fineline Imaging (Colorado Spring, CO). For the pneu-
matic control channels (thin lower layer), 30 pm thick negative photoresist (SU-8 2050) was
spin-coated onto a silicon wafer. The wafers were then baked on a hot plate at 95 °C for 5
min. UV exposure was carried out through the mask at ~330 mJ/cm? on the in-house built

UV LED exposure unit. The wafer was hard baked for 5 min at 105 °C and then developed
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for 5 min in the SU-8 developer. For the fluidic channel layer, 45 pym thick positive photore-
sist (AZ-40-XT) was spin-coated onto another silicon wafer. The wafer was then baked at
105 °C for 5 min followed by UV exposure at ~330 mJ/cm? . After another baking step at
105 °C for 5 min, followed by wafer development in AZ developer for about 5 min, the master
wafer was baked at 115 °C for 6 min to anneal the AZ photoresist and create a more rounded
cross-section of the fluidic channel template. All silicon wafers were exposed to trimethylsilyl
chloride vaper for 30 min before use to enhance PDMS removal. Channels were later char-
acterized by slicing an assembled PDMS device with a razor and imaging the channel cross
section. To fabricate the lower, pneumatic layer, a thin PDMS valving membrane (~15 pym
membrane above control channels) was made by spin-coating a 20:1 ratio mixture of PDMS
precursors and curing agent, respectively, onto the SU-8 defined control wafer. The upper,
fluidic layer was made by pouring a 5:1 ratio mixture of PDMS precursors and curing agent
to form a thick (~0.6 cm) substrate over the rounded, AZ-defined fluidic channels. Both
layers were cured at 65 °C in an oven for ~35 min. Thereafter, the thick fluidic layer was
quickly peeled from the silicon wafer, cleaned with methanol, air-dried, and then aligned
and bonded to the thin pneumatic layer. The assembled layers were again cured at 65 °C
in an oven for ~35 min to facilitate interlayer bonding. Following this process, the resultant
microfluidic devices were peeled from the wafer, cleaned with methanol, air-dried with a
stream of N2, plasma oxidized, and bonded to a glass slide. The flow channels were treated
with Aquapel then rinsed with methanol to repel aqueous solution, facilitating aqueous-in-oil

droplet formation.

2.2.3 Flow Control

Microfluidic flow control was enabled by active pneumatic push-up valves, initially de-
veloped by the Quake group[95], which are formed at the intersections between the control
and the flow channels. An in-house written application in LabVIEW (National Instruments)

was interfaced to a control system of solenoid valves (Lee Co.; LHDA0533115H) to permit
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on-demand droplet formation. Valve actuation was powered by a regulated pressure source
of ~20 psi, and flow was promoted by vacuum applied to the outlet channel via a hand-held

100 mL glass syringe (SGE Analytical Science).

2.2.4 Droplet Fluorescence Measurements and Data Analysis

Fluorescence calibration standards and stocks were initially evaluated using a Nanodrop
1000 spectrophotometer or Nanodrop 3300 fluorospectrometer (Thermo Scientific, Grand
Island, NY USA). These calibration standards were diluted in 20 nM HEPES buffer solution
(pH = 7.5) and analyzed in triplicate. Wide-field or fluorescence imaging and measurements
in the uChopper device were performed with either a cooled CCD camera (CoolSnap HQ2;
Photometrics Scientific) or more typically using a PMT (Hamamatsu). These detectors were
interfaced to a Nikon Ti-E inverted fluorescence microscope via a green fluorescence filter
cube (excitation: 470 £ 20 nm; emission: 525 + 25 nm). The PMT was set to 1073 A V!
sensitivity with a 0.5 ms time constant and a one-time, manually adjusted amplifier offset
at the onset of measurements.

The device (uChopper) included a reference inlet (either buffer or high fluorescence),
a sample inlet, and an oil channel inlet (Figure 2.2). Using pneumatic microvalves and the
LabVIEW application, droplets were generated in an alternating fashion[40]; each droplet
was moved to the region of interest (ROI) and stopped, and the fluorescence emission was
collected with the PMT. This customized software allowed instantaneous separation of the
sample and reference signals into two different data arrays, greatly simplifying data analysis
compared to previous device iterations[40]. Droplets could be reliably formed at 3.50 Hz
each (0.04 Hz bandwidth) while maintaining software-based phase-locking to the detector.
Reference droplet signals were subtracted from sample droplet signals over time to correct for
drift, and this analysis was carried out for up to 100 droplets for each sample. Alternatively,

fast Fourier transform (FFT) analysis was carried out in Matlab, where sample and droplet
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data arrays were recombined in time, and the primary frequency-domain peak intensity at

3.50 Hz was used as the processed signal.

Valve 3

Reference

Oil
Outlet

Valve 1
¥

*Valve 2
Figure 2.2: Automated pChopper chip design
Channel layout depicts flow channels (black), control channels (blue, red, and purple), and
the fluorescence detection region of interest (ROI). This figure was reprinted with
permission from Negou et al. Copyright 2017, ACS.

2.2.5 Adipocyte Culture, Treatment, and Lysis

Murine preadipocytes (3T3-L1; ATCC) were seeded on 35 mm culture dishes and kept
in DMEM supplemented with 10% FBS and penicillin/streptomycin (5%) at 37 °C in an
atmosphere of 5% CO,. After confluency was reached, differentiation was induced by adding
DMEM supplemented with 0.5 mM IBMX, 250 nM dexamethasone, 1.0 xM insulin, and
10% FBS. Three days later, DMEM supplemented with 1.0 xM insulin was added, and the
cells were maintained for an additional 3 days in this media. Thereafter, cells were set in
DMEM supplemented with 10% FBS before use, usually between 5 and 8 days. Differen-
tiated adipocytes were subjected to starvation for 1.0 h in DMEM without phenol red and

FBS, supplemented with 3.0 mM glucose and 50 pM insulin at 37 °C in an atmosphere of
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5% CO3. Subsequently, this starvation media was replaced with DMEM without phenol
red and FBS, containing 19.0 mM glucose, 2.0 nM insulin, and 1.0 M BODIPY FL Cy4
(FFA*). The cells were maintained for 1 h under the same conditions previously mentioned
for starvation. Next, the differentiated cells were washed four times with 2.0 mL of phos-
phate buffered-saline solution (PBS). Carefully, ~100 adipocytes were detached with a 10
L pipet tip and transferred into 200 puL of PBS. The solution was gently mixed with the
pipet to disaggregate the cells. Using a tissue culture microscope and a 10 pul. micropipette,
10, 3, 1, or 0 adipocytes were transferred into 30 uL. of RIPA Lysis and Extraction Buffer
(Thermo Fisher Scientific). Each solution was mixed and kept in ice during the lysis process.
Samples were then immediately centrifuged at 12 000 rpm for 10 min, and the supernatant
was analyzed in our Chopper device. For adipocyte imaging, differentiated 3T3-L1 cells
were fixed and stained with lipid-staining LipidTOX and nucleus-staining DAPI. Lipid TOX
emission was collected at 525 + 25 nm after excitation at 470 + 20 nm, and DAPI emission
was collected at 460 + 25 nm after excitation at 350 £+ 25 nm. Differential interference
contrast (DIC) images were also collected. Images were overlaid using ImageJ software[143],
and false coloring was applied for visualization (green for LipidTOX, blue for DAPI, gray
for DIC).

2.2.6 Homogeneous Immunoassays

Insulin was quantified in droplets using a homogeneous fluorescence assay (Human In-
sulin FRET-PINCER Assay Kit; Mediomics, St. Louis, MO), where higher insulin levels
caused decreases in fluorescence due to target-specific probe quenching. Various concentra-
tions of insulin (0, 11, 22, 44, 88, and 176 nM) were premixed with both antibodyoligonu-
cleotide probes (16-fold larger than recommended in kit; ~160 nM each) and incubated for
30 min; then, fluorescence emission was measured using the Nikon Ti-E inverted fluorescence
microscope via a green fluorescence filter cube (excitation: 470 + 20 nm; emission: 525 +

25 nm) interfaced to a CCD camera (Coolsnap HQ2; Photometrics). To provide a constant,
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Figure 2.3: 3T3-L1 cells free fatty acid uptake and lysis
Step-by-step Adipocyte cells preparation for on-chip single cell free fatty acid (FFA)
uptake.
unquenched emission, reference droplets consisted of ~80 nM of only the fluorophore-labeled

probe. Unless otherwise noted, 30 droplet pairs (sample and reference) were analyzed for

each concentration.

2.3 Control Experiment

2.3.1 Adipose Tissue Explant Isolation

Epididymal fat pads were isolated from C57BL/6 male mice as described previously|[144,
145, 141, 146]. Following isolation, fat pads were transferred to a 60 mm petri dish containing
a few mL of fresh phosphate-HEPES buffer. Excess vasculature and other non-adipose
tissue was excised using micro surgical scissors. A 3-mm diameter sterile biopsy punch was

used to form aliquots of the fat tissue. As explants were punched, they were transferred
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with surgical tweezers into a glass tube with 3-4 mL of phosphate-HEPES buffer. Explants
were centrifuged at 1000 rpm for 3 min. Infranatant was removed with an 18-gauge, 1.5-
inch needle. 3-4 mL of phosphateHEPES buffer was added back to the tube. Cells were
centrifuged and washed in this fashion one additional time with phosphateHEPES buffer
and 2 additional times with fat serum media. After the final rinse, explants were transferred

to individual microcentrifuge tubes as described below.

2.3.2 Adipose Explant Titration with Free Fatty Acid

Six 3-mm diameter explants were incubated with 100 L. DMEM in micro-centrifuge
tubes separately. Each explant was treated with 100 pL of either high insulin/glucose (10
nM /20 mM) or low insulin glucose (50 pM/5.5 mM) solution in DMEM buffer. Next, 20 uL
of 3 uM FFA* was added and mixed by pipetting to a final concentration of 0.5 M. After
10 min, 20 L from each explant tube was transferred to a microplate well that had been
preloaded with 60 pL. of DMEM. In this titration experiment, every 10 min we added 20
uloof 3 uM FFA* and after mixing by pipetting, 20 uL of the solution was transferred to
the microplate for readout (zero net change in volume). We used buffer solution with no

explants as our control.

2.4 Results and Discussion

2.4.1 Microfluidic Device Design and Operation

We previously reported a droplet-based pChopper for microfluidic absorbance detection
consisting of three inputs (sample, reference, oil) and a single output. The device was pas-
sively self-regulated, alternating sample and reference droplets simply based on the opposing
droplet T-junction geometries with manually applied vacuum at the outlet. Constant al-
ternation of sample and reference droplets is a key feature of the lock-in analysis, because
noise at frequencies and phases different from that of the droplets are largely rejected. This

allowed nanomolar analyte detection limits (femtomole amounts) with absorbance[40], even
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in short path-length microchannels. However, this passive approach lends itself to drifts
in droplet frequency over time that must be tracked in data analysis. For this reason, we
hypothesized that a more precisely controlled droplet formation system would permit fur-
ther improvements in detection sensitivity and would simplify data analysis. Following this
logic, here, we have applied the pChopper device concept to fluorescence detection while
also adding active control using pneumatic valving. Droplet formation was automated by
software, and phase-locked detection was applied in real time. The device design is depicted
in Figure 2.2. The automated device is made of two layers of PDMS with fluidic channels
(black) and the control channels (red, blue, and purple). With automated droplet formation
and real-time, phase-locked fluorescence detection, a considerable reduction in data analysis
was permitted compared to our prior work[40, 138]. Since the software was in control of the
type of droplet being placed into the focal region, the fluorescence emission measurements
by the PMT (green trace in Figure 2.4B) could be instantly stored into separate data arrays
for sample and reference droplets, rather than relying on complex image analysis methods.
Downstream data analysis required mere subtraction of reference traces from sample traces

(or vice versa), which is easily built into the LabVIEW application.

2.5 pChopper Device Characterization

Since droplet formation was now intimately phase-locked with detection using mi-
crovalves, we expected that the pChopper would permit quantitative measurements of small
differences between the fluorescence emission from sample and reference droplets, even at
levels far below the magnitude of the drift or 1/f noise at the detector. This concept could
be implemented for a low concentration fluorescence measurement using buffer as the ref-
erence (“signal on” assay), or the reference solution could be defined as having a constant
fluorescence emission “signal of” assay), for example, with a quenching based assay. Our
device was characterized in both situations. First, we characterized the system with buffer

(no fluorescence) as the reference and fluorescein as the sample (Figure 2.5A). Following
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Figure 2.4: Automated pChopper chip operation

(B) Schematic of valve-automated chip operation cycle: tp is the delay time, tg is the
sample flow time, ty; is the measuring time, tp is the oil flow time, and tg is the reference

flow time. Droplet position was phase-locked with the detector collection cycle. (C) An
image montage showing segments of a video collected during automated droplet formation

on the pChopper. Open valves are marked with asterisks. Scale bar represents 200 pm.

This figure was reprinted with permission from Negou et al. Copyright 2017, ACS.

lock-in analysis, we observed a highly linear response (R? = 0.9997) in the picomolar range.
Using buffer as the reference, the PMT could be tuned to maximize sensitivity, at 9.65 V
nM~! . The LOD was determined to be 12 pM when sampling 2070 droplets (180620 nL).
When only a single droplet was analyzed, the concentration LOD was higher at 35 pM, but
this represents an amount of only 310 zeptomoles (3.1 x 10 mol) of fluorescein detected.
Notably, when the same data was analyzed without the lock-in approach, the noise mag-
nitude (and thus the LOD) was 54-fold higher, validating the use of the pChopper system
for noise reduction (30 magnitudes marked with horizontal dotted lines). Interestingly, the
inset graph in Figure 2.5A shows that, as the number of analyzed droplets was increased
from 1 to 20, noise was reduced significantly, yet when analyzing >70 droplets, noise began
to increase slightly. This trend was also observed in our prior work[40] and is likely due to
buildup of the nonzero noise (white and 1/f) in the narrow band at 3.5 + 0.04 Hz with in-

creasing signal collection time. The noise increase in this study is more attenuated compared

to prior work, which is reasonable considering the much narrower bandwidth. Nonetheless,

61



it is important to note the observation of an optimal, lower noise range of droplet num-
ber. Next, we characterized the yChopper with a fixed fluorescence signal as the reference,
which would be useful for quenching based, indirect assays. As shown in Figure 2.5B, this
placed a limit on the PMT sensitivity settings; with higher reference concentrations, lower
sensitivities must be used. Again, highly linear responses were observed (R? > 0.99). In
these analyses, the independent variable was defined as a detectable change in fluorescein
concentration (A- [fluorescein]). With a reference of 50 nM, the pChopper could resolve as
low as a 0.39 nM change in fluorescein; i.e., the system could discriminate 49.61 nM from 50
nM. With a reference of 10 nM, a 0.16 nM change was resolvable. The frequency response
of the system was also characterized, as shown in Figure 2.6. FFT analysis was performed
on the data from Figure 2.5A after recombining the sample and reference traces in the time
domain, creating approximate square wave signals. The frequency domain in Figure 2.6
exhibited the standard square wave spectrum, with a fundamental peak at 3.50 Hz along
with the odd harmonics at higher frequencies (10.5 and 17.5 Hz, etc.). The intensities of
these peaks were clearly dependent upon the difference between the sample and reference
concentrations. The inset log-scale spectra show a clear peak at 3.50 Hz, even at the lowest
tested concentration of 39 pM. Here, the bandwidth was calculated as 0.042 Hz, which con-
firms the exquisite control that was provided by automated droplet formation using on-chip
valves. Using postprocessing via FFT, the LOD of the system for fluorescein detection was
further improved to 5.4 pM (data from all 100 droplets analyzed), although the real-time

processing described above is much more practical.

