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ABSTRACT

A N-arysorting system using an Integrated Drojidégital Microfluidics (ID2M)

Fatemeh Ahmadi

Droplet microfluidics has the ability to compartmentalize reactions in sub-litangor
pico) volumes that can potentially enable millions of distinct biologisahys to be performed on
individual cells. Typically, there are two main droplet operations that can be performed with these
platforms: cell encapsulation and sorting. Droplet sorting has been a means to select a subset of
reactions or activities that cése used for further manipulation and it has been used for single cell
analysis and directed evolution. But one of the challenges with these techniques is that these are
typically binary sorters i.e. only relying on two sorting channels. This can lihg range of
detecting rare events and to sort based on multiple conditions (i.e. more than two conditions). To
alleviate this challenge, we have integrated droplet microfluidics with digital microfluidics to
enablerar y sorting tecHhmegrged®®pleDiwhi thl wdi cablf | di di
Further mor e, our 61 D2 M6 mi aenaridl dropled creatiort and h ni g |
droplet mixing which are two other operations that are difficult to perform in current droplet
microfluidic platforms ID2M is integrated to an automation system fordemand manipulation
of droplets and a spectrometer to detect droplet of interest. The ID2M platform has been validated
as a robust cdemand screening system by sorting fluorescein droplets of diffenecetration
with an efficiency of ~ © %. The device is further demonstrated for sorting toleranttypgd and
yeast mutants to ionic liquid. We propose that this system has the potential to be used for screening

different types of cells and for perfomg directed evolution on chip.



AThis thesis isledicatedo my belovegharents & family
Nader, Jamileh, Zohreh, and Zahra,

For their love, endlessupport, encouragemegitsacrificeso



Acknowledgements
First and foremost, praises atithnks to the God, the Almighty, for H&howers of blessings
throughout my work to complete the reseasuhcessfully.

Next, | would liketo express my deep and sincere gratitude to my resgapehvisor, Dr.
Steve Shitfor the trusthe deposited in myvork and for this unique opportunity he gave me to
follow my passion, do research, amhevelop myself as a researcher in the best possible aay
so grateful for théreedom you have given me to find my own path and the guidance and support
you offeredwhen neededYour dynamism, vision, sincerity andotivation havealwaysinspired
me

To all my friends and researatolleaguesn our lab, | express my appreciation toeir
help and support throughonity journey toward this degree. Special thanks géenza Samlali
for all herkind assistance. Hemix of straightforward criticism combined witheartwarming
support havelwaysgiven me great confiden@nd a better insight into my research experience.
She was a trufsiend ever since we began to collaborate on our pogad| truly hope that we
will be given the opportunity to work even closer together in the futufe. special
acknowledgement goes to my office nsthugo Sinha andames Perry. Rankyou for putting
smile on my faceveryday we worked togethendfor all your feedbackand encouragement
always enjoyed our brain storming and discussidhank you to Philippe Vo and Mathieu Husser
for their grext work as exemplary undergrads. Working with you was a great pleasure for me and
| learned a lot.

| thank the ECE department for their FRS funding andreating such amvaluable space
for me togain experiencand achieve my goal would also liketo thankthe entire Martin Bb

who have been so helpful and cooperative in giviver support at all timed also thank the



Martin Lab and the Centre for Applied Synthetic Biology for their resources and making the
working environment so pleasant.
| would also like tothank my committee members, Xlex De Visscherand Dr.Habib
Benali as well as my chair, DRongyu Qiy for reading, reviewing and accommodating my thesis.
My acknowledgement would be incomplete without thankmygadorableparents Words
fail to expresshow grateful | anto you, whose love and support has benbiggest source of
my strength Thank you for believing in me and forspiring me to follow my dream$his would
not have been possible withordur unwavering and unselfisoveand supporgiven to me at all
times Thank you for all your prayer, caring, and sacrifices you have done for educating and
preparing me for my futurélso, | express my thanks to mgvely sisters who never let things
get boringhave made a treemdous contribution in helping me reach this stage in myAifeally,
thankyou Mohammadmy dearest friendor making me stand my grourahdensuring that the

fire keeps burning and being theraalitthose toughimeswhen | required motivatian

Vi



Overview of Chapters

This thesis describes the project I conduct
Science in Dr. Steve Shi hoés r etssenark,d limegtooup a
develop an integrated dropldigital microfluidic platform tailored toperform automated
screening of library of biofuel organisms such as yeasts througeraand mixing and sorting of
droplets This thesis provides a literature i@wv on the history of miniaturization and microfluidic
paradigms, an wdepth review ofdroplet digital, and hybrid microfluidic platforms and their
advantages and disadvantages, and fimalgmmentary on the statelmbfuel production and its
challenges. While assessing the technological challengescreening libraries of microorganism
in terms of lack of individual addressability in the existing platforimg|l then get into the core
of my research, reporting the methodology utilized for the deweént ofan integrated
microfluidic platform, and validating the platform with experimental results.

Chapter 1will introduce microfluidics in the bigger realm of miniaturization, discuss its progress
over time and its future market, and describettiree dominant paradigms. Then elaborate

on thetwo paradigms that my project is focused on and discuss their physics, applications, and
challenges.

Chapter 2 will introduce hybrid microfluidics and describesitsuperiority over the other
paradigms owing to its combinatorial characteristics. Then, the novelty of the hybrid device
fabricated in this project as well as the integrated automation system will be highlighted.
Chapter 3reviews the biological stakes that we will be addressing with our platform, presenting
microfluidics screening techniques for analyzing biofu@roorganism with a special focus on

the toleance of yeast Saccharomyces cerevisiae cell in Imidaz@ased lonic Liquids in the

Vil



context of biofuel production. This commentary will lead to the presentation of my thesis
objectives.

Chapter 4describes my methodology for integrating the processes needed-&vy sorting of
biofuel aganisms on the ID2M platform. d¥ice fabrication, assembly, operation with the
automation system, syringe pump and the flame spectroscibne describedefore reviewing

the method for generating an-chip calibration curve for fluoresceitrinally, the macrescale
experiments thatvere done for generating ionic liqutdlerant yeast cells and the work flow for
on-chip sorting of the generated mutants will be presented.

Chapter 5describes my results in validating theary sorting systenbDevice characterization and
optimization proof-of-concept workby constructing a fluorescein calibration curve on chip, and
applying our platform for studying the ionic liquid tolerance of two yeast mutants will be
discussed.

Chaper 6 provides concluding remarks regarding my work and its potentistieening library

of microorganismWewill also evaluate future perspectives for ID2M platform and its potential

application in directed evolution.
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Abstract

Digital microfluidics (DMF) is a technology that provides a means of manipulatired_nlolumes

of liquids on an array of electrodes. By applying an electric potential to an electrode, these discrete
droplets can be controlled in parallel which can be transported, mixed, reacted, and analyzed.
Typically, an automation system is interfacedhwa DMF device uses a standard set of basic
instructions written by the user to execute droplet operations. Here, we present the first feedback
method for DMF that relies on imaging techniques that will allow online detection of droplets
without the needio reactivate all destination electrodes while minimizing the biofouling within a
given experiment. Our system consists of integrating -@pence electronics with a CMOS
camera with a zoom lens for acquisition of the droplet movements on the deviceso/Aeeated

an algorithm that uses a Hough transform to detect a variety of droplet sizes and to detect singular
droplet dispensing and movement failures on the device. As a first test, we applied this feedback
system to testing the droplet movement ofaaiety of liquids used in celbased assays and
implemented a colorimetric cellulase assay to determine enzymes suitable for breaking down
biomass for biofuel production. We believe using our approach of integrating imaging and
feedback with DMF can progte a platform for automating biological assays with Highlity.

Vo, P.Q.N., Husser, M.C., Ahmadi, F., Sinha, H. & Shih, S.@n@gebased feedback and
analysis system for digital microfluidicd.ab on a Chip 17, 3433446 (2017).
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Abstract

The expression of a recombinant gene in a host organism through induction can be an extensively
manual procedure. Several methods have been developed to simplify the protocol, but none has
fully replaced the traditional IPTGased induction. To simplifthis process, we describe the
development of an auiaduction platform based on digital microfluidics. This system consists

of a 600 nm LED and a light sensor to enable thetnee monitoring of samples optical density

(OD) coordinated with the sermbntinuous mixing of a bacterial culture. A haheld device was
designed as a miciimoreactor to culture cells and to measure the OD of the bacterial culture. In
addition, it serves as a platform for the analysis of regulated protein expresEi@olinvithout

the requirement of standardized wgllates or pipettindgpased platforms. Here, we report for the

first time, a system that offers great convenience without the user to physically monitor the culture
or to manually add inducer at specific timé¥e characterized our system by looking at several
parameters (electrode designs, gap height, and growth rates) required foriadw@itide system.

As a first step, we carried out an automated induction assay on a RFP reporter gene to identify
conditions suitable for our system. Next, we used our system to identify active thermbphilic
glucosidase enzymes which may be suitable candidates for biomass hydrolysis. Overall, we
believe that this platform may be useful for synthetic biology applicati@igequire regulating

and analyzing expression of heterologous genes.

Husser, M.C., Vo, P.Q.N., Sinha, H., Ahmadi, F. & Shih, S.@&G.Automated Induction
Microflui dics System for Synthetic BiologyACS Synth Biol, 933944 (2018).
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Chapter 1. Lab on a chip: AMiniaturizedWorld

In this section, wawill introduce microfluidics in theébigger realm of miniaturization
discuss its progress over time and its futomarket anddescribe the tree dominant paradigms.
Thenweelaborate on the two paradigms that my project is focuseshdliscussheir physics,

applications, and challenges.

1.1 Miniaturization technologies: Past, Present, and Fiture

The origin of microfluidics devicegoes back to hundreds of years ago where scientists
were interested to study body fluids @®haviorof liquids confined in small diameters. They had
not micro devices, but they have been able to investigate some diseases. tteé&7thncentury,
the famous HagémPoiseuille law for calculating the pressure drop in an incompressible and
Newtonian fluid was established by studying a laminar flow through a long cylindrical pipe of
constant cross section.

Advancement towardsnicrofluidics technology as we know it todahowever, is
intrinsically linked to the development of microelectromechanical systems (MEMS) and synthesis
of new materials in the end of 1960s; when the primitive micro devices in capillary format were
developed for micr@nalytical studies like gas chromatography (GPC) at Stanford University and
later for ink jet printer nozzles at IBN 2

Another research field that has been a motivational force for the development of
microfluidics system ihemolecular biology and the genomics o&stion in the 1980s. réquent
transfer and/or dispensingf a small volume of liquid bisamples (microor nanoliter level)

between containers of varying sizes and onto substrates of varying tyiheshasis of most



biotechnological lab tests. Thigjliid handling, conventionally done by manual mipipetting”
4 is needed foexperiments like gene sequencing, protein crystallization, antibody testing, and
drug screeningA need foranalytical methods with much greater throughput and higher sensitivity
and resolutionincreased the demand forniaturization ancutomation

Although many integrated robotic workstations have been developed to automate liquid
handling* the cost of the workstation, and the consumption of consumables (reagents, tips, plates,
etc.) made microfluidics an interesting alternative technology to be Sedsequently,
microfluidics has rapidly grown in popularity over the last fgears, as indicated by the
skyrocketing numbexof publications featuring microfluidic applicatiomslthough in the early
stage around 2000nost of the publications wefecu d o n 0 6hemising,Bhe\tlatec
shifted toward celbasedanalysis ananore generallyp 6 bi oc hemi c al experi men:
microscale nature of these applicatioBgveral lab®n-achip have been commercialized for
some key applications such as glucose tooinig, breast cancer detectidd|V screeningr heart
attack diagnosticsend as laboratory hardware for procedures like siogleanalysis According
to the latest report publied by Credence Research, lhab-on-a-Chip Marketwas valued at
USD 4.16Bn in 2015, and is expected to reach USD 9.06 Bn by 2025, expanding at a GAGR
8.9% from 2017 to 2023 °

Microfluidic system also known asiabsonac hi po6 ( LOC)is d dedcesnol ogy
capable of scaling single or multiple laboratory functions dowao & tiny handheld chip.
Microfluidics devices argapable ofmanipulating small (18 to 108 liters) volumes of fluids
using channels with dimensions ranging from hundreds of nanometers to hundreds of micrometers

or arrays of electrodés’ Reduction of sample/reagent consumption, shorter experiments time,

" The compoundénnual growth rate (CAGR) is a useful measure of growth over multiple time periods.



improvement othe precision of experiments, smaller device footplawer limits of detection,
superior analytical perfornrmae, integration capacity, portability, and low costs are some of the
salient advantages of microfluidics technology over conventional platfofnis

There are three paradigms of dafr-a-chip technologiegFigure 1-1) that are frequently
used by researcher¥) Continuous Flow microfluidicshat enables manipulation of liquid flow
through fabricated microchannels without breaking contiridify2) Dropletbased microfluidics
that manipulates only discrete volumes of fluids in a second continuous phase (gas caridjuid)
each droplet serves as an individual microves€et3) Digital microfluidics in whichdiscrete

droplets are manipulated electrostatically on an open array of electfdles.

Observation

| micrachannels
B s

Inlet: high-concentration s;

80 pm

}

Oil

ol S
00009

Inlet: low-concentration solufion - mm
Figure 1-1i Microfluidic Paradigms.

(a) MicrochannelsAdaptedrom K. Hattori et al, 2009’
(b) Dropletsin-channel Adaptedfrom M. Joanicotet al, 20058
(c) Digital Microfluidics. Adaptedfrom D.Bogojevicet al, 20121°

1.2 Continuous Flow Microfluidics

Continuous flow microfluidicsare based on the manipulation of continuous liquid flow
throughmicro-fabricatedchannelsSamples and reagents are injected into the chip inlet either

batchwise or in continuous mode and tHeid flow is established by pressure gradients from

3



external sources such as migamps (e.g., peristaltic or syringe pumps) or internal mechanisms
such as electric, magnetic or capillary foréeé!

