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Abstract

World-to-digital microfluidics interfaces for transformation and enzymatic assays

Fhsan Moazami

Digital microfluidics (DMF) is a technique for the manipulation of discrete droplets on an
array of electrodes, which allows the controlled movement of fluids and represents an alternative
from the conventional microfluidic paradigm of transporting fluids in enclosed channels. One of
the major benefits of DMF is that fluid motion and control is achieved without external pumps and
fabricated valves — it only requires the use of electric fields. The automation component of DMF
has pushed the barriers of this ‘lab-on-chip’ technology; however, integration with external
components (i.e. world-to-chip) interfaces has been a challenge. For example, the delivering of
the biological fluids to the chip and integrating temperature control on a single platform are
considered as two world-to-chip challenges in DMF. To address these two challenges, my thesis
describes two world-to-chip components that are integrated with the DMF device: reagent delivery
and temperature control. This new platform enables us to perform a variety of biological or
chemical experiments on a chip with reduced manual intervention. Specifically, the new platform
enabled an increase in reservoir volume on the chip by 40-fold from ~10 pL to 400 pL which
allowed more reproducible dispensing and eliminated the need to refill the reservoirs during the
biological assay. In addition, we integrated a closed-loop temperature control system that enabled

fast and rapid changes in temperature on the chip.

il



To show the utility of the world-to-chip interfaces, we validated the system by automating
bacterial transformation and enzymatic assay procedures, which show that both procedures require
world-to-chip interfaces for accurate and precise implementation. Overall, we propose that this
system has the potential to be integrated for other types of biological assays and experiments which

require fluidic control, automation, and temperature control.
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Overview of Chapters

This thesis describes the project I conducted and completed for my Master’s in Applied
Science in Dr. Steve Shih’s research group at Concordia University. In this work, I aimed to
develop a new world-to-chip interface prototype for digital microfluidic platform tailored to
integrate reagent delivery system and temperature control system simultaneously on a chip. This
thesis provides a literature review on the history of miniaturization and microfluidic paradigms,
an in-depth review of digital microfluidics and a commentary on the state of world-to-chip
techniques while assessing the technological challenges in operating world-to-chip interface. I
will then get into the core of my research, reporting the methodology utilized for the development
of a world-to-digital microfluidics platform, and validating the platform with biological assays.

Chapter 1 is an introduction to microfluidics within the larger realm of miniaturization,
describing the three dominant paradigms and briefly evaluating their potential for cell-based
applications. From this review, we will draw a table comparing the three paradigms.

Chapter 2 provides an in-depth review of digital microfluidics theory, venting its merits as a
versatile liquid handling platform, describes the fabrication methods, assess the potential for
automation and finally comments on its current state in relation to world-to-chip interfaces.

Chapter 3 is a review presenting the current world-to-chip interfacing techniques with a
special focus on reagent delivery system and temperature control on DMF chips, and comments
on the technological limitations in operating world-to-chip interface today. This commentary will
lead to the presentation of my thesis objectives.

Chapter 4 provides a complete description of my biological and engineering methods.
Specifically, 1 describe the development of a functional world-to-chip interface for digital

microfluidics. In addition, I describe how to integrate two different world-to-chip systems on a

vii



digital microfluidic platform. These interfaces include 1) a reagent delivery system and 2) a
closed-loop temperature control system.

Chapter 5 describes my results in validating the world-to-chip interfaces. I will describe the
optimization of device design and the results pertaining to validating the platform for two
biological applications, namely bacterial transformation and enzymatic assay.

Chapter 6 provides concluding remarks regarding my work and its potential in clinical
research. I will also evaluate future perspectives for my platform in relation to world-to-chip
interfaces.

Appendix provides additional information regarding our experiments. This includes a table
showing the strains and plasmids used in this thesis, a series of images showing the fluidic
operation of the device for dispensing and for the assays, and a description of the Simulink block

diagrams for the thermoelectric module and thermal plant.
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Chapter 1.  Introduction to Miniaturized Fluid Handling

In this section, we will introduce microfluidics in the bigger realm of miniaturization,
describe the three dominant paradigms and briefly evaluate their potential for cell-based

applications. From this review, we will draw a table comparing the three paradigms.

1.1 Historical Perspectives on the Miniaturization of Biology

Biologists first began shifting away from traditional glass tubes and dishes for bench-top biology
in the 1950s when Dr. G. Takatsy described the first microtiter well-plates. ! The invention of
multi-well plates led to an unprecedented increase in throughput, having a number of wells with
predefined volumetric capacities in the range of microliters to milliliters arranged in a
standardized, rectangular matrix. Takatsy laid the foundations for early bench-top miniaturization
and his contemporary counterparts still resort to such methods for high-throughput drug screening,
enzymatic assays, cell-based assays, and countless other applications.

Towards the end of the twentieth century, high-throughput screening (HTS) became the
gold standard for pharmaceutical drug discovery, where the limits of throughput and screening
efficiency were stretched by creating new 384- and 1536-well formats. Such formats enabled
higher experimental densities in parallel with lower experimental footprints due to reduced reagent
consumptions along with higher statistical significance with facilitated experiment replication.
HTS is now actively used in a wide-range of applications, from genomics to environmental

sampling and from protein crystallization to cell-based assays.



HTS requires cutting-edge technologies at high precision to keep up with the number of
samples being assayed in parallel, at a pace that is unachievable by manual labor. In the past few
decades, automated liquid handling robotics (ALHR) have been developed to automate fluid
handling and facilitate the handling of large numbers samples in microtiter plates. Despite the
ground-breaking technological advances in such systems, robotics is often inaccessible given the
high capital costs (can reach a few million USD), the excessive consumption of consumables
(pipette tips, multi-well plates, etc.) and large volumes of reagents being consumed (media, drugs,
cells, etc.). Attention is slowly shifting towards cheaper alternatives for biology miniaturization
and automation, with higher content and quality of the data.

As progress was being made in miniaturizing benchtop experiments into microtiter plates,
significant progress was being made in understanding fluid dynamics, notably Brownian motion
and diffusion, by the combined efforts from Einstein? and Berg® in biological systems. In parallel,
Taylor* had been examining liquid flow in micron-scale channels. The development of
miniaturized chromatographic® and ink-jet technologies® enabled the innovation and
implementation of “microfluidics” for biological investigation. Furthermore, the development of
soft-lithography, solid etching and replica molding in PDMS, presented by the Whitesides group
in 1998,” led to the popularization of microfluidic technologies. Microfluidic technologies are
being extensively explored as an alternative to multi-well plates and led to the development of
numerous technologies vulgarized as “labs-on-a-chip” (LOC) technologies.

LOC technologies are characterized by a miniaturization of experiments and integration of
laboratory instruments onto tiny hand-held devices. With simple and cheap fabrication procedures,
and handling of small volumes and samples, such devices bypass the need for expensive operating

systems, and enable high-throughput and automation. Three paradigms have emerged and become



dominant in the midst of miniaturization. The first is microchannels, being the most popular
paradigm, where bulk fluid flows through micron-sized dimension channels.® ° The second is
droplets-in-channel, where fluid is manipulated as discrete droplets in enclosed channels, where
each droplet acts as an individual microreactor.'® !! Finally, digital microfluidics (DMF) is the
manipulation of fluids as discrete droplets on an open array of electrodes.!?!* I will briefly review

all of these paradigms before venting the merits of DMF as a versatile liquid handling platform.

1.2  Microchannels

The most widespread form of microfluidics today is microchannels, also known as
continuous channel microfluidics, where micron-sized dimension channels confine reagents. The
liquid transport of such reagents is driven by pressure gradients from external (e.g. syringe pumps)
or internal pressure sources. Fluid flow is enabled after injection of reagents into the chip either
batch-wise or in continuous mode. In these systems, the flow is dependent on two conflicting
forces: (1) inertia, the resistance of objects to changing their current state of motion and (2)
viscosity, 1.e. the resistance of a fluid to stress-induced deformations. The balance of these two

forces is described by the dimensionless Reynold’s number:

Equation 1.1: Reynold's number

Net Inertial Forces  pvL

Re = =
NetViscous Forces v

where p is the fluid density (kg/m?), v is the mean velocity (m/s), L is the characteristic length of
the system, and v is the kinematic viscosity (m%/s).
The dominance of one of these two forces over the other will determine whether the flow

is turbulent (chaotic) or laminar (deterministic). When Re <2000, the flow is laminar, when 2000



< Re <4000, the flow is unstable and when Re > 4000, the flow is turbulent. Given the micron-
size of these channels, the length can be estimated to around 10° m — this results in most
microfluidic systems to be viscosity dominated, resulting in laminar flows with low Reynold’s
number regimes. Such laminar flow enables multiple streams of reagents to be constrained within
a single channel without mixing.

Such a technology has been used in numerous biological applications, including chemical
separations,'” single cell/molecule analysis,'® and simple reactions performing better at the
microscale with high surface-to-volume ratio.!” The surface area to volume ratio increases when
the scale of volumes is reduced. This substantially increases heat and mass transfer rates, useful to
speed up exothermic and endothermic reactions. The integration of microvalves relying on flexible
membranes and pneumatic control layers on-device allows these devices to become

compartmentalized high-throughput systems.® 1820

Such compartmentalization enables
multiplexing, by which ~ 10° independent compartments are formed, each containing volumes in
the range of 10-100 picoliters.'® Nevertheless, microvalves require complex fabrication techniques
(1 compartment requires at least 1 valve) and precise alignment strategies to make a functional
device. In addition, the number of inlets and external pressure sources such as syringe pumps
increases the complexity in fabrication, costs, manual intervention and expertise. Such inherently
complex fabrication techniques, coupled to the dependence on external equipment and complex
tubing/device assembly often makes microchannels undesirable to implement in the daily

workflows of biologists. In addition, the inability to efficiently mix reagents limits the breadth of

potential applications.



1.3 Droplets-in-Channel

The droplets-in-channel paradigm is characterized by a two-phase flow, usually with water,
oil and/or gas, in microchannels. Such a configuration enables the formation of pico and nano-liter
droplets, that can be generated at rates in the thousands of droplets per second. These droplets can
be merged, sorted and reacted on-demand.'® 2!:22 Such devices are simple to fabricate and can
operate at high-throughput (10-100 kHz) which makes them desirable for biological screening
applications. Research and development in this field has been increasing control over individual
droplets, for better in-channel guiding and sorting using rails,?> laser forcing,?® or electrostatic
charging. 7%

The most significant advantages of such a miniaturized platform is the small size of
working volumes, the high-throughput nature of reagent manipulation, the individuality of each
droplet eliminating the risk of cross-contamination, different strategies to mix reagents within
droplets and the ability to incubate and store these miniscule droplets for extended periods of time
without evaporation. Bio-compatible surfactants are often used to stabilize emulsions, which
allows live cells to be encapsulated, and fluorinated oils in the continuous phase allows sufficient
gas exchanges to maintain cell viability for extended periods of time. Such advantages have

garnered interest in numerous fields and applications, including magnetic-bead based assays,’*-3>

3335 protein crystallization®® and chemical synthesis.?’

single cell high-throughput studies,

Nevertheless, just like microchannels, droplet microfluidics requires pumps, complex
tubing for inlets and outlets and other external equipment, which discourages certain researchers
to move away from their traditional practices. Also, multi-step long-term applications are difficult

to implement in such systems given that the speed of individual droplets makes the individual

addressability of droplets complicated for reagent addition, staining and media exchange.