2.6 Real-Time Drift Correction

To fully appreciate the noise and drift correction achievable with the pChopper, it is
instructive to view the time domain data, as shown in Figure 2.7. Using standard microscope
optics, the pChopper device allowed real-time drift correction by constantly referencing signal

from the sample droplets (red trace) to that of the reference droplets (blue trace) at 3.5 Hz,
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Figure 2.5: Automated uChopper chip characterization with fluorescein
(A) With a buffer reference, high sensitivity and an LOD of 12 pM were possible. Inset
graph shows dependence of LOD on droplet number (moving average shown as a guide).
(B) With fluorescent reference droplets, lower PMT sensitivities were required, but the
system was highly linear, resolving small signal differences (0.39 and 0.16 nM). This figure
was reprinted with permission from Negou et al. Copyright 2017, ACS.
in a phase-locked manner. It is clear from the difference signal (green trace) that larger
system drifts (e.g., at the ~10 or ~70 s time range) were corrected using this approach.
The difference signal trace was shown to be directly proportional to the sampled fluorescein
concentrations. Further evidence of this drift correction is shown in Figure 2.8, where the
PMT offset was intentionally varied as proof-of-concept. High measurement precision was
also achieved with the uChopper. Responses recorded in Figure 2.5A B were highly linear
(R* = 0.9997, 0.9990, and 0.9943) with minimal measurement error at each concentration.
Interestingly, this high precision exposed what appears to be slight human errors in sample
preparation in one of the samples from Figure 2.5B (3.125 nM data point with 50 nM
reference). Considering the other data sets in Figure 2.5 match the linear models very
well, this deviation is most likely human error related and not a result of a poor regression

model. Moreover, it is to be expected that fluorescence emission intensity will be linear

versus concentration, since consistent optical settings were applied.
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Figure 2.6: FFT analysis
Fourier analysis showed the expected square wave spectrum, with the fundamental peak at
3.50 Hz showing linear concentration dependence. Inset plot shows log-scale intensities and
the highly regulated bandwidth of 0.042 Hz. This figure was reprinted with permission
from Negou et al. Copyright 2017, ACS.

2.7 Free Fatty Acid Uptake Quantification

Methodology for single-cell analysis is critical in studying the variability in cell populations[147],
preventing inaccuracies in taking averages of entire cell populations. However, single cell
studies are often limited by the difficulties associated with analyzing small amounts of
starting material. Microfluidic approaches are ideal in handling small volumes, allowing
manipulation of small numbers of cells and minimizing sample dilution, for instance, af-
ter cell lysis[148]. Single-cell analyses using droplet microfluidics have been previously
reported[149, 150, 151]. However, these studies were focused mainly on cell screening or
gene expression analysis. Studies including breakdown, absorption, and uptake of metabo-
lites are scarce and mostly not quantitative. It has been reported that fatty acid accumula-
tion is cell-to-cell heterogeneous[152]; therefore, it is critical to quantify the amount of uptake

from single cells rather than averaging uptake of larger groups of cells in bulk conditions.
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Figure 2.7: Real time drift correction
Time domain data illustrates the benefits of real-time drift correction using the pChopper.
This figure was reprinted with permission from Negou et al. Copyright 2017, ACS.
Such information should contribute to gaining a better understanding of factors that lead to
obesity[153, 154, 155, 156] and type 2 diabetes[157, 158]. Although our prior studies of adi-
pose tissue on microdevices were quantitative in nature[141, 146, 144] single cell resolution
was not achieved. With all of this in mind, we validated the pChopper system by applying it
to quantify the amount of labeled free fatty acid (FFA*) that was taken up by small numbers
of 3T3-L1 adipocytes. As shown herein, due to its extraordinary noise reduction and ability
to discriminate very small fluorescence differences, our pChopper system could successfully
quantify FFA* uptake by even a single 3T3-L1 adipocyte by simply lysing the cell in bulk
solution. Fully differentiated adipocytes were incubated with a fluorescently labeled fatty
acid solution (BODIPY FL Cig, or FFA*). Small numbers of adipocytes (0, 1, 3, or 10)
were washed and then lysed in 30 uL aliquots of lysis buffer. Following centrifugation, the

supernatant was analyzed directly with our pChopper device and lock-in analysis method.
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Figure 2.8: Drift correction with PMT offset move
The offset of the photomultiplier tube (PMT) amplifier was manually adjusted as a
proof-of-concept of the drift correcting capabilities of the pChopper device. Sample
droplets contained fluorescein (red trace), and reference droplets contained buffer (blue
trace), but these data traces were artificially positioned in the y-axis for purposes of clarity
in the chart above. The difference trace (green) shows the true voltage determined by the
1Chopper system; the constant voltage reading in this trace shows that the manually
introduced amplifier offsets were nicely corrected by the lock-in analysis. This figure was
reprinted with permission from Negou et al. Copyright 2017, ACS.
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As shown in Figure 2.9, our system permitted single-cell FFA uptake rates to be quantified
at 3.5 & 0.2 107! mol cell™!. To our knowledge, this is the first report of single cell uptake
rates, and the value correlates well with confirmatory experiments using primary adipose
explants (Figure 2.10). Our approach was more sensitive compared to the most recently
reported methods[159, 160] since we were able to quantitatively measure FFA* uptake by a
single cell. Slight deviations from the linear regression model at low cell number are likely
due to human error related to the multistep cell isolation and preparation, as discussed

above.
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Figure 2.9: Single cell FFA uptake
Labeled free fatty acid (FFA*) uptake by 3T3-L1 adipocyte cells was quantifiable down to
the single cell level using the Chopper system with lock-in analysis. Single cell FFA*
uptake was quantified at 3.5 & 0.2 x 10'® mol celll for the first time. The inset image
shows a confocal fluorescence scan of fixed and stained adipocytes, where lipid storage is
stained in green and nuclei are stained in blue. Scale bar represents 20 pm. This figure was
reprinted with permission from Negou et al. Copyright 2017, ACS.
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Figure 2.10: FFA uptake by adipose tissue explants

Six adipose tissue explants were titrated with FFA* as described above, under varying
insulin and glucose levels. (Left) When compared to the control titration into buffer (black

trace, triangles), it is clear that all explants absorbed FFA* during the experiment until

the 50 min time point, where all six explants reached saturation and could no longer

absorb FFA*. (Right) These data could be converted to the amount of FFA* stored per
explant (in pmol), and the single exponential fit (red curve) gave a saturation point of 1.30

x 10719 mol explant ™. Considering that the average 3-mm diameter explant (~0.3 mm
height) contains approximately 32 400 spherical adipocytes of 50 m diameter, this uptake
saturation rate equates to about 4.0 x 107° mol cell™!, a value in good agreement with the
Chopper determined value of 3.5 + 0.2 x 10 ~* mol cell ! discussed in the main text. his

figure was reprinted with permission from Negou et al. Copyright 2017, ACS.
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2.7.1 Homogeneous Immunoassays in Droplets

Since the device was also shown to be useful with a fixed fluorescence signal as the
reference (see Figure 2.5B), here, we show proof-of concept that a fluorescence quenching
based, homogeneous immunoassay can be used to quantify small amounts of proteins in
droplets using the puChopper. The device allowed homogeneous quantification of insulin in
droplets with a concentration LOD of 9.3 nM using 30 droplet pairs and a mass LOD of
1.9 x 10716 mol (190 amol) using 2 droplet pairs (Figure 2.11). A four-parameter sigmoidal
fitting method was used for the insulin calibration curve shown in Figure 2.11 of the main
text. This type of fitting is typically used for immunoassays such as sandwich enzyme-linked
immunosorbent assays (ELISAs) and is appropriate for the sandwich type format of the
homogeneous Pincer assay. The equation for the fitting is included below as Equation 2.1.
The best-fit to the data in Figure 2.11 gave parameter values as follows: (A, B, C, D,) =
(0.1201, 1.2323, 98.042, 0.5596).

(A-D)

— W Equation 2.1

This fitting method was applied to the sandwich type assay; observed deviations from this
model are likely a result of a human induced bias in sample preparation rather than de-
vice error. As shown in the inset plot, reference droplets (red trace) contained a constant
fluorescence reference (unquenched antibodyoligonucleotide probes), while sample droplets
contained continuously varying insulin concentrations mixed with both homogeneous im-
munoassay probes. Again, the reference trace (red) can be used to validate the usage of the
uChopper device, since time-dependent optical system drift is readily observed at magnitudes
that would be detrimental to the assay without correction. The lock-in detection approach
used here allows for much of that drift to be corrected. Such a system would be ideal to

apply to real-time cell secretion quantification for any protein with an available homogeneous
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immunoassay, and droplet sampling provides the potential for significant improvements in

temporal resolution[138].

2.8 Concluding remarks

We have now shown that our droplet phase-locking approach with microfluidics (u#Chopper)
is applicable to both absorbance[136] and fluorescence detection systems, and others have re-
cently used a similar strategy with Raman spectroscopy in droplets[138]. Phase-locking with
droplets can be done passively, but in our application to fluorescence herein, we demonstrated
that significant bandwidth reduction was possible using on-chip pneumatic valving. Consid-

ering these results together, it should be relatively straightforward to apply the technique
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Figure 2.11: Homogeneous immunoassay in droplets
Homogeneous quantification of insulin in droplets was possible at levels as low as 9.3 nM
(30 droplet pairs) or 190 amol (2 droplet pairs) using the yChopper system. Reference
droplets contained unquenched antibodyoligonucleotide probes. Calibration plot includes a
4-parameter sigmoidal fit curve obtained by nonlinear least-squares fitting. Inset graph
shows a typical real-time data collection as insulin standards are sequentially added to the
sample droplet reservoir. his figure was reprinted with permission from Negou et al.

Copyright 2017, ACS.
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to improve any optical readout method without modifying the optical assembly, particu-
larly for groups already employing droplet microfluidics. Furthermore, it is theoretically
possible to apply this droplet phase-locking technique to any droplet-integrated detection
method to eliminate signal drifts. For example, ion collection in droplet-interfaced mass
spectrometry[161, 162 could be phase-locked with droplet formation to help recover signal
from low abundance analytes. Alternatively, electrochemical detection in droplets[163] could
be phase-locked with droplet formation to recover lower analyte currents. Although a >50-
fold reduction in noise was exhibited here, in theory, this system could be further improved
by phase-locking to higher frequency droplet formation. Droplets are now routinely gener-
ated at kHz frequencies[164], a sampling range that is known as a quiet region of the noise
spectrum[129]. If kHz range pneumatic valve actuation frequencies could be achieved, this
ultimate low-noise sampling bandwidth should be attainable. Overall, using the improved
pChopper device presented here, we have further demonstrated the compatibility of droplet
fluidics with phase-sensitive (lock-in) detection. In many existing droplet microfluidics sys-
tems, this approach should provide significant noise reduction with relatively few design
modifications. Such microsystems are ideal for analyzing precious specimens such as cells or

biological reagents and for quantifying samples of limited volume.
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Chapter 3

A Multichannels pChopper for continous calibration or multiplexed analysis

3.1 Introduction

Droplet-based microfluidics has enabled breakthrough experiments on many chemical
and biological processes and provided a resourceful platform of analyses to be performed in a
given experiment[165, 166, 167]. However, many microfluidic devices in the literature are de-
signed for a specific analysis and require manual change of solutions during experiment, which
is time consuming, labor demanding, and can introduce human errors during the process.
A switchable microfluidic device that can perform various analytical modes would greatly
reduce analysis time and facilitate experimental procedures. Automation in microfluidics
allows rapid and sensitive chemical analyses[168, 145]. The ease of formation and manip-
ulation of monodispersed droplets where different reactants can be comparmentalized into
small volumes ranging from femtoliter to nanoliter through a computer program has many
advantages. For example, a single microfluidic chip can be programmed to perform a variety
of analyses without redesigning and using the same optical detection method. Moreover,
there is a possibility of performing high throughput assays at high temporal resolution.

Recently, we have designed an automated droplet microfluidic device (uChopper) for
fluorescence detection that could perform highly precise (strictly phase locked at 0.04 Hz
bandwidth) and sensitive measurements[169]. This device was designed as analogue to op-
tical beam chopper where picoliter of sample and reference droplets form alternately. This
constant referencing technique have been proven to be a powerful tool for noise reduction[40,
137]. Coupled with the lock-in detection method, the key application of this device was to
greatly reduce signal drift (1/f noise) without the need of complex optical readout and to

detect small difference between two samples. However, to change solutions on these devices
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required manual user pipetting steps that were tedious and could cause inadvertent optical
misalignment.

Herein, we present a novel generation of uChopper with 6 input channels and one input
oil that can not only achieve the performances of the previous device but also perform many
experiments in a single process without the need to manually change samples. Because this
device can accomodate up to six solutions, several analytical modes can be operated. First,
the novel uChopper can perform the same constant referencing technique as before to reduce
1/f noise for the detection of low concentrated sample in a single run for up to 5 samples
(multiplex mode). Second, this new devices can be used for continuous calibration mode with
one unknown sample and five calibration solutions which can be used to monitor the dynam-
ics of a continuously changing sample as compared to 5 fixed calibration solutions (constant
calibration mode). Another posibility is to analyze several unknown samples and several
calibration solutions (mixed mode). A fourth mode of operation is to employ the standard
addition in complex matrices, where the sample is spiked with increasing concentrations of
standard (in all 6 wells) to correct for interferences within the sample matrix (standard addi-
tion). Finally, these analysis modes should normally be applied to high throughput analyses
since the device is automated. For example, in future work we could validate the pincer
assay in human serum using the standard addition method with the multiplex mode. Later,
we will also attempt to monitor temporal changes in glycerol secretion using an enzyme
assay with constant calibration mode. This device could be applied to many other biological
assays to analyze precious samples since it can measure small differences in signal, while
achieving low limits of detection and good temporal resolution. Practically, the upper limit

on the number of sample wells is limited only by the value control system.
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3.2 Experimental Section

3.2.1 Materials and Methods

Polydimethylsiloxane (PDMS) precursors, Sylgard 184 elastomer base, and curing agent
were purchased from Dow Corning (Midland, Maryland, USA). Silicon wafers were acquired
from Polishing Corporation of America (Santa Clara, CA, USA). AZ-40-XT photoresist, AZ
300 MIF developer, and SU-8 photoresist and developer were purchased from Microchem
(Westborough, MA, USA). Tubing (TGY-020-5C; 0.02 in. ID, 0.06 in. OD, 0.02 in. wall) and
blunt needles (NE-223PL-C 22G) to interface syringes and devices were obtained from Small
Parts (Logansport, IN, USA). Fluorescein was obtained from Alfa Aesar (Ward Hill, MA,
USA). Human serum (FBS) was purchased from Bioreclamation IVT (Charleston, Maryland,
USA) and Aquapel from Pittsburgh Glass Works (Pennsylvania, USA).Surfactant solutions
were made by dissolving Pico Surf 2 (Dolomite Microfluidics, Royston, UK) surfactant in
HFE-7500 oil (3M, St. Paul, MN, USA) to make 1.0% w/w solution. This not only helps to
minimize exchange of compounds between aqueous and oil phases but also prevents adsorp-

tion to the PDMS.