Channel microflidics gained more popularity aftet998, when professor George
Whitesides, one of the leaders in the field of-dake-chip, presented the rapid prototyping of
microfluidic systems in polydimethylsiloxane (PDMS) and fabrication procedure becacte
easierfor researchers? Since then,Htis platform has been widely used foany weltdefined
biochemical applications such as chemical separatiosisgle cell/molecule analysfé,and
simple reactions with high surface area/volume r&tlotegration ofmicrochannel microfluidics
with different types of actuators, mieck@lves, micro-pumps andflow sensorshas made these
devices popular among highroughput systas 102628

A significant advarageof microchannels is the effective heat and mass transfer due to the
higher surface area/volume ratio that has made these systems a potential platform for applications
involving exothermic and endothermic reactions. Moreover, the abilifpliocate multilayer
microchannels has led to the integration of microvalves relying on flexible membranes and
pneumatic control layers that consequently increases the throughput of the 8y&t&hThis
compartmentalization enables multiplexing, by whiehl® independent compartments are
formed;each containing volumes in the range oflTD picoliters?® However, there is a traef
between the throughput and simplicity of the system, because each compagtjugasrat least
one valve. A the number of microvalves increases, fabrication procetieo®me more complex
and precise alignmenéchniques are required to make a functional device. Besides, the more
number of chambers and channels in device corresponds to more number of inlets and outlets as
well as external pressure sources such as syringe pumps for fluid control that increases the

complexity of the fabrication, manual intervention, expertise, and costs.



In microchannels,sadimensions shrink, the surface to volurago (S/V)increasesand
macrascale forces such as inertizat keepliquid in motion become insignificant. However,
viscous forces that are responsible for resistance of the body of liquid to defornhbatommse
extremely importanin micro scale due to decrease in fluid mdsminance of each of these
forces would change the regime of the flawe dimensionless Reynolds number thelates the
ratio of inertial to viscous forces used taleterminethe type of flow expected in the system:

Equation 1-1: Reynolds Number

ML B LI
I e N 2 L

Where] stands forfluid density (kg/nd), v for the mean velocity (m/s), for the characteristic
length of the system, argifor the kinematic viscosity (As). Table1.1 shows the nature of flow
for different Reynolds numbé?.

Table 1.1. Fluid Flow on the basis of Reynolds Number

Re < 2303 Laminar Flow
2300 < Re <4000 Transient Flow
Re> 4000 Turbulent Flow

One of theconsequencesf laminar flowin microchannels is that mixing requsrguite a
different approactsince there is no whirls or eddies of a turbulent fldherefore Jiquids blend
only by diffusion which is very slow and needs optimizati@ince mixing is an essential step in
most labona-chip platforms, and reagents preparation is required for a variety of biological and
chemical assaysjternative strategidsave been developéd satisfy the recent demand for rapid

and homogeneous mixirtf 3* Generally, there are twiypes of mixing that can be induced in



channels passive and activePassive mixing is built up through specific geometry of the
microchannelsand it enhances mixing by increasitig contact area and contact time between
multiple samplesin other words, passive mixing only relies on diffusion or chaotic advedtion.
requires no moving parts or energy input other than the pretisatrés usedor fluid flows.
Lamination, interseatig channels, zigzag channelf) 8erpentine structure, embedded barriers,
slanted wells, twisted channels, and grooved staggered tHmmegare some of the major

configurations that have been developed for passive microfluidic mixing sckEimpese 1-2). 3%
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Figure 1-2. Passive mixingin microchannels

(a) Intersecting Channels: Photomicrograph of picolt@tume mixerAdaptedrom B. He et al.
2001 * (b) Zigzag Channels: Whitkght microscopyimage of a zigzag microchannéldapted
from V. Mengeaudet al. 2002 3 (c) ThreeDimensional Serpentine Structures: Staggered
herringbone mixer (SHMAdaptedfrom A.D Stroock et al. 2002° (d) Embedded Barriers:
Schemat diagrams of static mixer withuglitative mixingprofiles. Adaptedfrom M.K. Singh et

al 2009 4



Although utilizing complex geometries for chaotic advection is not an expensive method,
but these schemes have a lower mixing efficiency and one needs to design longer mixing channel
to achieve a satisfactory mixing result for high throughput systemseHecother type of mixing
strategies known as active mixing has been designed that employs external energy sources to create
disturbances and speed up the diffusion process, suaboastic/ultrasonit*** electrokinetic
time-pulsg*>*’ dielectrophoreti¢®*® electrohydrodynami¢®! magneti¢°>>* or thermat> °°
techniquegFigure1-3). Nevertheless, active micraixing is still expensive and challenging due
to the required external actuations and tbenglicated fabrication process. Furthermore, the
integration of active mixers in a microfluidic system is often compA@ather debatable feature
in this paradigm is the essence of continuity that comes with lamioar dhd limits the
applications. Therés no individual addressability for all the functions including mixing and

sorting and samples are studied in series in microchannel channels.

observation
region

electrode

mixed fluid ou
—

electrode

Figure 1-3. Active Mixing in microchannels.

(a) Acoustic Mixing: through utilizingiezo transducerAdaptedrom D. Ahmed et al. 2009 (b)
Electrokinetic mixing: through micr@lectrodes actuation on the substrate laystaptedfirom
M. Campisi et al. 2009*%(c) Thermal mixersa thermal bubble actuated nozzlgfuser micre
pump.Adaptedrom J. Tsai et al. 2002° (d) Magnetic mixer: utilizing AC electromagnetic field.
Adaptedrom C.Y Wen et al. 200%



1.3 Droplets-in-Channel Microfluidics

Unlike continuous flow microfluidics, droplet based microfluidics mani@slaonly
discrete volumes of fluidsThe laminar flow & two immiscible liquid or gasiquid in
microchanned with certain geometriemnables the generation of monodisperse dropkeially at
rates in the thousands of droplets per seemmtihese micredropletscanserve as isolated micro
reactors.Indeed,dropletbased microsystems enable miniaturization of reactions by confining
reagents in droplets of femtoliter to microliter volumBsoplets can be generatedmixed®’
sorted®®%% split,%* and merged with other dropléfs®3on chip.Confining reagents idropletsand
the singularity of each dropldtrings various benefits and adds more functional features to the
system includingliminatingthe risk of crossontaminationrapid mixing of reagents, control of
the timing of reactions and the abilityt@anipulate reagentsith high throughpu{10-100 kHz)
Moreover, samples can be stored and incubated in liquid droplets over a long peiiod of t
without evaporatiod? % These advantages make dropledase microfluidics a suitable platim
for chemical and biochemical screening, protein crystalliz@fionagnetic bead based ass&fys
chemical synthes® single cell highthroughput analysj€’® enzymatic kinetic$:”® and
assay¥ > Furthermore, suchligh throughput system with multiphafieid flow opened a new
horizon of possibilig in other @plicatiors such as emulsions for naparticle synthesi€ cell-
based drug delivefy "8etc.

To increase the functionality of dropkiased platformfor a wider range of application
and to have more control over droplets, mdagctional componenthiave beendeveloped

including in-channel guiding and sorting using rdi§! laser forcing® or electrostatic chargi§g
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While the use of micralroplets can bypass certain limitations (i.e. like throughput, and
analytical efficiency) that exist in conventional process conditions, there are still some
disadvantages that makes less number of researchers to adopt microfluidnesr daily
workflow. For instance, connections to external equipment such as pumps, tubing are complex and
it even becomes more complicated for experiments running with multiple reagents. Although,
many of the functions required for biological and cleahreactions like mixing, sorting, and
splitting are done in dropktased microfluidics, but for multiple reagents (i.e. more than three)
there are still challenges. Moreover, in the field of biological application, the high speed
manipulation of dropls has made the individual addressability a challenge. In-stafti long

term processes for example, reagent addition, staining, and media exchange is complicated.

1.3.1  Fabrication of the Droplet-basedMicrofluidics

Droplet microfluidic devices are mostly fabricated by soft lithograelehinique£? in an
elastomeric material called poly(dimethylsiloxane) (PDM3e fabrication procedu PDMS
based microfluidicsstats by designinghe network of the microfluidic channels a CAD
software The design is printeds a mask with transparent featuneth a very high resolutian
Using this transparency mask and a silicon wafer coated with a negativear@saster molds
fabricated bystandard photolithography procedurdmat can be used several times for soft
lithography.The PDMS polymer is mixed following standard proceddfesd then poured over
this mold, and lefto cure, after which the polyen can be peeled off and dicetb seal the
microchannels, the surface of the PDMS is oxidized in an oxygen plasma and is irreversibly
bonded to a flatsubstrates like &lab of PDMS, glass, silicon, silicon oxide, or oxidize
polystyrene Although PDMS is inherently hydrophohién orderto havea smoothflow of the

fluorinated oil in the channels afakm stabilizedwaterin-oil emulsions, various surfactants have



been developed to wet the microchannel walls of the PBM®$1as Aquapel® that contains
fluorinated silaneand improves the surface hydrophobicity of PDNS® One of advantages of
using PDMS is the materials permeability to O2 and COZ2, which allows live cells to be
encapsulated within the channBIDMSbased microfluidic chips are wedstablished and are
being vastly used by researchersyerthelesgccurate alignment of structure features on different
PDMS layers is still an issue in multilayer microfluidic structures.

However, there have been also other methods being develaped¢other materials such
as fused silic&’ thiolere resin® poly(methyl methacrylatgPMMA)8% 2 polystyrengPS)%t and

fluorinated thermoplastic polyméfs

Photolithography

SU-8 50

' Lithography
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Master device
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cover glass

Figure 1-4. PDMS-based microfluidic device fabrication by phote and soft lithography.
Adaptedrom Y. Ma et al, 20143
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1.3.2  Droplet formation: Active and Passive
For many of the application$e potency of dropldbased microfluidic systems lies in the

formation of uniform droplets and particles, thus fine corak@r the size and shapédroplets

is of the utmost importaec To achieve thisbjective, arariety of techniques have been developed
for droplet generationin general, droplet generatiamiginates fromflow instabilities between
two immiscible liquids The developed methods to create this instability insidengisare either
passive or active. Passive methods are mostly usethesel methods do not require any moving
parts or external actuation. There #neeemain strategies for this continuous pressinigen
generation of droplets and they afgaracterizé by the nature of the flow field near pinoff
(Shown inFigure 1-5): (1) breakup in cdlowing streams, (2) breakup in crefswing streams

and (3) breakup in elongational or stretching dominated flavestlyknown as Function)®*

3 @€
— EEE Wo

Figure 1-5. Schematic of the threamicrochannel geometries used for droplet generation.

(a) Flow focusing streamgb) Co-flowing streamsand (c)crossflowing streams in a-Ehaped
junction.Reproduced with permission from Applied PhySics.

In general, two immiscible fluglare driven into microchanrsby a pressurériven flow
and theetwo streams meet at a junction in such a way that the dispersed phase liquid extends to
f or rfingard fio r dué o the sbar forces generated by the continuous phidsehead of the
finger-shaped liquid elongates until the neck of the dispersed phase thins and eventually, a droplet
pinches off from the dispersed phase finger by a free surface instability. Droplet formation and the

liquids flow is controlled either by the volume flow ratethe applied pressure. In addition to the
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geometry of the junction anthe volumetric flow rates of the two fluidsurface/interfacial
chemistry also plagyan important rolén droplet generatiorMany fluorosurfactants have been
reportedto decrease terfacial forces antielp droplet generatiot: °°

Active methods, in comparison with passive techniques, use external elements and have an
active control on droplet formation with a fast response firhis.featurebrings higher flexibility
to the system in terms of controlling droplet size and production rateexgrahd droplet
microfluidics application for some extreme situations such as utilizing highly viscous liquids as
dispersed phaseand for ondemand droplet geration for deterministic celin-droplet
encapsulation.

Generally, droplet formation ia result of liquids instability and force imbalance on the
interface. Forces that affect droplet formation @itker intrinsic includingnertial, viscousand
capillary orexternalike electrical, magnetic, centrifugal, optical, thermal, and mechawicale
control is modifying or applyingany of the aforementionethtrinsic or external forces
respectivelyIntrinsic forces can be modifiday manipulating the dynaimvelocity and material
properties, including viscosity, interfacial tension, channel wettability, and fluid déhsity.

For both methods, to avoid coalescence and @ostamination of the generatedgdlets
two strategies have been employidt, using fluorocarbon oils as the continuous phase instead
of hydrocarbon oils, as these oils are hydrophobic and lipophtimischave low solubility for the
biological components of the dispersed phase. They also prevent molecular diffusion between
droplets. Fluorocarbon oils result in less swelling of PDMS and due to their good solubility for
gases, they allow sufficient gagchanges to maintain cell viability for extended periods of time.
Second, several biocompatible fluorosurfactants have been developed to help stabilizing the water

in-oil droplets®: 7
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1.3.3  Droplet manipulation

Various methods of manipulating droplets have hid®reloped by researchers. Droplets
can be mixed, split, fused, coded and sodiedhipeither in active or passive modeo perform
such manipulations,gssive methods employ various channel geometries while active methods
useexternal resourcesuich aslectrohydrodynamic, and magnetic forces to manipulate droplets
| will specifically explain mixing and sortingperationsvhich are the two developed functions in
this project.

