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Abstract

Integrating Droplet and Digital Microfluidics for Single-Cell Analysis

Kenza Samlali, Ph.D.

Concordia University, 2021

The motivation to engineer biological systems through standardization and abstraction sparked the

development of technological advances in automation of life-sciences since the early 2000’s. Now, robotics

are performing high-throughput tasks with increasingly higher precision and control over the environment of

precious biological samples. At the same time, a different set of hardware has emerged in the life-sciences:

while robotics enable for high-throughput automation, microfluidics - the discipline of handling fluids on

a micro scale - allows researchers and clinicians to perform experiments they could not have imagined

before. These highly controlled devices can purify proteins, engineer cells, gain insights to single-cell ‘omic’

information, or filter out a patient’s cancer cells in a fully automated fashion. In this work, we are focused

on designing novel microfluidic devices for single-cell analysis. Currently, the use of single-cell analysis

microfluidic devices open up the possibility of gaining detailed insights in heterozygosity of cell populations

when coupled with next-generation sequencing technologies. We propose the design of a microfluidic setup

that has improved control over single-cell operations within droplet-in-channel microfluidic architectures

compared to current systems. Expanding these ’droplet-digital’ tools, we have developed a microfluidic

system for binary sorting of droplet libraries, on-demand droplet generation, droplet mixing, droplet storage

and release, and deterministic encapsulation of single-cells . We propose new methods to sort cells, such

as filamentous fungi libraries based on enzyme production, yeast based on growth rate and mammalian cell

single-clones based on gene-editing efficiency. This work involves the development of novel hardware and

software, and the integration of our microfluidic device within an automation system to operate droplet-

digital microfluidics. Such systems are expanding the toolbox of those who are ‘engineering biology’.
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Chapter 1

Introduction

1.1 Motivation

Microfluidics is a technology that uses the interesting physics of fluids on the microscale, to automate

experiments on credit-card sized devices. Also called “lab-on-chip” technology, these devices are changing

the way experiments can be rationalized. Tools such as organs-on-chip, single-cell and single-molecule

analysis devices, devices for real-time processing of cells and tissues, or rapid diagnostic devices, expand

the toolkit of biotechnologists. One area for which microfluidics have been frequently used is single-cell

analysis.[1, 2] This technology has allowed researchers to study heterogeneity in biological samples on a

single-cell scale. With the introduction of single-cell encapsulation and single-cell trapping systems, single-

cell sequencing technologies have become popular.[3, 4, 5, 6, 7] Instead of looking at population average

results, developmental biologists are now dissecting single-cell fate, while cancer researchers can easily

study tumour heterogeneity. The invention of these tools has resulted in very significant new findings in

biology and genomics.[8, 9] Cross-disciplinary work allows for such successful technology adoption.

The current single-cell microfluidic devices have two limitations. First, it remains a challenge to indi-

vidually control specific droplets – and thus cells – in a channel microfluidic device. Second, it is not yet

possible to perform fluidic operations with these selected droplets, such as mixing, sorting and isolation

for incubation or storage. Similarly, in droplet-in-channel microfluidic systems, cells are often at random

encapsulated inside droplets. In summary; there is currently no platform to easily control an individual

single-cell-containing droplet in channels or to control how the droplets are generated. These are limitations

for those wanting to develop microfluidic systems that can perform multi-step biological assays.
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In this thesis, we are proposing foundational new microfluidic tools that can alleviate some limitations

of the current single-cell microfluidic devices. Chapter 1 provides a summary of microfluidic single-cell

technologies and identifies some gaps in the current microfluidic tools available. A comprehensive literature

review on the use of microfluidics in synthetic biology is presented in Chapter 2. Chapter 3 demonstrates a

method to sort droplets containing single filamentous fungi clones, expanding the high-throughput droplet

sorters toolkit. This is the first application of droplet-digital microfluidics (co-planar electrodes under chan-

nels). In Chapter 4, we show several new droplet operations that can be performed with this droplet-digital

architecture, such as on-demand droplet generation and mixing or storing of droplets in channels. We show

this device’s functionality by screening a yeast mutant library based on cell growth in various conditions.

Finally, in Chapter 5 we show a method for deterministic single clone encapsulation. In combination with

other droplet operations, in this chapter, we show the power of this hybrid droplet-digital technology by

sorting out single gene-edited mammalian cells into a stable KO cell line.

Expanding on this motivation, we believe that the development of new microfluidic tools is pushing

the field of microfluidics in new directions. We are especially motivated to look at the needs of synthetic

biologists and those engineering biology.

1.2 Microfluidic theory

Fluids behave differently on the microscale. When volumes shrink, gravity becomes insignificant (vis-

cous forces dominate over inertial forces), surface tension turns into a powerful force, and simple physics

such as evaporation can make droplets move or their laminar flow can prevent fluids from mixing, as mass

transfer now becomes purely dependent on diffusion.[10, 11, 12] These fluidic behaviours can become very

useful for applications in chemistry and biotechnology, as they mimic the physics experienced at the scale

of a cell. Microfluidics is the field in which we try to use these physics to manipulate fluids on the micro

or pico-scale. Although microfluidics was established in the 1980s, the field started becoming more widely

applied after the 2000s, when its analytical applications for biochemical and biological sciences were uncov-

ered. Although there are many types of microfluidics, for this thesis the two relevant types of microfluidics

are digital microfluidics and droplet-in-channel microfluidics.
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1.2.1 Digital microfluidics

In digital microfluidics (hereafter referred to as DMF), microliter sized droplets are moved across an

array of electrodes by sequentially applying electric potentials to these electrodes (Figure 1.1). This basic

operation can be used to dispense, split, mix, merge, and design complex patterns. This technology can

be used to automate advanced procedures that contain multiple steps of liquid handling and can eliminate

manual steps.[13] For example, this can be useful for sample preparation (sequencing, protein purification),

quantifying methods (PCR, ELISA), and analytical methods. More detailed examples are given in Chapter

2. Commercial examples of DMF include Oxford Nanopore’s sequencing sample preparation cartridge [14],

Illumina’s sequencing pipelines [15], GenMarkDx’s cartridge for amplification and detection of pathogenic

DNA [16], and core technologies of other small companies such as Nicoya [17], Miroculus [18] or Nuclera

[19]. The basic mechanism behind the droplet movement is the result of an electrostatic field that forms

between the actuated electrode and the ground electrode. A high AC voltage is applied to an electrode, after

which the dielectric layer between electrode and droplet acts as an insulator and can accommodate a volt-

age drop (Figure 1.1). This droplet movement is often called electrowetting (electrowetting-on-dielectric,

EWOD). Various hypotheses have been proposed for the true mechanism underlying the movement of

droplets. But generally, there are two types of physical models by which DMF droplet manipulation is

described: the contact-angle model [20], and the electromechanical model [21, 22]. The contact-angle

model is based on the Young-Lipmann equation (eq. 1.1),

cos θV = cos θ0 +
1

2γLV
CV 2 = cos θ0 +

ϵ0 ∗ ϵr
2dγLV

V 2 (1.1)

with θV the contact angle under an applied potential V, θ0 the static (initial) contact angle , and γLV the

surface tension between liquid and vapor phase. According to the contact-angle model, under an applied po-

tential V , the droplet contact angle with the surface θV will decrease, leading to capillary pressure, resulting

in a force causing droplet movement to obtain lower surface tension.[20] This surface ’wetting’ marked the

EWOD terminology.

The electromechanical model describes droplet movement through Coulomb interaction. It is rather the

system’s unbalanced energy (eq. 1.3) within predominantly the dielectric layer, that will cause a driving

force on the droplet (eq. 1.4). This driving force can be derived from the total energy stored in a classic
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capacitor and resistor circuit (eq. 1.2), with the electrical capacitance C,

C =
ϵ0ϵrA

d
(1.2)

with A and d the area of the theoretical capacitors (area to which potential is applied) and the distance

between the two capacitor plates (thickness). The total energy (here just looking at the x-plane) E(f, x) can

be defined by the sum of the energy stored in the capacitors in series. If we are looking at a two-plate DMF,

with a droplet squeezed between a bottom actuated electrode and a top grounded electrode, filling in for C,

that becomes

E(f, x) =
∑
i

CiV
2
i

2
=

L

2

(
x
∑
i

ϵ0ϵri,liqV
2
i,liq(j2πf)

di
+ (L− x)

∑
i

ϵ0ϵri,fillV
2
i,fill(j2πf)

di

)
(1.3)

, with j2π the frequency dependent imaginary part of the permittivity, and L the length of the droplet when

approximated as a square area. The driving force acting on the droplet can then be represented by a potential

energy function,

F (f) =
∂E(f, x)

∂x
=

L

2

(∑
i

ϵ0ϵri,liqV
2
i,liqj2πf

di
−
∑
i

ϵ0ϵri,filV
2
i,fil(j2πf)

di

)
(1.4)

. Another important distinction to be made is the difference between co-planar electrodes versus a system

where a droplet is squeezed between a top and bottom electrode (Figure 1.1). In a two-plate DMF system,

droplet movement follows the actuated electrode pattern, since a homogeneous electric field forms with

field lines orthogonal to the electrode pair. In a co-planar system, when one electrode is actuated with a

potential, the neighbouring electrodes are used as a ground and a curved electrostatic field forms above the

gap between the two electrodes. [23, 24] So, in this case, the shape of the electrode gap is an important

design consideration. [25]
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Figure 1.1: Digital microfluidics overview. Side view of a two-plate and one-plate digital microfluidics (DMF) de-
vice, showing electric field location upon actuation of one electrode. Top view of a two-plate and one-plate digital
microfluidics (DMF) device, showing droplet movement. Arrow indicates droplet movement and red electrode indi-
cates actuation.

To conclude, one of the main advantages of DMF devices is their ability to control droplets individually.

DMF can move, mix, merge, or dispense droplets in patterns defined by the user. The small volumes, low

cost, ability to integrate with other instrumentation, and biocompatibility make this platform suitable for

automating biological assays with droplets containing DNA, cells, proteins or functional enzymes.[26] On

the other hand, the throughput of these platforms is low and other microscale manipulations beyond droplet

movement (such as cell trapping, cell culture) are still in development. The DMF field is still young, and

problems any nascent field struggles with are apparent. For example, fabrication and operation methods are

not standardized, making it hard for other researchers to try and apply these devices.

1.2.2 Droplet-in-channel microfluidics

In channel microfluidics, we use pressure or capillary forces to manipulate fluids in channels, often

driven by pumps or vacuum systems. Next to using these systems to manipulate fluids in a continuous

flow, we can also make droplets in channels. Using micron-sized channels, typically immiscible two-phase

flows (aqueous and oil) can be used to generate femtoliter (fL) to nanoliter (nL) sized droplets at rates of

up to thousands of droplets per second (kHz), with an oil and water flow rate in the µL/min range.[27]

The system’s oils, surfactants and materials are biocompatible (have negligible effect on viability of cells),
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making it an ideal platform for biological applications.[3] Droplet-in-channel technologies’ high-throughput

capabilities are frequently used to perform single-cell sequencing library preparation or to automate screen-

ing procedures.[28] For single-cell sequencing library preparation, typically a bead with barcodes is co-

encapsulated with a single cell. These barcodes are unique and can mark the products of a single cell such

as DNA, RNA, antibodies, proteins for identification during the analysis of different sequencing methods.[7]

To screen libraries of single-cells, typically high-throughput instrumentation is needed for microtiter plate-

based methods, or the use of flow cytometry and fluorescence-activated cell sorting (FACS) is needed. Using

droplet-in-channel microfluidics, single-cell containing droplets can be sorted in high-throughput based on

intracellular, cell-wall bound, or secreted products [29] using absorbance [30] and fluorescence [31]. More

detailed examples for screening and sequencing using droplet-in-channel microfluidics will be given in

Chapter 2.

One of the main advantages of droplet-in-channel microfluidics is their high throughput and ability

to encapsulate single cells. Droplet-in-channel microfluidics is especially useful for biological applications,

thanks to their ability to compartmentalize biological samples such as single-cells, the analytes they produce,

and their DNA or RNA into droplets. [32] The fabrication of DMF and channel microfluidic devices is

usually a procedure performed in a cleanroom, following a standard photolithography process. While we

give a short introduction here, please refer to additional literature [33] and materials and methods for a

review of the detailed process. During the photolithography process, positive or negative photoresists and a

photomask are used to pattern respectively either electrodes or channel outlines on a substrate.[34] For DMF,

these electrodes are patterned on a glass substrate and then coated with a dielectric layer (e.g. Parylene C),

and a hydrophobic surface (e.g. Teflon) to minimize forces required to move droplets. For two-plate DMF,

a Teflon coated indium tin oxide (ITO) top plate is used.[13] To make a channel device, the substrate on

which channels are patterned is usually used as a mould for a soft lithography process, in which a polymer

(polydimethylsiloxane, PDMS) is cast on top of the mould.[35] The PDMS can be peeled off, inlets can be

created, after which the PDMS is bonded to a substrate (e.g. glass slide), typically using oxygen plasma

treatment.[36]
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1.3 Microfluidic constraints when working with biological material

Microfluidic devices can provide automation capabilities for numerous biological assays, but translating

benchtop assay operations onto a device is not always an easy task. It is important to assure that microfluidic

assays don’t influence cell viability negatively. To be successful in this, in the first place, these samples

must have ideally not experienced any unusual stresses during their time on-chip. The laminar regime

fluid physics on the micro-scale provide ideal conditions that mimic physiological conditions of heat and

mass transport. This makes hydrodynamic applications in channel microfluidics, such as cell trapping,

ideal platforms for work with mammalian cells. While DMF platforms exert additional electrostatic forces

to move droplets, the surface charges that build up are not impacting cell viability or gene expression.

Beyond simple viability studies, a more elaborate transcriptomic study showed no effect on cellular gene

regulation while potentials are applied to electrodes.[37] EWOD does not harm cells within droplets, as

there is no significant electrical potential that crosses the droplet. The voltage drops across the dielectric.

[13] Dielectrophoretic forces or optoelectronic forces which are often applied to control particles in channel

microfluidics, apply high electrical potentials on cells.[31]

Beyond physical forces exerted on the cells, materials and reagents used in microfluidic devices are a

second contributing factor to platform biocompatibility. The hydrophobic surface treatment [38], the flu-

orinated oils and the water-oil interface surfactants used in droplet-in-channel microfluidics [39] allow for

cells to maintain their typical in vitro cellular metabolism and life cycle. The carrier oils are typically per-

fluorinated and can carry up to 20 times more oxygen than water [40], allowing for long-term incubation in

droplets. In particular for single-cell assays, maintaining expected viability is important. In some applica-

tions, high cellular viability is also required to be able to recover cells after performing an on-chip assay.

Single-cells can be recovered off-chip into media for further growth into clonal colonies or droplet libraries

might require further analysis. When using droplet-in-channel microfluidics, droplet emulsions need to be

broken to recover their contents. The use of a chemical (1H,1H,2H,2H-Perfluoro-1-octanol), static gun, or

centrifugation are reported methods. Due to their negative effect on cell viability, alternative methods need

to be developed, as we demonstrate in Chapter 5 .

7



1.4 Single-cell analysis with microfluidics

Beyond scientific discovery, the ability to understand the complexity of a cell population is important to

develop new products, medicine and diagnostics and advance clinical research. Rather than population level

averages, single-cell analysis tools allow us to look at gene expression profiles and cell responses of single

cells. As a result, researchers gain a more comprehensive understanding of cells on a spatial and temporal

level. Hardware tools that allow for the physical separation of these cells are an essential part of single-cell

analysis. At the forefront of this application development space, are microfluidic technologies.

1.4.1 Current microfluidic methods for studying single-cells

To study single-cells in microfluidics, the cells are often isolated either by physical boundaries: rigid

wall structures or fluid interfaces. We can distinguish four major microfluidic systems that allow for single-

cell analysis: wells, single-cell trapping systems, droplets, and valve-based systems. Several examples are

provided in Table 1.1 and Figure 1.2.

Table 1.1: Microfluidic methods to study single-cells.

Micro- and
nanowells

Single-cell trap-
ping systems

Droplets Valve based

About Passive cell trap-
ping in microw-
ells

Cell trapping in
single-cell traps,
two cell traps,
droplet traps

Poisson encapsula-
tion of single-cell in
drops

single-cell trap-
ping

Method Gravity Hydrodynamic,
centrifugal, elec-
trical, optical

Microfluidic droplet
generation

Microfluidic
valves

Throughput
(cells per
device)

10 – 103 1 – 103 103 - 105Hz 10 – 103

Literature [27, 41, 42, 43,
44, 45, 46, 47, 48,
49, 50, 51, 52]

[53, 54, 55, 56,
57, 58, 59, 60, 61,
62, 63, 64, 65, 66,
67, 68, 69, 70, 71]

[72, 28, 7, 73, 74, 75] [76, 77, 78, 79,
80, 81]

Commercial
examples

Silicon Biosys-
tems DEPArray

Sphere-Fluidics Cy-
toMine®, Dolomite
Bio Nadia, 10X Ge-
nomics Chromium
Controller, Mission
Bio Tapestri

Fluidigm IFC
chip
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Micro- and nanowells (passive trapping)

Micro and nano-wells are micro or nanoliter sized versions of traditional multi-well plates. The size

of the microfluidic wells are close to cell size and thus have typically low walls. The main goal of these

devices is to spatially separate cells or pattern them, to then further study the individual cells while being

cultured on the device.[42] This is typically done by passively trapping cells in the wells using gravity.

Recent examples include Seq-Well, a microwell that captures single cells and beads for single-cell RNA-

sequencing [44, 43] , or single-cell barcode chips that contain wells with sandwich antibody based assay

[41, 45]. Using the latter device, Lu et al. [41] was able to detect 42 secreted proteins for an array of single

macrophages. While micro and nano-wells are often used in a static-solution environment, well-based

devices can also be operated under continuous flow. The use of nano and microwells for tissue engineering

and tumour modelling has become by far the most popular application of these well slides, as they allow

for the controlled growth of 3D tissue cultures such as spheroids.[46] E.g. Järvinen et al. [47] was able to

culture spheroids and cell monolayers on the same microfluidic platform, and Lee et al. [48] were able to

study lung cancer multicellular tumour spheroid (MCTS) formation under continuous flow.

The integration of microwell devices with other microfluidic techniques that can produce external forces

(optical, dielectrophoretic, acoustic) can provide options for improved capture efficiency and control over

culture conditions. For example, Antypas et al. [49] used a nanowell device (nwSlide) to study bacterial

libraries single colony growth by monitoring the OD600 in each well. Cells were deposited into the nwSlide

using FACS (Figure 1.2). Analysis of the wells can also be facilitated by built-in sensors. Huang et al. [82]

developed a microwell slide with integrated surface-enhanced Raman spectroscopy (SERS) surface for the

detection of bacterial metabolites related to antibiotic susceptibility.

There are adaptations to microwells that ease sample retrieval. Microcapillary arrays are microwell

slides that do not contain a bottom to each well, and in which liquid remains within the well due to capillary

action. The advantage here is the easy recovery of well content, for example by using a precise laser, such

as Chen et al. [51] used for the recovery of single clones after performing a fluorometric enzymatic assay, or

simply pushing cells through such as Andree et al. [52] did for assessing the viability of circulating tumour

cells. The use of optical tweezers to retrieve cells from traps is also a popular technique.

To conclude, micro- and nanowells are popular for their simple operation and fabrication methods.

However, passive trapping can be undesirable due to uncontrolled well loading. Secondly, the single-cell
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analysis methods are often limited since either cells are not fully separated from neighbouring cells leading

to cross-contamination, or further environmental manipulation such as adding reagents, mixing etc is not

possible due to the static culture conditions.[83]

Single-cell trapping systems

Moving away from gravitation based seeded well slides, active systems of cell trapping rely on other

external forces that aid in confining single-cells to specific trap structures. Here we give a brief overview of

some of these methods and recent literature.