3.2.2 Microfluidic Chip Fabrication

The microfluidic device was fabricated as previously described. Briefly, the chip is made
of two layers of pattern PDMS following standard soft lithography guidelines, the top being
the fluidic (thick PDMS) layer with rounded features and the bottom being the control (thin
PDMS) layer with squared features. Figure 3.1 shows a cross-section of the channels and

the dimensions.

3.2.3 Sample manipulation

Sample droplet formation and manipulation are controlled by an in-house-written Lab-

VIEW application (National Instruments, Austin, TX). This program is interfaced with the
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Figure 3.1: Novel 6 channels pChopper cross-section
A cross-section of the two bonded PDMS layer of the 6 channel uChopper. (Left) thick
PDMS layer showing the cross-section of the rounded channel; Channel dimension width =
134 pm, depth = 39 pm. (Right) thin PDMS layer with the squared control channel
cross-section; Channel height = 52 pm, width = 92 pm (control channel), valve membrane
thickness = 32 pm.

microfluidic chip through a solenoid valves system (Lee Co.; LDHDA0533115H) which are
controlled by an Arduino program. These solenoids are used to control fluidic movements
in the microfluidic channels by pneumatically actuating microvalves. The valves are formed
at the intersection of the control and the flow channels where the pneumatic action induces
a push-up of a PDMS membrane to close the fluidic channel[95]. The valves actuation is
powered by a regulated pressure source set at ~20 psi. To initiate flow, a hand-held 100 mL

glass syringe (SGE Analytical Science) was used.

3.2.4 Fluorescence measurements and data analysis

For device characterization, fluorescein solutions were diluted in 20 mM HEPES buffer
solution (pH = 7.5) according to each mode of operation. The stock solution was diluted
and the concentration was evaluated by measuring its absorbance at 490 nm wavelength on
a Nanodrop 1000 spectrophotometer (Thermo Scientific) with 1 mm optical pathlength. Six

samples are to be loaded on the device at the same time, therefore six solutions were made
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for each analytical mode. Fluorescence measurements and fluorescence imaging in the 6
channels pChopper device was realized with a PMT (Hamamatsu, Japan) or a cooled CCD
Camera respectively. Both detectors were interfaced with a Nikon Ti-E inverted microscope
equipped with a green filter cube maintaining the same settings as previously described.
On-demand droplet formation was performed using pneumatic valves. The six reservoir
inlets were filled with solutions, either one unknown and 5 standards, or 3 unknown and 3
standards. The unknown could be a fixed concentration solution or a solution that changes
concentration over the course of the experiment. The LabVIEW program generates droplets
in a given order. In one cycle time, the program can either generate droplets starting from
the unknown sample and going to standard 1 through 5 or it can operate by alternating five
standards with one reference or unknown. Similar to our previous work[169], droplets are
moved to the region of interest (ROI) and stopped for measurement. Each step is assigned a
code in the LabVIEW program to facilitate downstream analysis. Specifically, the first inlet
of the channel, which is mostly used for unknown, is assigned a code of 0 (zero) and the next
sample (standard 1) is assigned a code of 1 and so on to make codes numbered 0 through 5
for the 6 channels. The oil was assigned a code of 0 or 1 indicating whether it is off or on,
respectively. The measurement is also assigned a code of 0 or 1 for inactive or active states.
After making all the measurements, the data are sorted in an Excel worksheet using their
assigned codes and analyzed. The LabView application was programmed to assign equal
timing for the droplet formation, measurement, and oil flow. For example, droplets can be
formed, measured, and moved away for 100 ms each steps. The total timing in this case
would be 1.8 seconds for a complete cycle (to analyze all 6 droplets) plus an additional 10
ms wait time. The number of cycles depends on the number of droplets to be sampled or

the analysis mode.
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3.2.5 Constant calibration mode

The constant calibration solutions were made by dilution six standards with HEPES
buffer. The first standard was 5 nM and the other were ranging from 10 to 165 nM. 10 uL of
the first standard was loaded in reservoir 1 and 35 ul. each of the other standards were loaded
in reservoir 2 through 5. The experiment was carried out for 5 minutes and then 10 pl of
high concentration fluorescein (82.5 nM) was added. To make sure that the solution diffuse
faster in the channels to the droplet formation region, the solution was added to bottom of
the reservoir and closer to the channels inlets. At 10 seconds time point, another 10 uL of

82.5 nM of fluorescein was added to the same reservoir following the same procedures.

3.2.6 On-chip standard addition

Standard addition method was characterized on our new pChopper by pipetting 10uL
of the unknown fluorescein solution into 6 micro-centrifuge test tubes. In the first test
tube, 30 uL. of HEPES buffer was added. Next, 10 uL of 10.3, 20.6, 41.2, 42.5,and 165 nM of
fluorescein solutions were pipetted in test tubes numberd from 2 to 6. Finally, buffer solutions
were pipetted into each of the test tubes to make a total volume of 30 pL. The solutions

were transferred into the 6 reservoirs of the pChopper in an increasing concentration order.

3.3 Results and Discussion

3.3.1 Chip design and modes of operation

This next-generation pChopper contains 6 aqueous input channels, and one oil input
and a single output. The six channels each form a T-junction geometry with the oil channel.
The aqueous channels are narrowed at the intersection between aqueous and oil channels
to facilitate droplet formation. Figure 3.2 shows the design and operation of the 6 channel
uChopper. Similar to previous design, the 6 channel device (Figure 3.2A) consists of a

control layer (red) and a flow layer (black). Flow is initiated by applying vacuum to the
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outlet of the device. Droplet generation is enabled with a LabView application; the 7 control
valves can automatically form droplets in a predefined sequence, for example from valve 1
to 6 (Figure 3.2C) or in an alternating fashion (not shown). After each droplet is formed,
the droplet is placed in the region of interest (ROI) for measurements then moved away by
flowing oil. A video montage of droplet formation (made of diluted food coloring) in the 6

channels is shown on Figure 3.2B.
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Figure 3.2: 6 channels pChopper design and operation
(A) Channels design depicting flow channels (black), control channels (orange), and
detection point (squared dots). (B) Image montage showing droplets formation. This are
segments of a video collected during automated droplet formation on the 6 channels
puChopper. (C) Schematic of the valve-automated chip operation cycle, on-demand sample
separated by measurement and oil flow is indicated over time

While the previous design focused only on reducing 1/f noise for a better limit of detec-
tion in absorbance[40] or fluorescence[169] measurements, this device offers the possibility
not only to reduce 1/f noise but also to remove human error introduced when manually
changing solutions between experiments. Since up to 6 solution can be handled at a time,
this device also offers a wide range of possible analyses including dynamic changes in solu-
tions. For example, dynamic changes or kinetics of the pincer assay can be studied in this
chip, or cell secretion assays could be employed. Figure 3.3 displays four modes of operation
that is applied to this device. It also displays sample loading order for the four modes (order

can be interchanged). The reservoir are numbered with the valve number code therefore
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valve 1 through 6 is actuated to form a droplet from the unknown to standard 5 (counter
clockwise on the pictures) for the continuous calibration mode. The same order is made
for the other modes except the multiplex mode where a reference droplet can sometimes be

formed after each sample droplet (not shown).

Figure 3.3: Modes of operation of the 6 channels pChopper
Images of an actual 6 channels pChopper showing sample loading for four different modes
of analyses. In a duty cycle, a single droplet is formed for every sample in a counter
clockwise manner for every mode of analysis. (Top left) The continuous calibration mode.
(Top right) Multiplex mode with constant referencing. (Bottom) Mixed mode(left) and
continuous calibration with an application in standard addition (right).

3.3.2 Constant calibration mode

As a proof of concept, we first characterized our novel pChopper for four modes of
analyses using fluorescein solutions. For characterization purposes, the PMT settings were
changed depending on the samples concentrations used and the sensitivity was maximized

above 9 V nM~!. The voltage and the offset were adjusted according to analysis mode to fit
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a 20 volts window. Since up to six samples can be measured in only one run, we have the
possibility to study the temporal response of the samples and to confirm the calibrations by
observing the slope, the y-intercept, and the R? over time.

The constant calibration mode was performed by loading 6 calibration standards made
of fluorescein into the reservoirs. During the first 10 seconds of the experiment, a high
concentration is spiked in the first reservoir twice to create a changing concentration of
unknown leaving 5 constant calibration standards (See Figure 3.2A). This will help to obtain
dynamic information for some assays as well as the kinetics, for instance the kinetics of the
pincer assays in human serum. We have mimic these type of assay with fluorescein solution
in four modes of operation as explained above and we present the temporal response in
this section. Figure 3.4 displays the raw data with intensity profile for every droplets for
30 seconds measurement time on the left and one duty cycle on the right. Experiment for
this mode lasted nearly 20 minutes sampling more than 3.5k droplets in total (616 cycles).
The full range data shows an increasing unknowns peak during the period of the experiment
(~ 20 minutes) while the standard peaks remain constant. The real time fluorescence trace
analysis (Figure 3.5A) also shows the same result. More interestingly, the standard and
sample trace can be seen over time with the unknown trace (blue) increasing over time.
The PMT offset and the voltage were intentionally adjusted during the experiment (after 12
minutes time point) to fit the 20 volts window and to confirm the stability of our system.
After the modification of the system’s setting the unknown trace continued its increase
following the same path. The linear response of the system is also shown on Figure 3.6 A
with two curves representing the data before and after modification of the system’s settings.
The slope, y-intercept, and R? are also constant over time even after the offset and voltage
change confirming accurate 1/f noise removal. To confirm the accuracy of the measurement,
the unknown concentration was calculated using the data at the end of the experiment and

the value was found to match the known value which is the same as standard 4.
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The peak intensities shown in Figure 3.4 all displayed the expected trend meaning that
our method could distinguish between samples concentrations, even the lower concentration
for some cases. As for the constant calibration, once the standard solution were loaded, the
unknown reservoir previously filled with 5 nM of fluorescein is spiked with a high concen-
tration fluorescein that diffuses over time. The corresponded peak intensities (Figure 3.4A)
for this mode clearly shows a difference between droplets concentrations and an increasing

unknown peak for the full length of the data (~20 minutes).

3.3.3 Mixed mode

For the mixed mode, various concentrations of unknown and calibration standard can
be used. In the present study, 3 unknowns and 3 standards were used. Expected peak
intensities were also observed (Figure 3.4B) for the three calibration solutions as well as the
three unknown samples. A real time trace of the 3 unknowns as well as the 3 standard
droplets signal is shown on Figure 3.5B. The traces show variation of the signal throughout
the experiment with a significant decrease happening to all the signals at the beginning.
This variation is probably due to channel clogging or certainly an accidental movement of
the chip out of the ROI. The second possibility is more probable because the peak signal
(Figure 3.4B, right) seem to be recording the droplet edge since the peak intensity is partially
recorded in the data. These abnormally can be seen in other plots such as the slope, the
y-intercept, and the R?. However, even with the variations we were able to obtain distinct
signals between all samples and the linear response (Figure 3.6B) was acceptable. We were
also able to calculate the values of the unknowns which were close enough to the true values

nearly 83% for unknown 1, 86% for unknown 2, and 72% for unknown 3.
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Figure 3.4: Characterization of the 6 channels pChopper
Droplets peak intensities for 30 seconds data (left) and a zoom in representing on duty
cycle for each mode (right). (A) Temporal sampling in the constant calibration mode; (B)
3 samples 3 calibration in the mixed mode; (C) 5 point calibration with one unknown in
one run; (D) on-chip standard addition method in continuous calibration mode
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Figure 3.5: Temporal sampling analyses

Temporal response of all modes (left) with their slope, y-intercept, and R? (right from top
to bottom). (A) Temporal sampling experiment showing the unknown signal increasing
over time while the standard remain constant; PMT offset intentionally moved after 12
minute time point.(B) Mixed mode with 3 unknown samples and 3 calibrations; signal is

constant for all samples. (C) Continuous calibration mode with one unknown and 5
calibrations. (D) Standard addition method showing all six standard and the unknown
concentration to be constant throughout the experiment
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3.3.4 Multiplex mode

Since previous device could only perform one sample and one reference at a time, we
evaluate the multiplex capability of our device by using 1 reference and 5 calibration sam-
ples. This can be done by constant referencing each sample droplet with the reference or
referencing after the 5 sample droplets. To characterize this mode, very high concentration
of reference was used, and PMT was calibrated according to its signal. This was to mimic
assays where the signal is reduced during the course of the reaction such as the pincer assay.
A buffer can also be used as reference. The voltage was turned down to fit the reference
signal in the window for recording. We present partial peak data (the first 30 seconds) on
Figure 3.4C where the droplet peak intensities of the 5 samples (standards) and the un-
known can be seen. Since the sensitivity was turned down, the first two droplets are not
distinguishable from each other. However, the 3 other standards are distinguishable and can
be used for calibration which is another advantage of this device. The real time observation
of the droplets show constant signal for all sample concentrations as well as the reference
(Figure 3.5C). While the R? and the slope seem to remain constant for the duration of the
experiment with values around 0.986 and 0.0565 respectively, the y-intercept shows a slight
decrease. This is decrease is probably resulting from the weak signals from the lower concen-
trations standards. Despite this minor issue, the linear response of this mode (Figure 3.6C)

was acceptable.

3.3.5 Standard addition mode

For the standard addition method, since six standards each containing the same volume
of unknown at different ratios with the buffer was prepared(Figure 3.3), the PMT was set
according the the highest concentration standard. This was done to mimic a complex matrix
of sample containing the same unknown such as the human serum. We intent to measure the
human albumin inside a complex human serum matrix. We analyzed the unknown sample

contain in our six standards. The fluorescence droplets intensity can be seen on Figure
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3.4D with the six standards peaks different from each other. We also present the temporal
sampling analysis (Figure 3.5D) showing constant droplet traces for all the standards as well
as constant slope, R?, and y-intercept. The concentration trace of the unknown (dark blue)
is also shown in this figure and seems to be noisier than the standard. The noise is also
present in the slope, R?, and y-intercept trace (see inset in Figure 3.5D). We suspect that
this noise is generated in the calculation from the lowest concentration standards that have
similar signal. We obtained a very linear response from the system (Figure 3.6D) with and
R? of 0.9995 from the system proving that our system is best suited for analyses of complex
matrix. The unknown concentration not only matches the known concentration but also
matches the results obtained from the mixed mode since unknown 1 from that experiment

was used.