(i) Mixing, Droplet Coalescencend Picoinjection

Mixing of multiple reagatsis an essential stdpr carrying out and studying the kinetics
of biological and chemical reactioriBhere are generally three schemes of miximdyopletbased
microfluidics. One is mixing various reagents confined within a droplebplets are formedy
using multiple streams of reagents introduced to the device individually from distinct branches.
Because he dropl et ds diameter i s greater than the
t hat has contact (Faguretl-6). t hlei € hiamtihed 6ac evawilt h t he
a double recirculating flow pattern within the droplet, which Bloésa turbulentlow and enhances
the rate of mixing inside the plu@his recirculating flowactually,is the result of shear forse
from either the continuous phase fluid or the channel Walhg winding channels configuration,
uneven shear forces are made onsidesgdthau gs | eadi ng t o a phenomen:
and foldingo that consequently results in a fe&é
rates of the reagents varies the concentration of the reagents within thé $t3This method
however, is not suitable for multistep reactions that needs reagents to be added in a certain time

one afteranother.
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Figure 1-6. Mixing multiple reagents confined within a single droplet.

Generating uniform plugs out of multigleagents streanis Adaptedrom H .Song et al, 200%.

The second scheme of mixing is merging two droplets with different confentsith
previous fluidic operationsnixing schemesanalsobe categorized as eithBrp as si v e 0, w h
novel channel configurations have been implementedtoe nce r api d iarctte rvreadl, n
where an external energy forsech as hydrodynamic and magnetiappliedto make disturbance
inside microchanneldn both strategiesto initiate dropletcoalescenc®f surfactanistabilized
droplets, two conitions are requiredo be satisfied: bringing droplets into close contact by
draining the continuous phase separating the two dropletismgtingtheir stabilizingsurfactant
layerby causing an imbalance in their surface tenStofy: %

To fulfill these prerequisites, passive methods mostly rely on the precsg&ol over he
individual dropletsrelocity and channel geometriés cause relative motion of two dropletsvo
dropletsthus graduallycome close taach other and eventually coalesce. Incapon of an
expanded portiofi® andpillar structure$? inside the microchannedse two ofthe most common
geometry modificationfor passive mixingFigurel-7Figurel-7a,b).

Although passive mixers have simpler desjgiasss possibility of inter-droplet
contaminatiorand are more biocompatikile comparison with active techniques, they are limited

by their mixing rateind have much lower throughptft': 102
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For surfactant stabilized dropletstiae fusion methodare employegdas it is normally not
possible to fuse those droplets using passive techniques. Active masiiatly use electric fields
to merge droplet€Electrocoalescence, dielectrophoresi&), and optical tweezers are some of
the prevalent strategies for active mixiRgiest et al. demonstrated a devfmeelectrocoalescence
of tightly packed droplets with a very low voltage of 1 V DC. They placed two electrodes parallel
to the microcharel and applied a range of AC and DC voltagesapture the surfactant layer
between droplets anélse them together(Figure 1-7¢).1° Anothe approach is to induce
coalescence of droplets without using electrodes and by imposing an opposite electrical charge on
different groups of droplets once they are generated., Tihehe presence of an electric field,
oppositely charged droplets beconusdd together. The main disadvantage of this method is in
applications with multiple mixing steps which requires recharging themal mixed droplets
(Figure 1-7d).8% Applying DEP forces on differentigized droplets is another strategy for active
mixing. In this method, droplets of different sizes are generated and once they are in the main
channel, the smaller droplets run faster in comparison with the larger ones and pair with them.
These paired dropkebecome fused whepassng through amicrochannel surronded by two
parallel electrodes. Precise timing and flow rate is challenging in this mghpge 1-7e).194
Another DEP mixing protoco) is trapping droplets in a side chagntadjoining the main fluidic
channelby applying a DC voltage and inducing DEP force on the desired droplets to move in a
specific direction. @cea second type of dropleontaininga different reagens passing by the
chamber, a DC voltage @gainapgdied which brings the trapped droplet in contact with the passing
droplet resulting in their fusiorin general, DEP can be used to manipulate droplets that are

dielectrically distinct from the continuous phase composition. For example, dielectric pemymitti

of water is much higher than that of dilfod 8xi§ 251 8°
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Figure 1-7. Passive and activelroplet coalescence

(a) Droplet fusion through channel geometry modificatiéxdaptedrom N. Bremond et al, 2008

109) Passive droplet fusion by destabilizing the liquid flow using pillar structures inside
microchannel§ Adaptedfrom X. Niu et al, 20082 (c) Controlled electrocoalescence of tightly
packed droplets within 10 0Adapsedfrom®Priesteteal0Olage as
103(d) Coalescence of electrically charged droplets in presence of an electrit Adiaptedrom

D. Link et al. 20068%3(e) Active droplet fusion using DEP force on differently sized drdplets
Adaptedfrom K. Ahn et al. 2006'%* (f) On-demand mixing of two droplets using trapping
mechanism anBEP i Adaptedrom W. Wang et al, 200%°
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In addition to the higher efficiency of these active mixersdemand mixing of certain
droplet pairs upon an upstream detectisnpne of the main benefits of electrically controlled
fusion which also helps automating the system. Integrating the external electronic elements
required for odemand control, however, adds to the complexity of the system operation and its
fabricatonpr oces s . Mor eover, due to electrode actu
contents on the electrodes, cross contamination between droplets becomes a concern. Furthermore,
biocompatibility of the high voltage applied in some of the active methodbiaogical
components such as DNA or proteins is still debat8bI¥.

Some other protocols for droplet mixing have also been exploited including different
combinations of hydrodyamic stress and electric fielef; 1% thermocapillary:®® *°magnetisri
and acoustidd? In spite of all the considerable advantages of thesdesnand mixing methods,
it is still difficult to perform multiple additions, since several streams of droplet should be
synchronized.

An alternative to mixing droplets of different contents, is adding reagatd passing
droplets (Figure 1-8). In this technique, several narrow hydrophiligunction channelsare
designed to introduce new reagents toghssing droplets in the main chanhélThis method
however, has sevar disadvantages includingignificant possibility for contamination due to
direct contact of droplets with the reagents stream, and less control over the volumes of the
reagents added to a passing droplet. Moreover,técisnique is not applicable for réactant
stabilized droplets, as the surfactant layer on the droplet surface prevents reagents addition to the
droplet. To address this issue, Abate et al. reported an electric field controlled addition of a defined
volume by direct injection into a pasgimroplet.In this method passing droplets pass by the

reagents stream without coalescing to it due to the presence of surfactant on all interfaces.
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Switching on the electric field disrupts this stabilized layer and the liquid from the adjoining
channel ignjected into the passing droplét.Nevertheless, this techniques needs precise control

over the flow rate of the agous phase artaning of theinterval betweeniroplets.
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Figure 1-8. Adding Reagents into Passing Droplets

(a) Passive injection of reagents into dropletddaptedfrom L. Li, 2007-*3 (b) Pico-injection of
reagentsoy electric actuatiofi Adaptedfrom A. Abate et al, 2016

(i) Sorting

Sorting is another important operation for isolatingpdets of particular iterest and
purifying samplesor further analysis and has many application in cell studies such as circulating
tumor cells and drug screenirgroplet sorting and distinguishing different subsets of droplets is
based on a characteristic of the dropletioradp | e t & Similardonother rchip function,
sorting can also be done either in passive or active riddidiée passive sorting mechanisms mostly
rely onchannel geometrieand gavity and useslroplet size as the discriminatiefaracteristic
active sorting, employgarioustypes of labels in droplets thfferentiategroups of dropletd 11°

An example of ge-basedsorting using channel geometry is the setup demonstrated by
Griffiths et al(2009)(Figure1-9a). In this setup, droplets withrger and smaller dimensions are
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generated and collected to flow together in a main channel that its depth is set to be between the
sizes of two droplets. THarger droplets flow slowly and smaller droplets are trapped in between
the larger ones. Downstream, the main channel branches intatwawing side channe&nd a
widening channel in centéFhe smaller droplets that are monstrained byhe walls otthe device
andflow near the wall of the channanter the side channels while the larger droplets move along
the wider central chann&!® Huh et al (2007) developed ayravity driven microfluidic droplet
separatiorsystem tqurify perfluorocarbon dropletsom a polydispersed emulsi¢Rigure1-9b).

The theory of this mechanism is that #ezlimentation velocity of larg@articles is greater than

that of smaller particles at a givelensity. Therefore, larger droplets move toward thatom
channel. Asymmetrical design of the daughter channel enhances the droplet séparation
Although the implementation of passive sortimgimple, this technologig limited with its fixed
geometry. Usin@ single devie, only a certain range of droplet sizes and speeds are amenable for
sorting. Moreover, this sizéependent sortinig not applicable for categorizing droplets of similar

size.Their efficiency is also not comparable to active methods daeéakcontrol overdroplets

movements.
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Figure 1-9. Passive sortingnethods

(a) Sizebased sorting using channel geométdaptedrom L. Mazutis et a2009 16
(b) Gravity-driven sizebased sorting Adaptedrom D. Huh et al, 2007, 1/
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In active sorting techniquegrior to the controlled separatiothe target group of droplets
are required to be detected with an external source suclplast@nmultipliertube (PMT)and
optical fibers For droplets to be detected they are usdaleled witha marker likefluorescent
andmagnetoeads or their encapsulated cells contélirorescent proteinas a biomarkef!: %

One of the first developeahd populagactivesortingstrategyis through using DEP forces.
When an AC electric fields applied across the electrodést are placed either benedtie
microfluidic channels oadjacent to the sorting junctipdroplets are deflected to the desired
pathway.Baret et al.demonstrated dluorescence activated dropleorting system based on
enzymatic activityand achieved sorting rates of around 300 droplets per second with false positive
error rates of 1 in 104 droplet® To surpass throughputs of a few kiloherBciambi et al,
presented a new geometry of the collection channels that replaces the hard divider separating the
outletswith a gapped divider. With this new geometry they couldueately sort droplets at 30
kHz with > 99% accuracy'® Using DEP Gielenet al,hasalsoreported an ultrahigthroughput
(300 droplets perexondor >1 million droplets per holiabsorbancactivated droplet sortingith
a falsepositive rates of below 5%%. In addition to DEP based sorting, other methods have also
been demonstrated by various groups suchuegace acoustic wave actuated sorifigpneumatic
valve actuated sorting* pressure actuation sortinging a solenoid valv&? magnetic particle
sorting'?® and electrostatic droplet charging and sortingsed on the polarity of the charged
droplets 8 In spite of the very high throughput and efficient sorting of the developed methods,
they all lack some important features like the ability to do multiple sorting that is required in some
applications like directed evoluticor single cell studies. Moreover, all of the mentioned protocol

canonly analyzedroplets in serieand individual addressability is not possible.
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Figure 1-10. Active sorting mechanisms.

(a) Fluorescenceactivated DEPbased sorting Adaptedrom J. Baret et al, 2008°(b) Geometry
modification for enhancing DEBased droplet sorting Adaptedrom A. Sciambi et al, 20158

(c) absorbanceactivated droplet sorting Adaptedfrom F. Gielena et al, 2016'° (d) Pressure
actuation sorting sing solenoid valve Adaptedrom Z. Cao et al, 201322 (e) Magnetic sorting

i Adaptedrom K. Zhang, 20092%f) Electrostatically sorting of charged droplets based on their
polarity i Adaptedirom B. Ahn et al, 201%
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1.3.4  Droplet-Based Microfluidics for single cell studies

Compartmentalizing reactions by isolating single molecules and cells into droplets have
been investigated since 1950s, but the idea did not come true until the advent of droplet
microfluidics. The highly reproducible and edremandabrication of microfluidic devices allows
for analyzing different reaction conditions. Moreover, drepketed microfluidic enablefst
sensitive (qualitative and quantitativefletection of secreted biomolecules from cefiside
droplets through integtian with the modern analysis systemis. comparison with bulk
experiments, dropletsct as tiny reactor containers, in which the concentration epoatfluced or
excreted compounds, is much higher and thus easier to anBlyzkeermore, the muiparalkel
and highthroughput platform is promising for studying libraries of biological component like
enzymes or ced®®

In addition,singlecell encapsulation in droplets, enables studsiegotentially important
heterogeneity of individual celland analysis of rare cells by separating them from the whole
population. Gene expression, phenotypic variation, quorum sensing and screening of protein
libraries for in vivo directed evolutignand dug screening of cancer cell lines have been
demonstrated in micrdroplets at single cell level using stochastic comfiaat 9 124126

In order to make the most use of droplet microfluidics for cell analgssapsulation of
cells in droplets with control over cell occupancy and droplet size is c’daiaus methods have
been demonstrated to control the number of cells in droplets as stochastic load at low cell
density'?’ optical trapping?®bio-electrospraying?®and inertial focusing®. The number of cells
in each dropletollows the noruniform Poisson distributio(Figure1-11), meaning each droplet

might contain one, two, three, or no cells, stochasticalig. Poisson distributiois given by

22



Equation 1-2: Poisson distribution

wherek i s the number of cells in a droplet and a
For agiven oilwater flow rates and system geometmnere the average cell and droplet volume

wandwareconstanee can be def i ne thevalsmefrationaof @ltsinthedreet we et
encapsulation solutio%. and that of a droplet containing one cell, define&as: —. Thus,a

can also be expressed as:

Equation 1-3: L ambda ragivemfluidsdlowfand channel geometry
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Figure 1-11. The Poisson distribution.
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1.4 Digital Microfluidics

During the last decade, mew microfluidicstechnology has emergechlled digital
microfluidics (DMF), although in the early stages, it literally has tieatespotentialto make
lab-on-a-chip slogan truly possible aratings all laboratory instruments and componeonitto a
handheld device.This idea was first introducedh the late 1990snd wasinspired by digital
microelectronicdor timed motion of fluids, with accurate control, representing an alternative to
the conventional paradigm of transporting fluids in enclosed chanfiels?

In digital microfluidics, picolitefi microliter sized dropletare manipulate@n arrays of
electrodesby the controlled application of voltagE€s'® 33 Through sequential actuation of

electrodesdroplets can be individually made to merge, mix, split, and dispensedésarvoirs

Figure 1-12. Droplet Manipulation on DMF.