Hydrodynamic trapping exploits the laminar flow regime fluidic streamlines to guide particles into phys-

ical traps. [58] This is the most popular method of active single-cell trapping, with Tan and Takeuchi [84]

publishing a leading example of serpentine channel based trapping (Figure 1.2), and Huebner et al. [53] a

first successful lateral trapping chamber. Devices are designed in such a way that streamlines guide single-

cells into traps. If designed well, when a trap is occupied, further cells would not be trapped. Such devices

have been used to e.g. trap microbeads functionalized with exosomes [59], to trap and study Influenza A

infected mammalian cells [60] and many other hydrodynamic trapping [85, 61, 62].

Centrifugal forces can be used for cell trapping in combination with traps or wells. Li et al. [86] used

centrifugal forces in a two-step process to pair two cells and study intercellular communication in a HeLa

cell line. Another well-known example of centrifugal based trapping is the ‘mother machine’, a device

with micron-sized trenches for trapping single bacteria and cell physiology, mechanics or gene expression

in a single-cell’s offspring. [67, 68, 69] The mother machine device has gained popularity among synthetic

biologists to study gene regulatory networks and we expect it will assist in many more interesting discoveries

beyond its original application.

Acoustic waves, in particular standing ultrasonic waves, will generate stationary pressure gradients in

fluids. If particles or cells are present in the medium with different properties than the fluid, in this case

density and compressibility, these pressure gradients can exert forces on the particles. Surface acoustic

wave (SAW) can thus be used to trap cells without contact, also referred to as acoustic tweezers. [71] Ohiri

et al. [70] combined hydrodynamic trapping with surface acoustic waves to improve trapping efficiencies up

to 67%. Collins et al. [66] combined the use of microwells with SAWs at high frequency to create a two-

dimensional (2D) acoustic force field to fill up wells with precise inter cellular distancing. While single-cell

trapping using SAW is an interesting development, the use of acoustic waves is more popular in bulk channel
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microfluidics for separation of particles, or for droplet sorting systems.

Electrical trapping of single-cells typically relies on dielectrophoretic (DEP) forces to trap single-cells.

Dielectrophoresis is the movement of a dielectric object due to forces generated by a non-uniform electric

field. Similar as with acoustic waves, if particles or cells are present in the medium with different properties

than the fluid, in this case a difference in the permittivity, DEP forces can act on the particles. DEP force

can be negative or positive, defined by the Clausius-Mosotti factor.[87] While there are several microfluidic

single-cell DEP trapping devices out there [64, 65], the application of DEP for single-cell trapping is not

very popular due to possible negative effects of the electric fields on cell survival and more importantly the

low throughput and complex fabrication of these devices. However, DEP is a popular technique for droplet

sorting. [31]

Optoelectrical techniques are interesting single-cell trapping methods due to their high precision pro-

grammability and flexibility. Optical trapping techniques rely on optioelectronic tweezers (OET), which

generate DEP forces, electroosmotic flows and electrothermal flows that can trap particles. [63] OET have

been widely used in conjunction with microfluidics to trap single cells. Commercial examples that use this

technology include Berkeley Lights [88] and Lightcast Discovery [89].

Finally, magnetic trapping techniques can be used to trap cells, by using magnetic particles. Huang et al.

[50] used magnetic beads coupled to human acute monocytic leukemia cells. The trapping efficiency of

these systems is not very high (for Huang et al, 56%), and popularity of these single-cell trapping tools has

declined as better alternatives are available.

To conclude, many different types of single-cell trapping mechanisms are available, that apply additional

forces to single-cells to aid their confinement. Hydrodynamic trapping techniques are easy to execute with

no additional equipment and have a high efficiency of trapping. However, trapping is based on a particu-

lar device design and fluid flow conditions, and thus expertise is needed to design these devices. Optical

trapping is extremely precise in operation and several successful commercial platforms are available that

use this technique. However, such systems have a large footprint and development is costly and requires

expertise. While optical systems get their high-throughput from their parallelization, single-cell operations

are slow. Centrifugal devices simplify the experimental protocol and fluidic setup by eliminating the need

to carefully trap cells using precise hydrodynamic or other techniques.
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Valve-based systems

Valve-based systems are channel-based devices that contain pressure controlled valves. Microfluidic

valves typically are made by designing a multi-layer PDMS based device, of which one layer contains a

channel architecture for the assay, and a second layer contains channels that are pneumatically controlled. In

between the two layers is a thin soft elastomeric membrane which can be deflected and constrict a channel

in the channel layer under pneumatic pressure. Guo et al. [77] developed a simple two layer device for

trapping of single-cells and tracking viral infections during incubation by using an external fluorescence

reader (Figure 1.2). A more complex process was shown by Wang et al. [76], who used a valve-based

device to trap single sperm cells. Their device included controlled valves to flush single cell containing

chambers with lysis buffer and other reagents for whole genome amplification.

Valve-based devices can offer high throughput single-cell assays of that can perform multiple operations

in space and time. It’s an ideal platform to perform complex fluidic operations on single cells and can also be

integrated with hydrodynamic or well based devices. Additionally, it confines cells in a closed environment,

making it possible to study cell secreted products.[78, 79] While these integrated fluidic circuits can be

fully automated, both the device as the external fluidics and automation are complex to design as they at

minimum consist of as many pumps as there are control channels. Other issues such as channel layer design

constraints, biofouling, device assembly and alignment, and the large volumes they use, make them difficult

to adopt as technologies.

Droplet encapsulation

In droplet-in-channel microfluidics, droplets are usually generated by flow-focusing and T-junction

channel geometries. During this process, cells and living organisms can be encapsulated in droplets by

diluting the cells in the aqueous fluid. The advantage of this methodology is the simplicity of single-cell

isolation, and the full isolation of single-cells in a controlled environment that can maintain cell secreted

products, beads, assay reagents or lysed cells.Zilionis et al. [7] showed the use of a droplet generator, to

perform sample preparation for single-cell RNA sequencing. In their method, called inDrops, single cells

are encapsulated in droplets, together with hydrogel beads that contain barcodes (Figure 1.2). The cells are

lysed within the droplets, and a reverse transcription reaction occurs that labels all of the cells mRNA with

the barcodes. Only after this reaction, the emulsion is broken, the RNA is purified, and sent for sequencing.
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Many others have developed single-cell sequencing techniques based on droplet microfluidics, of which a

short review can be found in Chapter 2. Typically, this is performed in water-in-oil emulsions. The fluo-

rinated oil and surfactants that surround the aqueous droplet prevent droplet cross-contamination and have

been well characterized for use during long incubation and thermal cycling applications.[75] Besides water-

in-oil emulsions, it is also possible to make water-in-water emulsions, termed aqueous two-phase systems

(ATPS), which have shown better biocompatibility.[74] To conclude, this method of single-cell isolation is

by far the most popular method, because of its simplicity and extremely high throughput. The user is simply

required to follow guidelines to dilute cells to a concentration that allows for single-cell encapsulation fol-

lowing the Poisson distribution (eq. 1.5) . The device is a simple flow-focusing droplet generator that does

not require a complex fluidic setup. As a result of its impact on single-cell sequencing, this is one of the

most adopted microfluidic platforms (see Chapter 2). However, there are two major disadvantages to this

technology. First, single-cell containment is unreliable.[72] For example in a single-cell sequencing context,

if a droplet would contain multiple cells, their sequence information would all obtain the same barcode, re-

sulting into complications during sequence analysis. If a majority of the droplets don not contain a cell, this

can also lead to a waste of reagents and barcoded beads. [73] Second, there is no control over any specific

droplet.

13



Figure 1.2: Overview of microfluidic single-cell trapping methods. (1) Hydrodynamic single cell trapping. When
the trap is empty, flow resistance along the straight channel is lower than that of the loop channel, and the main
stream flows along the straight channel, trapping a cell. If the trap is filled, cells bypass the occupied trap (bypassing
mode). Reproduced with permission from Tan et al., PNAS 104 (4), 1146-1151 (2007), Copyright 2007 by The
National Academy of Sciences of the USA (2) Valve-based trapping. Channels were loaded with cells infected with
viruses. Valves were closed to confine single-cell s, after which fluorescence was monitored to observe lysis events.
Reproduced with permission from Guo et al., 18(13), 1914 - 1920 (2018), Copyright 2018 Royal Society of Chemistry
(3) Nano-wells. Nano-wells were loaded with bacterial libraries using FACS. Subsequently, single-cell growth rates
were monitored by tracking growth. Reproduced with permission from Antypas et al., 18(12), (2018), Copyright 2018
by Royal Society of Chemistry (4) Single-cell droplet encapsulation. Single-cell RNA sequencing library preparation
involves the co-encapsulation of single-cells and barcoded beads. Reproduced with permission from Zilionis et al., 12
(1), 44–73 (2017), Copyright 2016 by Nature Publishing Group
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1.4.2 Single-cell confinement efficiency

Previous systems can be further divided into two groups, depending on whether they can obtain single-

cell isolation in a deterministic way i.e. the single-cell isolation efficiency is not dependent on cell con-

centration (Table 1.2). One main aim of this thesis is to explore the development of an easy method to

encapsulate single-cells in droplets deterministically.

Table 1.2: Overview of microfluidic single-cell encapsulation methods

Methods Disadvantages Reference
Deterministic
Methods

Sorting Post-
Encapsulation

FACS (TAW and di-
electrophoretic), SAW
/ DAW, imaging, shear
migration, pinched
flow fractionation,
pneumatic, magnetic,
thermal (laser)

Requires additional
apparatus or optimized
flow rates

[74, 90,
91]

Passive or Active
Encapsulation

Inertial ordering, pico-
injection, optical trap-
ping, close packing

Low throughput [92, 93,
94]

Non-Deterministic
Methods

Passive Encapsu-
lation

Random Poisson Random droplet gen-
eration and cell encap-
sulation

[72]

Active Encapsu-
lation

SAW, piezoelectric,
pulse-inertia, centrifu-
gal, hydrodynamic
bridges

Limited throughput
and additional actua-
tors needed, no control
over cell encapsulation

[95, 96,
97]

Stochastic single-cell isolation

Stochastic isolation of single cells happens in microfluidic systems that do not manipulate or control the

flow directionality of single-cells with external forces. In laminar flow without additional external forces,

particles (cells) will follow streamlines and do not deviate from them. The distribution of cells in this liquid

is not ordered. So, when the trapping of cells occurs, some traps or droplets might have cells while others

don not. This can be described by a Poisson distribution (eq. 1.5), where k is the number of cells in one

trapping entity, λ is the average number of cells in a trapping entity and P (k, λ) describes the probability

[72].

P (k, λ) =
λke−λ

k!
(1.5)

The Poisson distribution is notoriously known in the microfluidics community as a problem that is difficult to

overcome. In passive micro-and nanowell devices, this distribution applies to cells filling up wells, leading
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to uncontrolled object sedimentation. A Poisson distribution is also applied during flow-focusing droplet

generation, in which an aqueous liquid flow is saturated with a low concentration of randomly distributed

suspended cells. For single-cell encapsulation, in the first place, we wish k = 1. For a λ = 0, 05 and k = 1,

we get P (k, λ) = 98%, however most droplets will be empty. With λ = 0.35 and k = 1, we would reach a

more favourable condition with around 25% of droplets containing a single cell, yet around 4.3% of droplets

contains doublets.

Deterministic single-cell isolation

In deterministic systems, either the cells or the isolating entities are manipulated to ensure single-cell oc-

cupancy (Figure 1.3). This can be done by using some of the active single-cell trapping methods mentioned

earlier. Antfolk et al. [98] used a combination of SAW and DEP forces to trap single-cells from one set of a

mixed library of cells. SAW were used to separate the circulating tumor cells (CTC) from blood cells. The

CTC’s were then guided to a DEP trapping array, which trapped the single CTC’s . Their device showed

reliability and precision, as it could trap 80% of all of the suspended CTC’s in a blood sample (Figure

1.3). Some other recent examples of deterministic single-cell trapping include a deterministic single-cell

trapping array by Chai et al 2021 (Figure 1.3), a cell-cell trapping microwell device by Zhou et al. [99] and

an impressive combination of DEP and microwells by Bai et al. [100] for scRNA-seq.

While these methods offer extremely precise single-cell operations, they are slow and less accessible

compared to simple droplet encapsulation methods. Developing deterministic single-cell droplet encapsu-

lation methods is an important priority to advance the single-cell analysis field (Table 1.2). Several meth-

ods exist to sort out droplets that contain single-cells, after Poisson based encapsulation. E.g. Navi et al

(2018) used ferrofluids to sort out single-cell containing droplets from aqueous two-phase systems (Figure

1.3). While this does generate a true single-cell droplet library, it requires an additional sorting step. True

single-cell deterministic encapsulation is possible, and relies on complex methods such as pico-injection,

or methods for evenly distributing single-cells before encapsulation. Sauzade and Brouzes [92] recently

published a microfluidic device for deterministic single-cell trapping and encapsulation, that relies just on

hydrodynamic forces (Figure 1.3). By first trapping single-cells and subsequently changing the cell media

phase to an oil phase (a process called phase change), Sauzade et al. demonstrated the deterministic encap-

sulation of cells (Figure 1.3). The devices developed relied heavily on carefully designed traps, for which
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optimization of hydrodynamic resistance (eq. 1.6) and streamlines was required to successfully achieve effi-

cient cell trapping and phase change events to occur. The hydrodynamic resistance Rh is defined by channel

geometries (width w, height h, and length L) and the dynamic viscosity µ of the fluid.

Rh =
12µL

wh3(1− 0.63
h

w
)

(1.6)

With a fixed hydrodynamic resistance Rh, there is a linear relationship between flowrate Q and pressure

drop ∆P within rectangular channels.

Q =
∆P

Rh
(1.7)

Sauzade et al.’s channel device consists of a serpentine channel with traps in between (Figure 1.3). For

cell-trapping, the bypass channel (the corner of the serpentine) technically should have a resistance that

is higher than the trap channel resistance, for cells to have a preferred path through the trapping channel

(Rtrap > Rbypass). Yet for the phase change, Sauzade et al. intended for oil to shear off the trapping area,

going through the bypass and passing by the back of the trap, thus forming a droplet. This requires a higher

resistance in the trap than in the bypass. By designing guides that push cells toward the traps, Sauzade et al.

could amend the Rtrap > Rbypass design rule. Still, there is a lack of control over the droplets that are being

generated, and one could not release or make only specific single-cell droplets.
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Figure 1.3: Overview of deterministic single-cell encapsulation methods. (1) Deterministic single-cell trapping mi-
crofluidic device. The device consists of two types of capillary valves, three channels, and trapping sites. Single-cell
trapping and release is performed in four steps. Reproduced with permission from Chai et al., 21(13), 2486-2494
(2021), Copyright 2018 by Royal Society of Chemistry. (2) Ordering of cells before single-cell confinement. Inte-
grated device containing an acoustophoresis chip for ordering cells, followed by a dielectrophoretic trapping array.
Reproduced from Antfolk et al.,7(1), 46507 (2017), Creative Commons CC BY. (3) Post-encapsulation sorting. Navi
et al (2018) performed diamagnetic separation of cell-containing droplets from empty droplets. A series of images
shows the droplet generation region and the size distinction between a particle-encapsulating droplet (indicated by a
red arrow) and empty droplets, and the region of high magnetic field gradient where droplets deflect based on their
size, towards different outlets. Reproduced with permission from Navi et al., 18(22), 3361 (2018), Copyright 2018
by Royal Society of Chemistry. (4) Deterministic encapsulation. Microfluidic circuit for true single-cell encapsu-
lation. Incoming cells are displaced towards the unoccupied trapping pathway by focusing structures (displacement
overhangs). Trapped cells plug the trapping channels, diverting the flow and additional cells through the bypass path-
way. The oil phase sequentially flows around occupied traps, generating monodisperse droplets containing single cells.
Reproduced with permission from Sauzade et al., 17(13), 2186 (2017), Copyright 2018 by Royal Society of Chemistry

1.5 Droplet-digital methods to improve control over droplets in channels

As discussed previously droplet-in-channel and DMF systems each have their advantages and disad-

vantages. For this thesis, we consider the benefits of encapsulating single-cells in droplets and the high-

throughput of droplet-in-channel devices essential elements for devices that aim to advance the single-cell
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analysis field. However, being able to more easily isolate or study single droplets of interest would be bene-

ficial. Combining droplet-in-channel microfluidics with other common microfluidic methods could possibly

improve control over droplets. In the last decade, several groups have explored the avenue of positioning

co-planar electrodes (DMF method as described earlier, section 1.2.1) under droplet-in-channel microfluidic

architectures, with significant advances coming from the Mugele and Wheeler groups (Figure 1.4). This

can add an additional external force, an electrostatic force, to the equation to control individual droplets.

The ability to generate droplets on-demand using EWOD has previously been explored, with examples

of a flow-focusing on-demand droplet generator by Gu et al. [101] (Figure 1.4), Chen et al. [102] and

Malloggi et al. [103]. Shojaeian et al. [104] used EWOD to eject droplets on-demand from an oil/water

fluidic interface. Other EWOD droplet operations in channels have also been explored, such as splitting

[105] and coalescing [106, 105, 107] droplets in channels, sorting droplets [108, 24], or guiding and docking

droplets using electrostatic forces (Figure 1.4). Developments of de Ruiter et al. [109] and Pit et al. [24] were

significant to establish a common ground on the physics of droplet movement across co-planar electrodes.

The electric field that forms along the gap between them, as Pit and de Ruiter termed ‘electrostatic potential

wells’, can be used to guide droplets along. By playing with hydrodynamic and electrostatic forces, Pit

designed a co-planar droplet sorter that could sort droplet binary under lower voltages compared to DEP

(Figure 1.4)

While these early developments of droplet-digital technology were more fundamental, ‘digital-to-channel’

and ‘channel-to-digital’ interfaces demonstrated some of the first relevant biological applications. Particu-

larly Shih et al. [110] and Shih et al. [107] sparked our interest to use these devices to automate end-to-end

workflows. Shih et al. [107] made optimal use of a droplet-digital platform by performing single-cell en-

capsulation using a flow-focusing droplet generator and transferring single yeast cell-containing droplet to

DMF which was used for droplet merging, incubation and further analysis (Figure 1.3). In their second

work, channels were integrated on top of the DMF and droplet merging was shown within channels (Figure

1.4).[107] This work was heavily influenced by Abdelgawad et al. [111] and Watson et al. [112]. Abdel-

gawad et al. [111] showed the first ‘hybrid microfluidic’ device consisting of a traditional DMF interface for

sample preparation, connected with a PDMS based channel interface into which the droplets were driven.

Watson et al. [112] first presented a ‘digital-to-channel’ interface, where electrodes were also located un-

der the channel layer. The main advantage of this system was the simplicity of fabrication, combining

two well-established fabrication protocols of DMF and droplet-in-channel microfluidics. Secondly, framing
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these hybrid technologies within the context of a typical DMF application, helped researchers transition into

implementing the use of electrodes under channels.

In this thesis, we aim to expand the repertoire of these devices by developing additional droplet opera-

tions and by showing relevant applications of droplet-digital microfluidics in synthetic biology.
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Figure 1.4: Overview of droplet-digital devices. (1) Flow-focusing droplet generator integrated with electrowetting.
Dashed square indicates the junction area. Without voltage, the oil-water interface is in the middle of channel dotted
curves. With voltage, the oil-water interface is close down to the bottom, releasing a droplet. Reproduced with
permission from Gu et al., 93(18), 183507 (2008), Copyright 2008 American Institute of Physics. (2) Guiding, and
sorting of drops along the gap between two electrodes, and on-demand trapping and release in a microchannel using
EWOD. Reproduced with permission from Ruiter et al., 14(5), 883-891 (2014), Copyright 2014 Royal Society of
Chemistry (3) Single-cell droplet digital device. Droplets from the droplet generator are driven to the DMF device
(via capillary) and are actuated by high voltage (HV) signals. A Peltier element (to control temperature) is situated
below the four cell culture regions on the DMF device. Reproduced with permission from Shih et al., 15, 225 (2015),
Copyright 2015 Royal Society of Chemistry. (4) Droplet digital Microfluidic device for automating synthetic biology.
(a) Schematic of the device, which comprises a bottom plate with patterned electrodes (shown in yellow) and a channel
(shown in orange) to incubate droplets created by DMF and to electroporate cells with the assembled plasmid. Top-
plate for DMF and top PDMS layer for the channel are not shown for clarity. (b) Side view of the device showing
the digital-to-droplet interface (not to scale) . Reproduced with permission from Shih et al.,4(10), 1151–1164 (2015),
Copyright 2015 American Chemical Society (5) EWOD based droplet sorter. Three co-planar electrodes are located
under a binary sorter. Sorting of single droplets can be performed using EWOD. Reproduced with permission from
Pit et al., 9, 044116 (2015), Copyright 2015 American Institute of Physics
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Chapter 2

The role of droplet microfluidics in

synthetic biology

This chapter was based on: Little, S. R., Perry, J. M., Samlali, K., & Shih, S. C. C. (2020). CHAPTER 8:

Droplet Microfluidics: Applications in Synthetic Biology. In Droplet Microfluidics (pp. 193–222). [113]

Some section of the original text have been reorganized for conciseness.