3.4 Conclusion

This work took the automated microfluidic sample chopper pChopper one step further
by increasing the number of samples to be analyzed in a single run. The next generation
#Chopper included six sampling channels and was capable of performing various analytical
modes. We have successfully investigated the constant calibration mode, the mixed mode,
the multiplex mode, and the standard addition mode and we have shown real time signal
measurement with temporal characteristics such as the slope, the y-intercept, and the R?.
A continuously changing sample with constant standard was characterized with fluorescein
and our device successfully measured the changing concentration even when the settings
were intentionally changed proving 1/f noise reduction in the system. For the case where
there is multiple unknowns to be analyzed, we have set up a mixed mode with 3 unknowns
and 3 calibration standards, and successfully determined the concentration of the unknowns
even with abnormality occurring at the droplet formation regions. We also investigated
the multiplex mode where a single reference was used to measure 5 different sample in a

single run. With this mode up to 3 reference can be used to measure 3 different sample
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Figure 3.6: Standard curves of different analyses modes
(A) Standard curve of the temporal sampling with constant calibration showing the
standard curves of data before PMT offset move (red) and after PMT offset move (blue).
(B) Mixed mode ( 3 unknown samples and 3 calibration points). (C) 5 points calibration in
continuous calibration mode. (D) on-chip standard addition method in continuous
calibration mode.
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thus increasing the multiplexity. Last but not least, we have successfully perform on-chip
standard addition method which is useful for complex matrix samples, and we accurately
determined the unknown concentration in the matrix. According to these results, we can now
measure a continuously changing sample namely, the gylcerol enzyme assay, various unknown
at the same time, lock-in detection with constant referencing of samples, and human albumin
contained in complex matrix such the human serum. Our next-generation pChopper is the

ideal tool to perform rapid measurements and to greatly reduce 1/f noise and human error.
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Chapter 4
Quantitative measurement of proteins at attomole levels via active microfluidic sampling

and homogeneous proximity assays

4.1 Introduction

Rapid and sensitive proteins quantification methods are fundamental requirements for
advances in medicinal diagnostics. Especially for metabolic diseases where early detection
can be vital for a patient. An example of such disease is the diabetes melitus where the body’s
ability to produce or respond to the hormone insulin is impaired. The survival of a patient
suffering from this disease is uniquely based on regulating the amount of insulin produced
by the body. To do so, it is necessary to measure the amount of insulin in the blood[170,
140, 145, 146]. Immunoassays are well equipped for protein detection in miniaturirized
devices. However, these assays involve tedious chemical processes that require complex device
engineering. The enzyme linked immunosorbent assay (ELISA) is the traditional and most
widely known protein detection method used in microfluidics[171, 172, 173] because of it high
specificity and dynamic range. This assay uses a captured antibody attached to the surface
of a microplate well to specifically bind a target protein. However, ELISA is a tedious and
expensive assay because of large volume sample and reagent consumption an require washing
steps. There remain a need for method permitting rapid insulin quantification with simple
mix-and read workflow. In the microfluidics field the current focus is being on adapting
tedious assays such as polymerase chain reaction (PCR)[174], the recombinase polymerase
amplification (RPA)[175, 176], bead-based assays using antibodies or aptamers[177, 178, 179],
and quantum dots (QD)[180] to microfluidic platforms. A homogeneous assay that require
only one step mix-and-read process is ideal for protein detection[121]. We have previously

present a homogenous assay where temperature could be used to discriminate between bound
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and unbound complexes[181]. Here we present a novel homogeneous mix-and read assay
which uses aptamers or antibodies, and is based on the proximity of a fluorophore and a
quencher when the the antibody/aptamer binds to the target protein.

Microfluidics is well known for its low volume sample consumption and has been suc-
cessfully applied to protein detection[182, 183]. However, the fluids in such system possess
laminar flow behavior and require relatively long time to diffuse and then produce chemical
reaction. The difficulty of mixing in continuous flow microfluidics has prone some device
engineering to overcome the laminar flow[184]. However, these mixing technique have low
efficiency and require complex fabrication processes. The Quake group had invented a device
where a peristaltic pump can be applied to a ring to perform rapid mixing. This method
proved very efficient and its implementation into various application is poorly exploited.

In this work, we combine a custumized nanoliter rotary mixer[30] with our newly de-
veloped proximity assay, which permit selective, direct-readout fluorescence quantification
of proteins in picoliter-to-nanoliter volumes. The assay is a homogeneous ”mix-and-read”
assay[185, 121], where immoblization of antibodies and washing steps are not required. It
based on Forster resonance energy transfer principle (FRET) with a pair of highly specific
DNA oligo-conjugate antibodies or aptamers, where one is labeled with a fluorophore and the
other is labeled with a quencher, and a connector. The connector is a complementary short
DNA strand that anneals with the 5" of one DNA oligo-conjugate and the 3’ of the other
and brings the fluorophore and the quencher at close proximity (Figure 4.1). As a result,
the fluorescence signal is reduced. Thus, the assay is refered to as proximity FRET assay
(pFRET). The rotary mixer microfluidic device has been proven to achieve rapid effective
mixing compared to other mixing techniques in continuous flow systems[186, 187, 188, 189].
We have modified the rotary mixer to minimize dead volume, increase pump volume, sam-
ple metering, and loading. Our modified rotary mixer is capable of performing fast mixing
in only 2.2 seconds and we also demonstrated protein detection and quantification using

thrombin and insulin.
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Figure 4.1: Schematic of the pFRET assay
The pFRET assay uses a pair of antibodies or aptamers and a connector. Abl or aptamerl
is labeled with a fluorophore and Ab2 or aptamer2 is labeled with a quencher. At the
presence of a target (grey or orange) protein, a complex is formed bringing the fluorofore
and the quencher at close proximity.

4.2 Experimental section

4.2.1 Reagents and materials

Polydimethylsiloxane (PDMS) precursors, Sylgard 184 elastomer base and its curing
agent were purchase from Dow Corning (Midland, MI). AZ 40XT-11D positive photoresist
and AZ 300 MIF developer was from AZ Electronic Materials USA (Somerville, NJ). The
negative photoresist, SU-8 2050 was obtained from Michrochem (Westborough, MA). Sili-
con wafers for PDMS molding was acquired from Polishing Corporation of America (Santa
Clara, CA). Tubing (TGY-020-5C; 0.02 in. ID, 0.06 in. OD, 0.02 in. wall) and blunt needles
(NE-223PL-C 22G) to interface syringes and devices were obtained from Small Parts (Lo-

gansport, IN, USA). All solutions were prepared with deionized, ultrafiltered water (Fisher
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Scientific). Bovine serum albumin (BSA, 98%) were from EMD Millipore (Darmstadt, Ger-
many). Insulin antibodies (clones 3A6 and 8E2) were from Fitzgerald Industries (Acton,
MA). The following reagents were from Sigma-Aldrich (St. Louis, MO) and used as received:
Human thrombin, Sodium chloride (NaCl), Tris(hydroxymethyl)aminomethane hydrochlo-
ride (tris-HCI), Magnesium chloride (MgCly), agarose (low gelling temperature, A9414-5G).
Fluorescein was obtained from Alfa Aesar (Ward Hill, MA, USA). Oligonucleotides were
obtained from Integrated DNA Technologies (IDT; coralville, lowa), with purity and yield
confirmed by mass spectrometry and HPLC, respectively. Sequences for aptamer based
pFRET and antibody based pFRET were as follows. Thrombin aptamer A (Thr1_ BHQ1):
CAG TCC GTG GTA GGG CAG GTT GGG GTG ACT TTT ACT TTC TGC ACG ACA
CTT TGG AAC AGC /3IABkFQ/; Thrombin aptamer B (Thr2.TAMRA): /55-TAMK/
AAT AAC GTC AGA ATC GTA CTC GGG TGT GAC TAC TGG TTG GTG AGG TTG
GGT AGT CAC AAA; connector (Thr-C20): TGA CGT TAT TGC TGT TCC AA; In-
sulin antibody arm A (AbA_BFQ): /5AmMC6//iSp18/ TCG TGG AAC TAT CTA GCG
GTG TAC GTG AGT GGG CAT GTA GCA AGA GG/3IABKFQ/; Insulin antibody arm
B (AbB_.TAMRA): /55-TAMK/ GTC ATC ATT CGA ATC GTA CTG CAA TCG GGT
ATT AGG CTA /iSp18//3AmMC6T/; insulin pFRET connector(C’10-10): GAA TGA TGA
CCC TCT TGC TA.

4.2.2 Microfluidic Chip Fabrication

The microchip device was fabricated using standard multilayer soft lithography[95, 190,
191]. The microfluidic channel layout photomask was designed in Adobe Illustrator software,
and printed by Fineline Imaging (Colorado Spring, CO) at 65024 DPI resolution. Photolitog-
raphy processes were carried out in the clean room facility of the Alabama Microelectronics
Science and Technology Center. The SU-8/silicon master was fabricated using standard neg-
ative photolithography (see Figure 1.11) with channels in length (need to measure the cross

section) and served as the pneumatic control channels (thin PDMS layer) mold. Briefly, 32
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pum thick negative photoresist (SU-8 2050) was spin-coated onto a silicon wafer and baked
for 5 minutes on a hot plate at 95 °C followed by UV exposure using a Karl Suss MA6 mask
aligner. The last steps are the post exposure baking of the wafer at 95 °C for 5 minutes
and development in SU-8 developer. The AZ-40XT/silicon master was made with positive
photolithography (see Figure 1.11) following similar procedure as described for the SU-8 and
channel was rounded by reflowing at 120 °C for 7 min.

The device comprises two layers of PDMS. The control layer was obtained by spin
coating a mixture of 20:1 ratio of PDMS elastomer and curing agent mixture on the SU-
8/silicon master. The fluid layer (~5 mm thick) was made by a mixture of 5:1 ratio PDMS
pouring on the AZ-40XT /silicon wafer master. Both layers are partially cured in the oven
for 35 minutes, then the thick layer was peeled off from master, cut, and holes punched
(3.5 mm inner diameter for input reservoir, 1.5 mm inner diameter for outlet interfacing
with tubing). The PDMS stamps were carefully aligned on the top of the control layer
and permanently bonded together by placing in the oven at 65 °C for at least three hours.
PDMS replicas were then peeled off form the AZ-40XT /silicon wafer, hole punched (1.5
mm diameter for pneumatic valves control), plasma oxidized,and bonded on a glass sub-
strate. Before loading samples, microfluidics flow channels were treated with Chitosan and
O-[(N-succinimdyl)succiny]-o-methyl-poly (ethylene glycol) (mPEG) to make the surface hy-

drophilic and biocompatibile[192].

4.2.3 Valve and flow control

The pneumatic valves controlling system is shown in Figure 4.2 and comprises a pressure
source connected to a pressure regulator, a selenoid system with tubing interfacing with the
microfluidic chip, a data acquisition system, and an in-house build valve controller. The
valves are actuated automatically with solenoid switchers (LHDA0531415H, The Lee Co.,
Westbrook, CT) controlled by a multifunction data acquisition system (USB-6002, National

Instruments co., Austin, TX). The house nitrogen source provides a pressure source with
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a pressure regulator adjusted to 20 psi. Since the PDMS is air permeable, the dead ended
control channels were filled with yellow food dyes to prevent air infiltration through PDMS
membrane. Valve actuation is regulated through an in-house written LabView application.
The LabVIEW program mainly include a case structure within a while loop. The LabView
program function in a four steps process, sample loading, mixing, incubation, and washing.
Each steps is coded by a seven digit of the binary code associated with the 7 control channels.
The samples were loaded into the reservoirs with micropipette and vacuum were applied by
pulling the syringes connected to the channel for driving the solution flow through the two

channel outlets when valves open.

/.‘-;:'rli.:m.'i[_l system

Figure 4.2: Valve controling system
Image of the valve controlling system. Pneumatic valves were connected to a
solenoid-switched pressure source (compressed Ny gas), which was interfaced with a
Labview NI-DAQ system. Wide-field and fluorescence measurement was performed directly
with a Nikon Ti-E inverted fluorescence microscope.
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4.2.4 Sample metering

The assay used in this work requires an equal volume mixture of the antibody oligo-
conjugates/aptamers and the target protein to function properly. Therefore, our microfluidic
rotary mixer was designed for this purpose(see Figure 4.3). The rotary mixer ring is delimited
with microvalves to accurately meter a precise volume of sample on both sides of the ring
before mixing. More specifically, there are a total of seven valves on our microfluidic rotary
mixer chip where four serve for sample metering. The central valve separates the ring in two
parts, one part for sample A and the other for sample B for example. At each side of the
ring, there is one valve at the inlet and another at the outlet of the ring to precisely meter

9 nL volume of sample.

4.2.5 Mixing time measurement

Microchip characterization was made by recording videos of the mixing of red and green
food dye (Kroger) with a Nikon 1 camera attached to a Nikon Eclipse T'S 100 microscope.
Green dye was loaded in reference reservoir as well as in sample reservoir A. Red dye was
loaded in sample reservoir B. Then vacuum applied to the outlets to fill the channels. Green
and red dye were mixed by the 5-step peristaltic pumping with step time at 1 ms, 2 ms, 5 ms,
10 ms, 15 ms, 25 ms, 50 ms, 100 ms, 150 ms, and 200 ms. Viscosity effect was investigated
by repeating the experiment with red and green food dye in 0.5% agarose solution. Data
analysis was performed using ImageJ and mixing was considered complete when the percent

red in the RGB image of the solution was stabilized to <2% deviation.

4.2.6 On-chip serial dilution and channels hydrophilicity treament

Fluorescein was dissolved into Tris-HCI (2.5 mM tris-HCI buffer, pH 8.0) to make 36.5
mM of stock. Next, 200 nM fluorescein was made from the stock(200 nM in 2.5 mM tris-
HCI buffer, pH 8.0). This solution was then used as starting concentration for our on-chip

serial dilution experiment. The two samples were mixed and the fluorescence pictures of
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fluorescein in the channel were recorded by the camera attached to the microscope with 20X
lens. Images were obtained with a fluorescence microscope (Nikon Eclipse Ti) and analyzed
with imageJ. The mixing and measurement were repeated. This process was repeated 8
times. The fluorescent intensity was normalized by the reference fluorescein (200 nM in 2.5
mM tris-HCI buffer, pH 8.0) in the reference channel.