Adaptedrom K. Choi et al, 2013

This technology gives the big advantagdloid motion and control without pumps and
valves, and eliminate the clogging problem that is an issue in enclosed sh@hegirincipal
difference is that in digital microfluidicglroplets are addressed individuaillshereas in channels,
they are contlled in series.Digital microfluidics is well fit with awide diversity of biomedical

applications that can be parsed into manageable components given its advanthgiesg of
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programmable, reconfigurable, reusable, and its ability to speed up the pghooegh massive
parallelization’: 133

Two configurationsof DMF devices have been developed: sifglge (open), and two
plate (closed) device&igurel-13). In the twoeplate DMF, droplets are sandwichieetween two
substrates: bottom plate bearing arrays of actuation electrodes and top plate acting as a continuous
ground electrode which is usually made of a by a transparent, conductive indium tin oxide (ITO)
layer. In open configuration, however, bothuation and ground electrodes are patterned on the
bottom plate. In both types of DMF, a layer of insulating dielectric such as Parylene C is coated
on bottom plates and a layer of hydrophobic coating like Teflon covers all the surfaces in touch
with dropkts. Both types of DMF are widely used for a wide range of application. Nevertheless,
the oneplate configuratiorns less popular, as it isot capable of splitting and dispensing due to a

weaker electric field3*

Two-plate (closed) DMF device One-plate (open) DMF device
Side Ground electrode
—r—cTeﬂon -T- CTeﬂon
C) %cﬁer Rllqmd i}cllqmd
CTefIDn CTeﬂon 1 __|

(

== Cranyine = Cparylene Dielectric layer T e —— ———
— Actuation electrode
@

Top

PR ——

Figure 1-13. Single-plate and two-plate configurations for DMF.

Adaptedrom Choi et aft>*
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1.4.1  Digital Microfluidic Theory

In the broad field obiomimicry, scientists have bedascinated by the wagature has
engi neeclkdamisey ® | ogcwd |lecad Vv eng 00 & aiohy dimeamda b e et
there have been many researches in developing artificial mimics with similar propertiat b
the surface wettability by fluids® One of the strategies for tuningtheu r f a c e 0 Sfounde t t a b i
to be applying pulses of electqotentialwhich laterwasexplained bya phenomenon known as
fiel ect nYWeEletctiowetingon-dielectric (EWOD)is a phenomenocan be applied to
control aqueous liquidEEWOD utilizes the change in contact angle of a droplet sitting on a
substrate when charge @&cumulatedon the dielectric lagr separating the liquid and the
conducting substratey means of an electric fiefd®

When properly sequenced, this change in contact angle can matigatgring adroplet
from one charged region to anoth€his phenomenon has been used as tool for modulating fluid
position in digital microfluidics byplacing droplets on an array of electrodes coated with an
insulatorand sequentially applying electrical potential adjacent electrodes on a pathus
enabling ordemand movements of droplété

In the earliestheoreticalattempt for estimating the driving forces in EWOD, there was

thermo@namic approachsingthe YoungLippmam equation:

Equation 1-4: Young-Lippmann Equation

t t"ﬂ'

e

"Hi P, “Hi P

Where dy and do are the wetted and static contact angles, respectilklgnd U are the
permittivities of free space and of the dielectric, respectiwélis the applied voltagey is the
liquid/filler media surface tension (air or oil); anid the dielectric thickessIn this model, droplet

26



movement is assumed to be duecapillary pressure resulting from asymmetric contact angles
across the droplet.

To adopt a dynamic model of the droplet motion after deformétion Equationl-4 (as
this equation only accounts the static contagjles), the driving force F in this model can be

expresseds

Equation 1-5: Driving for ce using YoungLippmann

. . E£,d
¢ Em, HiPL CHiP ——L

WhereF is the driving force and. is the length of the contact line overlapping the actuated
el ectrode. This driving force®is often referr

However,it has bee shown thafor a liquid with a certairconductivity and dielectric
constantthe electric field in the contatihe (i.e, between liquid and dielectric layer) at certain
frequencies can potentially change the condagfle but this phenomenon is not essary for
liquid motion.Droplets ofchloroformor toluene for example, can be moved on electrodes without
any appaent change in their contact dag3® “°Upon discoverypf the fact thathe theory behind
electrowetting does not apply telectric liquids*! andfluids with low surface tensigh® the
term ADI gi t admerlykdMoreavér the thedmodysamic approach failsexplaining
contactanglesaturation (i.e. there is a limit on contact &wjlange when increasing the applied
potential), andiquid-dielectrophoretic force, which is mteminant at high frequencié$

In fact,the EWOD force itself is a purely electrostatic phenomenon that applies equally to
conducting solids and fluids. This being salécostatic fields have two observable effects upon
the hydrostatics of liquids:irst, in presence of a nonuniform electric field, a net force is applied

on the liquid and second, the contact angle of the liquid on a dielectric surface changes. For the
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caseof arrays of electrode coated with micrthrick dielectric in DMF both of these effecise
mostly assumed to be electromechanical, however, depending on the conditions, they can also
occur in independently.

Considering the wetting as a result of the secforceson the droplet, thenost accurate
way to estimate the forces on the droplet in DMEdspting an electromechanical approaod
usinga circuit diagramThe amount of energy stored in this system is calculated as a function of
the applied voltge frequency and droplet position along the direction of translaffddere is the

Equationl-6 representinghe amount of energy, E, of the system:

Equation 1-6: Energy equation using electromechanical model

4

rle — o

whereL is the dimension of the droplet (estimated by the esestion of the drop).iquid, Vi iquid
andUisier, Visiler are the relative permittivity and voltage drop for the liquid and filler fluid portions
of the electrode, respectively, addis the thickness of layear(corresponds to the dielectric,
hydrophobic, liquid or filler layers). Differentiating the energycaéated inEquation1-6 with

respect tox yields the driving force as a function of frequency:

Equation 1-7: Force equation using electromechanical model

z 4
g

W
[ J

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 theideveggresents the stored

energy that results in an applied force.
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From this, wecan calculate a critical frequencig)(for each device geometry and the
liquids being operatetf?Below the critical frequencyhe voltagedrop occurs across the dielectric
layerandwe can apply the equations relative to the EWOD model. The force that is driving the
droplet at low frequencies comes from charges accumulation near thellasee contadine,
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
fc, the liquid is purely insulating andn electric ield gradient is generated across the droplet
generating a liquidlielectrophoretic forcé€DEP)to pull the droplet toward the activated electrode.
Here, the magnitude depends on the difference in permittivity between the liquid and filler medium
(air, inour case). In DMF, droplets are manipulated by AC frequencies in the order of kHz and the
majority of the voltage drops across the dielectfitWhen inserting this range of frequencies in
Equationl-7, we obtainan estimation of DMF forces with magnitudes in the ranga\ofwhich
can be applied to a wide range of fluids using driving voltages oB0O0¥ rwvs.

The driving electrostatiofces acting on the drop compete with counteracting forces. The
first is the shear force between the droplet and the ptated“which is highly dependent on local
surface smoothness and heterogeneity, dictated by the quality of dielectric and hydrophobic
coating and resulting nanand micre scale roughness of the hydraiic surface. The second
factor impeding droplet movement is the viscous drag force resulting from displacement of the
filler fluid during droplet translatioi** 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, se of surfactants, device design and the device hydropholfioitynost DMF

systems, the forces calculated by electrowetting and electromechanical models reach consensus.
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1.4.2  Applications and Challenges

Given the versatility ofligital microfluidics DMF) and its unique features, it has been
applied to a variety of applications that were performed conventionally in macrescialeas
chemical synthesi¥® 46 enzymatic reaction¥” 8 immunoassay¥"® °° DNA-based and
proteomicsanalysis'®>*1°3 cell-based applicatia® >+ *5clinical diagnosticg®® *’and studies
of multicellular organism's®: 1>9

Considering theprecise metering of reactants through dispensing droplets from
individually addressable micneactorghat DMF is capable of hemical synthesis and reactions
have beenvidely implemented on DMF fasyntheszing new compoundnalyzingsubstances of
interest, andtudying reaction kineticgebrail et a{2010) reported a DMF for synthesizing cyclic
macremolecules from aminoacids with similar properties to the products made by conventional
methods proving the potential of DMF platform for efficient and automatgdhesis of
compounds for drug discovelf Another group presenteath integrated tweplate DMF deice
with four concentric heaters for synthesizing a radiotracgl&Z]-fluoro-2-deoxyD-glucose)
that is widely used irpositron emission tomograpi{PET) scan for irvivo imaging of living
organism. Using their developed DMF, they could produce radietswith high and reliable
radiofluorination efficiency 85%).14°

As mentioned above hatherpopular target for digitaicrofluidics has beenetl-based
assayss the reagents and other materieed in conventional methodse oftenprohibitively
expensiveMoving dropletswithout the need of valves and pusmp any other movable parend
with the great controllability provided bihe integrated automation system, has made DMF a

perfect platform for a variety afell-based assays, cslrting and cell cultur&?!
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BarbulovicNad et al (2008)demonstratethe first celtbased assay implemented by DMF
Theywere able to actuate high density cell suspens®msiQ cells nL'1) on electrodes using a
Pluronics additiveMoreover, they repted that the electric field resulting electrode actuation has
no significant effect on cell viabilit}?*

To be able texplore a wider range of applicatiasther techniquebave been integrated
with DMF to manipulate cells inside droplaising electrical, optical, or magnetforces. For
concentrating apecific cell populationdor instanceShah et al(2010),purified a specific type
of lymphocyte cellsfrom a cell suspension usirantibodyconjugated magnetic beadsside
droplets andin external magnét°

However, there are still challenges for implementiallricased studies in DMF. For cells
to be viable, there must be gas exchaoggveen cells and the atmospheérberefore oil-filed
DMF are usually not compatible with this application. In addition, DMF is limitec loyajor
problem known as surface biolmg that isnonspecific adsorption afells and protein to device
surfaces. Due to this problem, DMF usually requirddition of extra chemicaleagentsuch as
Pluronic to the droplet or its surroundings thabuld potentially affect droplet contelit
Furthermorethroughput of DMF is limited by the amount of reservoirs, the size of the reservoir
(thatcannot not be replenished), and the amount of eldesravailald, while channetan produce
droplets by 3KHz 1% andthis is impossible with the existing DMF technolo@erefore, more

optimization is needed to be implemented on DMF for tigbughput screenin@dTS).
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Chapter 2.  Hybrid Microfluidics:

Toward a True Lalon-a-chip

This chaptewwill introduce hybridmicrofluidics and describe its superiority over the other
paradigns owing to itscombinatorial characteristicsThen, the novelty of the hybrid device

fabricated in this project as well as the integrated automation system will be highlighted.

2.1 Overview

The idea of integrating DMF with other microfluidic paradigms is an exciting innovation as it
combines advantages of both systems while minimizing the disadvantages of the individual
systemsHy br i d mi cr o p u i idgioeesthelpastetade oreaariety ohappligations

such asingle cell assays and synthetic biology applicati&t3% In most of these studies, DMF

was integrated with microchannels and is used to control bulk fluid flow or fesgparation of
chemical reactionAside from integration with microchannels, there are two groupsuftdest
knowledge) that have implemented DMF with draglie-channel microfluidics.Shih et al.
(2015)'%% have created two separate devices and used the droplet microfluidic device for
encapsulatiorf single cells and the DMF device for generating ionic liquid concentrations and
analysing their effects on single celldHowever, a disadvantage with this system is the
configuration of two devices as it is prone to droplet breakup between the intefftoesiroplet
microfluidic device with the DMF. In another study by Shih et®ithe DMF is used to mix
different DNA parts together to init@the process of DNA assembly and this mixed droplet was
suctioned into the droplet microfluidic region for incubation and transformation. However, the

integration of valves has resulted in complicated fabrication and control infrastructure and has
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limited the number of droplets that can be storedaaradyzed In Gu et al(2008)%° they have
implemented electrowetting with microfluidics to control the sizefeaguency of drop formation
while in another stud§’ they have implemented a guiding and sorting systedrops. Although
both studies are exciting innovat® they do not show multipleorting or ordemand droplet
generatioror mixing on the same device.

Moreover, he ideal result chutomating functions in DMFs that every set of instructions
would equate to a droplet movement (e.g., mix, dispense, split) towards the energized electrode.
However,in a DMF device, due to surface heterogeneity or roughness or the contents of the
droplet, every application of aofential does not easily translate to a movement on the device.
This issue points to the other advantage of hybrid microfluidics over DMF which is limiting DMF
applications for any study that includes cells and protein manipulation, as they tend tim thtgck
surfaceThis behavior is exacerbated when the droplet constituents contains cells, proteins or other
cellular debris, and is known as biofoulitfg."°

In the method presented heree integrated, droplein-channeland singleplate DMF

configuraton for droplet generation, mixing, incubation, ardrg sortingof droplets

2.2 1D2M Novelty

In this studya new multilayer dropledigital microfluidic methods introducedn which
a droplet microfluidic device is mated to a digital microfluidic devietolw, whichwe call
integrated digitadroplet microfluidics (ID2M. This new configuration has several substantial
new developments (1) there is only one device that does not depend orosid®nfigurations
thereby eliminating the need for vacuum odivegbased techniques for droplet manipulation at the

interface. (2) This device enables-d@mand droplet mixing enabling control and creation of
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different concentration of droplets. Typical droglechannel techniques have depended on
fusior™ or picoinjectiot’* methods for mixing but these techniques only allow one reagent
addition to an existing droplet and require exquisite control over flow rates, timing, and fluidic
resistance. Our device can create a eaofydifferent concentrations with multiple additions of
reagent droplets by application of an electric potential without anyideyasion for other
parameters(3) Single plate DMF devices are usually prone to droplet evaporation. This device
integration limits evaporation since droplets are in fluorinated oil (commonly used in droplet
microfluidics) and are covered with a ttgyer PDMS. (4) Droplets are sorted througtiifferent
channels (not just two channels) which allow for a range of droplete tmélyzed In the
following, | describe the implementation of this platform adrstussts applicatiorin determining

the effects of ionic liquid on single yeast cellisis an important step in the field of digital and
droplet microfluidics as this can possibly enable more control for droplet microfluidic devices

while increase droplet throughput for digital microfluidic devices.