Furthermore, sorting and detection often requires optical systems and read-outs, and specialized

microscopy analysis techniques, thereby complicating the process.

1.4 Digital Microfluidics

My research utilized a more recent technology developed in the realm of miniaturization
called digital microfluidics (DMF), still in its infancy. Such a technology accurately represents the
“lab-on-a-chip mindset”, where all laboratory instruments and components are integrated onto a
single hand-held device. The technology relies on the manipulation of picoliter-milliliter sized
droplets on an array of electrodes. DMF is now being used in a wide-range of applications, with
the advantages of reduced sample size, fast heat transfer and reduced reaction rates (explained by
the high surface area to volume ratio) and is highly amenable to integration. A wide range of
operations can be performed and reprogrammed on-demand, such as dispensing droplets from
reservoirs, moving, merging, mixing and splitting into smaller droplets. One of the key advantages
is that droplets can be addressed individually, where each reagent operated on a DMF device is
isolated until merged with another reagent, and with each droplet acting as a discrete microvessel
with no cross-talk with neighboring samples. Microchannels are very different in that respect
where they operate with conventional flow and may be disturbed by hydrostatic and capillary
flows. In addition, DMF devices are operated on generic platforms with simple configurations (M
x N array), making them easy to operate and to reconfigure.

The individual addressability of samples makes DMF an inherently array-based technique.
This makes DMF ideal for array-based biochemical applications. Despite certain challenges and
disadvantages of DMF, we sought to harness the platform to automate gene editing, given that

DMF allows a rational design approach to be used to target certain specific genes in an arrayed



manner, where experiments can be multiplexed and reprogrammed, cell-based assays can be

performed on demand, and phenotypic readouts can be obtained, all in an automated manner.

_}lon

Cell Suspension A |

Qil

Figure 1.1 — Microfluidic Paradigms.

(a) Microchannels. Reproduced with permission from the Royal Society of Chemistry.’® (b)
Droplets-in-channel. Reproduced with permission from the Royal Society of Chemistry.” (c)

Digital Microfluidics



1.5 Summary Table of Microfluidic Technologies

We hereby present a comparative table (Table 1.1) showing the state of microfluidic
techniques versus traditional sampling in multiwell plates and show the advantages that each of

these solutions offer in the market of miniaturization.

Table 1.1 — Comparative table assessing the state of miniaturization techniques.

Droplets-in- Digital
Criteria Well-Plate Microchannel
Channel Microfluidics
Cost of platform | $1-2 per plate $5-10 PDMS $5-10 PDMS $6-10 per
device device substrate
Reagent volume uL-mL nL-uL pL-nL 100 pL-uL
Throughput High Moderate High Low
Automation ++ + + +++
Reprogramming + + + +++
External Parts Robotics Pumps & valves | Pumps & valves None
Temperature + + + +++
Control
Operations on None Dispensing, Dispensing, Dispensing,
device separations, mixing, splitting, | mixing, splitting,
valving merging, sorting merging
No. of Scientists > 100,000 > 1,000 <1000 <30
in the Field




Chapter 2.  Special Focus on Digital Microfluidics

This chapter will provide an in-depth review of DMF theory, venting its merits as a
versatile liquid handling platform, describe the fabrication methods, assess the potential for

automation and finally comment on its amenability to cell culture.

2.1 Digital Microfluidic Theory

In the broad realm of biomimicry, scientists have been eager to control the surface
wettability by fluids, in a similar way that nature has engineered “self-cleaning” lotus leaves or
“fog-collecting” Stenocara beetle.** From this research drive emerged a phenomenon known as
“electrowetting”, by which a solid surface’s wettability can be altered using electric potential.*!***
Electrowetting-on-dielectric (EWOD) is a phenomenon that can be applied to control aqueous
liquids by varying the electric energy across the micron-thick dielectric layer separating the liquid
and the conducting substrate.** This phenomenon can be translated to a driving mechanism, where
liquids can be shaped and driven along a path of electrodes. Fluid position can therefore be
modulated by placing droplets on an array of electrodes coated with an insulator.*’ Electrical
potential can be applied sequentially to adjacent electrodes on a path, and the droplets carrying
various reagents can be moved on that array on-demand.

The reigning forces in EWOD can be separated into driving and resistive forces. The

earliest theoretical attempts for estimating the driving forces were based on a thermodynamic

approach using the Young-Lippman equation:



Equation 2.1: Young-Lippman equation

£0&, V?
2yt

cos0,, = cos 0,

where 6,, and 6y are the wetted and static contact angles, respectively; €9 and ¢ are the permittivities
of free space and of the dielectric, respectively; V is the applied voltage; y is the liquid/filler media
surface tension (air or oil); and ¢ is the dielectric thickness. In this model, it is assumed that droplets
are moved due to capillary pressure resulting from asymmetric contact angles across the droplet.
In Equation 2.1, the contact angles are static and do not account for droplet motion after

deformation. Therefore, the driving force F in this model can be expressed as:

Equation 2.2: Driving force using Young-Lippman

£o&, LV?

F =Ly;c(cosB,, —cosO) = T

where F is the driving force and L is the length of the contact line overlapping the actuated
electrode. This driving force is often referred to as the “EWOD force”.

The term “Digital Microfluidics” emerged upon the realization that the theory behind
electrowetting does not apply to fluids with low surface tension, given that such liquids are readily
moved on electrodes but do not exhibit a significant change in contact angle — this empirical result
showed that large changes in contact angles are not a requirement for droplet movement. In
addition, the thermodynamic approach fails to explain the liquid-dielectrophoretic force, which is
predominant at high frequencies.

In fact, the wetting is an observable effect of the forces acting on the droplet. The most
accurate way to estimate the forces on the droplet in DMF is to use a circuit diagram and adopting

an electromechanical approach. The amount of energy stored in this system is calculated as a
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function of the applied voltage frequency and droplet position along the direction of translation.

Here is the Equation 2.3 representing the amount of energy, E, of the system:

Equation 2.3: Energy equation using electromechanical model

€0&ritiquidV Hriquia G27Tf) €0&ri fitterVi fitter G2T)
x + (L —x)
d; i d;

L
E(f,X) = E(

i

where L is the dimension of the droplet (estimated by the cross-section of the drop), & iiguid, Viliquia
and & sirer, Vi filer are the relative permittivity and voltage drop for the liquid and filler fluid portions
of the electrode, respectively, and d; is the thickness of layer i (corresponds to the dielectric,
hydrophobic, liquid or filler layers). Differentiating the energy calculated in Equation 2.3 with

respect to x yields the driving force as a function of frequency:

Equation 2.4: Force equation using electromechanical model

ax 2 di di

i i

F(f) = OE(f,x) _ L (Z €0&ritiquidV tliquia G270f) B Z £0£ri,fillerviz,filler(iznf)>

The key advantage of the electromechanical model is that it takes into account the frequency of
the applied voltage on droplets across each layer and portion of the device — it represents the stored
energy that results in an applied force.

From this, we can calculate a critical frequency (f.) for each device geometry and the
liquids being operated.** Below the critical frequency, we can apply the equations relative to the
EWOD model. The force that is driving the droplet at low frequencies comes from charges
accumulation near the three-phase contact line, which are being pulled toward the actuated
electrode electrostatically. The magnitude of this force depends on the capacitive energy stored

within the dielectric. When we apply frequencies above f, an electric field gradient is generated
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across the droplet, generating a liquid-dielectrophoretic force to pull the droplet toward the
activated electrode. Here, the magnitude depends on the difference in permittivity between the
liquid and filler medium (air, in our case). In DMF, droplets are manipulated by AC frequencies
in the order of kHz and the majority of the voltage drops across the dielectric. When inserting this
range of frequencies in Equation 2.4, we obtain an estimation of DMF forces with magnitudes in
the range of uN, which can be applied to a wide range of fluids using driving voltages of 100-
300Vruwms.

The driving electrostatic forces acting on the drop compete with counteracting forces. The

first is the shear force between the droplet and the plates,* 4

which is highly dependent on local
surface smoothness and heterogeneity, dictated by the quality of dielectric and hydrophobic
coating and resulting nano- and micro- scale roughness of the hydrophobic surface. The second
factor impeding droplet movement is the viscous drag force resulting from displacement of the
filler fluid during droplet translation.*® As soon as the driving force is greater than both the shear
and viscous drag forces, droplet movement can be observed. Overcoming such movement
limitations is critical in enhancing droplet movement, and the optimization lies in surface
characterization, use of surfactants, device design and the device hydrophobicity.

We must note that for most DMF systems, the forces calculated by electrowetting and
electromechanical models reach consensus. In this thesis, we are manipulating conductive liquids

(media charged with salts) in air, which makes the energy stored in the filler portion of the

electromechanical model negligible in comparison to that in the liquid portion (&r;iguia >
&ri ritler)- In addition, the energy that is stored in the liquid layers are negligible in comparison to

that stored in the dielectric layer (dgierectric = 7UWM VS. diiquia = 140um).
filler
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Figure 2.1 — Single-plate and two-plate configurations for DMF.

In the one-plate format, both grounding and high-voltage electrodes are on the same plane. In the
two-plate format, the grounding electrodes is typically the same as the top-plate (i.e. covering
plate) and the high-voltage electrode is on the bottom plate. Droplets are sandwiched between

the two plates. (Image obtained from Choi et al.*’)

2.2 Digital Microfluidics and Automation

The greatest advantage of digital microfluidics is perhaps its amenability to integrating

automation systems*® 4

and coupling the platform to external detectors (or internal in-line
detectors>® ") for real-time or downstream biological analysis. >3 The core of DMF automation
systems interfaces with a DMF device which enables droplet movement with a standard set of

basic instructions written by the user. The user will interact with the graphical user interface (GUI)

to program a set of instructions to dispense, move and split droplets, merge droplets together and
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to mix resulting samples and sort droplets for analysis (Figure 2.2). Such automation gives DMF
the capacity to operate droplets in parallel on a single device, without the need for any valves or

pumps.

Figure 2.2 — Operations performed on a DMF device.

These operations include droplet dispensing, droplet splitting, droplet mixing, and droplet

merging. (Image obtained from Choi et al.”’)

Typically, DMF automation systems rely on an array of relay switches, each of which is
responsible for one individual electrode on the device and relays AC or DC voltages to it when
instructed. The state of the switches is controlled through a computer and microcontroller.
Specifically, our automation system (Figure 2.3) consists of a MATLAB program (Figure 2.4) that
is used to control an Arduino Uno microcontroller. Driving input potentials of 130-270 Vrwms are
generated by amplification of a sine wave output from a function generator operating at 10 kHz by
an amplifier and delivered to the PCB control board. The Arduino controls the state of high-voltage

relays that are soldered onto the PCB control board. The logic state of an individual solid-state
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switch is controlled through an I’C communication protocol by an I/O expander. This control board
is mated to a pogo pin interface (104 pins), where each switch delivers a high-voltage potential (or
ground) signal to a contact pad on the DMF device. See our GitHub registry

(https://github.com/shihmicrolab/Automation) to assemble the hardware and to install the open-

source software program to execute the automation system.