Abstract

Synthetic biology is rapidly growing to meet the demand for inexpensive and sustainable resources. So

far, the field has developed microbial strains producing biofuels, materials, drugs, as well as new tools for

clinical diagnostics and gene therapy. Although rich in potential, synthetic biology still requires develop-

ment - particularly in the area of automation. The price and footprint of commercially available automation

equipment is restrictive to research and these tools are often not tailored to complete the entire workflow of

a given project. In response to this, droplet-microfluidic platforms are being developed to expedite synthetic

biology. In particular, droplet microfluidic devices have been developed to assemble and transform DNA,

perform high-throughput screening assays and perform directed evolution. By consolidating these capabil-

ities and pairing them with design automation and analysis tools, droplet microfluidics will launch a new

generation of synthetic biology.
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2.1 Introduction

2.1.1 Synthetic biology

Synthetic biology describes the process of engineering a cell for new or improved functionality. The

roots of synthetic biology can be traced back to 1953, when Franklin [114], Watson and Crick [115] first

discovered the molecular structure of DNA. This discovery cemented the concept of discrete heritability

among biologists and sparked a revolution in genetics. In 1973, Cohen et al. [116] produced antibiotic

resistant Escherichia coli regarded as the world’s first genetically engineered organism. Since then, there

has been an exponential rise in the use of synthetic biology tools to enable scientists to create biological

entities not yet present natural world.

Considered foundational to synthetic biology, genomic research maps structural and functional DNA

across the domains of life. Several landmark genomic projects have brought-forth essential synthetic biology

tools, such as high-throughput DNA sequencing and cloning techniques. By 1996, the six-thousand genes

of the Saccharomyces cerevisiae genome were elucidated and with that came DNA hybridization arrays and

new techniques in proteomics as well as the first genome databases [117, 118]. By 2001, the first draft

of the human genome was presented6. The scale of this project nurtured a revolution in ‘next-generation’

sequencing [119, 120]. This movement has witnessed the price of DNA sequencing drop from $100 million

per human genome to $1000 [121] – removing a massive barrier to entry into the field. Fast-forward 20

years later, these technological advances have led to the discovery of CRISPR-Cas9 [122], regarded widely

as one of the most important contribution to the field of synthetic biology and has ushered in a new era of

rapid gene editing.

The impact of synthetic biology can be felt throughout many industries including medicine, biofuels,

resource and food development as well as manufacturing. In particular, metabolic engineering has produced

microbes capable of generating valuable therapeutics such as the antimalarial drug artemisinin [123], opioids

[124], cannabinoids [125], and biofuels such as propane-2-diol [126, 127] and farnesene [128, 129]. Major

contributions to clinical diagnostics come from Bayer’s branched DNA assays capable of detecting HIV and

hepatitis DNA in patient samples [130] as well as a paper-based Ebola virus detection system by Pardee et

al.[131]. The field of gene therapy is currently in full flight. Patients can now be treated with CRISPR-Cas9-

altered lymphocytes with cell-surface receptors targeting a list of common cancers [132, 133, 134].
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2.1.2 Design-build-test-learn

Figure 2.1: Overview of a microfluidic assisted design-build-test-learn (DBTL)
cycle. Design software are available to design microfluidic devices and experi-
ments on digital microfluidics, as well as biological CAD tools for construct and
experimental design. Building genetic constructs or modified cells can be auto-
mated using digital or droplet-in-channel microfluidics for plasmid assembly, cell
free protein synthesis, and transformation (electroporation, heat shock, lipid trans-
fection). Typically, this step is followed by a testing step, in which the biological
system is tested. Microfluidics can perform high-throughput screening of millions
of droplets containing engineered cells and can be easily integrated with analytical
platforms and sequencing methods with single-cell resolution. This feeds directly
into Learning, where we use microfluidic technology in conjunction with compu-
tational learning tools to close the loop. Microfluidics has shown to be a reliable
tool for the automation of synthetic biology, yet systems that integrate several or
all of the DBTL cycle still need to be developed. Reproduced from Ref. [113] with
permission from Royal Society of Chemistry.

Despite this flood of new

biological systems and tech-

nologies, the process of de-

veloping these new biological

systems is extremely labour-

intensive, expensive and less-

than deterministic. Engineer-

ing relies on a process of

characterizing components so

that their performance can

be modelled in a wide vari-

ety of system contexts. The

vast number of biochemi-

cal interactions within cells

obscures accurate predictions

about how biological compo-

nents will work outside their

native hosts. In many cases,

high-throughput experimenta-

tion must be carried-out to

provide a high-resolution pic-

ture of how a system’s parameters interact while also delivering in the shortest possible timeframe. To

categorize different stages of work, synthetic biology has adopted the design-build-test-learn cycle of engi-

neering. It is through many rounds of this cycle that researchers can engineer a biological system.

Design in synthetic biology refers to designing a system or experiment. This can take the form of de-

signing transcriptional units using DNA design software [135], gene network design software [135] as well

as workflow design tools which optimize across physical and experimental design [136]. Build generally

refers to writing DNA, assembling DNA and bringing it into a host organism. DNA can be synthesized
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de novo using phosphoramidite chemistry or more recently through ‘click’ chemistry of nucleic acid ana-

logues [137]. Constructing large DNA fragments is achieved through DNA assembly. Frequently paired

with polymerase chain reaction (PCR) amplification of DNA fragments, DNA assembly techniques such as

Golden Gate [138, 139], Gibson [140] and yeast homology recombination [141] are heavily relied-upon in

synthetic biology. Addressing standardization and throughput in DNA assembly, synthetic biology ‘toolkits’

have been developed for numerous applications and chassis organisms [142, 143, 144, 145, 146]. Many of

these tool kits provide modular hierarchical cloning systems along with libraries of characterized regulatory

element, signal protein and protein purification tags. Test refers to the assays and analytical techniques used

to determine genotypic and phenotypic relationships. Learn refers to all work leading to subsequent re-

design. Evolving data analysis tools and sequence databases provide the foundation to move forward with

new designs.

2.1.3 Automation and the age of the biofoundry

Some of the biggest challenges of synthetic biology are standardization and reproducibility. Even today,

where industrial manufacturing is largely automated, much of the work in synthetic biology research is done

by hand through frequent pipetting and transferring samples from one platform to another. As a result,

technique is learned by trial-and-error, while documented protocols are subject to interpretation. This leads

to concerns of data reliability and discourages linking results across different experiments. Addressing

this, many institutions have established ‘biofoundries’, facilities modelled after the industrial spaces such as

Gingko Bioworks’ Bioworks factory. [147]

The goal of a biofoundry is to expedite synthetic biology research by combining computation with au-

tomation. The Global Biofoundry Alliance [148] is an international infrastructure with currently 25 (and

growing) non-commercial member facilities. Together, this network promotes best-practices and standard-

ization for automation, as well as engages in sustainable project development, while finding ways to expand

the role of the biofoundry in the research community. Alongside automation tools, many biofoundries also

provide open-source software for design work and analysis such as the Edinburgh Genome Foundry’s Cuba

software suite [149] and the tools provided by the Agile Biofoundry [150]. These powerful facilities aim to

‘close-the-loop’ on the DBTL cycle, transcending the limitations of human intervention while providing an

educational hub for local synthetic biology communities.

A hurdle when establishing and maintaining a biofoundry is the cost and footprint of the automation
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machinery. Their use of consumable plastics also dramatically increases the cost of operation. Yet tools

which support the Society for Biomolecular Sciences (SBS) format plastics continue to dominate the market

for automation and analysis machines. This is partially because SBS standard microtiter plate formats such

as 96 well and 384 well are usable by both humans and machines. This provides an easy transition between

manual and automated work but is unnecessary if the goal is to automate the entire DBTL cycle. Despite the

vision of expediting the DBTL cycle, biofoundries rely on expensive machines which only automate part

of the task – leaving bottlenecks in the total workflow. For example, DNA assembly can be done rapidly

using the Labcyte® Echo, as demonstrated by Kanigowska et al. [151]. Yet, bacterial transformation in this

study was done manually, since it required delicate temperature control which is not supported by the Echo.

Additionally, commercial cell-sorting equipment may not be suitable to handle certain sensitive cell types

as they are developed by researchers. A necessary step in the evolution and proliferation of biofoundaries

is to integrate affordable and custom automation equipment that completes workflows and does not require

human intervention.

2.1.4 Droplet microfluidics

Droplet microfluidics has emerged to provide solutions to “close-the-loop” in synthetic biology (see

Figure 2.1), lending platforms for automating multiple aspects of the cycle. These platforms are ideal for

processing liquid samples in synthetic biology considering how expensive reagents can be. The low footprint

of these platforms makes them especially suitable for researcher seeking to maximize the efficiency of their

space. Droplet microfluidics falls into two major categories: digital microfluidics and droplet-in-channel.

Digital microfluidics allows users control over operations such as mixing and merging of individual sample

droplets – a useful tool for precise sample preparation and processing. A clear advantage of droplet-in-

channel over conventional automation equipment is throughput, especially in testing. In this review, we

describe droplet-in-channel and digital microfluidic platforms and how both platforms contribute to the

automation landscape of synthetic biology, as well as discuss how this field can be further developed to

‘close-the-loop’ on synthetic biology’s DBTL process.
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2.2 Building

At the heart of synthetic biology is the ability to create, assemble and insert the novel genetic materials

into cells. By the end of the build stage, synthetic biologists aim to have new genetic constructs inside target

organisms. To achieve this, the common workflow is to create genetic sequences by DNA synthesis, am-

plify those sequences to sufficient concentrations, assemble them into larger more complete constructs, and

deliver them into cells. Substantial efforts from different labs have been made to use droplet microfluidics

to perform these tasks.

2.2.1 Mammalian gene editing pipelines

A prevalent application of synthetic biology that requires most – if not all – of the steps in the build

pipeline, is genetic editing. Since the advent of CRISPR systems (see review papers: [152, 153, 154]),

mammalian gene editing pipelines have consisted of designing, synthesizing, and assembling new con-

structs, delivery of these constructs by transfection, selection and sorting into monoclonal populations, and

population expansion. Several droplet microfluidic platforms have been shown in literature to integrate the

parts of the process of gene-editing. For example, Sinha et al. [155] demonstrated that the generation and

validation of CRISPR knock-outs in mammalian cells can be automated on a digital microfluidic platform.

In this work, the authors synthesized and purified plasmids encoding for gRNAs using traditional methods,

however they performed the transfection, culture and knockout of lung cancer’s RAF1 gene on an automated

CRISPR editing platform (see Figure 2.2 E). Additionally, furthering previously highlighted work, Li et al.

[156] targeted and knocked out the TP53BP1 gene in K562 cells in their continuous flow droplet microflu-

idic platform. While the transfection and validation of CRISPR plasmids have been performed on-chip,

much work needs to be done to integrate the other steps of the pipeline. A logical next step would be to

perform the assembly of CRISPR plasmids along with their transfection and validation.

Worth mentioning here is the exciting cell squeeze technology that has been used for genetic editing

hard to transfect cells [157, 158]. An interesting avenue of research would be to combine cell squeeze

technology with droplet microfluidic automation techniques for end-to-end gene editing of traditionally

challenging cells such as primary cell lines.
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2.2.2 Microfluidic automation of the build process

While much work needs to be done to integrate devices and capabilities together, a single platform

capable of complete end-to-end automation of the Build process (i.e. synthesis, assembly, delivery) us-

ing droplet microfluidics is highly achievable (see Figure 2.2). The ability to synthesize oligos, amplify

material, assemble plasmids, transfect cells, and grow out mutants on a single automated platform will de-

mocratize genetic engineering and make prohibitively difficult procedures available to labs, clinics, schools

and scientist around the world. Efforts to achieve numerous steps together on a single device have been

discussed [159, 107] and furthering this goal should be a main focus for the field moving forward. Beyond

the capability to automate conventional building procedures, droplet microfluidic devices have been placed

in the spotlight by their important role as one of the only methods to generate and study artificial and edited

cells. One of the main reasons for this is the advantage of high throughput that comes with droplets in-

channel microfluidics. Although applications are currently sparse in the literature, we envision new single

and bench-top sized platforms that can engineer complex strains enabling metabolic engineers to design

many different modifications to a cell line with a reduced timeframe and have a successful mutant ready for

testing.
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Figure 2.2: Build. a) An oligonucleotide synthesizer based on a microreactor chip and an inkjet printer. b) DNA en-
capsulation and amplification using an MDA reaction in droplet microfluidics. c) DNA assembly with error correction
on a digital microfluidic platform. d) A digital microfluidic device for microbial electroporation. e) An automated
genetic editing platform using digital microfluidics. Reproduced from Ref. [113] with permission from Royal Society
of Chemistry.
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2.3 Testing in droplets

Despite recent advancements in laboratory automation systems, a remaining bottleneck in the DBTL

pipeline is the ability to test and analyse whether synthetic designs work as hypothesized. Within this high-

throughput robotic framework, analysing phenotypic results of genotypic alterations - the testing step - is still

challenging. Detecting compounds of interest from the sea of products found in the cell, requires isolation

followed by analytical procedures. The integration of these screening and chemical analysis methods in an

automation framework has been limited by their ability to only process samples in series and with limited

integration.

Droplet microfluidic devices are suitable candidates as a useful tool for high-throughput testing tech-

niques. Not only do reduced reaction volumes and the hardware setup reduce costs, devices can also inte-

grate in the traditional synthetic biology workflow with other automated systems such as well plate readers

and analytical devices. Additionally, these platforms allow for novel testing methods that are unique to

microfluidic devices, such as single-cell or single-molecule testing [160].

2.3.1 High-throughput single-cell screening and applications of single-cell encapsulation

The most common method of performing testing in droplet microfluidic devices is to encapsulate a single

cell in a droplet, generating a library of droplets containing individually engineered cells. During droplet

encapsulation, it typically follows a Poisson distribution [72] generating a variety of droplets with different

quantities of cells (0, 1 or 2 or more). Typically they are encapsulated at ∼ 100Hz, but more recently it

has been shown to be capable of encapsulating at kHz speed, allowing for extreme high-throughput cell

encapsulation [161].

After generating a library of droplets, the screening process typically relies on analytical based tech-

niques (e.g., fluorescence) to sort the contents of the engineered cells. Sorting droplets after detection of

desired compounds is performed by either dielectrophoresis (DEP), acoustic waves, electrodes or thermal

energy, most of which allow for binary sorting.[90] In relation to synthetic biology, each droplet is an indi-

vidual microcompartment containing a single cell that secretes product or is lysed to release a product that

can either fluoresce by itself, or can be quantified upon fluorescence.[31] These techniques typically rely on

the placement of optical fibers located orthogonal to the channel walls, or using a laser-induced based fluo-

rescence readout system. This creates the possibility to multiplex the droplet experiments with several dyes
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that can readout multiple secretions or metabolic activities. A drawback of the high frequency of screening

in these devices, is the limited time of exposure of each droplet to the detection systems which can lead to

high number of missed droplets or false positives. However, the advantage of being able to detect extra-

cellular secreted target molecules, lyse cells, or study viable samples, truly makes droplet microfluidics a

valuable miniaturized and multiplexed platform to inform synthetic biologists their decisions on their engi-

neering design.[162] Within the droplet-in-channel realm, Fluorescence Activated Droplet Sorting (FADS)

[31, 163] or more recently, absorbance activated droplets sorting (AADS) [30] have been used for detecting

protein expression, enzyme activity, antibodies, aptamers, or cell surface markers [31, 164, 165, 156, 30].

Screening of environmental samples

Bioprospecting refers to surveying environmental samples to discover new enzyme variants or complete

metabolic processes. The research starts with the testing phase of the DBTL cycle and provides metabolic

engineers with new parts for their building process. Probing environmental samples using droplet microflu-

idic techniques allows for rapid testing of individual droplets in selective conditions. For example, by sorting

enzyme variants by chemical activity and using single-cell sequencing techniques, Nakamura et al. [166]

tapped into the advantages of microfluidic technology, and were able to identify 14 novel β-glucosidase

genes from previously uncultured marine bacteria. Similarly, Yu et al. [167] used high throughput sorting

to determine the characteristics of various heat inducible promoters in plant cells making use of FADS as a

pre-screening technique for next generation sequencing.

Screening parts and libraries

Droplet-based microfluidics, with its rapid sorting capabilities, can screen large libraries to inform the

synthetic biologist with the necessary genetic modification needed to improve function or production titers.

Using UV-based random mutagenesis, Huang et al. [168] built a library of mutant yeast strains and screened

for α-amylase production. Using a fluorogenic substrate (BODIPY) and DEP-based sorting, they were able

to sort out high α-amylase producing mutants. The authors then performed characterization and deep se-

quencing of indicated successful mutants, which resulted in new knowledge about protein secretion linked

to specific genetic alterations such as a single gene deletion of HDA2 [168]. Since this work, many groups

have used similar droplet-in-channel microfluidics systems to screen strain libraries [169, 30]. Romero

et al. [169] were able to use high throughput microfluidic screening to characterize the chemical activity
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of millions of glucosidase variants expressed in E.coli generated by error prone PCR. Eventually the team

was able to discover residues crucial to enzyme function and use that as a start point for creating a library

of mutations to find increased activity at high temperatures.[169] Similar to enzyme screening, today, this

kind of research can be performed by combining single-cell encapsulation, barcoding methods, microfluidic

sorting and sequencing. Screening of aptamers is also commonly performed with a droplet-based microflu-

idic device via a SELEX procedure.[170, 171] Such a procedure is performed using primer-functionalized

microbeads followed by emulsion PCR to produce RNA aptamers that have also been used as a target for

detection. Upon binding to a target, the conformational change can induce a fluorescent signal, as is the

case with a spinach aptamer (see Figure 2.3 B), used by Abatemarco et al. [170] for the detection of tyro-

sine secretion by yeast.[172] Furthermore, screening CRISPR libraries can offer an alternative method to

building libraries. Datlinger et al. [173] performed a pooled CRISPR screen with single-cell transcriptome

readout to dissect complex signal pathways and other biological mechanisms that are not easily reduced to

a single selectable biomarker. Their method (CROP-seq), performs single-cell RNA-seq to sequence both

transcriptome and guide RNA (gRNA) of a single-cell lentiviral transduced library. These applications are

only few of the examples that show screening parts and libraries can provide a priori data to construct new

libraries for building new constructs and cells.