2.3 Hybrid Microfluidics and Automation

Similar to DMF, hybrid microfluidics also benefits frortine amenability to integrating
automation system&? 3and coupling the platform to external detectors (or interndihén
detectors’* 173 for reattime ordownstream biological analysi& 1’’that isinheriting from its
DMF part The core of automation systems interfaces witlylarid device which enables droplet
manipulationwith 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 instructiogererate merge mix,
and sordroplets for analysisSuch automation givesybrid microfluidcs the capacity taontrol

droplets individually and operate frarallel on a single device
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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 aroldages to it when
instructed. The state of the switches is controlled through a computer and microcohteoen
this project, | havexploiteda similar automation setugnd a graphical user interface (GUb)
what has been previously developeaur lad’® This automation systeoonsists of a MATLAB
program that is used to control an Arduino Uno microcdlietraDriving input potentials of 130
270 Vrus are generated by amplification of a sine wave output from a function gersgratating
at 15kHz by an amplifier and delivered to the PCB control board. The Arduino controls the state
of highvoltage relaysthat are soldered onto the PCB control board. The logic state of an
individual solidstate switch is controlled through afCIcommunication protocol by an I/O
expander. This control board is mated to a pogo pin interface (104 pins), where each switch
delivers a highvoltage potential (or ground) signal to a contact pad on the DMF device. See our

GitHub registry (ittps://github.com/shihmicrolab/Automatipto assemble the hardware and to

installthe opersource software program to execute the automation system.

In additionto the setup reported in our previous publicatira modular low pressure
syringe pumpfor controlling droplets flowand aflame spectrometer for optical detection are
integrated with the systelffrigure 2-1). Moreover, to beable to actuate different sequences of
electrodes in paralleind with the minimum delay possibkae GUI interface was upgraded to a
new version capable of defining multiple sequences with different times of electrode actuation
(Figure2-2). However, the syringe pump and the flame spectrometer have separate user interface
and were controlled manuallya detailed description of the automatios presented in the

following chapter.

35


https://github.com/shihmicrolab/Automation
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Chapter 3.  Biofuel Production and Thes(Sbjectives

Here, wereview the biological stakethat we will be addressing with our platform
presentingmicrofluidics screening techniques for analyzing biofuel orgamigima special focus
on the tolerance oyeast Saccharomyces cerevis@ils in ImidazoliumBased lonic Liquidsn
the context obiofuel production.This commentary will lead to the presentation of my thesis

objectives

3.1 Biofuel Production: Opportunities and Challenges

Over the past two decaddlere has been a growing demand forgletimderived fuels
and theoil supplycannot meet thdemand at pries to which the global economy svaccustomed
(Figure3-1).1° Given that ther exhaustiblsourcessuch agar sands, side oil, shale gas, natural
gas, and coal havinited reserveandproblems witHarge greerhouse gas emissions associated
with ther conversion processheycannot replace conventionail. Therefore, there have been
many researches demonstrated to investigate the possibility of using biofuels as alternatives.
However, eplacementfoconventionapetroleumderivedfuels with biofuelgequires production
of compounds thdtave a large capacity and energy density which is the biggest disadvantage in
other alternative technologies (efgel cells, hydrogen, and electrigit{#®182

Amongst first generation biofuelftanolis currentlymost widely useéndis produced
from sua@r cane, corn or wheaBut it has not fully expandeds an alternative to fossil fuel,
becausats feedstock is competing with food production antlas contributed to higher food
prices and deforestatioNloreover,its low energy content aridcompatibilitywith existing fuel

distribution and storage infrastructurasled to a replacement of 1st generation biofuel2rty

37



generation biofuels that are derived froellulosichiomass Production ofthe second generation
biofuels from renewablenaterialshas recently attractechuch attention andare expected to
address energy sedyr and climate change concerns, adluose isthe most abundant and
renewableraw material foproducing sustainable biofuels and will not cause food shortage like

ethanol feedstock.

OIL PRODUCTION HITS A CEILING

Production followed demand until 2005, when it levelled off despite continued price
increases. There seems to be a production 'cap’ at about 75 million barrels per day.
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Figure 3-1. Global oil production from 1998 to 2011

Production of crude oil increased alongith demand from 1988 to 2005. Bafter 2005 the
production has roughlyemained constant f@even yearsjespite an increase in price of around
15%per year Adaptedrom J. Murray et al, 20127°

Generally bioethanol production from lignocellulosic plant biomass consists of three main
steps: (1) Cellulose pretreatment for enhancing the enzymatic degradation of polysaccharides, (2)
hydrolysis of cellulose to fermentable sugars by cellulases, and (3) efieama&ntation by
microorganisms, such as ye@Sigure3-2). 180 182

Although cellul@ic biomass isa promisingmaterial for providing fermentable sugaits
has a highlycrystalline polymerstructurein which cellulosechains are tightly packed by
multivalent inter andintramoleculathydrogen bondingThis crystalline structure makes biomass

recalcitrant to enzymatic digestioand limitsrelease of cellulosic sugars for fermentation to
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biofuels.As a result, several techniques have been developed to pretreat biomashamck
disrupting thehighly ordered structure aijnocelluloseand makehe cellulose more accessible to

hydrolyticenzymes
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crystalline cellulose
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Figure 3-2. Bio-ethanol production yeast from cellulo® pretreated with ionic liquid

The functionali zed microorganism is called an
armed with a number of cellulase enzymes via thenadlibinding domain as an adhesion moiety.
Adaptedrom K.Nakashimaet al, 2011.18*

lonic liquids (IL) pretreatment is an emerging pretreatment technologystf@ind to be
able to dramatically enhance the cellulose degradation and ethanol producingyiquidsare
neutral salts thdtave arelatively low melting temperatuandattain a liquid state aémperatures
mostly below 100C. These solvents haumique properties such as negligible volatility, thermal
stability, and tunable physicochemical propertlesic liquids are also reported to be effective in
dissolving various kinds of bipolymers including cellulos&€ellulose can be easily dissolved in
ILs under moderate conditiofs.g. mostly undet00°C, or in some cases at room temperature)

and then it can be highly accessible and degradabtelhyase enzymes that hydrolyze it into
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monomeric glucoselmidazolium ionic liquids (lILs) such as Zethyl-3-methylimidazolium
chloride [C2Ciim] Cl), l-ethyl3-methylimidazolium acetate (BCiim] [OAc]), and Xbutyl-3-
methylimidazolium chloride ([C4Ciim] CI) are mostly used inrenewable bioenergy
applicationst8182

However there are two disadvantages in using IL solvents for biofuel production. They are
pretty expensiveand they are also toxito biofuelproducing microbesincluding the yeast
Saccharomyces cerevisiadich is thedominantfermentative yeasandis particularly sensitive
to low levels of the most common 1B§-60 mM [C2Ciim] CI).18318

Although there is a washing stiEglowing IL pretreatmentbutsmall quantitiesf residual
IL can inhibit fermentative microorganisms downstredinhas been reported that after IL
treatmentup to 270mM IL may persist during fermentati@mdsuchconcentrationsf lILs can
severely damaggeast growth and biofuel productidf: 186

In a study done byuellet et al (2011), it is shown th&t cerevisiaggrowth is highly
inhibited by IL concentration of more than 50 n{Wgure3-3). However,more concentrated IL
in pretreatment results is in more ethanol tit&t3herefore, in order to achieve higher efficiency
in biofuel productiongenetically modified yeastrerequiredto remain viable in thénhibitory
[IL concentrationsised in cellulose pretreatment.

To generate strains capable of tolerating residual ILs present in treated feedstooks,
approackshave beemmplementedsuch aextensivescreenindibrary of yeastto discover more
IL-tolerant species or strafif’ and insertinggene sequences from Hblerant microbes imo
biofuelproducing microbes. Using the latter stratefyggins et al (2018),introducedSGE1
mutations into the genonué BY strainby CRSPR/Cas@ndreporteda fast growth (Okbo~ 1.2

after 48 hr) in SGnediacontaining 125 mMC.Ciim] CI.18 Dickinson et alundertookchemical
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genomic profiling using a panel 0f4000yeast noressential gene deletion strasrsd analyzed
the sensitive mutant genome to find out which protein functionality is affectieb@yim] CI.184
As described above, several potential advarteetiniqueshave beenmplemented to
produce more resistant biofuel microorganiskhiswever,to attain thecosteffectivecommercial
production of biofuels, further engineeriing the production pathways and the manganisms
themselvess neededTo date,several researches has highlighted the low tolerarSeaafrevisiae

to [C2Ciim] [OAc] compared to the other types of [1187 189
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Figure 3-3. Impact of IL pretreated biomass onS. cerevisiagrowth.

(@) S. cerevisiae growth in 20 g*lglucose in the presence of [C2mim][OA®]) Ethanol titers
and final glucose concentration after 72 h of fermentatio20 g L-1 glucose in presence of
[C2mim][OAc]. Adopted from MOuelletet al, 2011183

By taking advantage of advanced technologies such as microfluidic davioesy be
possible tascreen much larger library &. cerevisiaenutants and isolate the most toleranes
Moreover,following the isolation of most tolerant yeagtwill be possible to study the gene

sequence responsible for-tblerance in yeast genome.
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3.2 Droplet microfluidics for biofuel organism screening

Microdroplets (either in microchannels or on DMF) have been widely used for analyzing
chemical reactions involvinignic liquids and screening biofuel organisi§°2

Using droplet microfluidis has resolved thimitation of testinga miniscule fraction of
biodiversity caused by low throughpureening sy®ms Najah et al (2014)escribe an ultra
high-throughput droplebasedmicrofluidic system that allowed th&creening of over 100,000
bacteriawithout prior cultivationin less than 20 minThey were also able to sahtopletsbased
on cellobiohydrolas activityusing DEP. Their results showe®40-fold increasen throughput
and a~250,000fold decrease in reagemblume compared to statef the art,robotic microtiter
plate screening systeth§ Kim et al (2015), representediroplet microfluidicsbased microalgae
analysis platform capable of measurlmgth growth and oil content of various microalgal strains
with singlecell resolution in a high throughput mamA®* The same group, later, reported another
mi crofluidics screening platform Mgpmicroalga¢ ect i n
from a mutant library®® In the same veijnHuang et al (2015), performed a hitfiroughput
screening ofmutantyeaststrain libraries, generatedy UV mutagenesisising a microfluidic
dropletsortingmethod for improvingprotein secretioh?
All the above mentioned technologies, although benefit from their high throughput systems, they
lack two important features. They do matveindividual addressability over each microorganism
under study to be abte do further manipulation on the same device and they are only able to do
binary sorting. Here, we introduce a novel integrated drajgtal microfluidics which

encompasboth abovementioned features.
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3.3 Thesis Objectives

To address the challengdgscribed above, we report here a regorid microfluidic
devicefor onr-demand rary sorting of library of microorganisms such as yeasts. We call this new
platform an Integrated Dropk&igital Microfluidics (ID2M) which enables individual control
over all necessary functiongor a biological assayincluding droplet generation, mixing,
incubation, and sortingOur ID2M platform is validated by constructing a fluorescein standard
curve through rary sorting of fluorescein droplets with different concentratiothisstudy, EMS
mutagenesis iaccomplished to produce mutantS#ccharomyces cerevisitet can tolerate and
grow under high concentratiomms$ a well know Imidazolium ionic liquidThen,we report the
application oiD2M to evaluatehe effect ofonic liquid on twoof the most toleranteast mutants
thatcan bepotential candidates for biofuel productidie results of this work (to our knowledge)
are the first to show automated and multiple sorting of drofilatshave been applied to sorting
mutant yeast libraries. We believe this will serve as a platform for ptssibilities like directed
evolution or protein engineerirapplications.

My research was segmented ifitee steps, described below in chronological order:

1. ID2M designand fabrcation The device layout was established éordemand droplet
generation, mixing, incubation and sortiiog screening the tolerance of the mutant yeast to IL.

2. ID2M integration and optimization: ID2M was integrated to an optical detection system
consisting of a flame spectrometer and optical fibers. Oil and water flow rates were optimized with
the actuation voltage to be ablemaintaincontroloverdropets.

3. Platform validation:A fluorescein calibration curve was constructed through making
dilutions of fluoresceirsolutionon chip and rary sorting of the diluted droplet ke on their

fluorescent signals into four groups.
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4, Prootof-Concept:EMS mutagenesis was performed at macro scale on aypdyeast

strain and different levels ofleyance to IL compared with the witgipe was observed.

5. Application: To confirm the broad applicability of our platform, preposed to study the
effect of ionic liquid on two of the most tolerantitants by performing the whole assay including
single cell encapsulation, mixing with IL, incubating droplets and sorting based on the number of

cells after 2 dayn our ID2M chip
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Chapter 4. Methodology Operatingthe N-ary Sorér System

In this chapterthe methodology fomtegrating the processeseded for rary sorting of
biofuel organism®n thelD2M platformis describedDevice fabrication, assemblyperdion
with the automation system, syringe pump and the flame spectroscajiscussedbefore
reviewingthe method for generating an -chip calibration curve for fluoresceirfinally, the
macroscale experiments that were done for generating ionic liquid tolerant yeast cells and the

work flow for onchip sorting of the generated mutants will be presented.