The ideal result of the DMF automation system is that every set of instructions would
equate to a droplet movement (e.g., mix, dispense, split) towards the energized electrode.
However, due to surface heterogeneity or roughness or the contents of the droplet, every
application of a potential does not easily translate to a movement on the device. This behaviour is
exacerbated when the droplet constituents contains cells or proteins as they tend to ‘biofoul’ the
surface and render the device useless over a few actuations.”* > Vo et al. describes published
work from the Shih lab alleviates this issue through use of an image-based feedback system to
monitor droplet movement in real-time and overcome droplet failure by providing additional

driving voltages until the droplet completes the desired operation.
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https://github.com/shihmicrolab/Automation)

Graphical User Interface Arduino UNO Microcontroller Function Generator
GND

Pogopin Board Switching Control Board

Figure 2.3 — Digital microfluidic automation system.

The device is connected via a pogopin interface in which electric potentials are applied to an
electrode on the device. Potentials are controlled through a switching control board which are
controlled by the graphical user interface and microcontroller. An external function generator
and amplifier, and power supply is required to deliver the AC signals and to deliver 5V power to

the system respectively.
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Figure 2.4 — Graphical User Interface for the DMF automation system.

The GUI consists of five different components: device design (to control the activation of an
electrode), a live viewing window (to view droplet operations directly on the device), droplet
parameters (high voltage and frequency), droplet sequences (automated droplet sequences), and

feedback (to ensure droplet movement fidelity).

2.3  Current State of Digital Microfluidics

Digital microfluidics is equipped with many unique and useful liquid handling features and
for this reason there is much enthusiasm in applying DMF to a myriad of applications such as
chemical and enzymatic reactions, immunoassays, DNA-based applications, clinical diagnostics,

proteomics, and cell-based applications.*’ Individual addressability (i.e. control) of droplets and
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the amenability of integrating automation are two key advantages of the DMF technology in
comparison with other types of microfluidic systems.

Despite the enthusiasm in using DMF, the technology still has not kept pace compared to
other microfluidic technology (e.g., droplet microfluidics). There are still significant challenges
that prevent its widespread adoption in industry-based or clinical-based laboratories. One such
challenge is the integration of ‘world-to-chip’ interfaces that minimizes user intervention with the
microfluidic chip. An ongoing ‘world-to-chip’ challenge has been the delivering of samples to the
chip and the refilling of liquids to the microfluidic device. A second challenge is the integration
of temperature control on the device since almost all (if not all) biological and chemical-based
applications require cells, proteins, and DNA/RNA to be incubated at specific temperatures for
these biological systems to function. Therefore, to increase adoption of digital microfluidics by
the industrial and clinical communities there is a requirement of developing world-to-chip

solutions to minimize user intervention.
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Chapter 3.  World-to-Chip Interface for Digital Microfluidics

This chapter is a review of the biological stakes that we will be addressing with our
platform, presenting world-to-chip interfacing techniques with a special focus on reagent delivery
system and temperature control on DMF chips, and comments on the technological limitations in
operating world-to-chip interface today. This commentary will lead to the presentation of my thesis

objectives.

3.1 Introduction to World-to-Chip and Current Techniques

There are several advantages in using a digital microfluidic platform: (1) the small working
volumes (pL-uL volumes), (2) the high-throughput multiplexed nature of reagent manipulation,
(3) the individual addressability of each droplet eliminating the risk of cross-contamination, and
(4) the ability to automate different fluidic operations: dispense droplets from reservoirs, merge
and mix droplets, and the ability to incubate and to store these miniscule droplets for extended
periods of time without evaporation. A limitation for digital microfluidics is the integration of the
device to the macroscopic world. > This limitation includes several aspects which includes
delivering and refilling volumes on the microfluidic device, and integrating heating or cooling
elements or external analytical-based detection systems. Below we review these aspects and

discuss the current state-of-the-art for traditional and digital microfluidics.
3.2 Automated Reagent Delivery System Techniques

One of the stumbling roadblocks associated with successful miniaturization and

automation of microfluidics is the requirement of delivering and refilling reagents to the chip.
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Typically, there is a minimum practical volume (~ 1 pL) that can be introduced onto a microfluidic
device, which limits the amount of volume that can be used on the chip unless it is refilled, or the
initial volume is increased. One of the most common approaches to loading samples or storing
large fluidic volumes has been the use of epoxy based adhesives integrated with traditional-
microfluidic devices. °® However, the use of adhesives directly on the device has known to cause
leakage flow issues, contamination, and at times biochemical incompatibility. Another possibility
is to use pumps and valves (see Liu et al. °°), however, the pumps and valves concept is not suitable
for digital microfluidics due to the complexity of fabricating these features on the device. There
have been several digital microfluidic world-to-chip interfaces that have been useful for delivering
reagents.
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Figure 3.1 — Reagent delivery systems for DMF.

a) Schematic depicting the removable skin strategy in which a fresh piece of polymer is affixed to

a DMF device and later can be peeled off repeatedly. Reproduced from . b) A schematic showing
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the integration of peristaltic pumps to deliver liquids to digital microfluidic devices. Reproduced
from 1. ¢) An image showing the integration of capillary tubes that are connected to an auto-
sampler (not shown) for the delivery of liquids. A manifold was constructed to integration

automation and the world-to-chip interface. Reproduced from % .

Yang et al.®° (as shown in Figure 3.1a) developed a new strategy for digital microfluidics,
relying on removable plastic coverings, or skins. This strategy facilitates virtually unlimited reuse
of devices without concern for cross-contamination, as well as enabling rapid access to preloaded
reagents. The key feature is that they were be able to avoid biofouling and consequently cross-
contamination on the chip. However, the reconstitution of reagents is not a favourable method for
cells and DNA.

Jebrail et. al.%! (as shown in Figure 3.1b) developed a novel engineered system to deliver
fluid through a peripheral macroscale module through the space between the two DMF plates.
They used this system for chemical processing of RNA in blood. They collected target analytes
from a macroscale sample and efficiently transferring them to a DMF device for further
manipulation in microscale volumes. A key result is that they were able to manipulate a real blood
sample on the chip with volumes of 380 puL and that on-chip reactions were faster by two times
and reagent consumption was reduced by 12 times compared to traditional methods. However, the
use of a peristaltic pump to deliver the reagents to the device can be a challenge to setup if the
number of reagents increases.

Kim et. al.  (as shown in Figure 3.1c) developed a DNA processing system consisting of
a central DMF hub interfaced through novel capillary interconnects to a number of external
processing modules. Their preliminary efforts have demonstrated the flexibility and

reproducibility with which fluids may be transferred to and from the DMF device through the in-
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plane capillary interface. Although, the system allowing both continuous-flow and droplet-based
sample manipulations to be performed in one integrated system, however, use of pumps and valves
to deliver the reagents to the device is a limiting factor in their approach.

There are currently different techniques for fabricating microfluidic devices, such as micro-
machining, soft lithography, embossing, in-situ construction using injection moulding and laser
ablation, which are used for large-scale replication and production. Some of these techniques
require much space to hold multiple pieces of equipment, are labour intensive (multiple step
processes to make final product), cause time wastage when making a change in design, and suffer
from limited availability of biological materials. For small-scale production such as analysis in a
laboratory environment, soft lithography, a multiple step process, is the current gold standard. A
quick and easy fabrication of microfluidic devices will be preferred as cell biologists may not
necessarily have the time to learn the fabrication process. Recently, advancements in 3D printing
in terms of resolution and speed have helped to simplify the fabrication process of microfluidic
devices into a single step. 3D printing technology is an alternative for connecting the world-to-
chip for delivering fluids. 3D printing has become an attractive tool to fabricate measurement setup
components. 7 It has several advantages as it allows the rapid printing of complex geometric
structures without the complexity of etching or dissolution fabrication techniques. Furthermore,
modulation has been an inherent part of 3D printing and it has become a desired choice for world-

to-chip interfaces with microfluidics. % %7
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Figure 3.2 — 3D printed microfluidic devices.

a) 3D-printed valves and pumps at low cost with transparent biocompatible plastics to automate
fluid handling and manipulation. Reproduced from % . b) This is a module-based 3D-printed
microfluidics system. Different application could be customized by connecting modules. The

Figure shows several possible applications. Reproduced from "’

For example, Bhattacharjee et. al. from Folch lab % (as shown in Figure 3.2a) have
designed SL-printed diaphragm valves and peristaltic pumps designed for microfluidic
automation. The valve is operated pneumatically. They 3D-printed valves and pumps at low cost
with transparent biocompatible plastics to automate fluid handling and manipulation in the biotech
and biomedical industry, replacing costly human labor and even robotic dispensers. However, to
design a truly large scale integrated microfluidic circuit, further miniaturization of the dynamic
microfluidic elements is crucial. Improvements in the 3D printing process such as better resolution

and higher-biocompatibility resins will be required.
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Lee et. al. ° (as shown in Figure 3.2b) developed a rapid, user friendly and cost-effective
fabrication of module-based microfluidic components using a 3D printer. The designs were
directly printed into functional 3D modules. Different scenarios for module assembly displayed
their functionality and recyclability. The varied modules designs were firmly connected using
metal pins and rubber O-rings. The inserted O-rings perfectly sealed the interconnections between
the modules more firmly and prevented any solution leakage. The simple and easy module
assembly and reconstruction are suitable for expansion of microfluidics to non-expert users.

Although the aforementioned approaches are very promising in the field of microfluidics,
all of them have only been applied to the traditional microfluidics. The integration of 3D printing
with digital microfluidics would be an inexpensive approach for delivering reagents to the system.
We believe this would improve the performance of reagent delivery on digital microfluidic

devices.

3.3 Integrated On-chip Temperature Control

A second world-to-chip interface that is commonly integrated with microfluidic devices is
temperature control on a chip. Temperature control is essentially required for most biological
experiments which requires execution under a controlled temperature (either heating or cooling
temperatures). In macroscale experiments, temperature control is performed by placing the sample
tubes inside a temperature-controlled incubator for a specified time. In microscale experiments,
temperature control (either in the form of constant or gradient) has been one of the major
challenges to incorporate on a chip. The commonly used techniques for heating/cooling on chip
has been the integration of external temperature elements (i.e. Peltier modules or heating elements)

directly on the chip,”! or the fabrication of channels or electrodes for supplying heating and
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cooling temperatures,’”> Both are capable of generating accurate temperature profiles, however,
many of them have not integrated the control and may limit some potential biological and
chemical-based applications. Although there has been a vast number of papers related to
incorporating heating/cooling on microfluidic device,”? I review several digital microfluidic papers

that integrate temperature control.
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Figure 3.3 — Digital microfluidic devices with integrated heating.

a) Experimental schematics, with a thermal camera mounted from above (not shown). The setup
consists of four parts: the gold-patterned LN SAW chip with hydrophilic wells; an aluminum chip
mount (with thermistor temperature sensor for Peltier controller feedback); a Peltier cooler; and
a large heat sink. Reproduced from 7>. b) A microfluidic device which consists of three layers: a
chromium micro-heater and a resistance temperature detectors (RTDs), a gold/chrome layer, and

Aluminum layer. Reproduced from 7. c) A fluidic controlled Peltier system that is integrated
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externally from the device. Reproduced from 7. d) A gold/quartz fabricated micro-heater to be

used in digital microfluidic devices to provide uniform heat for small droplets. Reproduced from

75

Shilton et. al. 7% (as shown in Figure 3.3a) studied SAW (Surface Acoustic Waves) driven
direct microfluidic droplet heating over the range of frequency (50—900 MHz) and power (up to
25 dBm) typically used in SAW-microfluidic processes in lab-on-a-chip devices. Acoustic
heating-driven temperature changes reach a highly stable steady-state value in ~ 3 s, which is an
order of magnitude faster than previously published. This method can be exploited for fast and
highly stable control of chemical and biological reactions, and performed with complementary
SAW-driven processes such as on-chip mixing, droplet translation, and particle separation for
integrated devices.