2.3.2 Single-cell sequencing

The ability to accurately sequence genetic material is crucial to the DBTL cycle. It allows the testing pro-

cess to serve both as a starting point in the cycle, as an ideal path into the learning step, and helps us to use the

cycle as a robust iterative method. Precise genetic or transcriptomic sequencing allows metabolic engineers

to take naturally occurring genetic material and decipher the code of the DNA or RNA part which will help

serve as a basis for further design and engineering or for actual diagnosis or a specific disease. In addition, it

allows researchers to determine the sequence variations on the selected clones from designed libraries, which

is especially beneficial to analyse sample heterogeneity. With the ability of droplet microfluidic devices to

encapsulate individual cells into separate droplet entities, and examples of accurate quantitative single-cell

measurements, this enabled a spike in the use these devices for single-cell sequencing.[174] Previous single-

cell ‘omic’ data were unavailable before the implication of microfluidics based single-cell sequencing. The

first microfluidic technologies allowing for single-cell RNA sequencing (scRNA-seq) [175], were further
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popularized by Drop-seq and InDrop; two simple droplet-in-channel based scRNA-seq techniques devel-

oped by Macosko et al. [3] and Zilionis et al. [7]. These technologies sparked the ever increasing popularity

of droplet microfluidics within diverse biological research ranging from medicine and immunology [176],

to ecology [177]. Currently, the list of microfluidic based RNA sequencing technologies can now be com-

pleted with CEL-seq2 [73], MARS-seq [178] and MARS-seq2.0 [179], SCRB-seq [180] and mcSCRB-seq

120, Smart-seq [181] and Smart-seq2 [182], and Quartz-Seq2 [183]. Often, quantities of mRNA could be

too low for sequencing. Droplet microfluidic devices that allow for isogenic cell culture have been devel-

oped to increase the starting material [128] (see Figure 2.3 A). As such, each of these scRNA-seq methods

has their advantages and disadvantages [184]. Further applications of single-cell sequencing techniques in-

clude XDrop [185], and MATEseq [186]. Many important advancements have been made using scRNA-seq

which include the mapping of immune phenotypes of breast cancer tumour environment.[187] Although the

transcription level reveals most heterogeneity across tissues, genetic heterogeneity across large single-cell

populations such as bacteria is an important field of study for antibiotic resistance and other trait evolution

in environmental samples. Ultra-high-throughput genomic sequencing (SiC-seq [188]) allows for decon-

volution of genetic heterogeneity in large populations. Further genomic sequencing techniques have been

developed to solve challenges related to low starting material - a secondary problem that can also occur dur-

ing standard DNA sequencing methods. Chu et al. [189] developed SISSOR (single-stranded sequencing

using microfluidic reactors) to increase the starting material for sequencing of diploid genomes for haplo-

typing. By performing multiple displacement amplification in droplets of megabase-sized DNA fragments,

they are able to show accurate sequencing data with error rates as low as 10-8 of the human genome with

just three human cells as starting material. Lastly, using DNA-tagged antibodies, Hughes and Ellington

[190] developed AbSeq, a technique to perform ultrahigh-throughput single-cell proteomics to characterize

surface proteins.

2.3.3 Droplet microfluidics assisted analytical techniques

The high throughput nature of droplet microfluidics makes it an ideal candidate for rapidly analysing

large libraries and making critical observations for each member within the library. However, on-device

qualitative and quantitative analysis of droplet content is often limited by the high limit-of-detection. To

more thoroughly analyse biological products, coupling droplet microfluidics with established laboratory

33



analytical techniques will lead to improved analysis, especially for testing the success of metabolically en-

gineered organisms. Several groups have shown the advantages of such devices and their applications in the

DBTL cycle. For example, integrating microfluidics with mass spectrometry has been increasingly popular

since the device can be directly interfaced with the orifice of the mass spectrometer and does not require

the need for specialized matrix plates. Steyer and Kennedy [191] were able to perform nanoelectrospray

ionization-mass spectrometry (nESI-MS) of droplets containing enzymes, at a rate of 10 droplets per sec-

ond. The microfluidic droplet generator was immediately connected to the mass spectrometer without noise

contributions from the oil phase containing surfactant, thus achieving very high scan rates. MALDI-MS

with droplet-based microfluidics has also been performed [192] by integrating a channel with a special-

ized fabricated a nanostructure on a Si-layer that contains an initiator – called Nanostructure Initiator Mass

Spectrometry (NIMS). Lombard-Banek et al. [193] have also combined devices with capillary electrophore-

sis (CE), electrospray ionization, and an ultrahigh-resolution mass spectrometer (HRMS) for performing

proteomics of single Xenopus blastomeres.

Next, the use of droplet microfluidics for PCR has been widely explored as a droplet digital PCR

(ddPCR) method. Advantages of performing PCR in droplets are the ability to lyse single-cells in droplets,

reduce input volumes, control mixing of reagents, and detection of amplicons. Kim et al. [194] have shown

the use of a droplet microfluidic device to perform sample prep for RT-PCR.

Furthermore, droplet microfluidic devices have been integrated with fluorescence microscopy, laser in-

duced fluorescence, Raman spectroscopy, fluorescence correlation spectroscopy electrochemistry, and cap-

illary electrophoresis, and nuclear magnetic resonance spectroscopy [195], however more recent research

on integrating microfluidic devices with standard existing analytical tools is lacking.

2.3.4 Directed evolution

While synthetic biology generally aims to develop rational design methods for engineering cells, the

current ability to mould biological systems often falls short of achieving desired functionality. Directed

evolution is an effective method to optimize a biological system by generating random or selective mutations

at the gene of interest and applying selection through performance in an in vitro environment. Directed

evolution has been used to discover new proteins or entire metabolic pathways by selecting variants based

on cell growth or enzyme activity. The intersection between directed evolution and microfluidics has been

thoroughly reviewed elsewhere.[196]
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Directed evolution requires the creation of large sample libraries, as well as precise control over en-

vironmental factors and large-scale selection. As previously discussed, droplet-in-channel microfluidics

possesses all the necessary functions to accommodate high-throughput directed evolution applications. One

of the first demonstrations of directed evolution is by Agresti et al. [4] who built a platform which sorted

108 samples per day to select a high-activity horseradish peroxidase (see Figure 2.3 C). This platform laid

the foundation of implementing the directed evolution workflow in a droplet microfluidic device. It per-

formed an enzymatic reaction inside a pL droplet which produces a fluorophore when the enzyme is highly

active. Droplets that exhibited high fluorescence can be sorted dielectrophoretically based on a threshold

fluorescence intensity. [4] Many similar platforms have since been used to enhance enzymes for different

applications [30, 197, 198]. For example, Ma et al. [198] performed 5 rounds of directed evolution to select

an esterase, using two fluorogenic substrates.

Most (if not all) droplet based microfluidic systems that implement directed evolution are limited to

binary sorting – hence, lacking the ability to evolve distinct levels of performance in parallel. This can

be useful when attempting to scan a diverse space of different samples across an evolutionary landscape.

Ahmadi et al. [108] addressed this by using a droplet device with a patterned array of electrodes which sort

different levels of a yeast library that are able to grow in harsh ionic liquids used in biochemical processing.

Their ability to sort different yeast samples based on multiple concentrations of ionic liquid is the first

representation of ‘n’-based sorting (as opposed to the usual high/low producer). This can be the first step

towards expanding the space of directed evolution and lead to more interesting discoveries of enzymes and

metabolic pathways.

A recent and fascinating addition to the field of automatized directed evolution is the eVOLVER platform

built by Wong et al. [199]. Although the system does not employ droplet microfluidics, it presents a broad

approach to high throughput directed evolution and synthetic biology. The system gives the user control

over multiple parameters such as temperature, culture density, and media composition for several evolving

cultures in parallel. The researchers offer eVOLVER as a “democratic platform for research by a broad

community of users to build, execute, and share experiments”. [199] The system’s fluidic components may

be improved by integrating the control of electrodes or exploring integration of droplet-in-channel platforms

to enhance throughput.
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Figure 2.3: Test. a) High throughput screening of secretory phenotypes using RNA aptamers in droplets. b) High
throughput gene expression profiling of isogenic colonies using Drop-seq. c) Ultrahigh- throughput screening in
droplet microfluidics for directed evolution. Reproduced from Ref. [113] with permission from Royal Society of
Chemistry.

2.3.5 Testing to complete the loop

Droplet microfluidics have seen immense adoption across the field of synthetic biology, primarily thanks

to their ability to provide platforms for testing (see Figure 2.3). Especially, in the single-cell sequencing field

with many users setting up or using droplet single-cell sequencing derived technologies. These microfluidic

devices for sequencing and screening provide tools to perform experiments we were hardly able to do before.

To continue its successful adoption, we need to develop, open-source software and hardware, and integrate

to improve system scale-up.

An impressive example of “completing-the-loop” using a testing microfluidic device was performed by

Wang et al. [200] who investigated the genetic basis of gene down regulation for improved protein produc-

tion in yeast. The authors use high throughput droplet microfluidic single-cell analysis to examine a library
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of 243,000 RNA molecules known to effect S. cerevisiae through RNA interference (RNAi). Once identi-

fied, Cas9-mediated recombineering was used to generate yeast strains implementing the identified RNAi

molecules for increased protein production. Thus, showing seamless integration of testing and learning,

leading to a new design. An often-overlooked challenge in the field of synthetic biology is fermentation.

Much attention is paid to high-throughput screening of built strains, yet these screens can be misleading

about how strains will behave within an industrial fermentation setting. Scaling-up a research facility’s fer-

mentation equipment is an impractical solution which nags for a more affordable option. A set of controlled

parameters which move microtiter growth towards fermentation conditions include dissolved gasses, pH,

nutrient levels and agitation. Several groups have developed microbioreactors controlling these parameters

as discussed by Hegab et al. [201] yet droplet microfluids presents a unique challenge. Controlling oxygen

content of droplets can be achieved through monitoring and controlling oxygen in perfluorinated oil used

as the continuous phase.[202] Although controlling other parameters in droplets is not altogether feasible,

it remains an imperative to integrate bioreactor capabilities into microfluidic workflows to ‘complete-the-

loop’.

2.4 Learning and outlook

Ultimately, the vision for applying droplet microfluidics to synthetic biology is to take each of the stand-

alone elements and combine them into a consolidated device. Much the same way the Arithmetic Logic

Units, Control Units, and Memory Units make up a computer’s CPU, the microfluidic units capable of

designing, building, and testing genetic material will make up the Biological Processing Unit of a future

metabolic engineering platform (see Figure 2.4).

True automation of synthetic biology requires a platform which performs the core elements of the DBTL

cycle in a closed-loop fashion – focusing in on key bottlenecks and eliminating them at successive iterations.

A sustainable platform should remain compact and operate under low power and reagent consumption. It

is hard for one to imagine this platform would rely on automated pipetting robots or a system dependent

on moving cells within the confines of a 96 well plate. Efforts are already being made to incorporate

numerous steps into a single device especially within the confines of each individual part of the cycle, as

exemplified by Shih et al. [110], and Gach et al. [159], both of whom developed devices capable of plasmid

assembly, transformation, and culture on a single platform.[159, 110] Furthermore, examples from the realm
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of channel microfluidics such as the eVOLVER platform from Wong et al. [199], show early examples of

how multifunctional devices may work.

Figure 2.4: Learn. A proposed Bio-Processing Unit (BPU). One vi-
sion for synthetic biology could see a single droplet microfluidic device
which handles all the aspects of the DBTL cycle and turns the process
into a control loop. The system would include: A DMF-based sample
preparation zone, a droplet generator, cell encapsulation and electro-
poration zone, an incubation region with temperature control, sample
preparation for integration with sequencing and mass-spectrometry as
well as integrated micro-bioreactors. Data collected from each round
would pass through a machine-learning core which would control a
DMF-based DNA synthesis component, bringing new DNA into the
system for subsequent rounds. Reproduced from Ref. [113] with per-
mission from Royal Society of Chemistry.

To keep progressing this vision for

the future a link needs to be made be-

tween devices that excel at building and

those that excel at learning. This will

likely mean finding techniques that inte-

grate the low-throughput-high-precision

techniques of digital microfluidics com-

monly used for building with the high-

throughput-low-precision techniques of

droplet in channel microfluidics com-

monly used for testing. This may

take the form of interfacing the two

in series [107], or by integrating ac-

tuation electrodes into channels [108].

Furthermore, creating robust “world-to-

chip” interfaces, such as that displayed

by Tran et al. [203], will allow non-

experts to work with these automated

platforms without being a microfluidic

expert. Achieving these goals should pave the way for a commercially viable all-in-one Biological Pro-

cessing Unit in the coming years provided that researchers can continue to work towards reliable, robust

devices that can have their manufacturing process scaled up.

We believe in the near term an increased focus should be placed on droplet-based oligo synthesis as well

as devices that can bridge the gap between building and testing. Oligo synthesis is in high demand as it

allows researchers of synthetic biology to be able to design any gene construct they desire. Designing and

developing microfluidic platforms capable of on-demand synthesis of short strands (< 1 kb) will be highly

useful while simple devices capable of basic elements of both building, testing, and learning will begin to

pave the way for how the unique requirements for each part of the cycle will be merged.
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Chapter 3

Droplet-digital binary droplet sorting for

screening filamentous fungi

This chapter is currently unpublished: Samlali, K., Leal, A. C., Jezernik, M., & Shih, S. C. C. (2021).

Droplet-digital system for screening filamentous fungi based on enzymatic activity

Abstract

We report the first droplet-based microfluidic method capable of long term incubation and low-voltage

sorting of filamentous fungi inside nanoliter-sized droplets. The new method was characterized and was

validated in solid-phase media based on colloidal chitin such that incubation of single spores in droplets was

possible over multiple days (2 - 6 days) and were sorted without any droplet breakup. We examined the

activity of cell-wall degrading enzymes that are produced by fungi during solid-state droplet fermentation

using three highly sensitive fluorescein-based substrates (FL-GlcNAc, FL-GalNAc, FD-Glc). We also used

the low-voltage droplet sorter to select clones with high enzymatic activity of cell-wall degrading enzymes

such as β-glucosidase, β-glucanases, β-N-acetylglucosaminidases and β-N-acetylgalactosaminidases from

a long-term incubated (¿ 3 days) filamentous fungi droplet library. The new system is portable, more af-

fordable, and user-friendly compared to classical DEP-based FADS systems. We propose that this system

will be useful for the growing number of scientists interested in fungal microbiology who are seeking high-

throughput methods to incubate and to sort fungal cells.
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3.1 Introduction

Filamentous fungi are often the preferred choice of a host for industrial biotechnology applications due to

their natural ability to produce high yield of extracellular protein. For example, their proteins have been used

for hydrolytic degradation of biomass, the production of pharmaceuticals, ingredients for the food industry

or applications as agricultural fungicides.[204, 205, 206, 207] Clonostachys rosea (also called Gliocladium

catenulatum, teleomorph Bionectria ochroleuca) is a commonly studied fungal mycoparasite that is being

used as an agricultural fungicide.[208, 209, 210] While the mechanisms are not fully known, the production

of extracellular cell wall degrading enzymes is known to play a key role in C.rosea’s mycoparasitism.[211]

Cell wall degrading enzymes of C.rosea include chitinases, glucanases and proteases. Chitinases character-

ized in C.rosea, mostly belong to the glycoside hydrolase (GH) family GH18, of which at least 14 genes

were confirmed to be present in C.rosea, including different exo- and endo-chitinases.[212] β-1,3-, β-1,4-

and β-1,6-glucanases make up a second group of cell wall hydrolyzing enzymes, of which β-1,3-glucanase

is well characterized in C.rosea. [210] Due to its commercial application in organic agriculture, there is

much interest to screen random mutant C.rosea libraries for improved field-relevant properties. Typically,

filamentous fungi producing improved enzymes are obtained by implementing an efficient strain improve-

ment strategy, which now frequently involves a high-throughput functional screen to select desired clones

out of mutant libraries. [213, 214] There are many high-throughput systems available for bacteria or yeast,

however, these are not well adapted to filamentous fungal growth cycle and morphology. Fluorescence ac-

tivated cell sorting (FACS) and flow cytometry methods for filamentous fungi can only screen conidia and

cannot be used to screen for cell secreted products.[215, 216]

Droplet microfluidics has become a popular method for the high-throughput screening of single cells.[30,

217, 218, 219] When cells are encapsulated together with fluorogenic components, single cells can be

screened rapidly for enzyme activity with fluorescence-activated droplet sorting (FADS) procedures.[31]

Such a method allows for the activity analysis of secreted enzymes [220], cell bound proteins [164], or

intracellular protein products [218]. Zang et al. [221], first showed it is possible to incubate filamentous

organisms (filamentous actinobacteria) in droplet-in-oil emulsions, followed by Mahler et al. [222] and Tu

et al. [223]. More recently, He et al. [224] and Beneyton et al. [225] demonstrated droplet incubation of

filamentous fungi, and the first use of FADS droplet microfluidic systems for screening single conidia de-

rived filamentous fungi libraries based on secreted products. However, two limiting factors make the use of
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droplet microfluidics for filamentous fungi still challenging. First, the droplet incubation time is limited by

the growth rate of the organism. The fungi will start to form hyphae after spore germination, which eventu-

ally will pierce through the nano or pico-liter droplets after ∼16 h of incubation, as reported for T.reesei and

A.niger species.He et al. [224], Beneyton et al. [225] As a result, droplets will often merge with neighbouring

droplets during incubation or are more prone to splitting and breaking during sorting. Second, when using

dielectrophoretic (DEP) sorting, the system needs to be tuned experimentally according to droplet properties

such as size or conductivity. The long droplet incubation times needed for protein expression, and different

individual growth rates, contribute to droplet volume polydispersity post-incubation which complicates the

sorting procedure.[224, 225] Additionally, under high voltages, deformation of hyphae containing droplets

can occur, risking a loss of contents in the droplets. This two-fold challenge makes it hard to screen filamen-

tous fungi using standard droplet DEP-based systems and new sorting systems should be developed adapted

to the filamentous fungi properties.[226, 90]

Here, we describe the use of a droplet-based microfluidic system for high throughput screening of cell-

wall degrading enzyme activity in filamentous fungi. We introduce a solution to the challenges related to

using droplet microfluidics for fungal culturing, sorting, and screening, by optimizing the droplet incubation

method and by using a low-voltage based sorting method. First, we cultured fungal spores in solid-state

fermentation (SSF) media, such that the hyphal growth is maintained in the droplet and incubation times

can be prolonged. We incubated single spores of a C.rosea mutant library within droplets containing an

enzymatic substrate and a colloidal chitin based solid-state media. We used three highly sensitive fluores-

cein based substrates (FL-GlcNAc, FL-GalNAc, FD-Glc) that will release fluorescein units during incuba-

tion to measure the cell-wall degrading enzyme activity. Prolonged incubation using SSF with colloidal

chitin as a substrate was explored by evaluating the enzymatic activity of cell-wall degrading enzyme in

this media and comparing the activity to liquid culture and observing the droplet integrity over time. Fi-

nally, we integrated a low-voltage sorter (using an electrostatic-based sorting technique rather than using

dielectrophoresis [24, 109, 108, 227]) tuned to the characteristics of filamentous fungi droplet libraries, to

seamlessly couple incubation and sorting. We explored the compatibility of the low-voltage sorter with a

droplet microfluidic system to select the clones with high enzymatic activity of cell-wall degrading enzyme

such as β-glucosidases, β-glucanases, β-N-acetylglucosaminidases and β-N-acetylgalactosaminidases from

a long term incubated (at least 3 days) filamentous fungi droplet library, which were further tested for their

biocontrol ability. The addition of solid-phase culture in droplets and low-voltage sorting is the first report,
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to our knowledge, to show successful autonomous screening of filamentous fungi enzymatic activity several

days after germination. The results presented here highlight the optimal use of droplet microfluidics for

fungal culturing and screening, illustrating how it can be useful for finding proteins in fungi that can be used

for industrial biotechnology applications.