4.1 Reagents and Materials

1-ethyF3-methy i mi dazol i um acetate O 95 % (HPLC gr ac
thiosulfate, sodium hydroxide (lab grad@#iorescein(free acid) dye content ¥, yeast nitrogen
base without amino acids and with ammonium sulfadeine serum albuminyophilized powdey
O 6% ,andU-D-Glucose anhydrous 968tere purchased from Sigma, unless specifiedratse.
L-Leucine,L-Histidine, L-Methionine andUracil were purchased fromi® basicCanadalnc.
Yeast BY4741 strainggenotype:MATa hi s 3 @1 | eu 2 p0 ) merd derepldsly ur a 3
donated from Dr. Vincent Martir8BM Novec HFE7500 engineering fluid was purchased from
M.G. Chanicals (Burlington, ON Canada)quapel™ was purchased from Aquapel.ca (Lachute,
QC Canada). 20 g of 5% wt fdfioro-surfactant dissolved in HFE7500 was purchased from Ran
Biotechnologies (Beverly, MA). Sodium phosphate monobasicsadilm phosphate dibasic
(Anhydrous, ASC grade) were purchased from BioShop (Burlingddt).

Microfluidics device fabricatio reagnts and supplies includghromium coatedjlass
slideswith S1811 photoresist from Telic (Valencia, CA), ME1 positive photoresist developer

from Rohm and Haas (Marlborough, MA), @Rchromium etchant from OM Group (Cleveland,
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OH), and AZ300T photoresisstripper from AZ Electronic Materials (Somerville, NJ). Polylactic
acid (PLA) material for 3D printing were purchased from 3Dshop (Mississauga, ON, Canada).
Poly(dimethylsiloxane) (PDMS& Sylgard 194) was purchased from Krayden Inc. (Westminster,
CO). SU8 photoresist and developer were purchased from Microchem (Westborough, MA). De
ionized (DI) water had a resistivity of 18NMAc m at 25 AC.

A 100 mM phosphate buffer was prepared by mixing 5.77 mL of 1 MHR@&; and 4.23
mL of 1 M NakPQ; solutions, and the pH was adjusted to 7.0. 5 g of sodium thiosulfate salt was
added to deionized water to produce a 5 % (w/v) sodium thiosulfate solution. Fluorescein solutions
(0.5 mM) was prepared by adding about 1.66 mg of fluorescein powder (38@I3 g 10 mL 1

M NaOH solution.

4.2 Device fabrication and operation

4.2.1 Photolithography

ID2M Devices were designed using AutoCAD 2016 and were fabricated in the Concordia
cleanroom using a transparent photomask printed at high resolution by CAD/Art Sémeices
(Bandon, OR) . The Ahybrido microfluidic chip
dielectric, and channel layer (Fig. 1). As described previgi&if’the digital microfluidic layer
consisted of adittom glass substrate with chromium and coated with positive photoresist S1811.
Electrodes were patterned by UV exposureg® en a Quintel @000 mask aligner (Neutronix
Quintel, Morgan Hill, CA). Exposed substrates were developed in Micropos@8Beveloper
(2 min), rinsed with DI water, and pelsaked on a hot plate (115°C, 1 min). After
photolithography, substrates were etched in chromium-4CRBtchant (2 min). Finally, the

remaining photoresist was stripped in AZ300T (2 min). Next, DMF dewis® rinsed by
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acetone, isopropanol (IPA), and DI water before coating &8 ®idsed dielectric. The device
surface was treated with a plasma cleaner (Harrick PlasmaORDQthaca, NY) for 2 min and

then immediately sphgoated (Laurell, North Wales, PAyjith SU85 photoresist to achieve a
thickness of m (10 s, 500 rpm, 30 s 2000 rpm). The diele¢atyerwas then sofbaked on hot

plate (1. 65 °C, 2 min, 2. 95 °C, 5 min) and exposed to UV light fec5 A post exposure bake

(1. 65 °C, 1 min, 2. ® °C, 1 min) followed by immersing in S8 developer (2 min) was
performed. After rinsing with IPA and DI water, a hard bake was performed in three steps (1. 65
°C, 2 min, 2. 95 °C, 4 min, 3. 180 °C, 10 min). For the channel layer, devices were cletiined wi
IPA and DI water prior to plasma cleaning (2 min). Next;&R075 photoresist was immediately
spincoated (1. 10 s 500 rpm, 2. 30 s 2000 rpm) on the chip antaadt at 65°C and 95°C for

3 and 9 min respectively, idnaferdID12@esm thickmess. ma n u f
Following UV exposure (15e%), devices were podtaked (1. 65 °C, 2 mirR. 95°C, 7 min) and
developed in St8 developer for 7 min and rinsed with IPA and DI water. The devices were hard
baked using a threstep procedure (1. 65 °C, 2 min, 2. 95 °C, 4 min, 3. 180 °C, 10 min) to achieve

a channel layer with depth ~1-1@0em.

4.2.2  Device sealing and channel treatment
After the layers, hybrid devices were largely completxcept for the final preparation
step ofPDMS bonding and channel treatment. The hybrid microfluidic chip was bonded to a slab
(60 mm x 30 mm) of ~ 0.5 mm thick PDMS (1:10 weight ratio, w/w curing agent to prepolymer).
Inlets and outlets that were 0.75 mm in diameter were created using arf.panmoher (Biopsy
Punch, Sklar, West Chester, PA). Before bonding, the PDMS slab was {itaaied for ~1 min
and then it was exposed todginopropyl)triethoxysilane 99% in a desiccator for 30 min. After

treatment, PDMS was immediately bonded to teeick and baked at 160 °C for 20 min. Before
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operation, channels were treated with Aquapér ~5 min and rinsed with HFE oil mixed with
0.75% fluoresurfactant by pipetting. Syringes were prepared with the following fittings and
tubing: 1/428 to 1032 PEEK adapter, (182) peek union assembly, finger tight micro ferrule 10
32 coned for 1/32" OD, and PEEK tubing (1/32 inch diameter) from IDEX Health & Science, LLC
(Oak Harbor, WA) . -syriBgeswerieguichaseg framsHamiltrO(Reng NV)

and installed on the neMESYS system (Cetoni, Korbussen, DE).

PDMS slab
(Substrate 4) <—

Channel layer
(Substrate 3) «—

Array of
7 electrodes

Dielectric layer
(Substrate 2) +—

Connecting
wires et . .
> g Digital microfluidic layer
— .
with arrays of electrodes

Contact pads
(Substrate 1)

Figure 4-1. ID 2M device fabrication.
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4.2.3  Device operation

Device operation comprised of five stages: droplet generation by adtmwging orT-
junction configuration followed by droplet mixing, incubation, detection, and sorting. In the first
stage, droplet generation by fldacusing was implemented by initializing the flow rates using
the neMESYS for the aqueous and oil flow rates to 0.0005] and 0.01§L/s] respectively.

For the Fjunction configuration, droplets were createdd@amandhrough followingsteps
Figure4-2: (1) the aqueous flowf a second reagent such as water or fluoresgaminitialized
at 0.0005§L/s], (2) when the continuous flow reaches the sixth electrode, an AC voltage (15 kHz,
~200 Vims) Wwas used to drive théofv to the Fjunction, (3)electrodesvereactuatedsequatially
(i.e. electrodes are turned on one after anotbatjag the fluid to the main channel and finally (4)
a ~20nL droplet is formed byothintersecting the oil phase with flow rate of 0.@1/s] and
actuation of electrodes in two different areashewn inFigure 4-2. After onrdemand droplet
generation, droplets were pressdresen using the oil phase in the main channel and using
actuation sequences to drive threplet into the mixing regiomfter mixing the droplet with other
droplet constituents, this mixed droplas actuated to the main channel which followed an
incubation step. After incubation, droplets were passed through a detection region which were

further sorted by actuation using the optical fiber based sorting region.

Electrode ON [l

QO QQ Electrode OFF [l

Water
flow

Qil flow

Figure 4-2. On-demand droplet generation with T-junction configuration
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Droplet manipulation was controlled by an automated control system in a MATLAB base
workspace (Mathworks, Natlick, MA) interfaced to an Arduino Uno for controthegstates of a
network of highvoltage relays (AQW216 asonic, Digikey, Winnipeg, MB)A neMESYS
softwareinterfacel syringe pump software for fluid flow control, afkthme spectrometer (Ocean
Optics, Largo, FL)Yata was collected witthe Ocean View sgrtroscopy software The & hybr i
microfluidic chip is mounted on a pogo prontrol board (104 pins) with a 3D printed base
platform as reported in our previous papéri®’and was placed on the stage of an inverte@3x
Olympus microscope (Olympus Canada, Mississauga, Ohg.whole system is imaged live
through a CMOS camerdhe control board delivered AC signals from a kuglitage amplifier
(PZD-700A, Trek Inc., Lakport, NY) paired with a function generator (33201A Agilent, Allied

Electronics, Ottawa, ON) to initiate actuation sequences on the dEigcee4-3).
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DC Power Supply Function Generator

High—voltagew"‘-‘k
Amplifier

GND

NEMESYS Syringe Pump

13]|0IIUOD0IDIN
ONN ounply

CMOS Camera
Spectrometer on microscope

Graphical User Interface

Figure 4-3. ID2M automation system for n-ary sorting.
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4.3 1D2M microfluidic optical fiber detection interface

The optical fiber detection interface a@ednsi st
with numerical aperture of 0.22, and a muhiannel LED light sources that contains four high

power (1 mW) LED modules: 470, 530, 590, 627 nm. In each experiment, a hybrid microfluidic
device was placed on the pegm holder and two optical fibergere inserted into two fabricated

300em channels that was perpendicular to the direction of the fluid flonF{geee4-1). On the

other ends of the fiber, one fiber was connected to the-ghdtinel LED source and the other

was connected to the Flame spectroméftbese ends were polished carefully using dbean

optics termination kit anfitted with an SMA connectdny the help of bare boots for guiding the

bare fiber. The distance between the fiber a
using the Ocean View spectroscopy software (Oceanc®ptiargo, FL) using the following

settings: integration time was set to 100 ms, boxcar smoothing width = 3, number of scans = 5,
update rate = 1, and strip chart was enabled to collect data from a single wavelength (530 nm) and

executed without stopping.

4.4 On-chip calibration curves i Fluorescein neasurement

To generate oghip calibration curves, a droplet containing fluorescein (1 mM each in 1M NaOH
buffer, pH 9) was generated using the fltlaeusing configuration with a flow rate of 0.000b/s

for fluorescein and 0.0&L for HFE oil. Next, a droplet of buffer or water (~ 13.5)nkas
generated using thejlinction configuration. These droplets were merged and mixed by moving
them across several electrodes. Depending on the concentration, more buffer droplets were added

to one fluorescein droplet to create four different conceabrs 1, 0.5, 0.25, and 0.125 mM. After
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mixing of the droplets, these were detected by using our optical fiber setup and sorted using the
four different oademand sorting channels.

After collecting the time traces of the recorded signals from the bfiieadetection setup
using Ocean View, the peak intensities were recorded for each concentration. The standard

deviation was calculated from 20 replicates.

4.5 EMS Mutagenesis andsenerating IL Resistant Yeast &ains

Before generating mutants, witgpe S.cerevisiaeBY4741yeast ce werestored on agar plates
containingsynthetic defined medium (6.8 yeast nitrogen base without amino acids, 20 g agar, 20
g 2% glucose, 20 g methionine, 2(igtidine, 20 guracil, 120 gleucine) at 4 °C.To initiate
mutagenesisthe cellsvereinduced usingthyl methanesulfonatEMS)ac c or di ng t o Wi n
protocol!®® For mutagenesis, wiltype yeast was grown in 50Lnof synthetic defined medium

in an Erlenmeyer flaslat 30°C with shaking at 200 rpm for 48 hours. Then, aliquots ®f12?

yeast cells measured on the basis of the optical density (O.D.) at 600 nm was transferred to four
micro-centrifuge tubes corresponding to technical triplicate and one control sample. The cells were
washedtwo timesin 1 mL phosphate buffered saline (PB&)da single timen 1 mL sodium
phosphatéuffer (SPBY0.1 M- pH 7.0).After centrifugation, the pelletseve resuspended in 1.5

mL SPB.Four 15mL Falcon tubes (correspondingttoeedifferent EMS treatment time) were

filled with 1 mL SPB and 0.7 mL desolution of eachmicr¢e e nt r i f uge tube. 50
added tahreeof the 15mL falcon tubes in a biological safety cabin€@nefalcon tubes related

to the control sample were kept without EMS addition. All tubes were incubated°@t @0 a

shaler (200 rpm) folB0 min. TheEMS mutagenesisxperiment was repeated for 40, 50, 60, 75,

and 90 min Mutagenesis was stopped by adding I8 @ 5 % (w/v) sterile sodium thiosulfate
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(STS) solution at each time poinf. mL aliquots ofeach falcon tubes were added to a micro
centrifuge tube and were diluted 1000 ti mes W
yeast cells suspensions was inoculated to solid SD plates at each time point. The plates were sealed
with parafilm andmcubated at 30C for colony formation for 48. Cell viability was measured

by counting thenumber of colonieandateach EMS time point wascompared to thevild-type

cells Figure4-4).

EMS Treatment time Vs. Viability
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Figure 4-4. Cell viability measurement in different EMS treatment time

Yeast viability changes during mutagenesis induced by Eh&er at 30°C and 20€pm.
Standard deviations are indicat@uthe graph by bars.