Prakash et. al. 7 (as shown in Figure 3.3b) designed a microchip utilizing
electrostatic/droplet-DEP (D-DEP) electro-actuation method and integrated thermostatic zones
(micro-heaters and resistive temperature sensors) to achieve single qRT-PCR amplification of in
vitro synthesized influenza viral RNA. The micro-device consists of: (1) an array of photo
lithographically patterned chromium micro-heaters and resistance temperature detectors (RTDs),
(2) a photo lithographically patterned gold/chrome overlay for electrical connections to the micro-
heaters/RTD sensors, (3) a second photo lithographically patterned aluminum layer for D-DEP
electrodes and (4) Au/Cr metallization for the EW track. These three metal layers were electrically
isolated and passivated using a dielectric stack of silicon nitride (SizN4 thickness: 500 nm), to

prevent sample electrolysis during electro-actuations. Although the fabrication of resistive heaters
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on the device can avoid external integration challenges, the multiple layers of photolithography
fabrication and metal deposition can be expensive.

Casquillas et. al.”* (as shown in Figure 3.3c) developed a disposable microfluidic device
that enables fast temperature changes practical for biological experiments involving temperature-
sensitive mutants and high spatiotemporal resolution imaging. The device is easy to fabricate and
use in conventional cell biology laboratories and requires no modification to the current
microscope setup. In addition, our device with two separate layers allows the cell layer to be
adaptive, easily modifying cell shape or medium chemistry with new cell channel designs.
Although this method is very efficient, but the lack of closed-loop temperature control to adjust
and optimize temperature gradient on the device limits temperature-sensitive experiments.

Markovic et.al. ° (as shown in Figure 3.3d) reported on a 4 GHz microwave droplet heater
for digital microfluidics. The uniplanar device was fabricated using a gold-on-quartz process and
was optimized for uniform heating within a 1 pL droplet. However, these approaches (and with
Shilton et al.), both require either complex fabrication process like metal deposition or it requires
external pumps for reagent delivery which poses challenges in scaling-up an assay that includes

multiple reagents or conditions.

34 Thesis Objectives

The main objective of my thesis is to develop and to integrate world-to-chip interfaces
on a digital microfluidic device. Specifically, I focused on designing two main world-to-chip
interfaces, namely, (1) an automated reagent delivery system that will allow the refilling of fluids

in the reservoir, and (2) the integration of closed-loop temperature control. To show the utility
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and functionality of my system, I have validated these world-to-chip interfaces by applying them
to two common biological applications: (1) bacterial transformation and (2) enzymatic assays.
My research was segmented into three aims:

e Aim #1: To develop a reagent delivery system in an automated format to deliver
the reagents to the reservoirs on-chip using 400 pL in volume.

e Aim #2: To integrate two thermoelectric Peltier elements to the DMF chip to have
heating and cooling process on-chip simultaneously and validate the results by
simulation.

e Aim #3: To apply aforementioned features to multiple biological process including

bacteria transformation and enzymatic assay as a proof of principle.
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Chapter 4. Materials and Methods

This chapter provides a complete description of my methods, both on the biology and
engineering side, to develop a functional world-to-chip interface for digital microfluidics. Also
explains on how we integrate two different systems to digital microfluidics including 1) reagent

delivery system and 2) temperature control system to build our platform.

4.1 Reagents and Materials

All general-use reagents were purchased from Sigma, unless specified otherwise. E.coli DH5a
and BL21 and pFAB4876 and pSB1C3 vectors (see Appendix Information Table Al; Fig. 5.8 for
plasmid maps) were generously donated from Dr. Vincent Martin. Mini-prep kits (cat no. BS413)
were purchased from BioBasic (Amherst, NY). Pluronics F68 (Block Copolymer Surfactant) was
also purchased from Sigma. CaCl, was purchased from Thermo Fisher Scientific.

Microfluidics device fabrication reagents and supplies included chromium coated with
S1811 photoresist on glass slides from Telic (Valencia, CA), indium tin oxide (ITO)- coated glass
slides, RS = 15-25Q (cat no. CG-61IN-S207, Delta Technologies, Loveland CO), FluoroPel
PFC1601V from Cytonix LLC (Beltsville, MD), MF-321 positive photoresist developer from
Rohm and Haas (Marlborough, MA), CR-4 chromium etchant from OM Group (Cleveland, OH),
and AZ-300T photoresist stripper from AZ Electronic Materials (Somerville, NJ). TEM/Peltier
module from TE technology (MI, USA). For 3D printing, polylactic acid (PLA) material were
purchased from 3Dshop (Mississauga, ON, Canada). 3-(Trimethoxysilyl) propyl methacrylate
solution for silanization from Sigma (cat no. 440159). Parylene C pellets were purchased from

Speciality Coating Systems (Indianapolis, IN).
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4.2 Microfluidic Device Fabrication and Operation

Devices were designed using AutoCAD 2017 (Autodesk, San Rafael, CA) and fabricated
in the Concordia cleanroom. The DMF fabrication procedure followed a previous protocol>® 76
using high resolution 25,400 dpi transparency masks printed by CAD/Art services. Briefly, glass
substrates pre-coated with S1811 photoresist (Telic, Valencia, CA) were exposed to UV for 8 s on
a Quintel Q-4000 mask aligner (Neutronix Quintel, Morgan Hill, CA) to imprint the transparency
masks design. These were developed in MF-321 for 2 min with shaking and rinsing with DI water.
Developed slides were then baked at 115 °C for 1 min before etching in CR-4 chromium etchant
until the pattern was clearly visible. The remaining photoresist was then removed in AZ-300T
stripper for 2 min. After rinsing with DI water and drying, a silane solution comprising de-ionized
water, 2-propanol and (trimethoxysilyl)-propyl methacrylate (50:50:1 v/v) was added to the
devices in a Pyrex dish for 15 min. Devices were primed for dielectric coating with 15 g of
Parylene-C (~7.2 um thickness) in a SCS Labcoater 2 PDS 2010 (Specialty Coating Systems,
Indianapolis, IN), and coated with Fluoropel PFC1601V (Cytonix, Beltsville, MD) in a Laurell
spin coater (North Wales, PA) set to 1500 rpm for 30 s with 500 rpm/s acceleration followed by

10 min baking at 180 °C.
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a) ITO-DMF b) ITO-well-DMF
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Figure 4.1 — Reagent delivery interface for digital microfluidic devices.

a) ITO-DMF is the typical two-plate setup used for digital microfluidics to automate liquid
handling on device. b) ITO-well-DMF is the new world-to-chip system for reagent delivery on
device. It consists of a 3D printed well integrated on top of the ITO top-plate which is aligned to
an electrode (i.e. reservoir) on the device. Approximately 400 ulL of liquid can be stored in the

3D printed well.

Prior to experiments, two types of top-plates were prepared — [ITO-DMF or ITO-well-DMF
(Figure 4.1). ITO-DMF were coated with FluoroPel PFC 1601V by spin coating and then post-
baked as described above. For ITO-well-DMF, 1 mm diameter holes were drilled with using a
Micromill (Proxxon MF 70, S.A. Wecker, Luxemburg) with a diamond drill bit (dia. 1.00 mm, L

= 38 mm, diamond tip length: 3.50 mm, shank: 0.70 mm; ordered from KLY Amazon) on ITO-
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DMF slides. These were diced into 25 mm x 75 mm pieces and were coated with Fluoropel
PFC1601V and post-baked using the conditions described above on both sides. A 3D-printed well
(with 1 mm diameter holes; see Figure 4.1b) is coated with Fluoropel (using a cotton swab) and
were aligned directly on top of the holes on the ITO and glued (LePage super glue, Mississauga,
Ontario) to the glass and dried for 5 min at room temperature. Both of these ITOs were joined to
the bottom substrate with two pieces of double sided tape, resulting in an inter-plate gap of ~140
pum.

A custom-designed fabricated device was used in this study for bacterial transformation
and enzymatic assays. After combining the top and bottom plates, the DMF device was primed to
be interfaced through our automation system (see our online GitHub repository: [

https://github.com/shihmicrolab/Automation] ) that will automate the droplet movement on the

devices. Electrodes were typically switched using solid-state relays which were controlled using
an in-house program that applied 160 Vrums at 15 kHz to the electrodes in a pre-programmed

sequence.

4.3 Designing, Fabrication, and Operation of the Reagent Delivery System

3D printed wells were designed using Fusion 360 3D CAD/CAM design software (Autodesk, CA
United States). The design was printed using on-demand printing using the Ultimaker 2+ extended
(Shop3D, Mississauga, ON, Canada). All cylindrical wells were printed on polylactic acid (PLA)
with an outer diameter of 8 mm and with a height of 45 mm and a 1 mm diameter hole (Figure

4.2).
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Figure 4.2 — Design and configuration of the 3D printed well.

a) The configuration of the 3D printed well on the DMF device. A plunger is added to the well to
pressurize the liquid inside the well and to deliver the liquid into the reservoir. b) The design of

the 3D printed well. Inside is a conical design with the dimensions as shown.

For 3D printing, STL files were generated and converted to gcode format using Acura 3D
conversion with the following settings: nozzle - 0.4 mm, material - PLA, and profile - high quality.
In the print setup settings, the recommended button was checked, the infill parameter was checked
as ‘Dense’ and the helper parameter checked as ‘Print Build Plate Adhesion and Print Support

Structure’.

To use the well as a reagent delivery system, typically ~ 400 pL of fluid is pipetted into
the threaded well and a screw was fabricated to control the delivery of the fluids into the reservoir.
The device used two reservoirs for reagent delivery — a main reservoir for active dispensing of a
unit droplet and an ancillary reservoir for refilling the main reservoir (Figure 4.2). The well (which

was placed on the ITO top-plate) was aligned at the center of the ancillary reservoir. The operations
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to refill reservoirs would proceed in the following three steps (Appendix Figure A.1): (1) the
threaded plunger delivers liquid from the well to the ancillary reservoir on the chip, (2) a liquid
neck is created from the ancillary to the main reservoir and the volume in the main reservoir is
measured via impedance (Figure 4.3), and (3) when the volume reached a target of 7 uL in the
main reservoir, the liquid neck is split by actuating the ancillary and main reservoir. This process
is repeated for every unit droplet dispensed from the main reservoir. The impedance circuit to
measure delivered volumes from the well is attached to the device top-plate (i.e. ITO top plate)
and consists of a 10 kQ resistor in series with the digital microfluidic device. A potential of 80
Vrus was applied to the ancillary reservoir and the output of the circuit, Viead, is measured across
the resistor as shown in Figure 4.3. The voltage is correlated with the fluid volume which was
delivered directly on the device. This process of measuring the volume using the impedance circuit

is repeated for every refilling step.

GUI Switching board DMF device
L )‘L‘I‘

Oscilloscope
10K Q

Arduino

SH>- =

Function generator &
amplifier

Figure 4.3 — Impedance measurement circuit to measure fluid delivery on the device.
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The circuit consists of a resistor and the potential (V,eaq) is measured to correlate the amount of

fluid to the potential.