3.2 Results and Discussion

3.2.1 Fungal screening system design and development

Isolation of mutants of interest from a filamentous fungi library requires an efficient high-throughput

screening strategy. While there are microfluidic enrichment strategies to sort out active fungi, they suffer

from challenges related to droplet incubation and microfluidic sorting. [224, 225] To solve these challenges,

we introduce a filamentous fungi droplet screening system that consists of (1) a solid-state droplet fermenta-

tion (SSDF) incubation method, and (2) a droplet sorter suitable for maintaining the integrity of the droplets

containing filamentous fungi. Our electrostatic co-planar electrode sorter is optimized particularly to sort

fragile droplet libraries (preventing ‘bursting’ of droplets) without the need to frequently tune the sorter

parameters (i.e., applied voltage and flow rate) based on differences in droplet volume. Additionally, the

system has a small footprint and does not need expensive components (e.g., microscope, lasers and special-

ized optics) making it more accessible to microbiologists.[226]
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Figure 3.1: Microfluidic device for screening cell wall degrading enzymes in filamentous fungi. (A) Schematic of
two microfluidic devices used for screening: (i) a droplet generator and (ii) a sorting device containing electrodes. For
(i) and (ii), the microfluidic channel is fabricated via soft-lithography techniques except that (ii) contains an electrode
layer with a SU-8 dielectric layer that is bonded to the channel PDMS layer. Two optical fibers (excitation: 105 µm
core, 0.22 NA; emission: 200 µm core, 0.39 NA) are inserted into (ii) and are placed orthogonally to the channel to
excite and to detect droplet fluorescence. (B) Screening workflow overview. Screening of the enzymes followed five
steps. First, the mutant fungal population is generated through UV mutagenesis. Next, a microfluidic mixer T-junction
droplet generator (see device (i)) co-encapsulates the conidial library suspended in colloidal chitin minimal media with
a fluorescein linked enzymatic substrate for glycoside hydrolases. Droplets are then collected and incubated in HFE
7500 oil 2% fluorosurfactant at 27 oC for 2 - 6 days. Droplets contain single spores, minimal media with colloidal
chitin, and a cell wall degrading specific fluorogenic substrate (FL-GlcNAc, FL-GalNAc, FD-Glc). During incubation,
glycoside hydrolase (GH) activity leads to the cleavage of the fluorescein based substrate and the release of fluorescent
fluorescein units that remain confined within the droplet. The droplet library was reinjected into a microfluidic low
voltage sorter (see device (ii)) and the mutant populations are sorted out when displaying high fluorescence intensity.
Finally, mutants with high fluorescence are recovered on PDA plates and grown into clonal colonies after which further
testing is performed.

The system presented here (illustrated in Figure 3.1 A) consists of a droplet generator and an elec-

trostatics based fluorescence activated droplet sorter (shown in more detail in Figure B.9). The droplet

generator device is used to create the single-spore droplet library and consists of three inlets that are used

for (1) the C.rosea spore solution in solid-state fermentation (SSF) media, (2) the fluorogenic enzymatic

substrate solution, and (3) the continuous oil phase with 2% fluorosurfactant. Solutions from inlets (1)

and (2) were mixed via a serpentine mixer and droplets were generated via a T-junction mechanism. As

illustrated in Figure 3.1 B, a spore library was exposed to UV to generate a mutant library, and subse-

quently diluted in a solid-state fermentation media (i.e., colloidal chitin minimal media). In the generator,
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the library was mixed with one of three highly sensitive fluorescein based substrates (fluorescein mono-(N-

acetyl-β-D-glucosaminide (FL-GlcNAc), fluorescein mono-(N-acetyl-β-D-galactosaminide) (FL-GalNAc),

fluorescein-di-β-D glucopyranoside (FD-Glc)) and a single-spore is encapsulated in a droplet emulsion.

Following droplet generation, the droplet library was incubated in PCR tubes at 26 – 36 oC in the dark for

up to four days. The droplets were then injected into the sorter and sorted based on fluorescence. Within the

droplets, fluorescein substrates are cleaved by cell-wall degrading enzymes, by which the activity of glyco-

side hydrolase (GH) family CAZymes (i.e. carbohydrate active enzymes) such as N-acetyl hexosaminidases

(e.g., chitinases) and β-glucanases is measured.[228, 212]

In the experiments described here, we explored the concept of using co-planar electrode sorters. Fila-

mentous fungi will expand their mycelium after several hours of growth and incubation which causes the

hyphal tips to exit the droplets. When the tips exit the droplets, it disrupts the water/oil interface and high-

field DEP droplet sorting can lead to bursting of the droplets and to losses of the active enzymes during

sorting.[225] Previously, electrostatics based sorters showed promising results and reliable droplet sorting

without any droplet breakup or damage.[24] This technique is based on applying kHz-frequency potentials

to electrodes under a dielectric, and using the generated uniform electrostatic field to move droplets. A

binary sorter was designed, (motivated by our previous work in our group [108, 227] and others [24, 109]),

consisting of a droplet receiving inlet chamber followed by a spacer oil channel and a binary sorter. The

sorter was placed on a dielectric covered electrode configuration directly below the channel. As shown

in Figure B.9 B, three co-planar electrodes were placed under the sorting Y-junction with a dual purpose

to actively sorting positive (P) droplets towards the higher resistance (narrower and longer) channel and

maintaining preference of the negative (N) droplets towards the main (wider) channel. The electrodes were

configured as a constant electrode (CE) located at the top, a pulsing electrode (PE) located in the middle,

and a ground electrode (GE) located at the bottom of the channel. The sorting mechanism is based on a

uniform electric field being formed between the gaps of the electrodes with dependency on which electrodes

are grounded (see Figure B.10 for simulation). From our simulations, when a continuous potential (AC,

10 kHz) was applied to the CE (with PE+GE being grounded), an electric field was generated between the

gap. This configuration ensures N droplets are directed into the main channel. When a P droplet is detected,

the PE is activated with a short and small pulse (300 ms, 10 kHz sine wave, 4.6-51.8 VRMS), such that an

electric field forms along the gap between CE/PE and GE such that it directs P droplets towards the narrower

channel (Figure B.10 B).
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Due to the limited number of examples of droplet microfluidic screening of filamentous fungi, and

to improve accessibility for using droplet-based microfluidics, we have developed the system to have re-

duced footprint, more affordable and user intuitive compared to classical DEP-based FADS systems (Table

B.1).[229] An overview of the software and hardware is written in Appendix B.2. Although we used op-

tical methods for observation of the droplets, the system does not use microscope optics for excitation or

detection, but uses optical fibers and relies on a single portable detector.[108, 229] OOperation of three

electrodes under low voltage opens up the possibility to reduce the electronics further to a smaller footprint

and reducing the cost of the system significantly.

3.2.2 Improving droplet incubation for filamentous fungi to analyze cell-wall degrading en-

zymes

To perform an enzymatic assay on a microfluidic scale, single spores and substrates are encapsulated

into pico-liter sized droplets. These are then taken off-chip for incubation to allow for protein expression

and secretion. After several hours of incubation, the droplets are reinjected into a device to be sorted for

high activity.[29, 230, 231] When culturing filamentous fungi for enzymatic production, longer incubation

times (∼ days) are required since certain enzymes are not expressed until several hours after spore germina-

tion. [224, 228, 225] The incubation problem was previously shown by Beneyton et al. [225] and He et al.

[224] – the sorted positive droplets did not display the expected fold-increase improvement in enzymatic

activity. Since these single-spores are confined to liquid bioreactors, this makes culturing of filamentous

fungi in droplets challenging because a balance is required between preventing the hyphal exit and obtain-

ing enzymatic production above the limit of detection. Previously A.niger hyphal tips have been shown to

burst through 250 pl droplets at ∼15 hours post-incubation (hpi), and through 18 nL droplets at 32 hpi.[225]

T.reesei was grown for up to 16 hours, while the organism shows enzymatic production at 24 hpi.[224]

Working with larger droplets can increase incubation times, yet this needs systems with a lower limit of

detection and adapted microfluidic sorters for larger volume droplets.[224, 225] We address this issue by

finding relevant sensitive fluorogenic substrates to allow for early detection of enzymatic production, and by

adjusting the incubation media to prolong droplet incubation.

We hypothesize SSF in droplets could potentially solve the incubation issue by maintaining fungi within

the SSF substrate such that the solid media will limit hyphal tip exit. Previously, colloidal chitin (CC) has
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been shown to be a good addition to liquid culture (for C.rosea [232] ) and as SSF substrate derived from

shrimp shells.[233] In addition to providing support, it also plays a role in inducing cell-wall degrading

enzyme expression in mycoparasites, since chitin is a major fungal cell wall component.[232] The use of

gel-like or solid supports (microcarriers) in microfluidic water-in-oil droplets prolongs incubation times

for mammalian cells [234], yeast [235] or bacterial colonies [236], and for filamentous fungi [237, 238].

However, we believe this is the first demonstration of the use of a solid substrate for SSF of filamentous

fungi within pico-liter water-in-oil droplets, and the first demonstration of the encapsulation of colloids for

solid support.
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Figure 3.2: Incubation of filamentous fungi in droplets with varying media. Red circles indicate hyphae breaking
through droplets. (A) Droplets after 16 and 36 h of incubation with C.rosea spores germinating in glucose minimal
media (GMM). After 36 h, large hyphal masses can be seen (red arrow), indicating droplet merging events. (B) Solid
state droplet fermentation (SSDF). Droplets after 6 days of incubation with C.rosea spores germinating in colloidal
chitin minimal media (CCMM) show polydispersity and fewer hyphal tip exits. (C) Solid state droplet fermentation
(SSDF) with cell-wall degrading enzyme fluorescent substrate. Droplets after 3 days of incubation with C.rosea
spores germinating in colloidal chitin minimal media with FD-GalNAc. Fluorescein shows no cross contamination
across droplets (485 nm, 20X).

To perform SSDF, a mixing channel was used to mix 1:1 2% colloidal chitin solution with the substrate

solution prior to droplet generation. To prevent clogging of the device, the colloidal solution was filtered

(10 µm) after which spores were dissolved in the solution with constant agitation. Next, the solution was

injected at a lower flow rate and gradually increased to an equal flow rate as the substrate solution to avoid

sudden clogging. Using colloidal chitin minimal media, we were only able to see hyphal tip exit after 4 days

at 27 oC (∼96 hpi, 1 nL), while with regular minimal media with a glucose carbon source, there was hyphal
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tip exit after 16 hpi in ∼ 1 nL drops. (Figure 3.2). The decreased hyphal tip exit can be explained by the

absence of any carbon source beyond complex colloidal chitin, which can only be accessed after sufficient

degrading enzymes have been produced.[232] In addition, we observed that the hyphae preferentially grew

with high density in the colloid mass within the droplet, while the hyphae present outside of the colloid

mass were limited. Interestingly, when droplets were incubated (27 oC, 2 days) in minimal media droplets

without any carbon source, we found several C. rosea spores germinating and developing hyphae. While

unlikely, C.rosea could have a mechanism to access the carbon chain of surfactants or the highly fluorinated

HFE oil., as degradation of fluorinated compounds has been demonstrated for other fungi.[239, 240, 241]

Following culturing on colloidal chitin, we looked at fluorogenic substrates that can be used to mon-

itor the production of a collection of cell-wall degrading enzymes from the glycoside hydrolase family

enzymes.[212, 228] Colloidal chitin has previously been used to enhance production of chitinases and β-

1,3-glucanases by C.rosea,. We examined production of cell-wall degrading enzymes using three substrates:

FD-Glc for β-glucosidases and β-1,3-glucanases, FL-GlcNAc for (exo-)chitinases, and FL-GalNAc for the

detection of N-acetyl galactosaminidases. Previous reports have shown enzymatic activity measurement

of cell-wall degrading enzymes by end-point assays that monitor the release of glucose units for β-1,3-

glucanases, or use 4-methylumbelliferyl substrates such as N-acetyl β-D-glucosamine (4-MU-GlcNAc for

exo-chitinases).[242, 243] A preliminary well plate assay was performed to confirm enzymatic activity

in the parent strain, using 4-methylumbelliferyl-β-D-glucopyranoside (4-MU-Glc), 4-MU-GlcNAc, and 4-

methylumbelliferyl-N-acetyl galactosaminide (4-MU-GalNAc) (Figure B.11). All substrates showed higher

fluorescence after five days of incubation with C.rosea agar plugs (P < 0.05 compared to media without C.

rosea ). The higher fluorescence indicates that the parent strain natively produces enzymes that cleave the

three enzymatic substrates. When we grew C.rosea in colloidal chitin minimal media (CCMM), all three

substrates showed a significantly higher fluorescence in comparison to PDB (potato dextrose broth) media

(P < 0.05) indicating that CCMM upregulates cell-wall degrading enzyme expression and 4-MU-Glc is

a poor choice to represent β-1,3-glucanase production. Next, the equivalent fluorescein based substrates

were used for a kinetic assay on spore solutions to further investigate them as substrates for FADS. Com-

mon enzymatic substrates (e.g., 4-methylumbelliferone and resorufin based substrates) are difficult to use

for detecting enzymatic activity in droplet microfluidics because they require merging at end-point or re-

quire UV excitation. Fluorescein based substrates are extremely sensitive, easy to detect under 470 nm

excitation, and have previously been used in droplet microfluidics with excellent droplet retention for long
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term droplet incubation.[220, 31, 32] We qualitatively examined substrate partitioning and hyphal exit by

incubating C.rosea spores germinating in colloidal chitin minimal media with FL-GalNAc in droplets for

three days. Culturing the spores in the solid media shows no cross contamination of fluorescein across

droplets and very minimal hyphal exit (Figure 3.1C). Furthermore, we observed detectable fluorescence

after incubation of spores ( 0.5 x107 spores mL-1, Poisson spore concentration) with fluorescein substrates

(Figure B.12). The fluorescence signal using all three fluorescein based substrates displays an increasing

trend over the 16 h of incubation. The change in fluorescence over time for all three substrates are sig-

nificantly different when comparing enzyme production in glucose MM and CCMM (ANOVA, P < 0.05)

indicating higher enzymatic activity in CCMM and higher sensitivity of the fluorogenic substrates. We

note that the N-acetylglucosaminidase and N-acetylgalactosaminidase substrates displayed a higher fluo-

rescence compared to the β-1,3-glucanase substrate. We expect FD-Glc hydrolysis to be an indicator for

β-1,3-glucanase since the enzyme has previously been reported to hydrolyze other glucopyranoside bound

fluorogenic substrates.[244, 245, 246] However, previous reports show higher β-1,3-glucanase activity com-

pared to chitinase activity, which we did not detect from the preliminary results above. [212, 232]

We identified two methods to improve the sensitive detection of filamentous fungi secreted products.

First, we increased filamentous fungi droplet incubation time from previously reported 16 hours to 4 days,

using solid-state fermentation media within nanoliter sized droplets. Next, we identified three sensitive

fluorescein-based substrates that are commercially available of which we showed substrate sensitivity to

cell-wall degrading enzymes.

3.2.3 Optimization and characterization of electrostatic sorter

Dielectrophoretic sorters often need to be experimentally tuned (potential, flow rate and frequency)

based on specific droplet volume and content, to sort optimally.[225, 231, 31] However, after droplet incu-

bation for extended time periods, droplets often display a variation in volume, which is especially true for

long-term droplet incubation of filamentous fungi. Secondly, filamentous fungi hyphal tips are known to

puncture droplets. Changing the shape of droplets extensively, through channel geometries or high-voltage

DEP sorting (electrosplitting) can increase the risk of droplet breakage post-incubation.

We first tested the effect of changing flow rate and potential on droplet emulsions of identical droplet size

and content (∼ 1 nL, ddH2O). Experimental results show sorting success (number of droplets that go into

the disfavored channel (T) divided by the total (T+F)) modeled with a binomial regression model with an
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Figure 3.3: Evaluating the sorting efficiency under different flow rate and electric potential conditions. (A)
A heat-map showing the efficiency of electrostatic droplet sorting (%) for different oil flow rates (nL/s) and applied
potentials (VRMS). The success rate of sorting was measured by counting the number of droplets that successfully
enter the disfavored channel (true, T) and those that enter the main channel (false, F). The highest sorting success is
displayed as a blue area with the lowest success being shown as the pink area. The optimal flow rate and potential to
achieve 100% success is > 51.5 nL s-1, 27.4 VRMS. The lowest potential at which we observed perfect sorting (100%,
N = 10) was at 12.5 VRMS, 50 nL s-1. This graph was created through a polynomial fit using a binomial regression
with interaction term, AIC: 1029.1 with coefficients P<0.05), N = 10 per condition. Three failure sorting conditions
were observed and labeled as E1, E2, and E3. (B) Time series images of three sorting failure conditions. Actuated
electrodes are indicated with a white dot, and droplet is outlined. E1: droplets immediately enter the main channel
(low potential, high flow rate). E2: droplets enter the disfavored channel, but droplet switches to main channel after
the PE pulse (low flow rate high potential). E2 and E3: droplet could merge with the next arriving droplet (low flow
rate).
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interaction term (all terms P < 0.01) (Figure 3.3A). A potential was sent to the top constant electrode (CE)

while grounding the other two electrodes (PE and GE). For each condition, sorting was performed manually

by applying a potential pulse to the PE upon arrival of a droplet (300 ms; N = 10), to sort droplets at random.

A sine wave of 10 kHz with varying AC potential was amplified to obtain a potential between 4.6 - 51.8

VRMS (see linear calibration curve Figure B.12), and flow rates of the spacer oil were varied between 10 -

100 nL s-1. As shown in Figure 3.3 A, reliable efficient sorting occurs at oil flow rates greater than 51.5 nL

s-1 at an applied voltage of 27.4 VRMS (P = 0.5, binomial regression inflection point). The lowest potential at

which we observed perfect sorting (100%, N = 10) was at 12.5 VRMS, with a flow rate of 50 nL s-1 (Figure

B.14). As far as we are aware, the idea of electrostatic-based sorting has been reported previously [109, 24],

but this is the first example of characterisation as a low-voltage sorting system with perfect fidelity. While

the sorter performed efficiently in this region (shown in blue), we note that there are three regions (labeled as

E1, E2, and E3) that sorting errors occur more frequently. E1 occurs when droplets enter the main channel.

This frequently occurs when sorting at low voltages (< 27.4 VRMS), higher flow rates (> 51.5 nL s-1), where

the hydrodynamic drag force is larger than the electrostatic force. The second scenario (E2, Figure 3.3 B)

occurs at low flow rates (< 51.5 nL s-1). Here, sorting fails because the hydrodynamic drag force is not

strong enough to overcome the channel resistance in the disfavoured channel and the droplet either moves

towards the main channel or remains static at the entry of the disfavored channel on the gap between the

grounded and the activated electrode due to a strong electrostatic field until the PE is turned off. In addition,

if in this scenario a second droplet arrives at the sorter junction when the PE is still on, merging can occur

at high potentials (>27.4 VRMS) (E3, Figure 3.3 B). We hypothesize when the orthogonal hydrodynamic

drag forces and the electrostatic forces (from the applied potentials) balance each other out, sorting will be

successful. By using this co-planar electrode configuration with an electrode gap oriented in parallel with

the flow streamlines, electrostatic force based sorting can be performed successfully at significantly lower

applied voltages compared to dielectrophoresis techniques requiring up to 1.4 kV, without sending potentials

through the droplet content.[225, 31] This can reduce deformation and the risk of droplet breakage, which

is beneficial when working with fragile filamentous fungi containing droplet libraries.

Next, we tested sorting efficiency of sorting a polydisperse volume droplet emulsion under two different

sorting regimes (60 nL s-1 or 80 nL s-1 ). The droplet emulsion represents a reinjected droplet population of

long-term droplet incubated filamentous fungi.
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Figure 3.4: Calibration of the low-voltage sorter. (A) Gating his-
togram. Peak intensity of 5 µM (shown as blue) and 50 µM (shown
as red) fluorescein containing droplets was measured when passing
through the microfluidic sorter using a peak detection algorithm (N
= 500). (B) Experimental overview. A mixed droplet library is rein-
jected into the sorter, of which the sorting gate is set to fit the 5µM
Fluorescein histogram, and autonomous sorting with total oil flow of
0.03 µL/s, PE 10 kHz 15 VRMS 0.3 s, and droplet travel time of 0.1 s.
(C) Droplet populations from each outlet after autonomous sorting of
a mixed population of fluorescein “positive (P)” (5 µM) droplets and
“negative (N)” blue dye droplets. Sorted positive droplets are expected
to flow into the ‘disfavoured’ channel with the negative droplets flow-
ing into the ‘main’ channel. From observation of bright-field and 480
nm excited fluorescent microscopy images of droplets recovered from
both sorting outlets, the sensitivity (77.14%) and specificity (99.52%)
of the sorter were calculated.