To increase the yeast tolerance leethyl-3-methylimidazolium acetatesuccessive
cultures of BY4741 mutantswere stored in SD media swpplemented with increasing 1L

concentrations

After mutagenesisandom colonies were picked from the platethe mutantstdifferent
EMS time point (60, 75, 90 min) and were added $terile test tube containingrbL synthetic
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defined medium and 50, 75, 100 mivethyl-3-methylimidazolium acetaté.. Test tubes were
incubated for 24 at 30°C on a shaker with 200 rpm. Then, anlL aliquots of each test tubes
along with a wildtype sample were diluted 100 times with SD media and then were plated onto
several solid SD plates comtang 50, 75, 100 mM IL. These plates were sealed in sterile bags and
incubated for 46 days at 30°C. Colonies were nradomly selected from the plataadculturedin

5mL SDmediaat 30 °C After 24 h,we measured the OD of the culture and if the OD grasiter

than 0.3, samples were diluted and culturediffierentionic liquid conditionsotherwise they were
discardedAn aliquot (depending on IL concentratidrgm the 5 mLwas added tthe wells of a
microwell plateto make up a final volume of 26.. In each well, th®©D was measured every

20 minat 30 °C with shaking at 200 rpm for 48 housinga TecanSunrisemicroplate reader

(Tecan, Salzburg, AustiiaThree replicates were measured for ezmindition

4.6 N-ary Sorting of Yeast Mutants library on ID2M Device

For analyzing the effect of IL on wiltype and mutant yeast chip two best performing
IL tolerant mutant and wikdype yeast were selected and cultured them in regular SD (see EMS
mutagenesis protocol in previous section) withoutadt 48 hours For single cell encapsulatipn
Poisson distributiorfEquationl-2 andEquationl-3) was used to calculate the cell density that we
must have in 1 ml of the primary ItesuspensionGiven that the average volume of droplets
generated in our chip was 1.8210%2¢L, and out of three droplets we wanted to have one that
contains a single cell (i.es=3), the primary cell culturgwith 2x1& cells based on Odgo
measuremehtvas diluted 100@imes withl mL SD mediaontaining 1%bovine serum albumin
(BSA) which is used as a surfactariysing our neMESYS syringe pump, the diluted cell

suspension with HFE oil containin@2fluorinated surfactant were pumped into the ID2M device.

55



Cell encapsulation was performed through the flow focusing droplet formaitiorilow rates of
0.0008¢ Isec and 0.0t Usec for cell media and oil, respectivelysing the other inlet on the
device and the Function droplet generator, droplets of 100mM IL were formed on demand.
Droplets containing a single celttuatednto the mixing channel by sequentiadigplying
electric potential tdhe electrodes. After trapping the single -@icapsulted droplet, a second
droplet of ILwasdirected to the mixing channel and two droplets were merged and nhijoeoh
mixing the droplet with a 100 mM lithe droplewas trapped int;cubation slotising actuation.
This process was repeated for thotlea incubation regionsAfter trapping all four dropletghe
ID2M device wasemoved fronthe automation system and droplets were incubated fbio48
hot plate at 30C using a humidified chambeWAfter incubation, doplets were pulled back to the
main channel and passtuiough the optical detecti@rea where the two optical filsare placed
perpendicular to the main channélccording to the absorbance peaks differendesplets were
sorted into three groupssing the three sorting channeléiny excess droplets in this procedure

was actuated to the waste channel.

4.7 COMSOL simulation

To investigate the flow velocity and the flow circulation of the filler media (i.e. oil in our
system)in the mixing area witlhesinking channelswe performed a simulatiarssing COMSOL
Multiphysics V5.3 (COMSOL Inc., Cambridge, MA, USAwith the following parameters
(Table4.1) andwith the following assumptions for simplification: 1) fluid is Newtonian, 2) no
slip boundary condition, and 3) the flomthe microfluidic channel is incompressible. To generate
a 2Dmodel, aCAD file showing themixing region of ID2VI devicewas imported to COMSOL

with the same geometry and feature si2esngle phase laminar flowsing Navier Stokes model
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(equation 41) was selected as the physicsooir stationarystudywith the assumptionthat our

fludis3 ME NoveceE
inlet and outlet were defined as depictedrigure 4-5. The inlet velocity of the fluid flow was
initialized t00.033ms? and the channel fluid flow was computed and a velocity magnitude plot

was generatefbr the mainand sinking channels alongith the filtering regionsA pressure

7100

contour plot was also generated.

Equation 4-1: Navier-Stokeswith continuity equation
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viscosity. These equations are always solved togetith the continuity equatioihe first term

in the equation corresponds to tinertial forces However,in microfluidics, the effects of the

inertial forces are negligible compared to the viscous forces; thetetan beneglectedn the

d

pr e

previous equation. The second and the third term corresponds to the pressure gradient inside the

channel antheviscous forcesrespectively. Last term represents the external forces applied to the

fluid.

Table 4.1. Simulation parameter

Oil density (z) 1614 Kg.m3
dynamic viscosity ¢) 0.00124 Pas
Inlet velocity (uo) 0.033 m.s!
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Figure 4-5. Imported CAD design with the boundary conditiors.
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Chapter 5.  Validation of thelD2M platform

This chapter consists of my results and discusSibreestepsvereinvolved in developing
theID2M platform First, devicecharacterization andptimizationwas essential to produce the
ID2M platform forn-ary sorting Next, thdD2M platform was validated as a robust-demand
sorting system by multiple sorting of fluorescein droplets of different concentraioaly, the
ID2M platform was demonstrated to hold promisacreening a library of yeast mutants with an

ultimate goalof discovering the most tolerant mutant to IL.

5.1 ID2M Design:Device Characterization and Optimization

We have developed a new architecture mating droplet microfluidics (useful for generating and
sorting droplets) to digital microfluidics (useful for -dermand droplet manipulation and
individual control). The new ID2M device were formed by creating a silgle DMF device

(i.e. the ground and driving electrodes are on the same plane) and fabricating a network of channels
consisting of inlets and outletsrfgenerating and sorting droplets respectively and an area for
droplet mixing. An exploded view is shown kigure 4-1, as depicted, the digital microfluidic
deviceis defined by the bottom substrates that consists of 104 patterned elec¢tredbslectric

layer (substrate 1 and,2he network of channeishichis defined by a St8 fabricated layerand

a slab of PDMS with inlets and outlets (substrates 3 and 4). This new multilayer integrated
architecture facilitates presstvased and edemand droplet generation using flow focusing and
T-junction configurations, droplet mixing, and droplet incidratand sorting. This represents a
significantadvantagever other typesf dropletto-digital methods which relied on two separate
design configurations (which can cause difficulties in moving the droplet from one platform to the

other) 9.61—163, 168
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The new device was designed such that the two microfluidic paradigms are stacked
togetheii pressure based oil flol@ move the droplets in the main channel and electrostatic droplet
movement to the mixing, incubation, and sorting regions (i.e. away from the main channel). As
shown inFigure5-1, the main channel is highlighted in red in which normal operation starts with
droplet generatiomsing flowfocusing techniquedNext, this droplet is actuated away from the
main channel anthoved to the mixing are@® merge with other dropletsor example, a droplet
containing dilution buffer is generated-demand via actuation from thejlinction, actuated to
the mixing area, and merged and mixed with the former droplet to createlet dfoghifferent
concentrationAfter generating the concentration of interest, these droplets can be actuated to the
main channel and can be stored in the incubation pockets and eveniamallgarted in one of the
channels using electrostatic actuatiBmoplets containing analytes or proteins are manipulated
without the addition of Pluronics or any other surfactant that is typically added to the droplets for
digital microfluidic operatiort®®: **Furthermorethe droplets are manipulated without pressure
or valvebased control (which is main driving force for manipulating droplets in droplet
microfluidics), they are manipulated by application of electric potential allowidgidual
addressability of the dropletShere are groups who have demonstrated the addition of electrodes
in devices containing microchannels. these studies, the electrodes are used to direct bulk fluid
flow %4 or to form liquid channel€® 2%1In this work, the electrodes are used to provide direct
dropld control for droplet generation, mixing, and sorting for droplet microfluidic systems that

are usually dependent on tuning input flow rates.
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Figure 5-1. ID2M device operation.

A photo of the device witbchematics depicting the operations of the device, namely droplet
dispensing (using -junction and flow focusing), droplet mixing, droplet incubation, droplet
detection, and droplet-ary sorting

As shown inFigure5-1, the central feature of this device is the incorporation of electrodes
for droplet manipulation without the dependence of tuning input flow rates. Thus, in this scheme,
droplets are manipulated on demand in the regions that require specific opé&ragogsneration,
mixing, incubation, and sorting. In initial electrode designs, we followed thelengode design
on the bottom plate with alternating ground and driving potentf8I$®*However, droplets in the
main channel are not able to overcome the pressure generated from the oil flow rate and be actuated
into the mixing, incubation, or sorting regionsThe coplanar electrode configuration with
overlapping regions, as shown by some grouf¥$2°* showed optimal operation as droplets are
easily actuated into the rieg of interest on the devic€he introduction of a grounding electrode

or to a grounding elémde line may not be able to generate the highest applied force as compared
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to other electrode design®? but the selected design is easiest to fabricate and is capable to
overcome the applied pressure on the droplet the.oil flow rate) in our system (which are
generally 0.000% 0.05¢L/s).

In initial work, the design and fabrication protocol for the ID2M devices was optimized to
address two challenges: adhesion of the dielectric, channel, and PDMS layers duicagdabr
and to ensure droplets can be controlled by application of electric potentials in the in the mixing
area. For the former challenge, we found that introducing filkgestructures on the boundary
of the layer to prevent peeling from the subst(&igure5-2). In initial fabrication procedures,
we found that if each layer did not have these fidiger structuresthe layer will start to peel or
crack and remove features from the layer belownduthe process of hattwhking. Thesecracks
are mostly made by internal stresses. High evaporation and heating/cooling rate in addition to
temperature difference in different layersSif8-5 causes residual stresses in the 18/ekdding
finger-like structuregives more flexibility to the layer to bear thew@erature difference and also

a bigger perimeter for evaporation and rel eas

c d

Figure 5-2. Finger-like structures on the boundary of thenegative resistiayer.

(a) Very small cracks distributed in the resist layer fabricated with the mabbkut fingers,(b)
and (c) 10X and 20X image of the same layer fabricated with mask aeé#igingers d)Mask
designwith fingerlike boundaries

62



In the final design, eachofeh | ayer s contained 300 em repeated

to ensure stability of the layers during the hard bake process.

In addition for increasing the adhesion of the PDMS slab toSbe8 layer, we tried a
previously established methaing (3-aminopropyl)triethoxysilane (APTES$% After plasma
treatment of the PDMS, the slab were exposed to the vapor of APTES in a desiccator for 30 min.
So the-NH2 group from the APTES molecule on the plasma activated PDMS surface reacted with
the epoxy group from the S8 surface. A strong bonding was achieved between PDMS and SU
8 layer. For the latter challenge, we found that adding sinking channels in the mixing area is
necessary to slow down the flow rate and to enable droplets to be actuated from the main channel
to the mixing area. In our initial designs, we created a side channel (i.e. a channel branching out
of the main channel) with the g@anar electrodes; however, droplets were not capable to be
moved by actuation from the main channel. We explored incretisingpltage’®’; however the

higher voltage tend to cause dielectric breakdown in the oil phase.

Contour: Velocity magnitude (m/s) - Arrow surface: Velocity field

Sink channebk

13

b

Figure 5-3. COMSOL simulation - Mixing channel design

(a) Schematic of theultiple sink channels in mixing area @PMSOL Simulation of thal flow
velocity in the mixing areandicating a visible decrease in its velocity.
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Contour: Pressure (Pa)
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Figure 5-4. COMSOL simulation - Pressure contourin sinking channels.

We added multiple sink channeéd® to create flow eddies from the main flow channel
which allow the oil phase to have multiple flow patRgy(re5-3 andFigure5-4). This reduction
in oil flow rate enables droplets in the main channel to be actuated into the mixing channel. The
sink channels are particularly important when a droplet is already in the naiseagsince the
droplet acts as a plug (i.e. increase the hydrodynamic resistdh&ce the hydrodynamic
resistance in the mixing channel is higher than the main channel when a droplet is present, the
generated droplets favour flow in the main channel. Alternatively, having multiple sink channels
this reduces the resistance in the mixing channel, leading to mixing of the droplets in this area.

An additional challenge for device operation was optimization of the configuatibre
n-ary sorting channels.Sorting in droplet microfluidics typicafll follows a Y-shaped

configuration®® 2%n which droplets are discriminated by two physical characteristics. There has
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been interest in sorting droplets nhditional states (i.e. more than two states) since this can expand
the range of droplets being detected analyzed!? 211 2134owever, ¥-channels have a tendency

to create a stagnation zone (i.e. an area where the droplet faces an uncontrolled choice for an outlet)
and biases like asymmetric presence of drops (creating different resistances) when it is expanded
to more than two channef? In response to this challenge, agaptech different strategy that

enable multiple sorting (i.e.-ary) pcssibilities. Instead of ¥shaped channels, we designed a
symmetrical Tchannel that consists of four different sorting areassd@redriven droplets are
detected using the optical interface and flow toward the sorting region which are actuated to their
respective channel for collection. In the future, we may desigrt¥adslinear electrode¥°with

the symmetric Ichannels to reduce the footprint and to increase the number of sorting channels.

5.2 Proof-of-Concept: On-chip calibration

The unique system that we have reported here makes it straightforwaetate sample
processing withncubation and fary sorting.As shown inFigure5-5, droplets can be generated
through flowfocusing geometry or by edemand generation usingjinction (frame 1 and 2),
stored (frame3), merged (frame-3l), mixed (frame 3l11), incubatedframe 4), and sorted (frame
5). We investigated the relation between the droplet size and the oil flow rate at a constant flow
rate of waterigure5-6). In the hyglrodynamic mode, droplet size decreases with increasing the
oil flow rate, as expected, due to a bigger shear force cause by the liquid flow. However, in the
electrically controlled droplet generation, as we increase the oil flow rate, due to the pofsence
the electric field, droplet will béold in the place anstretched instead of breaking at the corner

point of the Fjuntion channel, resulting in a larger droplet.
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Mixing and sorting are particularly useful capabilities, as most droplet microfluidic
systems are incapable of generating dilutions of droplets and sorting them into multiple channels.
In the design reported here, after droplet generation, droplets can be actuated to the mixing area
and merged with another dropl€idure5-5, frame3) and transferred to the main channel area for
sorting and analysig={gure 5-5, frame5). To illustrate this, we used this method to generate

calibration standards on this platform with sorting analysis.
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Frame 1: Flow-focusing Frame 2: T-junction droplet generation,
droplet generation 1 : sequential actuation of electrodes —

(Hydrodynamically) I1 : the generated droplet (On-demand)

uuuuu Pt Nt ot N Nt
000
Q0
84%

-

Frame 3: Mixing two droplets on-demand, 1 : First reagent droplet stored—
11 : Second reagent droplet and the first one stored in the mixing channel — 111
: Mixed droplet back to the main channel

| Fa —~

Frame 4: Trapping Frame 5: On-demand sorting of droplets
droplets for cell I and I1 : showing two of the sorting channels

incubation

Figure 5-5. Device operation for sorting fluorescein droplets of different concentrations.