4.4 Peltier Design, Operation, and Simulation

A 20 x 40 mm Peltier (TE technology INC, Texas, USA) was integrated below the DMF
device that will be used to provide cooling (4 °C) and heating (42 °C) temperatures for procedures
related to on-chip transformation. The Peltier was integrated with a 3D printed module with four
3D printed screws that can be interfaced with the DMF device. A 20 x 40 x 5 mm aluminum
heating block was placed on top of the Peltier with a 1.5 mm drilled hole at the center of the block
(Figure 4.4). The control hardware circuit for changing the temperature consisted of an Arduino
microcontroller (Arduino Uno, Italy), a driver motor (consisting of two half-bridge driver chip and
low resistance N-channel MOSFET) (Amazon, Mississauga, ON, Canada), and a resistance
temperature detector (Building Automation Products, Inc., Gays Mills, WS, USA) placed inside
the hole of the aluminum block. The hole was filled and sealed with thermo-paste (GC electronics,
Rockford, IL) to secure it in place. Finally, the bottom of the aluminum heat block consisted of a
12 V. cooling fan which was responsible to dissipate the excess heat produced by Peltier for rapid

temperature changes.
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Figure 4.4 — Thermoelectric module (TEM) integrated to the DMF chip.
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The TEM is attached to the aluminum block to improve the heat transfer properties of the module.
An RTD (resistance temperature detectors RTD) sensor is placed inside the Al block to measure

the temperature for closed-loop control.

For open-loop control, the Peltier was connected to a DC power supply through a MOSFET
dual H-bridge driver. The driving current was controlled by an Arduino Uno microcontroller
which was programmed by the user. Generally, the Peltier was set to operate in 4 °C for 60 s, then
was rapidly increased to 42 °C for 60 s followed by a decrease to 4 °C again for 120 s.

For closed-loop control, a proportional-integral-derivative (PID) based software code was
written in MATLAB (MathWorks, MA USA) and integrated with Peltier system (as the open-loop
control). Simulations of the temperature control were executed by changing rise time, over shoot,

settling time, and steady-state error values as shown in Equation 4.1.

Equation 4.1: PID closed loop control system.

de(t)
dt

u(t) = Kpe(t) + K; [ e(t) dt’ + K,

where, Kp, Ki and Kq represent gain coefficients for the proportional, integral, and
derivative terms respectively, e(t) represent the error between the setpoint value and the process
variable, and u(t) was a controller output. The chosen values for K, K; and K4 are 15, 1.2, and 0.5
respectively.

To simulate the closed-loop system, we modeled the PID controller using the equation
shown above and the TEM was modeled as a thermodynamic system (similar to ref /). The TEM
model consists of thermopiles that are connected electrically in series to increase the operating

voltage and thermally in parallel to decrease the thermal resistance and is sandwiched between two
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ceramic plates for uniform thermal expansion. There are four main energy processes taking place
in the TEM (Figure 4.5):

Thermal conductivity

Joule heating

The Peltier cooling/heating effect and
The Seebeck effect

PID controller

setpoint

plant

sensor

~
hY
I
!
!
1
v

\
1
PID controller schematic
ﬂp

Thermal plant equivalent model
(f TEC module

Thermal module\

—

Gp(t)h(t) /

@)h(ﬂ

Figure 4.5 — Thermoelectric module (TEM) thermodynamic plant modeling.
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The modeling consists of two modules: thermoelectric and thermal. The TEM module consists of

four components: conductivity, joule heating, Peltier effect, and Seeback effect.

The thermal

module consists of two modules: the Al heat block and the heatsink. All components are modeled

by equations.

Table 4.1 showed all the parameters and equations were used to simulate a Peltier. A more detailed

description of the energy processes and Simulink models used, are shown in the Appendix, thermal

plant section.

Table 4.1 — Equations and parameters used to model the closed-loop thermoelectric module

[: drawn current

Process Equation Parameter
Thermal conduction Qin = — AT x Ky, Kin: Thermal conductivity coefficient
of TEM = 0.39
Joule heating Q;=I°R R: TEM internal resistance = 1.4Q

Peltier Qpa =Sm*I*Ty Sm: Seebeck coefficient = 0.018,
cooling/heating Qpe =Sm* I+ T, I: drawn current,
Ty hot side temperature (K),
T¢: cold side temperature (K)
Seebeck Ve =8 * AT(T, -T,) Sm: Seebeck coefficient= 0.018,

T}: hot side temperature (K),
T¢: cold side temperature (K)

Heat transfer

equation in TEM

Qia = Qpa —0. SQj — Q¢
Qie = Qpe + 0. SQj — Q¢

Opa: Peltier heating,
QO Peltier cooling,

QOwm: Thermal conduction,

Aluminum heat

block temperature

h

— f((Tamb * Kth) + Qte)
Alum. thermal mass

Oe: total heat transfer (hot side),
Kwm:  thermal  conductivity
Aluminum = 0.03,

Tamp: room temperature in °C,

Aluminum thermal mass = 12.776

of
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Heat sink block _ J((Tamp * Ken) + Qia) | Qu: total heat transfer (cold side),
temperature °  Heatsink thermal mass | K;: thermal conductivity of metal =

10,

Heatsink thermal mass = 200

4.5 Competent Cell Preparation for Bacterial Transformation

On day 1, a single bacterial colony (2 to 3 mm in dia.) (from the streaked plate using the -
80 °C stock) was inoculated in 5 mL of LB in a 20 mL flask overnight (about 12 to 14 h) at 37 °C,
220 rpm. On day 2, 6 mL of the culture was added into 600 mL of fresh LB medium and incubated
in 37 °C at 220 rpm. After 1.5 h, the OD 600 was measured every 15 min until the OD 600 level
reached 0.45. The cells were transferred to cold 50 mL centrifuge tubes. Before spinning, the
centrifuge was spun for a few seconds to reach 4 °C. Then the cells were recovered by
centrifugation at 1000 g for 10 min at 4 °C after which the medium was decanted from the cell
pellets. The bacterial pellet was re-suspended in 50 mL of ice-cold solution containing 15 %
glycerol with 75 mM of CaCl; and was incubated on ice for 5 min and then centrifuged at 1000 g
for 10 min. After centrifugation, the cells were re-suspended in 2 mL of 75 mM CaCl; with 15 %

glycerol solution. 100 pL aliquots were snap frozen in liquid nitrogen and stored in -80 °C freezer.

4.6 Macroscale (co-) Transformation Experiments

Competent E.coli cells were thawed on ice for 10 min and then 100 ng/uL of pFAB4876
or pSB1C3 DNA were added to 100 pL of competent cells in a 2 mL centrifuge tube. For co-
transformation experiments, both plasmids were simultaneously added to the competent cells.
After adding the DNA to the cells, the solution was gently mixed by flicking the bottom of the

tube and incubated on ice for 15 min before heat shock. The heat shock transformation protocol
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consisted of four steps (Figure 4.6): (1) the solution was placed in a water bath for 60 s at 42 °C,
(2) the solution was then placed on ice for 3 min, (3) 1 mL of fresh LB was added to the tube and
then placed in a 37 °C incubator for 1 h with shaking at 220 rpm, and (4) after recovery, the solution
was added into a LB agar plate with ampicillin resistance and incubated 37 °C overnight for colony
growth. Colonies were manually counted, and transformation efficiencies were calculated by
dividing the number of colonies counted on the plate by the total amount of DNA transformed

expressed in pg.

Competent DNA
cell plasmid 4 C 42°c 37°C
605 305 24h

= O

* -». -».-»@

Mixing Incubating Heat shock Cloning

(inice) (cells uptake DNAs) (New bacteria growing)
Figure 4.6 — Bacteria transformation protocol.
The protocol consists of mixing chemically competent bacterial cells with plasmid DNA. The
mixture is left on ice and then heated to 42 °C for 30 s, then fresh media is added, and the solution

is recovered in 37 °C for an hour before being plated on solid agar media with antibiotic selection

overnight.
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4.7 Microscale Bacterial (co-) Transformation

Prior to the experiment, the competent E.coli cells were thawed on ice for 10 min. Plasmid DNA
(pFAB4876 and pSB1C3) was diluted to a concentration of 1 pg/ul. CaCl, stock was prepared at
150 mM to maintain final concentration of transformation solution on chip at 75 mM of CaCl,.
For on-chip transformation, two thermoelectric modules were attached to the bottom of the DMF
chip that provided two controllable thermal zones (4 °C and 42 °C — Figure 4.7) and all reagents

were initially pipetted to the cold region on the chip.

For ITO-DMF configurations, 7 pL of each reagent including competent cells, DNA and
CaCl, was pipetted into corresponding reservoir (see Figure 4.8a for device layout). A premade
sequence code which was using our in-house software was executed to apply a voltage of 162 Vs
at 15 kHz frequency to dispense a 1 pL droplet from the reservoir. Three dispensed droplets (1
pL each) containing the DNA plasmid, E.coli cells in LB media and CaCl> were merged together
on the chip in a 1:1:1 ratio. After merging and mixing, a heat shock protocol was applied which
consisted of 60 s at 42 °C followed by 3 min at 4 °C. The solution was taken out by pipette and
placed into a micro centrifuge tube. 100 uL of fresh LB were added to the mixture and then the
tube was placed at the incubator at 37 °C, 220 rpm for 1 h recovery. The transformed cells were
plated on an agar plate with kanamycin antibiotic selection overnight. Three replicates were

conducted in parallel on the same device.

For ITO-well-DMF configuration, 400 pL of cells were added to the 3D printed well
(instead of directly in a reservoir) and 7 uL of the DNA plasmid and CaCl, were added directly to

the reservoirs on chip. The procedures followed the ITO-well transformation protocol with the

addition of refilling the main reservoir containing the cells. To refill the reservoir, the solution
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containing cells were delivered to the ancillary reservoir by twisting the plunger through the hole
on ITO top plate. Next, the fluid was actuated from ancillary reservoir until a liquid neck is
combined with the liquid in the main reservoir. After the main reservoir was filled to the desired
volume (~7 pL), which was measured by the impedance circuit, a splitting step occurred to break

off the liquid neck. This were performed for three replicate measurements.

IR thermal image

Replicate Replicate

CacClz Replicat

Figure 4.7 — Infrared images on the DMF device showing two temperature regions.