As shown in Figure B.15 A, we

observed droplets of different volumes

passing through the binary sorter at two

flow rates (60 nL s-1 or 80 nL s-1 ), with-

out actuating any electrodes. At 80 nL

s-1, the true probability r of a droplet

entering the main channel is > 90.6%

while at 60 nL s-1, it’s > 94% (99.9%

confidence level). We can thus conclude

that around 1% of true or false posi-

tive droplets could be due to the chan-

nel geometry. We also observed that at

flow rates lower than 10 nL s-1 and in-

creasing droplet size, droplet plugs in-

creased the resistance in the main chan-

nel, resulting in droplets frequently en-

tering the disfavored channel. Next, we

used the previously described manual

electrostatic sorting method in two ex-

periments with different sorting regimes

(36.34 VRMS, 60 nL s-1 ; 44.20 VRMS, 80

nL s-1) to assess the ability of an electro-

static sorter to sort varying droplet sizes

under the same sorting conditions ( Fig-

ure B.15 B). Droplets with varying vol-

umes smaller than ∼1 nL (at success >

0.5; inflection point) could be sorted suc-

cessfully under the same flow (60-80 nL

s-1) and potential (36.34 - 44.20 VRMS). This indicates the ability to sort polydisperse volume droplet emul-

sions, without the need for re-tuning sorting parameters such as voltage, pulse length or oil flow rate for
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different volumes.[247] This is beneficial to sort filamentous fungi containing droplets, which can often

merge, or display polydispersity after long term incubation times due to differing growth rates, or evapora-

tion.

After manually characterizing successful sorting regimes for sorting of polydisperse droplet emulsions,

we analyzed the performance of fully autonomous sorting, under a single hardware configuration. All the

sorting manipulation were controlled using our automation system (previously published [227]) with addi-

tionally developed software for droplet fluorescence detection and automated electrode pulsing, including

a graphical user interface. We evaluated several performance measures such as the sensitivity, specificity,

and throughput of sorting when auto-detecting and sorting positive droplets containing 5 µM fluorescein.

For this, a droplet generator device containing two independent T-junction droplet generators was used to

generate predefined droplet libraries for sorter calibration with fluorescein standard droplets (5 µM and 50

µM), and blue dyed ddH2O droplets (0 µM fluorescein) (device 2; Figure B.9). As a first step, to set the

sorting gate, we measured the fluorescence of droplets of different concentrations of fluorescein by per-

forming a peak finding algorithm (Figure 3.4A and Supplementary Note 2). We generated 5 µM and 50

µM droplets of fluorescein, reinjected the droplets into the sorter and determined the fluorescence intensity

range for the 5 µM fluorescein droplets. Next, a mixed population of 5 µM fluorescein droplets with blue

dyed droplets (representing 0 µM fluorescein) was generated and reinjected into the sorter. Using the pre-

viously determined 5µM fluorescein intensity range as a gate, a sorting voltage of 15.8 VRMS, 10 kHz sine,

and a flow rate of 30 nL/s, the device was left to sort autonomously (Figure 3.4 B). The results are shown

in a confusion matrix (Figure 4C, Supplementary Table 3), display a sensitivity of 77.1% (true positives

out of the total number of fluorescein droplets) and specificity of 99.2% (true negatives out of the total

number of blue dyed droplets). The sensitivity is lower than other reported sorters, but this can be further

increased by a more precise timing of PE actuation, given that our system relies on experimental (and no

in-situ) measurement of droplet speed and derived droplet travel time to actuate the electrodes for sorting

(Figure B.16). Although our sorting throughput of 7 Hz is lower than reported sorters,[31, 161] changing

the system to a laser and PMT based detection system, the electrode configuration, the channel geometry or

optimizing communication speed in electronics will increase the throughput of our sorting system to kHz

range.[24, 231] Comparing our system to current filamentous fungi screening techniques, 7 Hz is faster than

standard high-throughput well-plate based methods, and comparable to the previously reported microfluidic

throughput for fungal sorting (Beneyton et al., 2016 (10 Hz)). To summarize, we developed an electrostatic
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sorter that can efficiently sort polydisperse volume droplet libraries at 7 Hz throughput and with only an

applied potential of 12.5 VRMS, without exposing droplet content to electric fields and risking electrosplit-

ting. This new sorter is an important contribution to aid the automated sorting of filamentous fungi droplet

libraries.

3.2.4 Application: Screening glycoside hydrolases in C.rosea using droplet-based chitin fer-

mentation

Mycoparasitism by degradation of pathogenic fungi cell walls (nercophytism) is a crucial mechanism of

filamentous fungi used as biocontrol agents.[212] To show the use of our system, we generated a random

mutant C.rosea conidia library and screened single clones for improved secreted CWDE. The generated UV

mutant library showed a spore survival of on average 11.5% compared to an untreated sample.

To screen the mutants for cell-wall degrading enzymes activity, one fluorescein substrate at a final con-

centration of 100 µM was co-encapsulated with 2x CCMM with spores (1:1 microfluidic mixing). The

resulting ∼ 1 nL droplets were subsequently incubated at 27 oC at varying times (2 – 4 days) depending on

the substrate. Before active sorting, we detected the fluorescence for each droplet of the reinjected droplet

population to assess the differing fluorescence between wild type and mutant libraries and differences in

fluorescent profiles between substrates (Figure 3.5 A). The skewed populations (Pearson coefficient, mu-

tant populations right skewed compared to wild-type) confirm a majority of empty droplets (Poisson dis-

tribution encapsulation), displaying the background fluorescence of the substrates in empty droplets. For

FL-GlcNAc based sorting, the droplets were incubated for 2 days after which they showed strong fluo-

rescence in spore containing droplets that was distinguishable from empty droplets. For FL-GalNAc based

sorting, the droplets required incubation for 4 days to be able to observe fluorescence in the spore-containing

droplets that was distinguishable from background fluorescence. For both substrates, the histogram showed

a difference in variance between parent strain and mutant library (Levene Test, P < 0.05), which confirms

droplets with higher fluorescence in the mutant library. FD-Glc containing droplets, however, showed a

high degree of droplet breakage after 2 days and it was difficult to obtain intact droplets for sorting. Large

clusters of hyphae were found indicating droplet merging events and faster growth rates. As a result of

the shorter incubation time, the peak histogram of the parent strain population could not be distinguished

from the mutant population (Figure B.19). While we confirmed that C.rosea generates β-1,3-glucanases
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in CCMM, we observe from end-point and kinetic assays that the production was much lower as expected

compared to previous reports.[232, 212] We hypothesize that C.rosea produces exo-glycosidases and exo-

glucosidases in addition to endoglycosidases, which can lead to hydrolysis of FD-Glc and the release of

glucose. The free glucose could expedite growth rates and droplet breakage. Due to the failed attempt to

sort based on FD-Glc, we proceeded with autonomous sorting of the FL-GlcNAc (one sorting experiment)

and FL-GalNAc populations (two sorting experiments). In a 30 min experiment, we screened on average

around 12 500 droplets at 7Hz, which results in a screen of around 3800 unique single spores. The sorting

gate was set to sort droplets above the 90% quantile of the mutant populations, with 500 nm < λem < 520

nm. Using the sorting regime as previously optimized (∼ 40 VRMS potential, 60 nL s-1 oil flow), positive

droplets with high-yield GH production were collected in a glass capillary and spread onto potato dextrose

agar (PDA) for verification. Over fifty colonies were picked randomly and subjected to further enzymatic

assays (Figure 3.5 B). Over fifty colonies were picked randomly and subjected to further enzymatic assays.

Fourteen strains for the FL-GalNAc (MG strains) and four strains for the FL-GlcNAc based screen (MC

strains) were studied using a 4-MU substrate end-point assay as previously described. From the results, we

conclude that mutants that show increased activity on its screened compound, also show increased activ-

ity in other cell-wall degrading enzymes, as shown by additional 4-MU substrate end-point assays. When

sorted based on FL-GlcNAc activity, MC1, MC2 and MC4 showed significantly improved enzymatic ac-

tivity over wild-type (Table B.4). When sorted based on FL-GalNAc activity, MG1, MG10, MG11, and

MG12 showed increase activity in all three enzyme families (Table B.5). We identified three strains (MG10,

MG11, and MG12) with ∼ four-fold improvement in chitinase activity over the wild-type strain and MC2

with a 1.5 fold improvement. These results indicate that sorting based on end-point fluorescent measurement

of a droplet based enzymatic assays of long-term droplet incubated filamentous fungi, is representative of

the actual enzymatic activity confirmed in deep-well micro well plates. We then performed a biocontrol

assay with mutant strains that showed increased enzymatic activity, to evaluate their ability to control plant

pathogens Fusarium graminearum and Botrytis cinerea. Fusarium cultures in culture filtrate of C.rosea

mutants MG8 and MC2 have a lower average dry weight compared to the wild-type inoculants, and these

mutants show to have an effect and minimize biomass production. However, none of the mutants showed

a significant strong biocontrol ability to either Fusarium or Botrytis (N=3, paired t-test, P > 0.05) (Figure

B.20).[212] From differentially expressed gene analysis, it is known that C.rosea’s regulatory response to

55



confrontation with pathogens is widely varying and there’s upregulation of genes coding for proteins be-

yond cell-wall degrading enzymes, such as ABC transporters, membrane proteins, proteases, and secondary

metabolites.[212, 211, 248] For cell-wall degrading enzymes, the response is also pathogen dependent, as

Nygren et al. [248] showed a GH18 killer toxin-like chitinase ChiC1 being induced upon confrontation with

F.graminearum, but not with B.cinerea, while killer toxin-like chitinase ChiC2 shows upregulation in the

presence of B. cinerea and R. solani but not against F. graminearum.[212, 248] The results of our biocontrol

assay indicate high chitinase activity mutants do not show increased activity of a pathogen specific chiti-

nase. The successful microfluidic sorting based on a single enzymatic substrate lacks enzyme specificity, but

could be used to speed up the process to find candidates for further research into complex phenotypic traits

and transcriptomic analysis. Further investigation into expanding the repertoire of substrates and enzymes

for the droplet based assays and looking into the expression of cell wall degrading enzymes in the selected

C.rosea mutants via transcriptomics (or other gene expression studies) can offer a better insight into their

bio-control ability.
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Figure 3.5: Sorting and recovery of C. rosea mutants based on cell-wall degrading enzyme (CWDE) activity.
Peak intensity histogram and enzymatic assays using (A) FL-GlcNAc or (B) FL-GalNAc as the substrate for single
spore libraries. For the histogram, fluorescence intensity of each droplet in a mutant population (shown as red) and
a wild type (shown as blue) population incubated at 27 0C. Intensity of peaks between the wavelengths 510 nm and
520 nm were used for gating. To sort droplets, the intensity gate was set at the 0.9 quantile of the mutant popula-
tion fluorescence (shown by the dotted line). Total number of peaks (N) and integration time are indicated on the
plot. The top 10% droplets were recovered on plates and cultured to obtain distinct mutant colonies (MG for the
FL-GalNAc sorted spores, MC for the FL-GlcNAc sorted spores). For enzymatic assays, three cell-wall degrading en-
zymes were assayed for on recovered strains: 4MU-GlcNAc (indicating chitinase activity), 4MU-GalNAc (indicating
N-aceylgalactosaminidase activity) or 4MU-Glc (indicating β-1,3-glucanase activity). Values were obtained through
an end-point enzymatic assay (pH 5.1, 30 min) with N= 3. Error bars are representing one standard deviation, paired
t-test against WT, * P < 0.05, ** P < 0.01.
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3.3 Conclusion

In this study, a novel filamentous fungi high-throughput screening approach was developed using a solid-

state fermentation droplet incubation method and an electrostatic low-voltage droplet microfluidic sorter.

The system was established using C.rosea, and successfully screened for high performing cell wall degrad-

ing enzymes. Compared with the traditional screening methods available for high-throughput screening of

filamentous fungi, this method greatly increases the screening speed and reduces the labour and tedium asso-

ciated to testing secreted proteins in fungi. To our knowledge, this is the first filamentous fungi microfluidic

sorting work that shows advancement in long-term droplet culture based on solid-state fermentation, and a

sorting method particularly designed to handle fungal droplet libraries. Compared to current filamentous

fungi screening techniques available, the 7 Hz throughput is faster than macroscale high-throughput well-

plate based methods, and comparable to the previously reported microfluidic methods for fungal screening.

Given our longer incubation times (> 3 days), we resolved enzymatic activity in C.rosea, which was pre-

viously hard to demonstrate with single spore libraries. We believe our system is the first step to further

explore solid-state fermentation methods in nano or pico-liter sized droplets and to further investigate the

effect of long term incubation on screening methods. Beyond electrostatic or DEP based sorting, the screen-

ing strategy we present here could be applied to other filamentous fungal strains and enzymes using other

fluorescein based substrates, and can thus be used for many industrial biotechnology applications.

3.4 Experimental section

3.4.1 Reagents and materials

Fabrication materials for microfluidic devices include a transparent photomask (CAD/Art Services Inc.,

Bandon, OR), S1811 positive photoresist coated glass slides (Telic, Valencia, CA, USA), MF321 developer

(Rohm and Haas, Marlborough, MA, USA), CR-4 chromium etchant (OM Group, Cleveland, OH, USA),

AZ-300T photoresist stripper (AZ Electronic Materials, Somerville, NJ,USA),

< 100 > Si wafers (Silicon Valley Microelectronics Inc., Santa Clara, CA, USA), Indium Tin Oxide coated
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glass (Delta Technologies, Loveland, CO), SU-8 5, SU-8 2075, and SU-8 developer (Microchem, Westbor-

ough, MA, USA). Optical fibers, short pass filter were obtained from Thorlabs (Newton, NJ, USA). Poly-

dimethylsiloxane (PDMS, 184 Sylgard) was purchased from Dow (Toronto, ON, CA) and chlorotrimethylsi-

lane from Sigma-Aldrich (Oakville, ON, CA). Polylactic acid (PLA) material for 3D printing was purchased

from Shop3D (Mississauga, ON, Canada). DI Water had a resistivity of 15MΩcm−1.

Reagents for device operation include 3M Novec HFE7500 engineering fluid and the surfactant 3M

Novec 1720 (M.G. Chemicals, Burlington, ON,CA), PEG fluoro-surfactant dissolved in HFE7500 (20 g of

5%wt ) (Ran Biotechnologies, Beverly, MA, USA). All liquids were filtered prior to use with a Nylon filter

cartridge ( 0.22µm, Millex ® GP, Millipore). All glass syringes were from Hamilton (Reno, NV, USA). All

tubing and fittings were sourced from IDEX Health & Science LLC (Oak Harbor, WA).

Fluorescein and 4-Methillumbeliferyl based fluorescent substrates, chitin, Bradford assay reagent and

all other cell culture and assay reagents were acquired from Sigma-Aldrich (Missisauga, Canada), unless

specified otherwise

3.4.2 Microorganisms and culture conditions

Clonostachys rosea cultures were obtained from a commercial source. Fusarium graminearum DAOMC

215630 and Botrytis cinerea DAOMC 143576 were obtained from the Canadian Collection of Fungal Cul-

tures (Ottawa, CA). All fungi were cultured on potato dextrose agar (PDA) or in potato dextrose broth

(PDB), with 0.05 g L-1 chloramphenicol, at 27 oC with 12 h light/dark cycles. For Clonostachys rosea

cultures, after around 3 weeks, dark green aerial conidia formed. The conidia were harvested by washing

each culture with sterile 0.01% Tween-80 in ddH2O, filtering the conidia through a 10 µm filter (Pluriselect,

CA, US ), centrifugation (8000 rpm, 2 min) and resuspension in the Tween-80 solution. The spore stock

solution concentration was determined with a hemocytometer, and was kept at 4 oC until further use for up

to 2 weeks. A mutant conidia library was generated by UV mutagenesis. Ten mL of a 5 x 107 spores/mL

suspension were spread in a sterile petri dish and treated under UV light (254 nm, 100 mJ/cm2 ) (UVP HL-

2000 Hybrilinker cross-linker). Suspensions were kept in the dark and a small aliquot was taken, serially

diluted in sterile water and spread on PDA plates to evaluate the number of viable spores. The remainder of

the UV-treated suspension was plated on PDA, and germinated at room temperature for 10-14 days. Aerial

spores were collected and the library was finally stored at -80 oC in 25% glycerol.

59



3.4.3 Enzyme production media

Minimal media (MM) was used as the base media for incubation in droplets and was adapted from

Mania et al. (2010) with an EDTA based Hutners Trace element solution and 0.05% chloramphenicol.53

As a carbon source, the MM was supplemented with either glucose or colloidal chitin (1% w/v). Cell wall

degrading enzyme production by C. rosea was induced by culture in liquid MM without glucose, and 1

% w/v colloidal chitin as carbon source. Colloidal chitin also served as a solid-state fermentation support.

Colloidal chitin for enzymatic assays and droplet based assays was produced following Wu, Cheng and Li’s

(2019) method, dissolving chitin (enzymatic assay grade) in 1M HCl overnight at 40 oC.[207] The solution

was centrifuged and neutralized by washing with distilled water until a pH of 2-4 was reached. The final

wash was performed with 2X MM and the colloidal chitin was formulated to a 2% w/v solution in 2X MM.

Colloidal chitin for the biocontrol assay was produced following Subramanian et al (2020) method [249],

by dissolving chitin (practical grade) 1:10 in HCl (1M) while stirring, and incubating overnight at 40 0C.

The colloidal chitin was precipitated by slowly adding five volumes of chilled ethanol, with constant stirring

at 4 0C. The solution was centrifuged, and neutralized by washing with sterile distilled water and addition

of sodium acetate. The supernatant was discarded, colloidal chitin pellets were dried and a 1%w/v colloidal

chitin in MM was formulated for the biocontrol assay.

3.4.4 Well-plate enzymatic assays

For an end-point enzymatic assay, CCMM or PDB was inoculated with a 5 x 5mm mycelium stab

of one week old cultures, and maintained in static culture at 27 oC for five days in a 2mL 96-well deep

well plate. Cell free enzyme containing supernatant was collected by centrifugation (4000 rpm, 4 min)

and filter sterilization of the supernatant (0.22 µm). The supernatant was kept at 4 oC until use. Three

4-methyllumbelliferyl enzymatic substrates – 4-methyllumbelliferyl-N-acetyl-β-D-glucosaminide (4-MU-

GlcNAc), 4-methyllumbelliferyl-N-acetyl-β-D-galactosaminide (4-MU-GalNAc) (BioSynth Carbosynth, UK),

4-methyllumbelliferyl-β-D-glucopyranoside (4-MU-Glc) (BioSynth Carbosynth, UK) – were dissolved to

a 500 mM stock concentration in DMSO. A 50mg mL-1 4-MU standard stock solution was prepared in

methanol. For the end-point assay performed on mutant or wild type C. rosea, a standard clear 96-well plate

was loaded with each well containing a substrate at final concentration of 0.5 mM in a sodium acetate buffer

(pH 5.1) (75 µL) and the sample supernatant or standard (1.9 nmol mL-1 )(25 µL) , and incubated for 30
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min at 37 oC . A stop solution of 100 µL sodium carbonate (0.4 M) was added, and the relative fluorescence

was measured at 360 +- 20 ex / 450+-30 em (40 flashes per well, 200 rpm orbital shaking before each mea-

surement) in a fluorescent well-plate reader (ClarioSTAR®, BMG Labtech). Background fluorescence was

subtracted. To calculate enzymatic activity (U mL-1), the following equation was used:

Enzymatic activity
(

U

ml

)
=

1.9VTDF (FLU − FLUblank )

FLUstd tVsample
(3.1)

where FLU fluorescence of the well (RFU), FLUblank fluorescence of the substrate working solution (RFU),

the final reaction volume (mL) , DF the enzyme dilution factor, FLUstd the fluorescence of the Standard

Solution minus the fluorescence of the Standard Blank, t the incubation time of 30 mins (min), Vsample the

volume of the sample in the well (mL). One unit of enzymatic activity will release 1 umole of 4-MU from the

appropriate substrate per minute at pH 5.0 at 37 0C. A BCA total protein assay was performed on the same

supernatant (PierceTM BCA Protein Assay Kit, Thermo Scientific).The relative fluorescence was divided by

the total protein content (determined using a bovine serum albumin standard curve).