Channels modification was made following the protocol described in reference [192]. In
short, the process started by pumping the Chit solution (pH=6.00, 0.01%, w/v) through the
PDMS microfluidic channels with a vacuum pump. This followed by incubation for 5 minutes
to allow the Chit to be adsorbed by the PDMS. After PDMS adsorption, the channels are
flushed with distilled water for 10 minutes then the channels are filled with NSS-mPEG
solution and kept at room temperature for 4 h. The final step in the process was to flush
the channels with BGE for 10 minutes. Lastly, to protect the channels from hydrophobic
recovery, the microfluidic chips are wrapped in plastics and stored at 4 °C. The hydrophlicity

was tested by performing serial dilution of fluorescein in the channels.

4.2.7 Thrombin quantification by pFRET assay

All pFRET assays were performed in Tris binding buffer: (50 mM Tris (pH7.5), 100 mM
NaCl, and 1 mM MgCls,, with or without 1% BSA). Fluorescence images were recorded on a
Nikon Ti microscope with a filter set for TAMRA. Thrombin aptamers (1 M) were dissolved
in binding buffer, heated at 94 °C for 7 min, and then quickly cooled in iced water. After
these treatments, each aptamer would form its specific secondary structure. Then the probe
mix was made by diluting two aptamers (Thr1_ BHQ1, Thr2. TAMRA) to 300 nm in binding
buffer (1% BSA), and mixing with the connector (Thr-C20, 1% BSA binding buffer) at a 1
: 1: 1 ratio. Various concentrations of thrombin were diluted in binding buffer (1% BSA) as
the samples. The probe mix (10 L) and sample (10 L) were added into sample reservoir
and the probes reservoir, respectively, and then mixed by the 5-step peristaltic pumping

with step time at 10 ms for 90 s. The LabView program was made to automatically switch
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between sample loading, mixing, incubation, and wash steps. Therefore, right after mixing,
the mixture was incubated at room temperature in channel, and the fluorescent images were
taken in a selected squared area including both the reference channel and sample channel
every 3 min for 30 min. To reduce photo-bleaching effects, the light source was only turned
on right before measurement and turned off after. When all the measurement of one sample
finished, the microchannel was washed as flollows: the solution in the reservoirs were taken
out with pipette, washed with binding buffer (1% BSA, 20 ulL) twice, and loaded with
binding buffer (1% BSA). After loading the buffer, a vacuum was applied to both of the
channel outlets for 30 s to fill the channels. Then the fresh buffer was driven circulated in
the channel automatically for 90 s to remove any residues from the previous solution. The
rinsing and circulation steps were repeated one more time before the loading the next sample.
Data analysis was performed using ImageJ and the photo-bleaching effect was corrected by

the reference probe mix in the reference channel.

4.2.8 Insulin pFRET assay on chip

The insulin pFRET probes were made as previously described[193, 122] by covalent
attachment of AbA_BFQ to insulin antibody 3A6 (probe: 3A6_BFQ) and AbB_.TAMRA to
insulin antibody 8E2 (probe: 8E2_ TAMRA), respectively. Conjugation and purification were
accomplished using the Antibody-Oligon-conjugate All-In-One Conjugation Kit (Solulink),
according to the manufacturers instructions. The final conjugate concentrations were de-
termined via the BCA protein assay. For insulin pFRET, the probe concentration were as
follows: 50 nM each of the pair of insulin antibody-oligonucleotide conjugates and 70 nM of
DNA connector. The rotary mixer chip was placed in the 37 °C incubator on the microscope
stage. The measurement were similar as the thrombin pFRET: Various concentrations of
insulin were diluted in binding buffer (1% BSA) as the samples. After the probe mix (10 uL)
and insulin sample (10pL) were loaded and mixed, the fluorescent images were taken in the

square area including both the reference channel and mixer every 15 s for 15 minutes. The
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reservoir and the channels were rinsed twice with the next sample before each measurement.

Data analysis was performed using ImagelJ.

4.3 Result and discussion

4.3.1 Device design and Operation

The rotary mixer chip design consist two layers of PDMS (Figure 4.3). The pneumaic
control layer is made of a thin PDMS (40 ym) and contain 7 channels (black). The fluidic
layer is made of a thick PDMS (5.5 mm) and contains the rotary mixer ring of diameter 1.72
mm with two input and two output channels, and a reference channel. The total volume of
the rotary mixer is 18 nL., with about 9 nL. on each side. The ring of the rotary mixer has been
twisted toward the center, in order to reduce the dead volume to nearly zero. To increase the
mixing efficiency the pump volume was increased by enlarging one portion of the ring at the
cross section with the central valve of the peristaltic pump. Automatic control of the rotary
mixer was enabled with a LabView program. The chip operation and the valve actuation
scheme are presented on Figure 4.4. The two side of the ring was divided by the control
valve 2, and samples and reagents were loaded into the half of the ring separately so there is
no risk of diffusion between reagents before mixing. Furthermore, accurate volume metering
and sample manipulation are achieved with this method. First, sample A (e.g. pFRET
antibody probes) and sample B (Protein target) are loaded respectively by opening valve 1
and 3 and applying vacuum at the outlets. Second, The solutions in the ring were confined
by closing the valve 1, 3, and 7, and mixed by opening valve 2 and applying peristaltic pump
using valve 4, 5, and 6. Last, after the mixing step, the homogeneous mixture is incubated,

measured and washed to prevent contamination of the next sample.

4.3.2 Rotary mixer design allows rapid mixing

We have designed a microfluidic rotary mixer for fast mixing of reagents. The mixing

is performed by peristaltic pump[95]. Since the pump volume is determined by the central
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Figure 4.3: Rotary mixer chip design
Microfluidic rotary mixer device layout (left) with fluid channels in blue and pneumatic

control channels in black. The diameter of the rotary mixer ring is 1.7 mm, with sampling

volumes of 9 nLL and a total volume of 18 nL. Chip fabrication was accomplished by
multilayer soft lithography (middle). Flow channels were molded into polydimethylsiloxane

(PDMS) using patterned AZ 40XT positive photoresist, rounded by thermal reflow;

squared control channels were molded into PDMS using patterned SU-8 negative
photoresist. Rounded flowing channel ensures complete closure of fluidic channels by
valves. Image of rotary mixer chip (right).

valve of the peristaltic pump, the key to achieve fast mixing was the enlargement of the
central valve area. The rotary mixer fluidic channels were filled with red and green food dye
on both sides respectively and the control channels were filled with yellow food dye (Figure
4.3 right). Rapid mixing of the food dyes was recorded with a Nikon 1 camera and analysed
with imageJ. The mixing is done by opening valve 2 separating both fluids in the ring and
pumping the fluids around the ring for a defined period of time while maintaining valve
1, 3, and 7 closed. The mixing occurs due to the parabolic profile of the Poiseulle flow in
microfluidic channels. As two fluids rotating in the rotary mixer, the center of each fluid flows
faster than the edges. Therefore, the interface between the two fluids keep stretching and
wrapping around each other, thus forms a long and thin stream, which allows the diffusion
to occur quickly across the interface and results in fast mixing. So the mixing efficiency of
the rotary mixer is determined by the pumping frequency and the volume pumps in each

cycle. The volume of sample injected by the peristaltic pump in each pump cycle equals to

the dead volume under the middle valve of the peristaltic pump[194]. We investigated the
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Figure 4.4: Rotary mixer chip operation
The rotary mixer is automatically controlled by applying pressure to the 7 pneumatic
valves (left) with the tabulated program (right).
pumping efficiency of our rotary mixer and the result is shown in figure 4.5. The channel of
the rotary ring is 137 pm wide, and the width of enlarged valve is 270 gm. The channels area
is of a half ellipse with a height of 28 ym. With these parameters we obtained a maximum
pumping volume per cycle of 356uL/s and maximum pump frequency of 200 Hz. These
values are by far higher than other rotary mixers found in literature[194, 195].

The mixing time was extensively investigated with red and green food dye in the rotary
mixer (Figure 4.5). As shown in Figure 4.5A, rapid mixing was achieved, as fast as 2.2 s.
We also investigated the viscosity effect by diluting red and green food dyes in a solution
containing 0.5% agarose , the fastest mixing time of 2.44 s at cycling time of 25 ms, which
suggest our device is suitable for the fast mixing of viscose fluids. The Reciprocal of mixing
time showed a linear response with cycle frequency between 1 Hz to 20 Hz (Figure 4.5B).
The mixing time at higher frequency diverged from the linear line due to the responding
time requirement of the solenoid system or the valve membranes, which suggest the optimal
mixing frequency is around 20 Hz (50 ms cycling time). Figure 4.5C shows snapshots video
of the mixing where the red and green food dyes can be seen in the rotary mixer before,

during, and after mixing.
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Figure 4.5: Rotary mixer characterization
(A)The extent of mixing over time was studied as a function of pumping cycle time.
Mixing was considered complete when the percent red in the RGB image of the solution

was stabilized to <2% deviation. Rapid mixing was achieved, as fast as 2.2 s, a significant

advantage for secretion sampling purposes. (B) The plot of mixing time with cycle

frequency shows that mixing is optimal at a cycle frequency of around 20 Hz. (C)

Characterization of the device was accomplished initially with food dyes. the rotary mixer
ring was filled with 9 nL each of red sample and green probes (left), which were then mixed
by peristaltic pumping around the ring.

4.3.3 Nanoliter Serial Dilution

Accuracy of the mixing volume between the two sides of the ring channel is studied by

serial dilution of fluorescein into Tris buffer. Theoretically, the standard dilution curve follows

the equation C,, = a" Cy, with a as the dilution factor, C,, as the diluted concentration, C

as the initial concentration, and n as the dilution number. The relative fluorescence ratio

between fluorescein and the buffer solution was measured.
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CCD camera on an inverted fluorescence microscope. As shown in Figure 4.6 (left), the
experimental standard dilution curve lies perfectly on the theoretical curve with dilution
factor of 0.456. Although the experimental dilution factor is different from that of the
theoretical dilution factor (0.5), this would not affect the efficiency of our assay since the
difference in volume is only about 9%. The difference in the dilution factor is due to the
enlarged volume of the central valve of the peristaltic pump, and the difference between the
volumes of two sides of the ring, the device still ensure the accuracy in sample preparation
and metering samples for biological assays. The result also proved the surface treatment
prevented the non-specific binding of fluorescein to the PDMS surface. Since no fluorescence
adsorption by the PDMS channels is observed in Figure 4.6 (right), we can conclude that

our channels wall were biologically compatible.

Fluorescence Intensity Ratio

0 1 2 3 4 5 6 7 8
Dilution Number

Figure 4.6: Nanoliter volume serial dilution
The experimental serial dilution curve with a 0.455 perfectly fitted the theoretical serial
dilution curve. The inset curve is the logscale of the serial dilution curve showing the
linearity of the method (left). Fluorescence images of the serial dilution showing a gradual
decrease in fluorescence intensity (lower left corners). These images also account for the
surface treatment done with the Chit-mPEG to render the channels surface hydrophilic.
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4.3.4 Thrombin quantification on-chip

To demonstrate the potential utility of the device for direct optical protein quantifica-
tion, thrombin concentration was measured with pFRET assay. For this experiment highly
specific Thrombin binding aptamer was used. The aptamers were purified using HPLC and
GC. Two atptamers (Thrl BHQ1, Thr2 TAMRA) that bind to different sites on thrombin
molecule were used as affinity probes, and a 20-base connector was used to bring the FRET
pair (Tamra and Black Quencher) labeled aptamer tails together to ensure a high and con-
sistent FRET efficiency. Varying concentrations of thrombin and fixed concentration probes
were loaded and mixed in the device. During the incubation, the relative fluorescence of the
sample decreased as a first order reaction kinetics (Figure 4.7). The least square fitting of
the data into the first order reaction exponential decay K = A*e(=*)4+B. The extent of fluo-
rescence quenching (pre-exponential factor of fit curves, A) was directly proportional to the
concentration of the thrombin (Figure 4.7 left). The limit of detection was 180 attomoles.
Note that our input sample volume is only around 9 nL. So without extensive optimization,
we have detected thrombin at about 180 attomole level. The fluorescence starts to level off
after 20 min, but the fluorescence different between samples could be distinguished even at
3 min, which suggest that accurate measurement can be achieved in less time. To minimize
the cross contamination between different runs, two-step washing was done, and the assay
was did in the order from 0 nM, 100 nM, 20 nM, 150 nM, to 40 nM. The linear response
between preexpontential factor and thrombin concentration suggests a sufficient washing,

not cross-contamination, and a biocompatable PDMS surface.

4.3.5 Insulin quantification on-chip

We have successfully showed that direct quantification of human thrombin was possible
on our device. Here we would like showcase further application to prove that our rotary
mixer could be used for sampling and quantification of hormone secretion, which is useful

for the detection of early diabetes. With this in mind, we have applied our device to insulin
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Figure 4.7: Quantification of Thrombin protein using pFRET
Direct optical quantitation of human thrombin using pFRET was achieved by continuous
sampling and segmentation of varying concentrations of sample and fixed probe
concentration. During incubation, the relative fluorescence of the sample decreased (left).
The rates of fluorescence quenching (preexponential factor of fit curves) were directly
proportional to the concentration of thrombin (right). Without extensive optimization, we
have detected thrombin at the 180 attomole level.

detection since its amount is directly proportional to diabetes mellitus. Since our pFRET as-
say is perfect for direct readout of small concentration of protein, we diluted 6 concentration
of insulin going from 0 to 100 nM. Using these concentrations and a fixed concentration of
antibody oligo-conjugate probes at 1:1 ratio mixture and as reference, we loaded reservoir A
and reservoir B with sample and probes respectively. The data were recorded after every 0.5
minute using a standard fluorescence microscope equipped with a CCD camera and analysed
using imageJ and Excel. Because the on-chip islets culture need to be at 37 °C, we performed
the insulin pFRET assay in the rotary mixer at 37 °C with insulin antibody-oligonucleotides
conjugates pFRET probes and 10-10 connector which is optimized for 37 °C[122]. The bind-
ing of the two antibodies to one insulin molecule bring the FRET pair (TAMRA and BHQ)
labeled oligonucleotide tails together to ensure a high and consistent FRET efficiency. With
the 10-10 connector, the target-independent DNA annealing, which cause the background

signal, was not favored at 37°C. However, the protein-dependent proximity effect largely
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increase the complex stability, which result a protein-dependent fluorescent quenching. The
insulin quantification pFRET data is shown in Figure 4.8. Similar to the thrombin exper-
iment above, the fluorescent quenching follows first order reaction kinetics and the extent
of fluorescence quenching (pre-exponential factor) was directly proportional to the concen-
tration (Figure 4.8 left). The standard curve (Figure 4.8 right) was also obtained using the
pre-exponential factor A from the Figure 4.8 left versus the concentrations of the insulin.
Overall, we was able to observe the fluorescence decay from 6.25 nM insulin concentration in
only 1.5 minutes. Thus, we were able to quantify insulin as low as 128 attomoles proving that
with our microfluidic rotary mixer is useful for rapid quantification of proteins. Therefore,

can be used for detection of metabolic diseases at their early stage.
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Figure 4.8: Insulin quantification by pFRET
The microfluidic rotary mixer was used for the quantitation of small amount of insulin
using pFRET assay in a simple optical system. The relative fluorescence intensity
decreases when the target insulin molecule is present in the solution; the raw data are
shown as doted lines and the exponential fit curve as solid lines (left). Standard curve of
insulin pFRET experiement (right).