Two temperatures (4 °C and 42 °C) were used to enable bacterial transformation protocol on the

device. Labels on the device show which reagent is stored on that electrode.
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4.8 Enzymatic Assay

The endoglucanase enzyme assay was carried out on the two configurations ITO-DMF and ITO-
well-DMF, and repeated at room temperature and 30 °C. For the 30 °C condition, the TEM was
integrated below the assay areas and a closed-loop PID control was enabled for both configurations
to maintain a steady-state temperature. On the ITO-DMF configuration, a unit droplet of enzyme
solution (~1 uL) was dispensed into three assay areas on the device (see Figure 4.8b for the device
layout) using a starting voltage of 162 Vrums at 15 kHz. A substrate solution containing 40 uM 4-
methylumbelliferyl B-D-cellobioside (MUC) in buffer (50 mM sodium-phosphate, pH 7.0) was
dispensed from the reservoir and stored adjacent to an assay area. A second unit droplet of
substrate solution was dispensed and serially diluted to 20 and 10 pM MUC droplets with buffer
solution by mixing and splitting operations. The two final droplets containing 20 and 10 uM MUC
were then stored adjacent to an assay area. To start the reaction, all three substrate droplets were
simultaneously mixed with the enzyme droplets in the assay areas (and the TEM was activated, if
required). After 30 minutes of incubation, a unit droplet of quenching solution (0.3 M glycine-
NaOH, pH 11.0) was mixed with each mixed droplet containing enzyme and substrate solution in
the assay area. On the ITO-well-DMF configuration, the same droplet operations were carried
out, except that the well was used to replenish the main enzyme reservoir after dispensing an unit
droplet of enzyme. After the assay, the device was placed on a well-plate and into a CLARIOStar
plate reader (BGM Labtech, Ortenberg, Germany) to measure 4-methylumbelliferone (MUF)
fluorescence at 449 nm with 368 nm excitation. The fluorescence intensity was measured by using
the well-scanning function (scan matrix = 15x15, scan diameter = 6 mm, focal height = 4.0 mm

and gain = 1180), and the maximum fluorescence intensity value for each droplet was recorded
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for analysis. Each assay was repeated three times. All solutions used on the device contained
0.05% F-68 Pluronics additive.
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Figure 4.8 — DMF device layout for the world-to-chip validation study.
a) Bacterial transformation device layout and b) Enzymatic assay device layout with the respective

reagents used in each study.

4.9 Cloning and Protein Expression

The sequence for the Rhodothermus marinus SG0.5JP17-172 endoglucanase gene (EGL) was
obtained from NCBI (GenBank accession number WP_014065767.1) and was synthesized by IDT
(Coralville, IA) as a linear DNA fragment. The gene was amplified by PCR using Phusion
polymerase (Thermo Fisher scientific, Waltham, MA) according to manufacturer’s instructions.

The following primers were used to introduce a 5° Xbal and a 3° BamHI restrictions sites:

Forward:
5’- TGACTGACTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACC

ATGCGTGTATTGGCGCTGC - 3°
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Reverse:

57 - GCATGCATGGATCCCTAATTGCGTGGATTTAATTGGCGC - 3°

The PCR product was purified, digested with Xbal and BamHI for two hours, and ligated into a
linearized pET16b vector. The ligation product was transformed into chemically competent E.coli
DHS5a cells and plated on selective media. Single colonies were inoculated in 5 mL of LB media
containing 100 pg/mL ampicillin overnight and plasmids were extracted using a BioBasic
miniprep kit. Proper insertion of the gene was verified by digesting 2 pg of plasmid with Xbal
and BamHI checking proper insert size on a 0.8% agarose gel. The cloned plasmid (pET_EGL)
was transformed into E.coli BL21(DE3) for protein expression. The transformed cells were
inoculated overnight in a 5 mL pre-culture. The next day, a 100 mL starter culture of low optical
density (OD) was generated by diluting the overnight culture and grown at 37 °C with 200 rpm
shaking. Upon reaching OD 0.4, expression of the EGL gene was induced by addition of 1 mM
IPTG for 6 hours. The final induced culture was divided into 40 mL aliquots and centrifuged at
4000 rpm for 5 min. The pellets were frozen and kept at -20 °C for later used. Thawed pellets
were lysed at 4 °C for 15 min by resuspending in 10 mL of lysis solution comprising 1 mg/mL
lysozyme, 25 U/ml benzonase and 1 mM phenylmethanesulfonylfluoride (PMSF). The lysates
were centrifuged again at 4000 rpm for 5 min to collect the protein pellets. The pellets were
resuspended in 10 mL of assay buffer (50 mM sodium-phosphate, pH 7.0) and diluted 50-fold in

the same buffer before use.
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Chapter 5.  Results and Discussion

This chapter describes my results in validating the world-to-chip interface platform. I will
describe the device design optimization, the validation of the platform for integrated reagent
delivery system and on-chip temperature control system. Also details the process of applying our

platform on two biological application including bacteria transformation and enzymatic assay.

We have integrated two world-to-chip interfaces for digital microfluidics, namely,
integrating reagent delivery and refilling and temperature control. The new system, as shown in
Figure 5.1a, was formed by 3D printing a bottom holder to interface a 50 x 75 mm device,
thermoelectric module (i.e. Peltier), temperature sensor, and the aluminum block to house a
temperature sensor. A top 3D printed cover (shown in blue) is mated to the bottom holder with
four fitting screws (show in white) and sandwiches the pogopin holder (used to deliver electric
potentials to the electrodes) and the device. The addition of the top cover with the fitting screws

enabled tight contact of the pogopin board to the device.
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Figure 5.1 — World-to-chip interfaces for digital microfluidic devices.

Two world-to-chip interfaces (reagent delivery and temperature control) are combined with the

digital microfluidic device for reagent delivery and closed-loop temperature control.

A top view of the device 1s shown in Figure 5.1b — as depicted, the digital microfluidic
device consists of electrodes and each electrode is wired to a contact pad. This array of contact
pads on the side of the device is connected to the pogopin board (which is connected to the
automation system — see Figure 2.3). Devices were assembled with the top-plate (with or without
well) and droplets are manipulated on the DMF device by applying an AC field between the
electrodes on the top and bottom plates. Temperature control of the device is managed by the
thermoelectric module (i.e. Peltier) which can be positioned underneath the device with a

temperature sensor for closed-loop control. Both of these world-to-chip interfaces represent a
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significant advance over the previous DMF device configurations which do not include a reagent

delivery system or a closed-loop control scheme for temperature control.”® 7

5.1 Platform validation #1: Automated Reagent Delivery System
In digital microfluidic systems, reagent delivery has been alleviated by the addition of
reservoirs on the device. Users typically manually pipette the reagents directly onto a reservoir

0

and use automated sequences to dispense liquids from the reservoir 8. However, as shown by

some groups, 2182 dispensing from reservoirs is not reproducible process and dispensing have high

variability in volumes. There are methods such as incorporating capacitative, 8%

or image-based
feedback sensing,’® or other droplet tracking methods, *° to improve dispensing reproducibility but

these are not capable of refilling the reservoir when it is depleted (i.e. there is a limited number of

times that a droplet can be dispensed from a reservoir).

As shown in Figure 5.1c, the central feature of this design is a 3D printed cylindrical
reagent well mated to the top of the ITO ground plate which contains a drilled-hole inlet. Using a
reagent well, devices can hold larger volumes (~400 pL) than a typical reservoir (which hold ~1-
10 pL) on the chip. We call this configuration ‘ITO-well-DMF’ and the well will be refilled by a
plunger when the reservoir has been reduced in volume due to dispensing droplets. The design
and alignment of the reagent well was optimized to address two challenges: consistent fluid
refilling of the reservoir and enabling reproducible, equal-sized droplet dispensing from the
reservoir. For these challenges, we observed that reliable refilling and reproducible dispensing
required two reservoirs — which we label as main and ancillary reservoirs. In initial experiments,
we observed that if the well was directly overlapping the main reservoir (Figure 5.2) or partial

overlap as suggested from a previous study ®, the fluid from the well will not be confined to the
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reservoir and spread elsewhere on the device. In this configuration, the main reservoir would
frequently be overfilled (> 7 uL) which caused significant difficulties in dispensing droplets. A
motorized component to automatically deliver the liquids would alleviate this 7 | but here we
added an ancillary (i.e. secondary) reservoir to dispense droplets from this reservoir and is used to
refill the main reservoir (Figure 5.4). We found with the addition of the ancillary reservoir
facilitated easy refilling without any external motors or pumps. The process of reagent delivery
follows three steps (Appendix Figure A.1): (1) the threaded plunger delivers liquid from the well
to the ancillary reservoir on the chip, (2) a liquid neck is created from the ancillary to the main
reservoir and the volume in the main reservoir is measured via impedance (Figure 4.3), and (3)
when the volume reached a target of 7 uL (i.e. Viead = 12.9 V; Figure 5.5) in the main reservoir,
the liquid neck is broken off by actuating the ancillary and main reservoir. With only the main
reservoir (i.e. without an ancillary reservoir), significant amount of trial-and-error was required to
obtain the target reservoir volume. The excess time required to refill the main reservoir at the
target volume typically fouled the surface of device due to the trial-and-error process. With the
ancillary reservoir, a systematic process is introduced (i.e. without trial-and-error) and this

minimizes the biofouling on the surface of the device.
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Figure 5.2 — DMF device for reagent delivery.

A DMF device showing the labeled reservoirs (ancillary and main) used for reagent delivery. The
3D printed well is aligned to the ancillary reservoir and fluid is delivered to this reservoir. An
unit droplet is dispensed from the ancillary reservoir and is used to refill the main reservoir. This

is repeated every time a droplet is dispensed from the main reservoir.
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Figure 5.3 — Calibration curve to correlate volume and voltage.
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A droplet of specific volume was manually dispensed on the reservoir and the electrode was
actuated using 80 V,ms. The measured voltage (Vyeaq) is the voltage drop across the resistor. This
volume has a linear correlation with the voltage. Three replicates were used for each

measurement.

To test dispensing of liquids using the well, we tested three liquids that varied in viscosities.
As shown in Figure 5.4, are six graphs showing the utility of the reagent well and the precision of
dispensing using the ITO-well-DMF and ITO-DMF configuration for three types of liquids
ranging in viscosity (LB media, water, and methanol). In the ITO-DMF configuration (Figure
5.4a-c), droplets are repeatedly dispensed from the main reservoir until it was not possible to
dispense any more droplets. In our experiments, the maximum number of droplets dispensed with
a reservoir volume of 7 uL is five droplets with a target volume of ~1 pL. In the ITO-well-DMF
configuration (Figure 5.4d-f), a droplet is dispensed from the main reservoir and the reagent well
refills the ancillary reservoir by dispensing a droplet to refill the main reservoir. Three key results
are obtained from these graphs: (1) the ITO-well-DMF configuration (with reagent delivery)
allowed continuous dispensing — in our experiments, we dispensed 10 droplets (compared to only
4-5 droplets without the well) and can be increased to more dispensed droplets. (2) The precision
of the dispensed droplets in the ITO-well-DMF configuration (RSD = 11.07%, 17.28%, 15.58%
for LB, water, methanol respectively) was higher than the precision in the ITO-DMF configuration
(RSD = 16.10%, 38.90%, 38.88% for LB, water, methanol respectively) which demonstrates the
reproducibility of using the reagent well. (3) The precision of the dispensed volume is highly
dependent on the reservoir volume. There are a number of factors that suggest that there is a
fundamental change occurring on the device (e.g., dielectric degradation, contact angle saturation)

that can change the dispensed droplet volume.®! These are inevitable changes on the device and
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having a refilling reservoir is the optimal solution for refilling and ensuring reproducible dispensed

droplets.
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Figure 5.4 — Effects of ITO-well-DMF configuration on droplet dispensing.

(a-c) correspond to volumes measured (via impedance) after dispensing droplets without the 3D

printed well for LB media, water, and methanol respectively. (d-f) correspond to volumes
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measured (via impedance) after dispensing droplets with the 3D printed well for LB media, water,

and methanol respectively.