Frame (1) and (2) illustrates droplet formation in a hydrodynamic andemand fashion. Frame
(3) shows the mixing process of two droplets in three steps. Frame (4) disyplalyation station
and Frame (5) shows two of the channels fary sorting
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140 Droplet size vs. Flow rate
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Figure 5-6. Droplet size versus oil flow rate at a constant water flow rate.

Droplet size varies with oil flow rate at both -demand and hydrodynamic mode enabling
generation of droplets with various sizes.

Dilutions were formed by merging a droplet containing analyte (fluorescein) with a droplet
of diluent (buffer). This merged droplet was mixed (by moving the merged dinmelinear
patterni up-anddowni for several seconds® producing a droplet with a 2x dilution of analyte.
This droplet was analyzed by optical detect{éigure 5-7) and sorted for further processing.
Subsequent droplets of analyte with different concentrations (4x and 8x) followed the similar
protocol except the drégt containing fluorescein was mixed with two, three, or four droplets of
diluent respectivelyRigure5-8). Note that this type of process, which includeslemandiroplet
generation and mixing to create different droplets of different concentration of analytes was only
made possible with the integration of digital microfluidics. Such operations were not possible with

typical droplet microfluidic platforms unlessewincrease the number of inlets and injectors or
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reinject droplets into the devié¥ The devices used in théxperiment were done in dropiet
channels with minimal inlets, which allowed for a maximum 8x dilution of stock analyte. In the
future, more dilutions could be implemented or mixing different types of analytes could be

implemented by using these devices

Figure 5-7. The integrated optical detection system.

Two optical fiber were place inside the same channel perpendicular to the main fluid channel

0.125 mM Fluorescein 0.25 mM Fluorescein 0.5 mM Fuorescein 1 mM Fluorescein

-

Figure 5-8. N-ary sorting of fluorescein droplets with different concentrations.

Figure5-9 summarizes the results from this experiment witloféscein. As the droplets

pass the optical fiber setup, the emitted fluorescence from the droplet was detected by the
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spectrometer which outputted arbitrary units proportional to the emitted fluorescence of the
droplet. As shown ifrigure 5-9, the yellow curve depicts droplets that have minimal emitted
fluorescence (i.e. droplets of diluenitlwout fluorescein)The blue curve shows the fluorescence
intensity for differentoncentation of fluorescein.

As expected, the highest fluorescein concentration (1 mM) showed the highest signal with
a sorting threshold ~1900 arbitrary units and the lower fluorescein concentration (0.125 mM)

showed the lowest signal with a threshold of ~.700

2500 Fluorescence intensity vs. time
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b L e e B | B e e

1700 | | 5
Third group

| . sorting threshold

1500 - [ (0.5 mM)

1300 | Second group

I ‘ sorting threshold \

1100 | (0.25 mM)

Fluorescence intensity (a.u.)

| | : First group
900 | ‘ sorting threshold | |
700 | (0.125 mM) \
| Detection i ' |
500 | ; tnreshold\ |

300 | I ; |
100 F || [] || Il i

100 4 - e AR LRI R i Ao 2 i o
Time (sec)

Figure 5-9. Fluorescence intensity of individual droplets during microfluidic sorting

A calibration curve (N = 10) was generated by plotting the ratio of analyte peak intensity
as a fuetion of analye concentrationHigure5-10). The precision in each measurement (RSD =
3.2%, 4.6 %, 7.5%, and 10.7% for the stock, 2x, 4x, and 8x dilution, respectively) and the
correlation coefficient (R= 0.99 demonstrates that thmethod is reproducible and linear.

Furthermore, we measured the sorting efficiency by sorting po$itioeescein (1 mM) vs.
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negativefluorescein droplets and obtained6% efficiency for positive bright which is similar to

othe reported sorting effiencies. Erras in sorting mostly arised byroplet breakage in the
entrance of two neighbor channels. In addition, manual actuation of the related sorting electrodes
with delay, was another issue causing the false results, as the actuation was noedwtanhat

integrated with the detection system to be done precisely on time.
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Figure 5-10. Fluorescein standard curve constructed on ID2M.
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5.3 Application: Studying the Effect of IL on Two Yeast Mutants

As an application of this work, we examihihe effects of ionic liquidIL) on wild-type
and mutant yeast cells. lonic liquid has been used as a promising pretreatment method for breaking
down polysaccharides from typical feedstocks (e.g., ligniifter this treatment, the
polysaccharides are easier to be takenby micreorganismsfor sustainable production of
renewable biofuel$® 2" Typically, there has been a wide range of available ILs that are suitable
for effectively breaking down the gaired biomass'®® ?8However, a m@r disadvantage with
current commonly usedls (especially imidazolium ILs) is their inherent microbial toxicity which
can either arrest growth of microbial cells, li€ecoli or S. cerevisigeor inhibit biofuelrelated
enzymes which can reduce the oWey#ld of biofuel production!® 2®Hence, there is much
interest in investigating the mechanisms of tolerance forames to different levels of IL.

Here, we compare the effects of IL on wiighe and mutant yeast cells and show the ability
to interrogate each cell type with different IL concentrations and to sort cells based on their growth
differences. To oubes knowledge, this is the first time thaticro-organisms have been selected
for ionic liquid resistane on-chip, by culturing mixing with ionic liquid and sortindgpased on
multiple conditions (i.enot binary).As a first step, w@erformed a mutgenesis of. cerevisiae
BY4748 (via ethyl methylsulfonatdreatment) and verified growth rates undbfferent IL
concentrationgFigure 5-11). Wild-type and the twanutarts that have higher IL toleraneee
chosen to be used for furthem-chip testing. The strains were theultured with and without00
mM ionic liquid. As shown inFigure5-12, both mutantells showedighergrowth rate( ~1.7
and~2.6cells per hourfor mutant#1 and mutan#2, respectivelyfompared to the wildypeyeast
growth rate(very minima) duringthe 48hours incubationn 100 mMionic liquid. In fact, the

wild-type cells exhibited virtually no detectable gth in ionic liquid conditionsWhen the wild
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type cellswere cultured without ionic liquid, showed faster rates than both mutant célis.
hypothesize that mutations related to this tolerance could be duat&tions in areas that are
related to efflux pumps (i.e. to bg IL in-and-out of the cells¥?°and to transcriptional regulators

that are related to stabilizing stress respsfise

1.2 |
L )
o
08 ¢ - et
c:é 0.6 | . WT-Yeast
~ o— Mutant #1
S 04
o b o— Mutant #2
0.2 i
.
N
0 — s :
0 50 100 150 200

IL concentration (mM)

Figure 5-11. Wild -type and mutant yeast growth in SD media containing IL

Wild-type and two mutant yeast growdhsed on OBy measurement after 45 hours incubation
at 30°Cin SD media containing differesbncentrations of IL

Clearly, more work is required to determine the location of the mutations using a whole
genome sequencing and a bioinformatics analysis comparing all mutants astygpesd®® but

this experiment confirmed that we are capable of obtaining three different strains that will be used

to show the utility of our device.
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Figure 5-12. Growth curve for the two mutantsand WT-Yeast

Average cell densities (OD600) are reported from 3 independent biological repkteted8 hr
of incubation at 30°C in SD media containing 100 mM IL.

After selecting the clones, weontinue with the onchip procedure As shown in
Figure 5-13, we first encapsulated droplets containing single cells and actuated them into the
mixing channel. These droplets were mixed with a dropl&@06fmM IL which was generated
from the ondemand Fchannel configuration. The droplet was incubated in one offahe
trapping regiongFigure5-14). We have further plamd toanalyzethe droplet after incubation for
2 daysby absorbance and sort by their growth (i.e. cell number).

We expect mutartlype cells to show aignificant difference in the cell density compared
to wild-type cells matchingvith the growth rate rests in macro scale. Similar to the fluorescein
droplet detection protocdhe absorbance of these droplets will be measas¢de droplets passed

through the optical fiber region (aligned faceface) on the deviceWe anticipated r op |l et s 6
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signalswill beincreased as the cell density increases while the signal for the oil phase remains

constants the background media.

Yeast Mutant Library

/ \ Single Cell Encapsulation
< C

DNA Recovery 5 o8 \ =
\ SD media /

Yeast Mutant Library Sorting " | —soun

Selection by
N-ary sorter

-

" Merging with
) '\‘ SD media / an IL droplet

Incubation /

Absorbance Detection

Figure 5-14. Trapping droplets containing yeast cell for incubation.
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Indeed, sensitivity of the signals depend on fiber alignment and backgMiengropose that
improvement on the optical setéd3 or device fabricatior?® can increase the sensitivity of our

design and expanding the range of cell densities being observed
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Chapter 6. Concluding Remarks and a Look to the Future

In this section, weecapitulate the hallmarks of the thesis and vent the merits tD#ti platform
as a versatilescreening systenn addition,weassess the limitations of this work and evaluate the

future work related to thED2M platform.

6.1 Conclusion

In this thesiswe report the first integrated droplgigital microfluidic platform enabling en
demand droplet generation, mixing, incubation, aay sorting for screening clonal libraries of
microorganism. Firstve optimized microfabrication procedures relatetD®M to accommodate

cell encapsulation using flow focusing configuration, droplet dilution using sequential mixing with
individual addessability, and droplet sorting into multiple level based on their fluorescent or
absorbance signals. An optical detection system consisting of a flame spectrometer and optical
fibers was integrated to the system and droplet manipulation was automagedabtomated
control system in a MATLAB base workspad®®e optimized and validated our system rfieairy

sorting by constructing a fluorescein standard curve through sequential dilutions oAftdrip.
successful proebf-conceptn-ary sorting, we demonstrated an EMS mutagenesis at macro scale
to produce mutantsf S. cerevisiadY4748that are tolerant under high concentration of ionic
liquid. Then, we selected two highly-tblerant mutargwith WT yeasts for performing anary

sorting on our platform. We were able to demonstrate single cell encapsulation, mix them with
100 mM IL droplets, and incubate them on chip foh4®/e planto perform Rary sorting of this

clonal library on ID2M platform using their relatedll density andlasorbance peak$he method
reported here enables a wide variety of droplet operations that is typically not possible with droplet

or digital microfluidic systemg encapsulation, mixing (to generate different ionic liquid
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concentrations), culture and irmation, and rary sorting. Together the new methods described
here may be particularly useful for higfiroughput applications that require a creation of different

drug concentrations or clonal libraries and sorting them at multiple levels.

6.2 Future Perspectves

Hybrid microfluidics haseen used as a novel strategy to address some of the linsitatiboplet
and digitalmicrofluidics While hybrid microfluidicshasa great potential tbave the combination
of high throughpwt andindividual controllability there are still some drawback that requires
optimization of the system.

Hybrid microfluidics hasmostly been limited by their complex fabrication procedure.
Performing microscale photolithography for multiple lay@nsa separate mode or integratecas
single device)requiresadvanced cleanroom facilities and expertise, not to mention the cost of the
whole processAdditionally, precise alignment of the microscale features on different layers is
anotherconcern. Howevetthis limitation can bettributed to the immaturity of thiabrication
technology todayThere havebeenlots of researches oww-cost, rapidprototyping of digital
microfluidics devicesn coppersubstratesvithout any conventional cleanroom equipment, but
this technique isusually deficient inits resolutions(minimum feature size of 50 micran)
Currently, our ID2M platform has a minimum feature size of ~ 10 mgramich could be seen
as a limiting factor for switching from cleanroom to a rapid prototype fabrication teeniqu
However, now that the platform has been functionally tested and validated, we can consider
strategies fomore efficient electrode designs and bigger featilva&smlso empowesthe platform

for tolerating higher voltages.
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Another concerning issue isetow throughputof this primarylD2M platformwhich isa
limiting factor in high throughput screening (HT&)plicationsTo address this issudereare
three main factors that needs to h@imized

First, for a highthroughput droplet microfluidicsi.é. faster droplet generation and
manipulations)higher flow rateof the fluids is required. However, increasthg flow rate will
consequently result in largaydrodynamic forcginside the channemeaning that we must also
apply hgher electric potetial to makeelectrostatic the dominant force in controlling droplets
movementAs previously mentionedyur ID2M platform consists of small electrodes thiaits
the level of applied voltage, because increasing the voltage for-areallelectrode, results in
burning. So, changing the DMF layer design to accommodate larger electrodes would be one
possible solution.

Another factor affecting the throughputl®2M, is the integrated detection systerich
is presently optical fibers and a flame spectroméieegrating a photossoralong with a more
focused light sourceuch as lasersan provide a decton systenwith higher sensitivity and &er
respons time that is necessary for HTS.

Integrating the detection system and the syringe pump with the automation sétep, is
otherfactor that can help increasing the throughput. Now, starting the liquid flow and actuation of
the electrodes is manualperfaomed, meaning that a good time distance is required between
droplets to avoid delays or wrong actuation in operating the system. Therefore, integration will
make full automation of the system possilieisresulting in a higher throughput.

In the futurewe envision a consolidatdugh throughput screening platforstreamlining
on-demandmixing, incubation, and-ary sorting of microorganism enabling applications like

directed evolutions to be fully done on a chip.our knowledge, such a consolidatadomated
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screening platfornmas not yet been developed and would hold tremendous valuedirébted

evolution community.
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