104

120



4.4 Conclusion

We designed a microfluidic rotary mixer that we successfully applied for rapid protein
quantification using proximity assay. In this study, we showed proof-of-concept of rapid,
sensitive, and selective protein quantitation in a nanoliter continuous flow system using
a simple optical readout. Due to automation enabled by a valve system, we obtained a
mixing time of only 2.2 s. Protein quantification was performed using homogenous pFRET
assay with thrombin and insulin as the target proteins. The amount of protein detected
was as low as 180 attomoles for thrombin and 128 attomoles for insulin. Therefore we
believe that by combining our homogenous pFRET assays with valved microfluidic systems,
it should be possible to capitalize on the true potential of these systems for sampling and
quantifying hormone secretion. Since pFRET utilizes a dual probe format[193], we should
be able to quantify minute quantities of any protein with two antibodies using this system.
In particular, our functional insulin pFRET assays should be ideally suited for secretion

quantitation from pancreatic islets.
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Chapter 5

Frequency Dependence Characterization in microfluidic autoregulator

5.1 Introduction

Microfluidic self-regulators are the impending solution to greatly reduce the necessity
of expensive and complex external flow controllers (i.e. syringe pumps)[196, 197, 198, 199].
Maintaining a constant flow rate (Q) over a wide range of pressure (AP) could provide
time reslolved information when studying cell secretion or organs on chip[138, 200, 201].
Therefore, controlling low rate can be imperative especially where there is a need to mimic
dynamic environment. Microfluidic self-regulators not only increase the integration and
miniaturization capability of the device but also they are useful where flow control is a
contributing factor to the task in hand[202, 203, 204, 205]. The microfluidic autoregulator
design involves a straight fluidic channel with a detour forming a Quake valve (normally
open valve, NO)[196, 108]. This device has been demonstrated to effectively maintain a
non-linear relationship between the flow rate (Q) and the change in pressure (AP). However,
the frequency response of the PDMS membrane forming the regulator valve has not yet
been studied. This is a very important factor to consider when integrating the autoregulator
function in conjunction with other function in an integrated system.

In microfluidics, an integrated system combines multiple functionalities into a single
microfluidic chip to achieve one common goal. Just like an electronic circuit, a microfluidic
device posseses analogue components that are used to perform similar tasks. For example,
the flow rate in microfluidics is an analogue to the electric current, the pressure to the voltage,
the fluidic channel to the electric resistor, the membrane deflection to the capacitors, and the
valve to the transistors[24]. Therefore, electronic circuit have been used to design microfluidic

analogue devices. Some prominent example include the works where microfluidic devices
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have been designed to function as digital logic circuits[94, 206, 207] band-pass filters[24],
and oscillators[105, 208]. These electric circuit models accurately predicted the microfluidic
analogue behavior and confirmed the close proximity between electronic and microfluidic
components.

Similarly, an electronic model of a circuit with a current flow that is independent to the
voltage could help us to understand the behavior of microfluidic self-regulators, especially the
dynamic response of a normally open (NO) valve during regulation. A step-wise approach
is necessary for this study which we initiate in this chapter. First, the electronic circuit is
designed to simulate response to current and voltage. Second, these responses are used to
predict the response of the microfluidic analogue. Finally, a microfluidic analogue of the
circuit is fabricated to closely match the characteristics of the electronic circuit, and the
fluidic circuit is tested for its similarities and differences. These steps help in the design and
to better study microfluidic components in a more complex system.

In the present study, we report a microfluidic self-regulator (i.e. autoregulator) with a
downstream valve placed after the regulator valve to enable frequency studies. The valve
can be pulsed at different frequencies to observe the dynamic response of the regulator’s
membrane valve. To do so, we first simulated the autoregulation of the device with a
computer program to predict the membrane behavior. Since microfluidic devices behave
like electric circuits, the goal was to match the operation of our electronic simulation to our
microfluidic autoregualtor and obtain useful information about the regulation membrane’s
behavior. Real time measurement of the flow rate at various frequencies is also reported
using a fluorescence microscopy technique. Finally, we introduced a current mirror fluidic
circuit exploiting an autoregulator that controls the flow rate within its circuit as well as a

parallel circuit. This fluidic flow mirror is also characterized at varying frequencies.
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5.2 Experimental Section

5.2.1 Materials, Reagents, and Methods

Materials for the microfluidic chip fabrication were obtained as follows: Silicon wafers
from Polishing Corporation of America (Santa Clara, CA, USA), AZ-40-XT photoresist and
AZ 300 MIF developper from AZ Electronic Materials (Branchburg, NJ, USA), polydimethyl-
siloxane (PDMS) procursors, Sylgard 184 elastomer base and curing agent from Dow Corning
(Midland, Maryland, USA), SU-8 phoresist and SU-8 developper from Microchem (West-
borough, MA, USA), and Tygon tubing (TGY-020-5C; 0.02 in. ID, 0.06 in. OD, 0.02 in.
wall) and blunt needles from Small Parts (Logansport, IN, USA). The reagents used in this
work were obtained as follows: 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES)
buffer from Sigma-Aldrich (St. Louis, Missouri, USA),Tris(hydroxymethyl)aminomethane
hydrochloride (tris-HCl)and fluorescein were from Alfa Aesar (Ward Hill, MA). USA).

5.2.2 Falstad Circuit Modeling

A free electronic circuit simulation software (http://www.falstad.com/circuit/) was used
to build a prototype circuit with a constant current flow at various potentials. The basis of
self-regulation relies on a p-channel MOSFET where the source and the gate are connected
to the similar voltage source. The voltage source used is variable and produces real time
current flow. The resistance of the circuit is represented by a 140 € and 25 €2 placed before
the source and after the drain respectively. The circuit is then connected to the ground
to allow the current flow. When the voltage is varied to a certain threshold (25 volts), the
current flow tends to becomes constant. Similarly, another circuit is build to simulate current
mirror[209, 210] with a 30 Hz variable voltage source and keeping the resistors at the same
values. Next, a microfluidic analogue of the electronic circuit was designed and fabricated
matching the analogous values of the electric circuit components. Time units (s) were held

consistent, while units of fluidic resistance (kPa.s.mm™2), pressure (kPa), and flow rate (mm?
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s73) were assumed to be equivalent to their electrical counterparts of resistance (2), voltage

(V), and current (A), respectively by adjusting the values of a microfluidic system.

5.2.3 Microfluidic Chip Fabrication

The microfluidic device fabrication begins with the design of the channels layout using
Adobe Tlustrator software. After that, the design is sent to Fineline Imaging (Colorado
Springs, CO) for photomask printing at 50 800 dpi resolution (positive and negative images
respectively). The positive and negative photomask are used to fabricate two master wafers
where one is used for the pneumatic control layer and the other for the fluidic layer. The
photolithography for master fabrication is perform with an in-house built UV light source
based on 365 nm LED array after a few modification of the recent design detailed by Grois-
man et al.[142]. The last step in the fabrication is to make a two layers of patterned PDMS
microfluidic chip following standard soft lithography guidelines[96]. The total thickness of
the PDMS microfluidic chip is 5 mm including the pneumatic control layer (thin lower layer)
making 70 um thick. The channels high is defined by spin coating the SU-8 2050 (negative
photoresist) and AZ-40XT (positive photoresist) onto a silicon wafer. Both wafers are used
for the pneumatic channels and the fluidic channels respectively. For the pneumatic control
layer, the wafers are baked on a hot plate at 95 °C for approximately 5 minutes before the
exposure to the 330 ~mJ/cm? UV LED source. To obtain the SU-8 patterned master, the
wafer is hard baked for 5 min at 95 °C and then developed for 5 min in the SU-8 developer
to reveal the pattern. The fluidic channel is made by spin-coating 40 pm AZ-40XT positive
photoresist onto another wafer and soft bake at 126 °C for 5 minutes, followed by wafer
development in AZ 300 MIF developer to obtain squared feature channels. The rounded
cross-section channels are made by heating the wafer at 120 °C for 7 minutes in a process
called "reflow”.

After photolithograpy procedures, the two layers PDMS microfluidic device can now be

molded. Firstly, the bottom (control) layer is made by spin-coating 20:1 ratio mixture of
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PDMS precursor and curing agent respectively onto the SU-8 patterned wafer to make a thin
PDMS layer, 20 pm membrane above the channels. Secondly, the upper layer (thick fluidic
layer) is made by pouring 5 mm of 5:1 PDMS ratio mixture of PDMS precursor and curing
agent onto the AZ patterned wafer with rounded features. Both PDMS layers are partially
cured at 65 °C for ~35 minutes. Thereafter, the thick fluidic layer is quickly peeled off, hole
punched for the fluidic inlets and outlets, cleaned with methanol, air dried and then aligned
to the thin control layer using a top view microscope. Thirdly, the assembled layers are cured
at 65 °C in an oven for 3 hours to allow the two layers to permanently bond. Fourthly, the
bonded layers are peeled off the wafer and hole punched for the pneumatic control inlets. To
connect the control and the fluidic layer, a via is punched using an in-house buil CO4 laser
tube with focusing optics purchased from Cole Technology C. LTD (Hefei, Anhui, China).
This via allows the fluid to flow from the fluidic channels to the detour channel which is a key
part of the self-regulation. Afterwards these PDMS layers are again cleaned with methanol,

air dried, plasma oxidized, and bonded to a glass slide.

Figure 5.1: Autoregulator channel cross-sections
Az-master made rounded channels of 53 pm height and 112 pm width (left) which were
used as the main fluidic channels. Squared channel made with SU-8 master with 143 pm
width and 42 pm height (right) which was used as the self-regulated channel that operates
a push-up membrane into the rounded fluidic channel. ROI region cross-section for the
autoregulator current mirror (38 pum high and 477 pym wide).
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5.2.4 Flow control and regulation

The microfluidic devices reported in this chapter control and automatically regulates
flow. All devices consist of a regulator valve with upstream feedback to the flow channel by
a via connection. This regular valve is 400 x 200 pum. For devices with active flow control at
a range of frequencies (1 - 32 Hz) we use a pneumatic push up valve (~200 x 200 gm), which
is a normally open (NO) valve formed by intersecting a seoarate control channel with the
and fluidic channel[95]. Periodic valve actuation is enabled by an in-house build electronic
box coupled to a solenoid system (Lee Co.; LDHA0533115H) and interfaced with an in-
house written Labview program (National Instruments). Valve actuation was powered by a
regulated pressure source at ~20 psi, and flow was promoted by a manually pressurized 100
mL glass syringe (SGE, Analytical Science). The flow was pulsed periodically by opening

and closing the control valve to initiate the regulating membrane response.

5.2.5 Flow rate measurement

In simple devices without active vakves, flow rate was quantified by measuring the
displacement of fluid inside a piece of tubing over time. Figure 5.2 shows the experimental
setup with a microfluidic chip, a syringe, a 30 cm ruler, a timer, and a stereo microscope.
Approximately 80 cm tubing connects the inlet of the microfluidic chip to the syringe and
the outlet tubing taped on the ruler. Green or red food dye (Kroger) is filled on the inlet
tubing and pressurized through the chip. The flow rate is measured at different pressures
ranging from 4 to 70 kPa. The fluid displacement is observed through the microscope by
recording the time and and the position of the meniscus at every pressure in triplicate.

For real-time flow rate measurements in later iterations, an imaging method was devel-
oped. This method is based on measuring the flow ratio at a ROI and estimating the flow
rate with the channel dimension over time. Since the the two fluids meets at the ROI and
flow in laminar fashion, the estimated flow rate of both solutions can be calculated using the

ROI dimension (Figure 5.2) over time. For example, when the ratio is one-to-one, the flow
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rates of both fluids are equal and when the ratio is different, the flow rate is obtained by the

percentage of each fluids given by the ratio.
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Figure 5.2: Experimental setup for flow rate measurements
Flow rate measurements by fluid displacement in tygon tubings.
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Figure 5.3: Fluidic current mirror ROI channel cross-sections
ROI region cross-section for the autoregulator current mirror (38 um high and 477 pym
wide).

5.2.6 Characterization of flow regulation with Frequency

Measurement of the regulator valve membrane deflection was performed at different fre-
quencies ranging from 1 to 32 Hz by measuring the fluorescence intensity of fluorescein with
an inverted fluorescence microscope (Nikon Ti-E). For this measurement, a high concen-
tration (500 uM) of fluorescein was used to permit short exposure times. The fluorescence

intensity was recorded with a PMT detector (Hamamatsu) with green fluorescence filter cube
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(excitation: 490 42 nm; emission 525 +2 nm. The PMT was set to 1073 yA V! sensitivity
with 0.5 ms time constant and one-time, manually adjusted amplifier offset at the beginning
of measurements with voltage range from -10 to 10 volts. Images of the membrane deflection
were also recorded using a cooled CCD camera (CoolSnap HQ2; Photometric Scientific). As
noted earlier, an in-house built Labview program was connected to one downstream valve
placed after the the regulation valve so that the valve actuation could have a direct effect
on the the regulator membrane.

Autoregulator devices with active flow control included one inlet and one outlet. Before
the experiment, the control channels are filled with water by pressurizing the water into the
dead end channels. Since the detour channel is connected to the fluidic channel, the water
is pressurized at the inlet through the via keeping the downstream valve closed. This way,
the regulator valve is filled with water to avoid air bubbles from leaking into the fluidic
channels. For the higher frequency membrane response measurements, the PMT window
was focused on a region of interest (ROI) located at the center of the regulation valve. PMT
data analysis was analyzed using Excel and the fast Fourier transform (FFT) was carried

out using Matlab to obtain membrane displacement magnitude at each frequency.