For a kinetic enzymatic assay representative of droplet incubation, CCMM or MM (1% w/v glucose)

was inoculated with 0.5 107 spores mL-1 wild-type C.rosea per well. Three fluorogenic substrates – fluores-

cein N-acetyl-β-D-glucosaminidase (FL-GlcNAc) (Abcam, Waltham, MA, USA), fluorescein-N-acetyl-β-

D-galactosaminidase (FL-GalNAc) and fluorescein-di-glucopyranoside (FD-Glc) - were dissolved in DMSO

to obtain a stock concentration of 100 mM. The substrates were dissolved in ddH2O and mixed with the

samples to a final concentration of 100 µM. The assay was carried out overnight (16 hrs) in a 50 µL half

area flat bottom dark well plate (Greiner Bio-One, AT) incubated at 27 oC in a fluorescent plate reader

(ClarioSTAR®, BMG Labtech) and measured at 485+-15 ex / 530+-10 em (100 flashes per well, 200 rpm

orbital shaking before each measurement).

3.4.5 Device fabrication and optical fiber setup

The microfluidic sorter was fabricated using standard photolithography and soft-lithography methods.

Photomasks were designed using AutoCAD 2019. The co-planar sorter device, electrode and dielectric layer

fabrication followed standard photolithography procedures reported previously.[227] Briefly, chromium-

coated glass slides (50 x 75 mm), with S1811 positive were exposed (5 s at 38-50 mW cm-2), developed in

MF-321 developer, etched with CR-4 chromium etchant, and stripped with AZ-300T photoresist stripper.
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For the dielectric layer, the resulting patterned electrode substrate was placed under plasma oxygen (Harrick

Plasma PDC-001, Ithaca, NY) for 1 min 30 s, after which they were immediately spin coated with an SU-8

5 layer (10 s, 500 rpm, 30 s 2250 rpm), soft baked, and exposed to a sawtooth patterned mask. After post-

bake, substrates were developed, rinsed with isopropyl alcohol, and underwent a hard baked cycle (180 oC,

10 min, gradual ramping). For the channel layer of the sorter device, a 4” Si wafer was treated under plasma

oxygen for 1 min 30 s. SU-8 2075 was spin coated (500 rpm 10 s and 3250 rpm 30 s) to obtain an 70 µm

layer, followed by a baking and exposure cycle according to the manufacturer datasheet. A second layer of

SU-8 2075 was spin coated on top of the undeveloped first layer (500 rpm 10 s and 2250 rpm 30 s) to obtain

a 90 µm thick layer. After pre-exposure bake, the second layer mask was feature aligned and exposed (UV-

KUB 2, Kloé, France), followed with baking and development according to the manufacturer datasheet. The

resulting master mold was exposed to chlorotrimethylsilane vapour deposition in a desiccator for 45 min.

PDMS (1:10 w/w ratio curing agent to prepolymer), was poured over the mold and left to cure in an oven

(65 oC, 3 hrs). PDMS layers were cut to size with an X-Acto knife. Inlets and outlets were made using 0.75

mm or 0.35 mm biopsy punchers (World Precision Instruments, FL, USA), fitting 1/32” OD tubing or 360

µm OD tubing respectively, after which the PDMS was carefully washed with IPA, ddH2O, air dried, and

cleaned with tape to remove dust before device assembly. The PDMS channel layer was treated with oxygen

plasma for 30 sec. Immediately after, the sorter was manually aligned with the dielectric coated electrodes

under a dissecting fluorescence microscope (Olympus IX73, 10X). Device channels were then treated with

Novec 1720 fluorosilane polymer surfactant [227]. Two flat cleave multi-mode optical fibers were prepared

for droplet excitation (100 µm core, 0.22 N.A.) and detection (400 µm core, 0.49 N.A.) (Thorlabs, NJ, US).

The cladding was stripped off, the fiber core was polished, cleaned and carefully inserted into the respective

optical fiber channel. Fibers were then fixed with Kapton tape. To retrieve droplets from the sorter, two 3

cm pieces of PEEK tubing (360 µm OD) were cut and treated with similar Novec 1720 treatment. Outlet

blockers were made by hot gluing one end of a 1” PEEK 1/32” OD tubing.

3.4.6 Microfluidic sorting setup and operation

Gastight 500 µL glass syringes were prepared with fittings and tubing as reported previously. 30 The

spore containing syringe and the syringe for droplet reinjection were set up with a 1/32” OD , 0.381 mm

ID PEEK tubing. All other syringes had a 1/32” OD , 0.127 mm ID tubing. Syringes were installed on

a low-pressure neMESYS pump system (Cetoni, Korbussen, DE), and the spore containing syringe was

62



continuously stirred using a syringe stirrer (Nannostirus, V&P scientific, San Diego, CA, USA). The sorting

device with installed optical fibers, was fixed in a 3D printed holder, and clamped in place with a pogo

pin PCB providing contact with the electrode pads. The holder base plate fits in the scanning stage (XYZ

Tango, Marzhauser, Wetzlar, DE) of an inverted epi-fluorescence microscope (Olympus IX78, Olympus,

Montreal, Quebec, CA). For a description of the Arduino driven electrode control system, see SI. Next, the

SMA end of the excitation fiber was coupled to a 500 nm short-pass filter in an in-line fiber optic filter

mount (Thorlabs, NJ, US), connected to a high power (1mW) 470 nm fiber coupled LED light source. The

SMA end of the emission fiber was coupled to a portable mini-spectrometer (FLAME-S UV-VIS, Ocean

Insight, NY, USA). The flow inside the microfluidic channel was observed under a 4X or 10X objective

under bright-field illumination. The spectrometer, pressure driven fluid flow and electrode actuation were

controlled using an in-house Python based automation system and graphical user interface.

3.4.7 Spectrometer data processing

The raw spectrum was obtained by using the Seabreeze Python library and reading intensities [A.U.] in

a threaded Python process. The SciPy signal processing library was used for spectrometer signal denoising

and peak detection. Background subtraction was used to remove excitation signal noise and background

light, and absolute values of resulting arbitrary fluorescence values were stored in a list as follows:

I = |In−1 + (In − Idark )| (3.2)

with I the raw intensity [R.F.U.] values from the spectrometer. For signal denoising, a third order Butter-

worth lowpass filter with 0.1 cut-off frequency (normalized) (fc) was applied to the intensity spectrum (user

set). The processed arbitrary fluorescence values, and gating area were plotted on a live plot. Peaks in the

processed intensities list were detected based on height, peak base width, vertical distance to neighbouring

peaks and peak prominence. Gated peaks were filtered to be within a certain wavelength and intensity range

(user set gate), above the user set noise level. When the sorting process was started, the CE is turned on, all

peaks are being detected, and the pulsing electrode (PE) is switched on when a gated peak was detected. All

detected peaks were stored in a data file listing peak intensity and peak wavelength, which was converted to

a csv file for generating gating plots.
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3.4.8 Sorter characterization

Sorting efficiency was determined by a two-factor experiment with binary response. Both the applied

AC signal amplitude (10 kHz, sine wave, 50 mVPP - 550 mVPP, 7 levels) and the spacer oil speed (5 -

100 nL s−1, 20 levels) were varied. Droplet generation was kept stable (water: 0.5 nL s-1), oil: 1 nL sec-1).

Droplets were sorted by actuating the pulsing electrode (PE) while keeping negative channel electrode (CE)

on. Out of 10 sorting attempts, the successes were counted, and the sorting efficiency was calculated in

terms of percentage. To determine the effect of sorting polydisperse solutions, two conditions in the effi-

cient sorting regime were chosen (350 mVPP, 60 nL s-1 and 450 mVPP, 80 nL s-1) and the droplet volume

was varied. Droplet area was measured using Fiji (ImageJ) and approximated by height of 70 µm. To

optimize the efficiency of autonomous sorting, the droplet travel time between excitation point and sorting

location was experimentally observed, by varying the oil flow rate and recording high speed image series

( 30 msec/frame) (Hamamatsu Flash LT+ 4.0, Hamamatsu, JP). For optimising the autonomous sorting, a

mixed population of ddH2O and 50 µM or 100 µM analytical standard fluorescein droplets in 2% Ran HFE

7500 oil was generated using a dual T-junction droplet generator, and transferred to the sorter using 360 µm

OD PEEK capillary tubing. For each concentration fluorescein, a gating histogram was made by recording

500 positive peaks above a set noise level and within a wavelength range of 500-600 nm.

3.4.9 Sorting and recovery of glucoside hydrolase producing C.rosea strains

Before use, the colloidal chitin minimal media (CCMM) was filtered through a 40 µm filter. For droplet

incubation, mutant or wild type spore stock solution was diluted in 2X CCMM to a final concentration

of 0.35 x 106 spores/mL (λ = 0.35, Poisson distribution). Single spore encapsulation was performed, by

mixing 0.35 x 106 spores mL-1 in 2X CCMM (30 nL s-1) with 200 µM fluorescein substrate (30 nL s-1)

using a microfluidic mixer T-junction droplet generator (1% Ran HFE 7500 oil at 60 nL s-1). Droplets

were retrieved into a PCR tube containing 50 µL 2% Ran HFE 7500, and incubated in the dark at 27 oC

for enzymatic production. After the appropriate incubation time, droplets were aspirated (0.2 µL s-1) using

a syringe pump, and injected into the microfluidic sorter (0.01- 0.02 µL s-1). Autonomous sorting was

performed at a sorting regime (oil flow rate and potential) with efficient sorting. Droplets from the positive

outlet were recovered in a capillary or PCR tube, then plated on PDA (not more than 10 to 20 droplets per

plate), and incubated at 27 oC. Mutant colonies were transferred to individual plates before neighbouring
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hyphae touched (after around 3-4 days). Cultures were maintained for further assays. Glycoside hydrolase

activity of recovered mutants was confirmed with a 4-MU and Bradford assay as described above.

3.4.10 Biocontrol assay

In a liquid culture filtrate assay, plant pathogen growth inhibition by C.rosea produced enzymes was

measured. A 50 mL round bottom test tube with 30 mL 1X CCMM was inoculated with a 5x5 mm agar

mycelium plug of a recovered C.rosea mutant or wild-type, and incubated at 27 0C for 7 days. The media

was filtered (0.45 um), and 5 mL of PDB was added. The culture filtrate was inoculated with a 5x5 mm

agar plug of active Fusarium graminearum DAOMC 215630 or Botrytis cinerea DAOMC 143576 culture

(5 days old) and incubated at 27 0C in the dark on a rotary shaker (200rpm) for 5 days. To measure biomass

production, the cultures were vacuum filtered through Wattman grade 2 paper, and the filter paper was dried

overnight in an oven (65 0C). Mycelial dry weight was measured in triplicates and filter paper weight of a

media control was subtracted.

3.4.11 Modeling and data analysis

Data analysis was performed with Fiji, Python 3.9 and R v3.6.2. Metadata of high-speed camera

was exported using Fiji by ImageJ, and further analyzed with Python, to obtain the time it takes for a

droplet to follow a specific path length. Droplet area was calculated using Fiji. Applied electrical sig-

nal was measured using an oscilloscope. Heat transfer, fluid and electric field simulations were performed

with COMSOL Multiphysics v5.4 (Appendix B.3). All in-house code was written in Python 3.9, and

is published under GNU GPL v3.0 on our repository (https://bitbucket.org/shihmicrolab/

fungalmicrofluidics/).
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Chapter 4

Droplet-digital sorting, mixing, incubation,

and droplet generation for screening yeast

This chapter was adapted from: Ahmadi, F., Samlali, K., Vo, P. Q. N., & Shih, S. C. C. (2019). An inte-

grated droplet-digital microfluidic system for on-demand droplet creation, mixing, incubation, and sorting.

Lab on a Chip, 19(3), 524–535. [108]

Abstract

Droplet microfluidics is a technique that has the ability to compartmentalize reactions in sub nano- (or

pico-) liter volumes that can potentially enable millions of distinct biological assays to be performed on

individual cells. In a typical droplet microfluidic system, droplets are manipulated by pressure-based flows.

This has limited the fluidic operations that can be performed in these devices. Digital microfluidics is an

alternative microfluidic paradigm with precise control and manipulation over individual droplets. Here,

we implement an integrated droplet-digital microfluidic (which we call ‘ID2M’) system in which common

fluidic operations (i.e. droplet generation, cell encapsulation, droplet merging and mixing, droplet trapping

and incubation, and droplet sorting) can be performed. With the addition of electrodes, we have been able to

create droplets on-demand, tune their volumes on-demand, and merge and mix several droplets to produce

a dilution series. Moreover, this device can trap and incubate droplets over several days (> 48 h) that can

consequently be sorted and analyzed in multiple n-ary channels (as opposed to typical binary channels).

The ID2M platform has been validated as a robust on-demand screening system by sorting fluorescein
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droplets of different concentration with an efficiency of ∼ 96 %. The utility of the new system is further

demonstrated by culturing and sorting tolerant yeast mutants and wild-type yeast cells in ionic liquid based

on their growth profiles. This new platform for both droplet and digital microfluidics has the potential to be

used for screening different conditions on-chip and for applications like directed evolution.

4.1 Introduction

Droplet microfluidics involves monodisperse aqueous droplets that are generated by a pressure-driven

flow in a continuous oil phase where droplets are typically analysed and manipulated at very high rates (>

1000 droplets per second). The use of droplet microfluidic technology has enabled a wide variety of appli-

cations, specifically in the area of high-throughput chemistry and biology.[4, 250, 251, 252] This two-phase

microfluidic format can undergo a number of different fluidic operations – droplet generation, encapsulation,

mixing, and sorting. Sorting is in particular an important operation that allows selection of subpopulation of

cells, DNA, and biomolecules in the droplets.[253, 170, 30] A variety of sorting methods have been shown

in literature using dielectrophoresis, magnetic, thermal, or acoustic methods.[254, 255, 256, 257] Each of

these have their own advantages in terms of speed, reliability and ease of implementation. However, typical

sorting methods are usually based only on binary sorting – i.e. sorting droplets that are based on two levels

of output - which can limit the range of detecting rare events and to sort based on different constituents in

the droplet (e.g., multiple concentrations of an additive).

There is an alternative type of microfluidics that enables on-demand droplet control called digital mi-

crofluidics. [13, 26] This platform allows manipulation of discrete droplets by electrostatic forces on an

array of electrodes coated with an insulating dielectric. One of the main advantages of DMF is it facilitates

precise control over many different reagents simultaneously and independently, by application of potentials

(or by acoustic and contactless methods [258, 259, 260]). This has enabled DMF to be a well-suited plat-

form to carry out many different types of applications, namely, cell-based assays [37, 261], synthetic biology

[262, 110] and point-of-care diagnostics [263, 264]. Most of these types of applications are configured in a

two-plate format, in which droplets are manipulated between a top and bottom substrate bearing a ground

and driving electrodes respectively. There is another digital microfluidic configuration in which droplets

are actuated on a single substrate with co-planar configuration of electrodes. Although in this configuration

droplets lack the capacity to dispense, this format does allow better mixing which is useful in applications
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carrying out chemical reactions.[265, 266] Likewise, it may be useful to couple single-plate DMF with

microchannels as a chemical pre-processing unit without the need for pre-column reactions since DMF can

rapidly mix different analytes in seconds and separated using the channels.[111, 112] 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 systems.

The work reported here combines the use of single-plate DMF and droplet-in-channel microfluidics. Our

work joins a group of studies that have used digital microfluidics and combined it with other microfluidic

paradigms.[111, 112, 107, 101, 267]. In most of these studies, DMF was integrated with microchannels and

is used to control bulk fluid flow or for pre-separation of chemical reactions. There is one group (to our

knowledge) that have implemented DMF with droplets-in-channel microfluidics. The Mugele group,[103,

101] have discussed the physical phenomenon behind the integration of electrowetting with microfluidics to

control the size and frequency of drop formation and the binary sorting of droplets. We present a method

that includes several advances relative to the methods described by Mugele et. al., including the integration

of on-demand droplet generation with n-ary sorting (as opposed to binary [24, 109]) on the same device

(which we call integrated digital-droplet microfluidic – ID2M). Furthermore, additional advancements of

the device includes other important and essential operations for typical droplet-based microfluidic assays.

(1) On-demand droplet mixing enabling control and creation of different concentration of droplets. Typical

droplet-in-channel techniques have depended on fusion [268] or picoinjection [269] 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 integrated device can create a range of different concentrations

with multiple additions of reagent droplets by application of an electric potential without any consideration

for other parameters (e.g., timing). (2) We also include areas for trapping and incubation of droplets in which

droplets can be individually trapped and incubated for > 48 h. To date, this has not been shown on such a

device and does not require delay lines [270, 271] or on- and off-chip reservoirs for incubation [272, 273].

Finally, we show the utility of our system by applying it to a biological study (instead of manipulation of

water and oil [111, 112, 107]) that examines mutant and wild-type yeast cells under ionic liquid conditions

which can be useful for applications related to biofuel production. We believe this is 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.
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Figure 4.1: ID2M microfluidic device. (a) Exploded view of the ID2M microfluidic device. The bottom layer is the
digital microfluidic (DMF) configuration which is covered with a dielectric SU-8 layer ∼ 7 µm thickness. The channel
layer with 300 µm wide and 110-120µm high was fabricated on top of this layer. A PDMS slab of thickness ∼ 5 mm
was bonded to seal the channel layer. (b) A photo of the device with schematics depicting the operations of the device,
namely droplet dispensing (using T-junction and flow focusing), droplet mixing, droplet incubation, droplet detection,
and droplet n-ary sorting. Highlighted in red shows the main channel on the device in which droplets are transported
from one region to another. Mixing area contains sinking channels to reduce the oil flow rate. Reproduced from Ref.
[108] with permission from the Royal Society of Chemistry.

4.2 Results and discussion

4.2.1 Device characterization and optimization

We have developed a new microfluidics architecture called ID2M, merging droplet microfluidics (useful

for generating and sorting droplets) with digital microfluidics (useful for on-demand droplet manipulation

and individual control of droplets). The ID2M device were formed by creating a single-plate DMF device

(i.e. the ground and driving electrodes are co-planar) and fabricating a network of channels on top, with

inlets and outlets for generating and sorting droplets respectively, and an area for droplet mixing. An ex-

ploded view (Figure 4.1 A) shows the digital microfluidic device as the bottom substrate with 104 patterned

electrodes, the dielectric layer (substrate 1 and 2), the network of channels patterned in SU-8 photoresist,

and a slab of PDMS with inlets and outlets (substrates 3 and 4). This multilayer integrated architecture

facilitates pressure-based and on-demand droplet generation using flow focusing and T-junction configura-

tions respectively, on-demand droplet mixing, on-demand droplet trapping and incubation, and on-demand

droplet sorting. The combined multilayer architecture represents a significant advance over other types

droplet-to-digital methods which relies on two separate design configurations which can cause difficulties in

moving the droplet from one platform to the other as reported previously.[263, 264, 265, 110] Droplets in the

main channel are moved by pressure flow and electrical potentials move droplets to the mixing, incubation,
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and sorting regions (i.e. away from the main channel) (Figure 4.1 B). A central feature of this design is that

droplets in the main channel can be moved to the mixing area to merge with other droplets. For example, a

droplet containing dilution buffer is generated on-demand via actuation from the T-junction, then actuated

to the mixing area, and merged and mixed with other droplets in the main channel. This process can be

repeated to create of a diluent series of droplets. After generating the diluent droplet, these droplets can be

actuated to the main channel and can be incubated in the trap and sorted in one of the channels (after incu-

bation) using electrostatic actuation. Typical droplet microfluidic systems use electrocoalescence [274, 275]

or picoinjection [269, 276] techniques to sequentially add reagents to droplets at different times. However,

these techniques, as of yet, have not demonstrated the generation of a dilution series of droplets. In addition

to generation of a diluent series of droplets, the droplets are capable to be sorted in four different channels.

This allows for droplet samples to be sorted by multiple conditions based on a larger gradient, like multiple

levels of fluorescence and absorbance, instead of typical binary sorters. This suggests that using a system

(such as ID2M) can provide direct droplet control that enables generation of a droplet dilution series and

droplet sorting in multiple fractions for droplet microfluidic systems.