5.2  Platform validation #2: Integrated Temperature Control

A second world-to-chip interface that is important for microfluidics is the control of
temperature. There are numerous papers that have discussed the integration of micro-heaters (i.e.
Peltier elements) to establish a uniform or gradient temperature in a given region on a microfluidic
device.”'"””> However, in these microfluidic studies, the parameters used for the Peltier are
optimized for their own biological or chemical application. There has not been a fully modeled
and characterized Peltier control system that allows for quick analysis, design and optimization.
In fact, a significant amount of trial-and-error is required to optimize the control-loop parameters
and design. A model that can optimize the thermoelectric module can reduce the time for the
design cycle and quickly find parameters suitable for their own applications. Furthermore, it can
also help validate and understand the experimental results. As shown in Figure 5.5, is the block
diagram that we used to simulate the closed-loop thermoelectric system. A temperature set point
is the input and subtracted from the sensor-read temperature on the Peltier and the error is the input
to the PID controller. The PID controller uses this input and tune the system by tuning three
constants K, Ki, and K4 for proportional, integral, and derivative control respectively. This output
is connected to the plant which is the thermoelectric module and is thermodynamically modeled
by two main effects: thermal and Peltier. (see Appendix for detailed description of the thermal

plant).
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h (t)

Figure 5.5 — Closed-loop temperature control system.

A block diagram showing the modeled PID controller along with the plant (which is the
thermoelectric module) and a temperature sensor. In this model, the PID controller tunes the
system by optimizing the error input [e(t)]. Parameters used this simulation are shown in Table

4.1

The output of the plant is read by the temperature sensor and returned to the input. As a
first test of this model, we chose three different scenarios to numerically simulate the target
temperature of 42 °C (Figure 5.6 and Figure 5.7). In these scenarios, we chose to verify the
robustness, optimality, stability, and accuracy of the proposed controller with the modelled plant.
Using parameters K, = 15, Ki = 1.2, and Kq = 0.5 (Figure 5.7) shows the most optimal result —i.e.

fast rise time, low fluctuation, and high stability at the target temperature of 42 °C.
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Figure 5.6 — Effects of closed-loop temperature control with non-optimal control parameters.

a) A graph shows the temperature output when the system is given a low rise time, high fluctuation,

and low stability. b) A graph shows the temperature output when the system is given a low rise

time, high overshoot, and no stability. All experiments had a target temperature of 42 °C.
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Figure 5.7 — Effects of closed-loop temperature control with optimal control parameters.

A graph shows the temperature output when the system is given a low rise time, low fluctuation,

and high stability.
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Table 5.1 — The effect of increasing each of the parameters

Parameter Rise time Overshoot Settling time Steady-state error Stability
K, Decrease Increase Small change Decrease Degrade
K; Decrease Increase Increase Eliminate Degrade
Ky Minor change Decrease Decrease No effect in theory ~ Improve if Ka small

The simulated shows that parameters K, and K; are sensitive to changing the stability and
overshoot of the target. This is expected since increasing the proportional gain (K,) will have the
effect of reducing the rise time while the steady state error can be eliminated by introducing some
element of integral control (Kj). Given the simplicity of our model, this will allow users who are
not familiar with control theory to implement closed-loop temperature control and integrate with

reagent delivery control for digital microfluidics.

5.3 Application #1: Bacterial Transformation

To evaluate the functionality of the world-to-chip interface we conducted a bacterial
transformation study on the digital microfluidic device. Bacterial transformation typically
involves the insertion of plasmid DNA (Figure 5.8) into E.coli (or some microbe) using a heat
shock (or electric-field) based method. These traditional methods have been used to express new
genetic information using a plasmid system such that it can enable an understanding how the gene-
encoded protein functions and interacts with other proteins inside the cell. There has been much
interest in automating the transformation procedure using digital microfluidics (or a derivative

thereof) 3% % since fields like synthetic biology typically requires the optimization of metabolic
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pathways ° or logic gated systems °! which consists of many genetic elements that be difficult to
manipulate if manually performed. Here, we have followed these studies with added features of

closed-loop heat and cooling control and reagent delivery that is not present in these studies.

a) b) RFP

p15A

Replication PFAB4876 Restriction RFP Plasmid
origin Spacer enzyme
Insulator
Promoterl
BCD1
Terminator j Spacer
SfGFP Lac operon \
Terminator
pFABA4876 pSB1C3

Figure 5.8 — Plasmid maps

a) pFAB4876 and b) pSB1C3 used for bacterial transformation. Each plasmid map consists of a
promoter, ribosomal binding site, the gene of interest (e.g., GFP, RFP), and a terminator. An
origin of replication along with an antibiotic resistance marker were included for DNA replication

and for selection on agar plates respectively.

To perform transformation with our integrated world-to-chip interface, we designed a microfluidic
device (Figure 5.9) that is capable of transformation by heat-shock. The device consists of four
reservoirs that holds droplets of bacteria cells, LB media, CaCl; solution, or the plasmid coding

for eGFP.
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Figure 5.9 — Digital microfluidic device used for bacterial transformation.

This device is used for implementing the bacterial transformation protocol (see Appendix Figure
A.1). Two key features with this device is the addition of two world-to-chip interfaces: 1) 3D
printed well that is used for delivering cells in media and 2) two Peltier elements (below the device)

that is used to keep temperatures at 4 °C and 42 °C.

Two new features (compared to other DMF and transformation studies) were added to this
configuration — (1) a 3D printed well that is used for automated reagent delivery without the
manually refilling of the reservoirs and (2) the closed-loop PID control of the Peltier. Since most
reagents only required one time dispensing, we used the 3D well for cells since it required more
frequent dispensing. We also integrated the Peltier module below our DMF device below our
DMEF device to provide a region with controllable thermal zone. Since heat-shock transformation
protocols require different temperatures (4 °C, 37 °C, and 42 °C), we first tested the controllability
of the Peltier module. We implemented an experiment to determine if the module is capable of
reaching the desired temperatures. As shown in Figure 5.10 are the temperature curves for the

open- and closed- loop control system integrated with the Peltier modules. In the open loop
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control, the Peltier modules were not capable on reaching the desired temperatures within the set
time of 1 min for each set temperature (4 °C and 42 °C). However, with the closed loop PID
control system, we observe that temperatures can quickly rise to 42 °C at a rate of 2.1 °C/s and can
drop the temperature to cold temperature at a rate of 1.01 °C/s. We also used our simulated model
to verify and to understand our experimental results. The experimental results showed a good
match to the simulated model. One key difference is faster temperature decay rate in the
experimental compared to the simulation. We hypothesize that the difference is due to integrating
a fan with the Peltier (which was not part of the simulation model) since it provides excellent heat
dissipation. Overall, the closed loop PID system is important since having temperature control

can significantly increase the uptake of DNA in bacteria.”> *3

45 T T T T T T

40 —A— 'HS closed loop simulation’
—&— 'HS open loop experimental’
35 —&— 'HS closed loop experimental’

25
20
15
10

Temperature(°C)

-5 L L L L | 1
0 50 100 150 200 250 300

Time(s)

Figure 5.10 — The output temperature curve for open- and closed-loop control.
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Open-loop control (shown in black) has slower ramping constant and a slow decay rate. Closed-
loop control (shown in red) has faster ramping constant to 42 °C and fast decay rate towards 4

°C. Closed-loop control experiment was verified via simulation (shown in green).

Next, we tested our closed-loop control system by experimentally transforming chemically
competent E.coli cells (DH5a) with a GFP expression plasmid (pFAB4876) on the device. As
shown in Figure 5.11, the transformation efficiency in three scenarios are compared. First, the
experiment was done without having any kind of control. Then we added PID closed loop control
which is second experiment and lastly, we added ITO-well to the chip. With PID control Peltier
module, we were able to obtain efficiencies of 2.03 x 10* colonies forming units per ug of DNA
(CFU/pg). This was significantly (P = 0.041 at 95% confidence) higher than the open-loop

controlled transformation (3.67 x 10* CFU/ug).

10°

6
4F

TTT1IT

Bacterial Transformation

(=}]
T T 11T

[1llllfl

Transformation efficiency
(CFU/ug)

)
T

No control PID control PID wt well

Figure 5.11 — Transformation efficiency showing the effects of two world-to-chip interfaces.
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The experiment with reagent delivery with closed-loop temperature control achieved higher

transformation efficiencies than the cases with only closed-loop control and no control.

As expected, the temperature control for on-chip transformation has a significant effect on the
transformation efficiencies (as observed in other studies). In addition, we hypothesized that with
that the reagent well delivery system would be useful to dispense droplets at more precise volumes
which will improve transformation efficiencies. The data validated our hypothesis — for example,
in three trials of conducting bacterial transformation on-chip using the reagent delivery system and
with closed loop control improved the transformation by ~7-fold (1.48 x 103 CFU/ug, p = 0.007)
compared to the closed-loop control and with usual dispensing techniques (i.e. no refilling the
reservoir after one dispensing action). A possible explanation for this increase is that variable
dispensing volumes can create variability in final DNA concentrations, pH of the solution, CaCl;
treatment, and nutrient concentration in which all of these factors can affect overall transformation

efficiencies **°7 .

We also measured the efficiencies for injecting two DNA plasmids (i.e. co-transformation)
to determine if the ITO-well-DMF configuration can increase efficiencies for a typical low
efficient process as shown in Figure 5.12. In addition, we were motivated by the wide-spread
interest in applications like gene-editing *® or metabolic engineering *° that require transformation
of multiple plasmids for the expression of multiple genes. In this experiment, we hypothesized

that similar trends would be observed for these experiments compared to a single transformation.
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Figure 5.12 — Co-transformation efficiency showing the effects of two world to chip

interfaces.

The experiment with reagent delivery with closed-loop temperature control achieved higher

transformation efficiencies than the cases with only closed-loop control and no control.

As shown, the trends confirm to be similar such that the integration of both world-to-chip interfaces
improved the efficiencies and the differences are significant (p = 0.001). We also qualitatively
evaluated the colonies (Figure 5.13) and each colony expressed the GFP and the RFP plasmid
verifying that each bacteria colony has uptake the two plasmids. Overall, we have demonstrated
the need for the world-to-chip interfaces for digital microfluidics and propose that method

described here would be uniquely suited for future experiments involving bacterial transformation.
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Figure 5.13 — Colony forming units.

In the control case (a), on average 16 colonies were formed on the plate with antibiotic selection.
With closed-loop control (b), an increase in number of colonies were observed (~30 colonies).
The highest number of colonies (~226 colonies) were observed when both world-to-chip interfaces

were added to the device for bacterial transformation.

5.4 Application #2: Enzymatic Assays

As a second demonstration of an application for our world-to-chip interface integrated with
digital microfluidics, we explored the implementation of enzymatic assays. Enzymatic assays are
often used to measure the activity of produced proteins and are vital to understanding enzyme
kinetics and inhibition. The enzyme kinetics provides crucial information on the mechanism of
the enzyme and on the interactions of the enzymes with substrates, inhibitors, drugs, etc.... One
of the fundamental applications of DMF is the implementation of enzymatic reactions ¢ 100-103
The protocol typically consists of precise metering of reactants by dispensing droplets from
reservoirs and merging and mixing to create a droplet that represents the microreactor. The

microreactors on the DMF device are typically analyzed using integrated in-line detectors ¢ 1%
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105 or with offline detectors (e.g., fluorescence-based plate readers) % 1% 197 However, most

enzymatic assays conducted on DMF are either performed at room temperature or without refilling
of reservoirs for dispensing droplets '%°. These corresponding factors give rise to two limitations:
(1) prevents the study of most industrial-based enzymes which are active at higher temperatures
(> 25 °C) and (2) prevents the study of different conditions on the device that requires droplets
(containing substrate enzyme, or buffer) to be dispensed multiple times. These limitations
motivate the development of our world-to-chip for digital microfluidics for the implementation of

enzymatic assays that require heating and testing of multiple conditions in parallel.