5.2.7 Current mirror experiment

Fluidic current mirror circuit simulations were performed using the Falstad software.
The microfluidic chip fabrication was the same as above. A red color food dye and DI water
were used as solution and comprise two mirrored channels and inlets and one outlet. Two
50 mL BD Luer Lock graduated syringes were used to provide equal pressures to the two
inlets. To make sure that the syringes will apply the same pressures at the same time, a
syringe pump was used to move the syringes at the desired locations and then stopped for
measurement(no pumping). The flow rate ratio was observed varying the pressure from 25 to
102 kPa. Video images of the flow rate ratios was obtained with a CCD camera (CoolSnap)

and analyzed with NIS Elements software (Nikon) and ImageJ as described in section 5.2.5.
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5.3 Results and Discussion

5.3.1 Prelude experiments of autoregulator

As a proof of concept, we first tested the flow rate autoregulation by designing a mi-
crofluidic chip similar to that of Kartalov and coworkers [196]. Two chips were designed,
one with larger resistor (Chip A) and the other with smaller resistor(Chip B). The chip
consisted of one inlet reservoir and one outlet. The device had two patterned PDMS layers
where the bottom layer included the detour/regulation channel, and the fluidic channels at
the top layer (Figure 5.4). To maximize the space usage on the chip, we included 3 designs
on a single 25 mm x 25 mm device. Initially, vias were manually punched using a needle and
a tweezer to remove the debris. The two chip design with different resistance values were

fabricated by spin coating PDMS at 4 different thicknesses namely, 24, 26, 34, and 36 um.
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Chip A Chip B

Figure 5.4: Autoregulator design for simple flow rate measurements
Chip A High resistor (left); Chip B low resistor (middle), fluidic channel (blue) and detour
channel (black); manually punched via and its schematic(right)

The first attempt in flow rate measurements was done by using vacuum with a syringe
connected at the outlet where vacuum was manually applied. The goal was reproduce Kar-
talov’s results where pressure was used to produce a constant flow rate after a threshold

pressure. One reason for attempting to use vacuum instead of pressure is because in our
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lab, the vacuum system is better suited for many of our applications in cell secretion mea-
surement. Since pressure and shear stress can affect the structure and function or even be
harmful to the cells[211], if we intend to apply the autoregulators to study cell secretion, it
is advisable to use vacuum at an outlet channel and keep cells in an inlet reservoir. However,
we performed flow rate measurements multiple times and where unable not only to produce
similar results as with pressure, but also our results varied widely from chip to chip (Figure
5.5). Therefore, it was difficult for us to confirm the feasibility of the autoregulator using
vacuum. At the time, we believed that the inconsistency was caused by the difficulty to
measure flow rate by fluid displacement in the tubing. In the microfluidic field, traditional
gravimetric methods and interface tracking methods are mostly used. Unfortunately, evap-
oration of fluid is a major issue due to the fact that we are dealing with very small volumes.
Therefore, other more elaborate methods are advised, for example flow rate was measured
using multiplexed fluidic resistance (MFR) where the flow rate was obtained by measuring
the mass of food dyes in an outlet[102]. This technique requires a relatively tedious process
using absorbance detection and concentration after flow to back-calculate the flow rate of
the food dyes, and it is not possible to achieve dynamic flow rate measurements.

Our second attempt was to measure flow rate by fluorescence. Using the same design,
we sought to measure flow rate by recording the fluorescence intensity at the regulation valve.
Knowing that when the valve is at its resting position, the flow rate encounters no resistance
due to valve deflection. Therefore the fluorescence intensity should reflect the membrane
position, be proportional pressure, and remain steady at constant flow rate. When the
valve is at the regulation mode, the fluorescence intensity should be proportional to the
valve position, with the lowest intensity meaning that the valve is almost closed. Ideally,
the flow rate can be calculated using the valve dimensions and the time although several
asumptions must be made. Therefore, we performed flow rate measurement by fluorescence
using vacuum. Interestingly, we were able to measure pressure differences and estimate flow

rate using this technique. We used Chip A and Chip B with the PDMS valve membrane
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Figure 5.5: Flow rate measurement preliminary results
A plot of flow rate (Q) vs change in pressure (AP) showing inconsistency in the flow
measurement.

thicknesses described above. We present the data on Figure 5.4. ImageJ was used to analyze
videos from the experiment. Unfortunately, after several attempt we rand into the same
inconsistency as above. The flow rate seems to be very low in most cases suggesting that the
membrane distance does not truly reflect the flow rate. The second hypothesis is that, since
the vacuum is applied on the lower resistance side of the chip and closer to the regulation
valve, the effect is different than when applying pressure. For example we observed that the
membrane was deflecting more towards the downstream channel rather than the center of
the valve. Furthermore, we believe that the forward and reverse bias described by Kartalov
and coworkers[196] may not function the same way with the vacuum. They described two
biases. The forward bias when positive pressure is applied to the channels, and a reverse bias
when a resistance is created at the valve area due to membrane deflection. They stipulated
that when pressure is applied, the first current in the detour channel saturates (forward
bias) and behaves linearly in the Reverse bias[196, 108]. The repeating process of Forward

and Reverse bias maintains a constant flow rate as the Reverse bias cancels the flow created
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by the Forward bias as the pressure increases. We believe that these effects are not being

observed with our system using vacuum (negative pressure) since it is the pressure applied

at the inlet that creates saturation in the forward bias.
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Figure 5.6: Flow rate measurement by fluorescence intensity
(Top) Flow rate measurement using fluorescence intensity and channels dimensions. Plots
of flow rate (Q) vs change in pressure (AP) for both Chip A and Chip B with thin
membarnes (24 and 26 ym) and thicker membrane (35 and 36 pm) showing inconsistency
in the flow measurement. (Bottom) Snapshot of the video showing channel willed with
fluorescein solution and showing the region of interest where the measurements were taken.

Since the original plan was to show that microfluidic self-regulators that have already

been developed could be integrated into a microfluidic large scale integration system (MSL)
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with other valves, we decided on another approach using pressurized input instead of vacuum.
This attempt was successful, and we obtained a similar result to that of Kartalov et al. The
flow rate increased linearly and started to level off from 25 kPa pressure for Chip A. We only
attempted Chip A because the fluidic resistance placed between the regulator valve and the
detour channel plays a major role in flow regulation and higher resistor value regulates more
effectively. Therefore, we use the higher resistor value from this point on.

We have characterized this chip and found out that with a membrane thickness about
25 pm produced desirable results. We also studied smaller membranes (down to 6 pm) and
obtained regulation at a lower pressure range. Any membrane above 30 um would produce
inconsistent results, since thicker membranes require higher pressure to deflect. The forward
and reverse bias described in Kartalov’s work used a 5 pm membrane thickness. Therefore,
we have demonstrated the possibility to use thicker membranes which allow regulation at

lower pressure. Our chip starts regulating around 20 kPa and continues to regulate at more

than 70 kPa.

5.3.2 Chip designs and operation

To account for microfluidic large scale integration system (mLSI), we redesign our au-
toregulator by adding one valve downstream from the regulation valve. This periodically
activated valve provokes a direct response of the regulation valve since it is placed at close
proximity and the fluidic resistance between them is negligible. The new design is presented
in Figure 5.6. The fluidic channels (black) have one inlet and one outlet where a 1.5 mm hole
is punched to insert tubing. The detour channel (green) is connected to the fluidic channel
through a 255 pm diameter via that punched using a 40 Watt COs laser tube (80 cm). The
laser system was cooled with water and the laser beam was guided by 90 degree turning
mirrors /38 mm focal length ZnSe lens. The laser system is controlled by a custom built
Arduino Nano controller, for duration and intensity control. For this particular experiment,

the laser was set at 20% power at 6 ms. The laser ablates the PDMS at these power setting
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without burning. After ablation, a conical shape is formed in the PDMS with the largest
diameter being 255 ym. The detour channel forms a Quake valve with the fluidic channel
and charges like a capacitor under pressure. The control channel (red) is used to control flow
by pulsing pressure at various frequencies. The proximity of this valve to the regulation valve
would have a direct effect on the regulation valve since it regulates only when AP across
the valve is positive. Closing the downstream valve causes the regulation valve to fully open
and the opposite causes the valve to be at its regulation mode. The valve is actuated at
frequencies going from 1 to 32.05 Hz. The effect of these frequencies is described in the next

sections.
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Figure 5.7: Autoregulator new design
Autoregulator with a downstream frequency valve. Fluidic channel (black), detour channel
controlling the regulator valve(green), and frequency control channel (red). (Right) Image
of the laser punched via, top view (top) and cross section (bottom). The highlighted areas
show the regulation valve and the frequency control valve both taken in real time during
measurement and showing the fluorescein solution in the channels.
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5.3.3 Characterization of autoregulator
Electric circuit simulation

Although the microfluidic self-regulator functionality has been well reported, we hy-
pothesize that adding a downstream valve to the self-regulation valve would not only mimic
the presence of other microfluidic functionality in an integrated system but also help us to
understand the regulator’s behavior in such a system. Knowing that the concept of electrical
circuit can be a useful model to predict fluidic behavior in microfluidics, we borrowed this
concept for our investigation. Therefore, we first characterized our autoregualtor by simula-
tion using the Falstad software (Figure 5.7). We build a regulator circuit using pMOSFET
transistors as valves in addition to resistors and capacitors. PDMS is a soft material, and
the channel wall deflection serves as a capacitor analogy in the microfluidic. Two capacitors
are used in the circuit and the values are set at 30 uF and 20 pF and placed before the pulse
transistor (valve) and before the regulation transistor respectively. Both transistors have a
breakthrough (threshold) voltage set at a positive value rather than negative to account for
the normally open architecture (35 volts). We also put resistors in the circuit with values to
match the fluidic resistors. The pressure is simulated by a continuous voltage source where
the input maximum voltage can be varied from 25 volts to 70 volts (for the purpose of this
experiment only) simulating change in pressure (AP, kPa). We also used a square wave
generator voltage source connected the gate of a downstream pMOSFET to simulate the
downstream valve frequency actuation (pulse valve).

The self regulation was validated by varying the voltage from 5 to 70 volt at 1 Hz
pulse frequency. Once we established a regulated pressure range, we then varied the pulse
frequency from 1 to 32 Hz. We observed the behavior by measuring the current and the
voltage at different point in the circuit. We found out that by placing a scope probe between
the gate and the drain of the pMOSFET, we can capture the pressure change between them

which would reflect membrane behavior in a microfluidic model. Another observation is that,
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due to the presence of capacitors in the circuit and the on-and-off flow control, the capacitor
charges and discharge in the circuit creating a periodic flow on the current. The maximum
values of this periodic flow of the current remains constant starting from 30 volts (see graph

in Figure 5.8).

-1.48 mA

Figure 5.8: Autoregulator circuit simulation
Falstad simulation of the autoregulator. Electric circuit model of autoregulator with
component values to match with the microfluidic analogue, current flows from right to left
(top). Graph of current and voltages at 12 Hz pulse; from left to right 140 €2 resistor, wire
between drain and the capacitor, wire at outlet of the circuit, scope probe voltage, 30 uF
capacitor.

Characterization with microfluidic chip

We validated the observation from the self-regulated current electric circuit simulation
on its microfluidic equivalent. The microfluidic autoregulator was characterized using highly
concentrated fluorescein solution. The solution was loaded into about 80 cm tubing and
pressurized into the microfluidic chip. Fluorescence intensity was recorded on 3 regions of
interest (ROI) located on, before, and after the the regulation valve. Data from the ROIs
was recorded for 35 seconds using a photomultiplier tube (PMT) or a CCD camera. The

recording started with no pressure applied (resting state) for 5 seconds, then the downstream
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valve was closed for another 5 seconds before pressure was applied to the system (Figure
5.9A). When pressure was applied, the regulator’s membrane deflected quickly and returned
to its resting position, causing the spike observed on the graph (10 s time point). The signal
increase was due to the inflation of the valve caused by the abrupt pressure change. At
the 15 second time point, the downstream valve start pulsing, the membrane deflects to its
regulating position. Figure 5.9A (from 15 to 35 seconds) depicts this results for the valve
pulsed at 1 Hz. At this frequency, the membrane stays at the regulation position for half the
time but takes relatively longer time to come back to its resting (valve fully open) position
during the rest of the cycle time. This observation is due to the capacitance behavior of the
membrane.

The same effects were observed in the circuit simulation as the capacitors charged slowly
and quickly discharged the current in the system. Figure 5.8B is an illustration of the
microfluidic channel and membrane during the experiment. As we saw with the fluorescence
signal in Figure 5.9A, during the first 10 seconds, the channels remained still even when
the downstream valve is closed. When pressure was applied, the channels inflated like a
balloon when air is pumped into it. From 15 to 35 second time, the membrane position
fluctuates between resting and the regulating position. Note that the valve was halfway
closed when the device was regulating, maintaining the balance between the forward and
reverse bias. The channels region before and after the regulation valve were also investigated.
We observed similar behavior as on the regulator valve with the normalized fluorescence
intensity suddenly increasing when pressure is applied as well as the capacitance behavior.
One important observation is the fluorescence intensity magnitude that is larger for the ROI
after the regulation valve than that of before. This signals that the capacitance values is
larger for the channel portion closer to the pulse valve. We made the same observation
during simulation by moving the capacitor at different positions and they produced better

response when placed just before each transistor.

122



Fluorescence In tensity >

7
6 -”w_‘ *_l
5
4
3| Pusle valve closed
2
1 Pressure applied
0
0 5 10 15 20 25 30 35
Time (s)
Regulation valve
0 to 10 seconds 10 to 15 seconds 15 to 35 seconds
g 112 Pressure applied g 112 Pressure applied
2 11 PP g 11
< 2108 9 -.1.08
= 5
i g 1.06 = g 1.06
T £ 104 - @ 1.04
=~ 102 & =102
g 1 Pusle valve Closed © 1 Pusle valve close
5 098 £ o098
2 0.96 S 096
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)

Figure 5.9: Channels behavior

(A) Time dependent response of the autoregulator fluidic channels. (B) Illustarion of the
channels behavior during the experiement . (C) Time dependent response before (left) and

after right) the regulation valve.

5.3.4 Frequency effects on membrane

To fully understand understand the PDMS membrane behavior in a faster paced mi-

crofluidic environment, we examined the membrane under various frequencies. As observed

in the electric circuit simulation, we expect the device to regulate even at higher frequencies.
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We also expect the membrane position to vary with the frequency. Therefore, we selected
frequencies from 1 to 60 Hz, and we measured the membrane response. We found that after
25 Hz, the membrane response does not follow a particular cycle anymore since no clear
frequency is observed in the results. This was found despite the fact that the simulation
predicted a periodic response. For this reason, we only report results with frequencies as
follows: 1, 1.43, 3.03, 4, 6.02, 8, 12.05, 16.06, and 25 HZ. Figure 5.10A shows the frequency
response for 1, 6.02 and 25 Hz. It also depict a general trend on how the membrane behaved
during regulation. The membrane goes to its regulating position as soon as the downstream
valve starts pulsing (see full length of 1 Hz data above) and slowly moved back to its resting
position (capacitor charging mode). As the frequency increased, the membrane tended to
stay closer to its regulating position and never returned to its resting position. Interestingly,
after performing the experiment we plotted the difference in peak height values versus the
frequencies and the results nicely fit that obtained from the simulation (Figure 5.8B). In or-
der to account for the membrane displacement at every frequency, we performed fast Fourier
transform (FFT) analysis. We clearly see that the membrane is at different equilibrium
position at every frequency. The position decrease exponentially from the resting position

observed with 1 Hz frequency (Figure 5.10C).