Here we report an enzymatic reaction that involves cellulase-based enzymes that are
involved in the degradation of biomass into sugar that are useful for biofuel production %%
Specifically, we tested an endoglucanase (which are optimal at higher temperatures) from
Rhodothermus marinus SG0.5JP17-172 that is typically used to catalyze the hydrolysis of the
(1,4)-glycosidic bonds '®°. Droplets containing the 4-methylumbelliferyl B-D-cellobioside (MUC;
substrate) and the endoglucanase enzyme were mixed and incubated for 30 min using the same
DMF device as described previously. After incubating, the droplets were analyzed via
fluorescence. Figure 5.14 shows the chemical scheme of the assay which consists of using MUC

in which the endoglucanase cleaves the $-(1,4) bond to give a cellobiose and a methylbelliferone

fluorescence product.
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Figure 5.14 — Enzymatic assay.

a) The plasmid used for the EGL enzymatic assay. b) The chemical scheme for the enzymatic assay.
The 4-methylumbelliferyl p-D-cellobioside (MUC) was mixed with an endoglucanase to produce
cellobiose and a fluorescent product (MUF). This fluorescent product is correlated to the activity

of the enzyme (i.e. higher fluorescence, higher activity of the enzyme).

Using this chemical scheme, we tested the enzymatic activity of the endoglucanase using
the 3D printed well for refilling of the reservoirs on the device to enable reproducible droplet
dispensing of the enzyme and the closed-loop Peltier module to perform the assay at elevated
temperatures (30 °C). As shown in Figure 5.16, the fluorescence output (i.e. the measure for
enzyme activity) was plotted as a function of three substrate concentrations (5, 10, 20 uM) at two
temperatures (23 °C and 30 °C). As expected, the key trend is reproduced, higher temperature

lead to higher output fluorescence compared to room temperature experiments.
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Figure 5.15 — Effects of temperature on the enzymatic assay.

This graph shows the fluorescence intensity (i.e. the MUF product) as a function of substrate
concentration at two temperatures 23 °C and 30 °C. Fluorescence measurement was taken after
30 min incubation with the substrate. Each experiment consisted of at least three trials and the

error bars represent 1 s.d.

In a second assay, we performed the enzymatic assay with and without the reagent delivery
system and with the closed-loop Peltier system set to 30 °C. Figure 5.17 shows the fluorescence
output for each substrate concentration with and without the reagent delivery system. As shown,
the fluorescence was significantly higher (ANOVA two-way test, P < 0.05) for experiments with
the reagent delivery system. A potential cause for this difference between the data is changes in

the droplet volumes. There are studies that show small changes in volume can lead to changes in
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the pH, salt and detergent concentrations which can reduce the activity and stability of
thermophilic enzymes by 20-30 % 1% 11! In the future, given the widespread interest of automating
enzymatic assays on DMF, we propose that the world-to-chip techniques reported here, in which
reagent delivery and refilling and integration of heating will be useful for other types of enzymatic-

based assays.
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Figure 5.16 — Effects of integrating the reagent well on the enzymatic assay. This graph shows

Fluorescence intensity (a.u.)

the fluorescence intensity (i.e. the MUF product) as a function of substrate concentration for two
30 °C. Fluorescence measurement was taken after 30 min incubation with the substrate. Each

experiment consisted of at least three trials and the error bars represent =1 s.d.
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Chapter 6. Concluding Remarks and a Look to the Future

In this section, I recapitulate the hallmarks of the thesis and review the merits of the world-
to-chip interface platform as a versatile digital microfluidics platform. In addition, I evaluate the

future work related to the world-to-chip interface platform.

6.1 Conclusion

We have developed two world-to-chip interfaces, namely a reagent delivery system and a
closed-loop heating/cooling module, for digital microfluidic systems. The reagent delivery system
consists of a 3D printed well integrated to the top-plate of the DMF system. The reagent well is
equipped with a plunger that uses pressure to deliver and to refill the reservoirs on the DMF device.
We also incorporated a closed-loop thermal/cooling Peltier module to control the temperature on
the device. To understand and to verify the experimental results, we created a PID and Peltier
model to simulate the temperatures on the device. We applied our world-to-chip interfaces to two
widely adopted applications: bacterial transformation and enzymatic assays. Both applications
show the requirement for world-to-chip interfaces and demonstrate the potential in moving

towards a customizable and automated benchtop microfluidic system.

6.2 Future Perspectives

The demand for using digital microfluidics-based biochips are increasing in number. To
elevate this technology to the next level, many aspects of DMF must be advanced at the same time

such as throughout, controllability, ease of integration, and interfacing. Moreover, it is expected
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that these microfluidic biochips will be integrated with microelectronic components in next-

generation system-on-chip (SOC) designs 2.

As described in this thesis, we developed a prototype for integrating the digital
microfluidics to other components to facile the performance. As a proof of principle, this work
showed a promising platform for world-to-chip interface for digital microfluidics to achieve higher
reproducibility and more controllability over the experiments. One possible area for further

research is to expand the range of volumes (pL, nL, mL) that can be dispensed and delivered.

In addition, digital microfluidics has often been limited by its throughput. The number of
assays which can be executed in parallel on a DMF chip is often referred as throughput. There
have been many studies that has improved the throughput on DMF devices. 19113 Therefore, the
world-to-chip interface also requires improvement in terms of throughput. A possible solution is
to have a 3D printed ITO-well with an increased number of wells or create injection molded

cartridges that contains several wells for reagent storage.
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Appendix

Table A.1: Strains and Plasmids

Strain or plasmid

Relevant genotype and description

Ref. or source

Strains
E.coli DH5a. thuA2 A(argF-lacZ) U169 phoA gIinV44 ®80 | Vincent Martin Lab,
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 | Concordia
hsdR17
E.coli BL21 F—ompT gal dcm lon hsdSB(rB- mB-) (DE3 | Vincent Martin Lab,
[lacl lacUVS5-T7 gene 1 indl sam7 nin5]) Concordia
Plasmids
(origin, resistance, gene of interest?)
pFAB 4876 DH5a, Kanamycin, GFP Vincent Martin Lab,
Concordia
pSB1C3 DH5a, Chloramphenicol, RFP Vincent Martin Lab,
Concordia
pET-EGL BL21 (DE3), Ampicillin, EGL This study
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Actuating from ancillary Main reservoir refilled

Refilling main reservoir

reservoir to main reservoir to desired volume

Actuating a sequence to A droplet is dispensed Actuating again to refill
dispense a droplet main reservoir

Figure A.1 — Images showing the process of refilling the main reservoir. Image (1) shows the
plunger delivers the fluid to the ancillary reservoir. (2) A sequence actuated to drag the fluid
towards the main reservoir to merge with main reservoir liquid. (3) By actuating the two
reservoirs, the main reservoir would be filled to the target volume of 7 ul and the excess fluid is
returned to the ancillary. Image (4-5) show the typical operations for on-chip dispensing. After

dispensing a droplet from the main reservoir, the process is repeated (6).
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Thermal Plant

To simulate a closed-loop system, I modeled the PID controller using the equations shown
below. The thermal plant was modeled as a thermodynamic system (similar to ref 7’) consisting
of two components: the thermoelectric module (TEM) and heat block modules. The TEM has the
form of thermopiles that are connected electrically in series to increase the operating voltage and
thermally in parallel to decrease the thermal resistance. It is also sandwiched between two ceramic
plates for uniform thermal expansion. There are four main energy processes taking place in the
TEM pellets:

o Thermal conductivity
o Joule heating
o The Peltier cooling/heating effect and

° The Seebeck effect

1.1 Thermoelectric module (TEM) Simulink simulation

(a) Thermal conductivity

The phenomenon of thermal conduction is a Fourier process that is described by the
thermal conductivity K; of the material. Both ceramic plates and interconnected metals have high
thermal conductivity to ensure uniform temperature at either end. Neglecting the contribution of
the metal interconnectors and ceramic plates, the analysis of a TEM can be conducted by analyzing
a single pellet or thermocouple without loss of generality. Hence the analysis of N thermocouple
is the same as analysis of one thermocouple, the heat transfer of thermal conduction is described

by:

80



Q= —AT X Ky

where K is thermal conductivity coefficient
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(b) Joule heating

Joule heating is a physical process of heat dissipation in a resistance element. The flow of
electric current through the TEM will additionally cause resistive heating of the thermocouples.
The total Joule heat dissipated in TEM is:

Q; =I°R
where R is the TEC internal resistance, I, is current drawn from DC power supply, and Q; is the
calculated power (heat produced by passing current). Irrespective of the temperature gradient,

Joule heating can be considered as equally divided between the two sides of the TEM.
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(¢) Peltier cooling/heating effect

The Peltier cooling/heat effect is a phenomenon of heat absorption/dissipation by a junction
between two dissimilar materials when electrical current flows through the junction. The
absorbed/emitted heat of an N-couple TEM is:

Qpa:Sm*I*Th
Qpe:Sm*I*Tc

where Sy, is the Seebeck coefficient, I, is the current drawn from DC power supply, Th is the hot
side temperature in Kelvin, T is the cold side temperature in Kelvin, Q is the calculated power
(heat produced by passing current). For calculation of emitted heat, the cold side temperature

should be used and for the absorbed heat, the hot side temperature should be used.
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(d) Seebeck effect
When a temperature gradient is imposed on a conductor under an open-circuit condition,
the creation of an electrical potential difference between the hot and cool sides of the conductor is

called the Seebeck effect. The generated Seebeck voltage, called the back electromotive force

(BEMF), in a TEM is expressed as:
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where S is the Seebeck coefficient. Now the total heat transfer at two side of Peltier equals to:

Qia = Qpa -0 SQ]' — Q¢
Qte = Qpe +0. 5Qj — Q¢
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The Peltier output voltage is:
V,=V,+IR

1.2 Heat-block/heat-sink module Simulink simulation

(a) Aluminum heat block temperature
The temperature of Aluminum heat block connected to the glass chip, which our

temperature sensor also fitted in, is calculated as follows:

— f((Tamb * Kth) + Qte)
Alum. thermal mass

h

where Qe is the total heat transfer in the hot side calculated in TEM, K is the thermal conductivity
of Aluminum, Tamb 1s the room temperature in °C, and thermal mass can be calculated based on

the heat block dimension and thermal capacity coefficient.

&3



Aluminium-Block connected to glass-chip
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(b) Heatsink block temperature

The temperature of heatsink block connected to the fan is calculated as follows:

_ f((Tamb * Kth) + Qta)

¢ " Heatsink thermal mass

T

where Q 1s the total heat transfer in cold side calculated in TEC, K is the thermal conductivity
of metal, Tamb is the room temperature in °C, and Heatsink thermal mass can be calculated easily

for the heatsink.

Heat-SinkBlock connected to fan
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The aluminum thermal mass is used to calculate the thermal capacity of the aluminum

block.

Calculation of the thermal-capacity of an Aluminium block

Calculation:
M = Hight -Width-Length-D ;= 14.04-gm
mz-k
ThermalCapacity := M-C,q, - = 12.776 ——
2
K-s

E tum(AT) = ThermalCapacity-AT

E, (1K) = 12.7765W
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