5.3.5 Real time flow Rate measurement

We further characterized our autoregulator by measuring the average flow rate at various
frequencies. To do so, we loaded food coloring in a 80 cm tygon tubing and we applied
pressure with a glass syringe. Flow rate was measured under different pressure of 5.35, 11.30,
17.95,25.43, 33.91, 43.60, 54.78, and 67.82 kPa. These pressures were first characterizes in
the preliminary experiment without the frequency valve. The displacement of the fluid was
measured and recorded for 5 minutes for lower pressures and 3 minutes for higher pressures.
The flow rates at each pressure was determined and is presented in Figure 5.11. The control

experiment (blue dots) was measured using an autoregulator chip with no via punched to
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Figure 5.10: Evaluation of the frequency effects on regulation
(A) Membrane behavior in relation to frequency showing measurement at 1, 6.06, and 25
Hz. (B) Comparison of experimental membrane displacement (blue dots) at all frequencies
(from 1 to 25 Hz) with the simulated displacement (red trace); the logarithmic plot is
showed in the inset. (C) Fast Fourier transform analysis showing exponential decrease of
the FFT peak height and the frequency, the inset figure represent the logscale of the same
data.

make sure that there is no flow regulation in the chip. This experiment was performed
at zero frequency (DC flow) using the same batch of chips that will be used to measure
flow regulation. Subsequently, the flow rate was measured at 1, 2, 3, 4, 8, and 16 Hz.
Our observation was that the frequency of the downstream valve in this range does not
influence flow regulation negatively. The flow rate here follow the same trend with and
without downstream valve frequency pulse. Evaporation of the fluid was no issues in these
experiments because throughout the duration of the experiment, the fluid was kept inside
the tubing and the microfluidic chip, and not exposed to ambient air. This result bodes well

for using autoregulators of this type in more complex, rapidly switchable microfluidics.
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Figure 5.11: Flow rate measurement with downstream valve pulsing at various frequencies

5.3.6 Application of autoregulator in microfluidic current mirror

Another well known electrical circuit which serves as current regulator is the the current
mirror. In the electric circuit, the current mirror is used to supply nearly constant current
to the circuit over a wide range of resistances since the flow rate is largely controlled by a
parallel circuit. It can be used for many applications including integrated circuit technology
to mirror the current of one device in another. Similarly, the current mirror can be applied
to microfluidics especially in microfluidic large scale integration (mLSI) to mirror the flow
rate of one microfuidic channel in another. Figure 5.12 (bottom image) shows the Falstad
simulation of our flow rate mirror circuit. The current flows from left to right. The top circuit
mirrors the current of the bottom circuit circuit even when the resistor is changed from 200 €2

to 6€2. This phenomenon happened only when the voltage reached the regulation threshold.
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The simulation was run at only 1 Hz because the goal here is to observe the current ratio
when the resistor varies from high to low on one side of the circuit.

The microfluidic analogue of the current mirror chip was designed to maintain a constant
flow when the resistor of one branch of the circuit is varied from low to high (Figure 5.12
top). We thus termed this design as a “flow rate mirror”. The device comprised two inlets
where equal pressure was applied and one outlet where the two branches of the circuit met
and flowed together in laminar flow fashion. The device is made of two layers of PDMS as
described above. The ROI region is made from SU-8 photoresist and has squared channel
for better estimation of the flow ratio volume. The regulation valve channels were connected
by only one input via. Two other vias were punched using the laser to connect the top
rounded channels to the bottom (squared) channels of the outlet. The chip functioned by
applying equal pressure to the inlets. When the pressure reached the threshold, the top
branch regulated the flow in the system and the constant flow is mirrored to the bottom
branch even when the resistor of the branch is changed using the resistor switch valve. When
this valve was actuated, the fluid had no choice but to take the longer (higher value resistor)

path and when it is off, the fluid chooses the shorter path (lower value resistor).

5.3.7 Characterization of the microfluidic flow rate mirror

The microfluidic current mirror analogy was carried out by using a red color food dyes
in the variable resistor branch and DI water in the other branch of the device. The two
fluids flow next to each other parallel when pressurized and the flow ratio can be measured
typically at a designated ROI near the outlet (Figure 5.12, top). Both branches having the
same total resistance values, we expect the fluid to flow in 1:1 ratio at the ROI region when
the same pressure is applied to the inlets. When the resistance of one branch is different,
the flow ratio should readjust accordingly. First the experiment was performed using a
microfluidic chip that has a via connecting the regulation channels to the flow channel to

make sure that regulation happens. Then, we performed the control experiment with a chip
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Figure 5.12: Current mirror microfluidic design and circuit simulation
(Top) Microfluidic current mirror, AZ-fabricated Fluidic layer (black), SU-8 layer(orange)
serving for the control of the valves, and the ROI optical reading. (Bottom) Screenshot
image of the electric circuit simulation.

that has no via punched, therefore no flow regulation should occur. Four different pressure
were investigated in this experiment namely, we used 25.43, 43.6, 67.82, and 101.73 kPa.
We started the experiment with the resistor valve opened (lower resistance), and we applied

pressure. The syringes were elevated to the same height has the microfluidic chip to avoid
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errors caused by gravitational pressure. When the flow was observed to be nearly 1:1 ratio,
the resistor valve was pulsed at 0.5 Hz, and the videos of the ROI was recorded for 40
seconds.

After recording the videos, the analysis was done using ImageJ. Briefly, an 8 bit image
ROI of 100 pixels x 384 pixels was selected on all videos, and binary distribution of the image
was used to calculate the flow ratio between both fluids. Since the red food dye is darker and
the water is clearer under black and white image, the binary analysis was performed making
the red food dye to appear as black and the clear region to appear as white. Analysis of
these images is shown on Figure 5.13. The top graph was obtained using the flow regulated
chip. The higher the pressure, the less the flow is changed by switching the “load” resistor
in the lower fluidic path. Flow rate difference occurred more at lower pressures. This is due
to the fact that at lower pressure, the device is just nearing the regulation pressure threshold
and only fully regulates at higher pressures. The simulation showed no change in the ratio
when the system was fully regulating. However, our result showed near ideal flow rate mirror
because we found only 6 % difference in flow ratio with the higher pressure. These results
also show a drift (blue trace) in the flow ratio. This was probably due to artifacts in the
binary data analysis. Interestingly, the flow ratio remain the same throughout the drift.
For the control experiment (bottom graph), we also observed similar trend in the flow ratio
from the lowest to the highest pressure. Yet, the flow ratio changes were more significant
that the regulated chip. In fact, the different in flow ratio was between 50% and 40% for
all pressures. This is a clear proof that there was no flow regulation and that the flow rate
mirror phenomenon was not occurring as in the experiment done with the regulated current

mirror chip. We have therefore introduced a novel fluidic circuit design, the flow rate mirror.

Flow ratio response to pressure

Due to the above observations, we suspected that the pressure was having an important

effect on the flow ratios. At lower pressures, our microfluidic flow rate mirror system would
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Figure 5.13: Flow ratio measurement
Graph of the flow ratio over time. (Top) Regulated flow current mirror experiment showing
the flow rate beeing mirrored from one microfluidic channel branch to another with small
flow ratios (left). Images of the ROI showing a real time difference in the flow ratios
(right). (Bottom) Control experiement showing higher flow ratio and no current mirrored
(left). Tmages of the ROI showing larger flow ratios in real time.

not be having a stable flow rate meaning that the system is not regulating. To clarify this

assumption, we plotted the difference in flow ratios versus the pressures and they both show
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a linear decrease (Figure 5.14). This plot accounts for the flow regulation. As the line
approaches y=0, the more the flow is being regulated. Keeping this in mind, we note that
the control experiment (red) slope is decreasing much more slowly compared to the flow rate
mirror experiment (Blue). Even though both curves seem to be decreasing with increasing
pressure, the flow rate mirror result decreases faster and the line approached zero. Hence,
we can further confirm that our microfluidic flow rate mirror is regulating on both branches

when the pressure is sufficient for operation.
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5.4 Conclusion

Once again, microfluidic analogy to electric circuit have been demonstrated. We have
shown that electric circuit model can be used to nicely mimic microfluidic behavior. We
have designed a microfluidic autoregulator with a downstream valve to study the membrane
response and thus the regulation conditions. With a fixed resistor defining the regulation
threshold, we studied microfluidic self regulation under various frequencies. Although several
groups have proposed different design of microfluidic autoregulators, a study to demonstrate
its applicability to rapidly switched circuits was still lacking in the literature up to now. Our
design and study paves the way towards the application of microfluidic autoregulators. We
have carefully develop our theory through simulation and we move to the experimental study
to confirm our simulation results. Theoretical simulation as experimental results showed that
microfluidic autoregulator can directly be applicable in microfluidic large scale integration
devices.

For the first time, a microfluidic current mirror analogue was designed and implemented.
From the simulation, we defined the characteristics of all the components involved, and we
designed our microfuidic flow rate mirror accordingly. The current mirror principle relying
on the flow regulation, our design used the regulation of one microfluidic channel to regulate
another. The experimental results was very closed to that of the simulation. With this we
observed only 6% difference on the flow ratio between both channels and we proved that the
device is regulating more at higher pressures. An interesting possibility would be to use a

single pressure source to control flow rates in any parallel fluidic circuits.
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Chapter 6

Chapter 6: Conclusion and Future work

6.1 Conclusions and Achievements

In this dissertation, we have demonstrated microfluidics techniques for highly sensitive
quantitative bioanalyses. We started by reviewing microfluidic techniques and their impact
in science and technology. Finally, we present our little contribution in the microfluidics
application for detection of biomolecules. In this chapter, we will summarized the major
accomplishments of this dissertation and give future directions for possible improvements or
real life application.

A droplet microfluidic (zChopper) with valves system capable of significantly improving
the limit of detection (LOD) of biomolecules was developed. Deriving from previous device
that was passively operated and used for absorbance detection with only 27 pym pathlength,
we have shown that active control of droplets formation in addition to lock-in detection
method could greatly reduce bandwidth frequency and allow highly sensitive bioanalyses.
As a result, the limit of detection detection of any biomelecule can be greatly improved. We
have applied this technique for the detection of free fatty acids (FFA) uptake in a single
adypocite cell. This was the first time that quantitative instead of qualitative analyses of
FFA was performed in science. This device is also very useful for precious samples and small
volume situations and when very low limit of detection is a crucial requirement. We believe
that analyses of cells with high temporal resolution, which is our goal in Easley Lab, can
easily be achieved with this device.

We further developed this device to include multiple uChoppers into a single device.
Our goal was to allow multiplexed experiment by avoiding sample loading steps during

experiments and therefore create a robust system where where multiple samples can be
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chopped into droplets and in combination with lock-in detection, human errors as well as
1/f noise can be eliminated. We have presented a proof of concept of this novel uChopper
and demonstrated its ability to perform various modes of analyses and to remove 1/f noise.
For example, we have shown that our device could study the temporal response of biological
assays by mimic such assay with fluorescein. With this experiment, we found that 1/f noise
was greatly eliminated during the experiment by showing a constant slope, y-intercept, and
R?. The unknown concentration was accurately determined at the end of the temporal study.
We found similar results for other four modes of analyses. We believe that this device can
perform a variety of analyses especially that it could provide accurate insight information
on cells secretion with high temporal resolution.

The laminar flow presents a real challenge in microfluidics as it considerably slows the
reacting process in microlfuidic channels. There was a need for a technique where reactions
could be performed faster since reaction time is one of the major advantages of microfluidics.
Therefore, we have built up from a previously developed rotary mixer to accelerate reactions
in such systems. We have improved this device by enlarging the center valve of the peristaltic
pump in order to increase pump volume. We also developed an accurate sample metering
system in our device and confirmed the accuracy with serial dilution. Our system could
perform mixed as fast as 2.2 seconds and was applied for protein detection. With this
system, highly sensitive and selective protein quantification can be performed and it can be
applied to insulin sampling secretion.

We also applied new analytical tools to study passive fluidic control circuits such as
autoregulators. The electric circuit simulation of the autoregulator was built and shown
to accurately predict the experimental results simply by matching the electric components
values to the microfluidic analogue. The frequency dependence of the autoregulator was
accurately predicted by electric circuit simulation and was shown to be a negligible factor
to the regulation. We have shown that fluorescence imaging can be used similarly to a

voltage reader to give AP vs time curve. For the first time, a microfluidic current mirror
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was developed. Taking advantage of the flow regulation in one channel, the flow regulation
was mirrored in a parallel channel. We showed that the laminar flow at the outlet can used
as current meter and we measured the dynamic current with fluidic ratio vs pressure. These
analyses allowed us to create a new device from a microfluidic autoregulator to fluidic current

mirror.

6.2 Future works

6.2.1 Autamated ;Chopper

The Easley Lab goal has already been developing systems to analyze islets secretion.
As part of a contribution in fulfilling this goal, we have successfully developed a microfluidic
sample chopper (uChopper) with active valve control and proved that it could greatly reduce
bandwidth frequency, and applied this device for the free fatty acid uptake by a single adiop-
cyte cell. We also presented a new version of this device with multichannels for performing
multiplex assays with an advantage of measuring up to six concentrations in only one run.
We have already proven this system in absorbance detection and fluorescence detection. We
intend to directly apply this device to measure human albumin contained in human serum.
Since this device can accurately measure samples in changing systems, It can also be ap-
plied to measure free fatty acid uptake from explants, the kinetics of any homogeneous assay
(for example the pincer assay), and glycerol enzyme assay. This new device can be useful
in many applications including absorbance as well as other optical systems such as Raman
spectroscopy, mass spectroscopy, and non optical systems such as electrocemistry. Figure 6.1
shows a fully automated microfluidic chip for cellular secretion dynamics study. Utilizing the
1Chopper method, this device has already been tested for it application in coupled enzyme
assays such as glycerol, glucose, etc... as well as homogeneous protein assays such as insulin

and asprocin.
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1 cm

Figure 6.1: Chip design for cellular secretion dynamics study
Design of a fully-automated droplet chip for the analyses of cellular secretion dynamics.
Fluidic channels (black) with 4 aqueous inlets and one oil inlet. Droplet are automatically
formed with peristaltic pumping having equal mixture of reagents and incubated in the
incubation channels (yellow).

6.2.2 Microfluidic chromatography using rotary mixer

Since the rotary mixer could accurately meter sample and perform sensitive and selective
protein detection, we want to take it one step further by performing protein separation
and detection on-chip. We have already designed a new microfluidic rotary mixer for this
purpose (Figure 6.2). This device contains a microcolumn where microbeads can be packed
for protein separation purposes. The separation is made possible by using protein specific

antibody attached to the surface of the microbeads.
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Figure 6.2: Next-generation rotary mixer for chromatography
Design of the next-generation rotary mixer. Fluidic rounded channels (black) with
microbeads loading region (blue) in squared SU-8 features, and control channels (red)with
14 control valves.
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Apendix A

LabView programs
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Figure 7.5: Automated Lock-in LabView Program block diagram step 3
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Figure 7.7: Automated Lock-in LabView Program block diagram step 5
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Figure 7.11: Automated Lock-in LabView Program block diagram step 9
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Figure 7.25: Rotary mixer LabView program blockdiagram step 4
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Figure 7.26: Rotary mixer LabView program blockdiagram step 5
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Figure 7.27: Rotary mixer LabView program blockdiagram step 6
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