Electrode shape and design is important to ensure high-fidelity droplet movement on the device (Figure

4.1b). In initial electrode designs, we followed an one electrode design on the bottom plate with alternating

ground and driving potentials.[103, 277] However, droplets in the main channel were not able to overcome

the pressure generated from the oil flow rate and could not be actuated into the mixing, incubation, or differ-

ent sorting regions. A co-planar electrode configuration (i.e. with adjacent ground and actuated electrodes

on the same plane), as shown by some groups [111, 278, 25] showed optimal droplet manipulation. The

introduction of a ground electrode (or grounding line) on the same plane may not generate the highest ap-

plied force as compared to other electrode designs [111], but the selected design is easiest to fabricate and

is capable to overcome the applied pressure on the droplet in our system (oil flow rate of 0.005– 0.05 µL/s).

The fabrication protocol for the ID2M devices needed to be optimized to ensure strong adhesion of the

dielectric, channel, and PDMS layers during fabrication, and to allow droplets to be controlled by application

of electric potentials in the in the mixing area. For the former challenge, we found that introducing 300

µm spaced repeated finger-like structures on the boundary of the dielectric layer increases adhesion to the

substrate (Figure C.4). We observed that SU-8 5 tends to peel or crack easily in the absence of finger-

like structures, or if the repeated finger like structures are spaced far apart (> 500 µm). We hypothesize

these cracks are mostly made by internal stresses as high evaporation and heating/cooling rate in addition to
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temperature differences in different layers of SU-8 5 causes residual stresses in the layer.[279] To increase

the adhesion of the PDMS slab to the SU-8 layer, we used (3-aminopropyl)triethoxysilane (APTES) [280]

vapor deposition after plasma treatment of the PDMS, the slab were exposed to the vapor of APTES in a

desiccator for 30 min forming aminosilane molecule on the surface of the PDMS. This surface favorably

reacts with the epoxy group from the SU-8 surface which strengthens the bond between the PDMS and SU-8

layer.

To slow down the flow rate and to enable droplets to be actuated from the main channel to the mixing

area, we added sinking channels in the mixing area. We added multiple sink channels [281] to create flow

eddies from the main flow channel which allow the oil phase to have multiple flow paths (Figure 4.1 B

and Figure C.5). This reduction in oil flow rate enables droplets in the main channel to be actuated into

the mixing channel. In our initial designs, we created a side channel (i.e. a channel branching out of the

main channel) with the co-planar electrodes; however, droplets were not capable to be moved by actuation

from the main channel to the mixing area. We explored increasing the voltage [281]; however the higher

voltage tend to cause dielectric breakdown in the oil phase and cause droplet breakup which created small

satellite droplets. The sink channels are particularly important when a droplet is already in the mixing area

since the droplet acts as a plug (i.e. increasing the hydrodynamic resistance).[282] Since 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 creates multiple flow

paths (i.e. reducing the resistance in the mixing channel), leading to mixing of the droplets in this area.

An additional component for successful device operation was optimization of the configuration of the

n-ary sorting channels. We initially tested with Y-shaped configuration, [253, 31] in which droplets are

discriminated by two (or more [255, 283, 284]) physical characteristics. However, the Y-channels have

a tendency to create a stagnation zone (i.e. an area where the droplet faces an uncontrolled choice for an

outlet) even with the additional bias of the electric potentials. The additional bias also creates an asymmetric

presence of drops (creating different resistances) when it is expanded to more than two channels.[24] Instead,

we designed a symmetrical T-channel that consists of four different sorting areas with similar resistances.

Pressure-driven droplets are detected using the optical interface and are biased directly to a channel by

actuation. In the future, we may design rails [285] or linear electrodes [286] with the symmetric T-channels

to reduce the footprint and to increase the number of sorting channels.
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4.2.2 On-demand droplet generation, mixing, incubation, and sorting

Figure 4.2: ID2M droplet operations. (a) Series of images from a
movie (top-view) depicting the droplet operations on a device. Frames
i-iii illustrate droplet generation from flow-focusing and on-demand
(T-junction) techniques, and Frames iv – vi subsequent merging and
mixing of droplets. Frames vii show droplet incubation (for incubating
cells and other constituents) and Frames viii and ix show droplet sorting
in four different channels. Fluids and droplets are highlighted for visual
clarity. (b) Droplet size as a function of oil flow rate at a constant
water flow rate (0.0005 µL/s) using flow-focusing and T-junction (on-
demand) configurations. Each point represents 8 droplets sampled. The
error bars represent one standard deviation.

The unique system that we have re-

ported here enables integration of a va-

riety of fluidic manipulations steps such

as on-demand droplet generation, merg-

ing and mixing, and n-ary sorting. As

shown in Figure 4.2 A, droplets can be

generated through flow-focusing geom-

etry or by on-demand generation using

T-junction (Frame i, ii, and iii), stored

(Frame iv and v), merged and mixed

(Frame vi), incubated (Frame vii), and

sorted (Frame viii and ix). The de-

vice can generate droplets on-demand by

using a T-junction configuration which

combines the pressure of the continu-

ous oil phase and electrostatic actuation

of the aqueous flow. As shown in Fig-

ure 4.2 B, the droplet volume generated

by the T-junction can be tuned by only

changing the oil flow rate (as opposed

to tuning both aqueous and oil flows)

[287, 288] and using actuation to move

the aqueous flow. This setup enabled a

wide range of volumes being generated

(40-115 nL) by tuning the oil flow be-

tween 0.001 and 0.06 µL/s.

As a comparison, we generated droplets hydrodynamically by changing the oil flow rate (while keeping

the aqueous flow rate constant) which resulted in minimal changes in the volume when increasing the oil
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flow rate > 0.01 µL/s. We hypothesize that traditional systems for tuning droplet sizes is limited by the

orifice size and the relative strength of interfacial tension and hydrodynamic shear forces, [270] which can

be alleviated using on-demand droplet generation. In addition to on-demand droplet generation, 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 droplet (Figure 4.2 A,

frame iv-vi) and transferred to the main channel area for sorting and analysis (Figure 4.2 A, frame vii-

ix). To illustrate this, we used this method to generate calibration standards on this platform with sorting

analysis.

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 droplet in a linear pattern – up-and-

down – for several seconds [289]) producing a droplet with a 2x dilution of analyte. This droplet was

analyzed by optical detection (Figure 4.3 A) and sorted for further processing. Subsequent droplets of

analyte with different concentrations (4x and 8x) followed a similar protocol except the droplet containing

fluorescein was mixed with two, three, or four droplets of diluent respectively (Figure 4.3 B). Note that

this type of process, which includes on-demand droplet 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 unless we increase the number of

inlets and injectors or reinject droplets into the device.[276] The devices used in this experiment were done

in droplet-in-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.
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Figure 4.3: On-chip calibration. (a) Image of the detection region on the ID2M device. (b) Images of droplets
containing fluorescein at four different concentrations (0.125, 0.25, 0.5, and 1 mM) being sorted into a respective
channel. (c) Time series during a sort showing the fluorescence signal (blue) for four concentrations of fluorescein
and for droplets with only diluent (i.e. no fluorescein, yellow). Each droplet containing fluorescein is sorted by their
threshold fluorescence intensity values (green dashed lines). (d) A calibration curve showing the fluorescence as a
function of fluorescein concentration. These average fluorescence values were used to create the threshold values for
sorting. Error bars are ± 1 S.D. Reproduced from Ref. [108] with permission from the Royal Society of Chemistry.

Figure 4.3 C summarizes the results from the dilution series experiment with fluorescein. The emitted

fluorescence from the droplet was detected by the spectrometer which outputted arbitrary units proportional

to the emitted fluorescence of the droplet. As shown in Figure 4.3, the yellow curve depicts droplets that

have minimal emitted fluorescence (i.e. droplets of diluent without fluorescein). The blue curve shows the

fluorescence intensity for different concentrations of fluorescein. As expected, the highest fluorescein con-

centration (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. A calibration

curve (N = 10) was generated by plotting the ratio of analyte peak intensity as a function of analyte con-

centration (Figure 4.3 D). 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 (R2 = 0.99) demonstrates

that the method is reproducible and linear. Furthermore, we measured the sorting efficiency by sorting

positive-fluorescein (1 mM) vs. negative-fluorescein droplets and obtained ∼96 % efficiency for positive
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(i.e. fluorescent) droplets which is similar to other reported sorting efficiencies.[161]

4.2.3 ID2M application - effect of ionic liquid on yeast mutants

As an application of this work, we examined the effects of ionic liquid on wild-type and mutant yeast

cells. Ionic liquid has been used as a promising pretreatment method for breaking down polysaccharides

from typical feedstocks (e.g., lignin) for sustainable production of renewable biofuels. [290, 291] Typically,

there has been a wide range of available ILs that are suitable for effectively breaking down the required

biomass. [292, 293] However, a major disadvantage with typical ILs (especially imidazolium ILs) is their

inherent microbial toxicity which can either arrest growth of microbial cells, like E.coli or S. cerevisiae, or

inhibit biofuel-related enzymes which can reduce the overall yield of biofuel production. [294, 295] Hence,

there is much interest in investigating the mechanisms of tolerance for microbes to different levels of IL.

Here, we compare the effects of IL on wild-type 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

our knowledge, this is the first time that microbes have been cultured, mixed with ionic liquid and sorted

based on multiple conditions (i.e. not binary). As a first step, we created a random mutant library (via

ethylmethylsulfonate treatment) and verified their growth rates under IL conditions (Figure 4.4 A). We

chose three types of yeast cells: wild-type and two best performing IL tolerant mutants and cultured them

with and without 100 mM ionic liquid. As shown in Figure 4.4 B, the mutant cells grew at faster growth

rates (∼ 2.2 and ∼ 2.3 divisions per hour for mutant #1 and mutant #2, respectively) compared to the

wild-type cells (∼ 0 divisions per hour) in ionic liquid. In fact, the wild-type cells exhibited virtually no

detectable growth in ionic liquid conditions. When cultured without ionic liquid, the wild type cells showed

faster rates than both mutant cells (∼ 3.4 and 3.7 divisions per hour for the mutants and ∼ 3.8 divisions per

hour for the wild-type). The mechanisms of ionic liquid tolerance are still under debate, but we hypothesize

that the location of the mutations in the yeast are in areas that are related to efflux pumps (i.e. to bring IL

in-and-out of the cells) [296] and to transcriptional regulators that are related to stabilizing stress response

[297]. Clearly, more work is required to determine the genotype location of the mutations (i.e. single-cell

sequencing) [298], but this experiment confirmed that we are capable of obtaining three different strains that

will be used to show the utility of our device.

After selecting mutant phenotypes, we implemented the yeast mutant library screening protocol on our

ID2M device. Figure C.6 shows the workflow for sorting yeast cells, starting with Poisson encapsulation of
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single cells in droplets to ensure that each droplet only contains a single type of cell. The single cell droplet is

pressure-driven in the main channel until it reaches the mixing area. In this area, the droplet is actuated away

from the main channel and into the mixing channel where it will merge and mix with a droplet of 200 mM

IL, generated from the on-demand T-channel configuration. Next the droplet containing a single cell in IL is

actuated to the main channel and pressure-driven to the incubation channel. Upon arriving at the incubation

region, the droplet is stored in one of the four incubation regions. After 24 h, the droplet was analyzed by

absorbance and sorted by their growth (i.e. cell number). Figure 4.4 C shows droplets that contained wild-

type and mutant-type yeast cells with 100 mM IL. Mutant-type cells showed significant difference in the

cell density compared to wild-type cells which are matching the growth rate results. On this device, we have

integrated four steps (single cell encapsulation, mixing with IL, incubation, and sorting) that are required

to screen for yeast mutants in IL. The integration of electrodes has provided several advantages in terms of

droplet control: (1) the on-demand droplet generator can be activated at any time to generate a droplet of IL

without the manipulation of flow rates, (2) merging and mixing droplets are controlled operations by the user

(or automated sequences) and eliminates the requirement to optimize the time on when to add reagents to the

droplets,[276] (3) droplets can be individually incubated in the side channels and accessed in any particular

order (i.e. non-serial droplet manipulation), and (4) droplets can be sorted based on a multi-dimensional

space and not only on high-low producers. [170] Here, the sorting is based on absorbance and the droplets

containing cells are sorted based on two OD levels (Figure 4.4 D). As shown, the droplets containing mutant

cells show peaks at ∼ 0.6 and ∼ 1 OD after 24 h incubation. Using these values, droplets in IL can be sorted

by three cell types: wild type, mutant 1, and mutant 2. The absorbance signals generated from the mutants

(representing the cell density) increases in IL while the signal for wild-type cells is similar to the signal of

the oil phase (∼0.04-0.07; see Figure C.7 for oil signal). In practice, the absorbance of the droplet is greater

than that of the oil at higher cell densities (> 20 cells) and similar to oil at low cell densities (< 5 cells).

Indeed, sensitivity of the signals depend on fiber alignment and background lighting which in our case we

measure to be < 0.5 %. We propose that improvement on the optical setup [229] or device fabrication [299]

can increase the sensitivity of our design and expanding the range of cell densities being observed. The

method reported here enables a wide variety of droplet operations that is typically not possible with droplet

or digital microfluidic systems – encapsulation, mixing (to generate different ionic liquid concentrations),

culture and incubation, and n-ary sorting. Together the new methods described here may be particularly

useful for high-throughput applications that require a creation of different drug concentrations or clonal
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libraries and sorting them at multiple levels.

Figure 4.4: ID2M application – effect of ionic liquid on mutant yeast cells. (a) OD measurements as a function
of ionic liquid concentrations for wild-type and two mutant yeast cells after 48 h incubation and at 30 °C. (b) Growth
curves for the wild-type and mutant yeast cells in 100 mM ionic liquid. (c) Pictures of wild-type and mutant yeast cells
cultured in incubation regions on the device for 48 h confirming the differences between two cell lines. (d) Raw data
collected directly from the spectrometer showing the differences between the absorbance signals of droplets containing
mutant and wild-type yeast. Reproduced from Ref. [108] with permission from the Royal Society of Chemistry.

4.3 Conclusion

We have developed an integrated droplet-digital microfluidic (ID2M) system that uses a combination of

pressure- and electrical-based methods for the manipulation of droplets on chip. In this new method, four

enhanced fluidic operations were created. First, droplets are generated by on-demand T-junction droplet

generators (along with traditional flow-focusing techniques) which could generate a wide range of droplet

volumes by tuning only the oil flow rate. Secondly, droplets were actuated to a mixing region that enabled

merging with other droplets to form a dilution series of droplets. Third, after mixing, droplets could be

trapped and incubated for several days simply by activating electrodes to guide the droplet into incubation

77



traps. Lastly, this design included four channels (i.e. n-ary) for sorting droplets that contained different

concentrations or constituents using fluorescence or absorbance. We showed the utility of this microfluidic

device by studying the effects of ionic liquid on wild-type and mutant yeast cells. Using the four controlled

fluidic steps, we were able to sort the cells into different fractions based on absorbance that can be analyzed

downstream. We hypothesize that this system will be useful for those who are developing high-throughput

screening platforms for single-cell analysis or directed evolution applications.

4.4 Experimental section

4.4.1 Reagents and Materials

1-ethyl-3-methylimidazolium acetate ≥ 95 % (HPLC grade), ethyl methanesulfonate, sodium thiosul-

fate, sodium hydroxide (lab grade), fluorescein (free acid) dye content 95%, yeast nitrogen base without

amino acids and with ammonium sulfate, bovine serum albumin (lyophilized powder) ≥ 96 %, and α-D-

glucose anhydrous 96% were purchased from Sigma (Oakville, ON Canada), unless specified otherwise.

L-leucine, L-histidine, L-methionine, and uracil were purchased from Bio Basic Canada Inc. Yeast BY4741

strain (genotype: MATa his3∆1 leu2∆0 met15∆0 ura3∆0) was generously donated from Dr. Vincent Mar-

tin. 3M Novec HFE7500 engineering fluid was purchased from M.G. Chemicals (Burlington, ON Canada).

AquapelTM was purchased from Aquapel.ca (Lachute, QC Canada). 20 g of 5% wt of fluoro-surfactant dis-

solved in HFE7500 was purchased from Ran Biotechnologies (Beverly, MA). Sodium phosphate monobasic

and sodium phosphate dibasic (Anhydrous, ASC grade) were purchased from BioShop (Burlington, ON).

Photolithography reagents and supplies included chromium coated with S1811 photoresist on glass

slides from Telic (Valencia, CA), MF-321 positive photoresist developer from Rohm and Haas (Marlbor-

ough, MA), CR-4 chromium etchant from OM Group (Cleveland, OH), and AZ-300T photoresist strip-

per from AZ Electronic Materials (Somerville, NJ). Polylactic acid (PLA) material for 3D printing was

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 18 MΩ•cm at 25oC.

A 100 mM sodium phosphate buffer (SPB) was prepared by mixing 5.77 mL of 1 M Na2HPO4 and 4.23

mL of 1 M NaH2PO4 solutions (pH 7.0). 5 g of sodium thiosulfate salt was added to deionized water to

produce a 5 % (w/v) sodium thiosulfate (STS) solution. Fluorescein solutions (0.5 mM) was prepared by
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adding 1.66 mg of fluorescein powder (332.3 g/mol) to 10 mL 1 M NaOH solution that was made by adding

0.4 g NaOH to 10 mL DI water.

4.4.2 Device fabrication and operation

ID2M device masks were designed using AutoCAD 2016 and a transparent photomask was printed by

CAD/Art Services Inc. (Bandon, OR). The ID2M microfluidic chip consisted of three layers: a digital

microfluidic, dielectric, and channel layer (Figure 4.1 A). As described previously, [262, 300] electrodes

were patterned on a glass substrate with chromium and coated with positive photoresist S1811, by UV

exposure (5 s) on a Quintel Q-4000 mask aligner (Neutronix Quintel, Morgan Hill, CA). Exposed substrates

were developed in Microposit MF-321 developer (2 min), rinsed with DI water, and post-baked on a hot

plate (115 oC, 1 min). Substrates were etched in chromium (CR-4) etchant (2 min). Remaining photoresist

was stripped in AZ300T (2 min). DMF devices were rinsed by acetone, isopropanol (IPA), and DI water.

The device surface was treated with a plasma cleaner (Harrick Plasma PDC-001, Ithaca, NY) for 2 min and

then immediately spin-coated (Laurell, North Wales, PA) with 7 µm SU8-5 photoresist (10 s, 500 rpm, 30 s

2000 rpm). SU-8 5 was soft-baked (1. 65 oC, 2 min, 2. 95 oC, 5 min) and exposed to UV light (5 s) under the

dielectric mask. Post-exposure bake (1. 65 oC, 1 min, 2. 95 oC, 1 min) was followed by immersing in SU-8

developer (2 min). Substrates are rinsed with IPA and DI water, a hard bake was performed in three steps (1.

65 oC, 2 min, 2. 95 oC, 4 min, 3. 180 oC, 10 min). For the channel layer, devices were cleaned again with

IPA and DI water prior to plasma cleaning (2 min). Next, SU-8 2075 photoresist was immediately spin-

coated (1. 10 s 500 rpm, 2. 30 s 2000 rpm) on the chip as a 110-120 µm third layer, and soft-baked (65 oC,

3 min; 95 oC, 9 min). Following UV exposure (15 s), devices were post-baked (1. 65 oC, 2 min- 2. 95oC, 7

min), developed in SU-8 developer (7 min) and rinsed with IPA and DI water. The devices were hard-baked

(1. 65 oC, 2 min, 2. 95 oC, 4 min, 3. 180 oC, 10 min). The integrated 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,

cured at 65 oC for 3 hours). Inlets and outlets were created using a 0.75 mm puncher (Biopsy Punch, Sklar,

West Chester, PA). Before bonding, the PDMS slab was plasma-treated for ∼1 min and exposed to (3-

aminopropyl)triethoxysilane 99% in a desiccator for 30 min. PDMS was immediately bonded to the device

and baked at 160 oC for 20 min. Before operation, channels were treated with AquapelTM for ∼ 5 min

and rinsed with HFE oil mixed with 0.75% fluorosurfactant. Syringes were prepared with the following

fittings and tubing: 1/4-28 to 10-32 PEEK adapter, (10-32) peek union assembly, finger tight micro ferrule

79



10-32 coned for 1/32” OD, and PEEK tubing (1/32” diameter) from IDEX Health & Science, LLC (Oak

Harbor, WA). Gastight glass 500 µL-syringes were purchased from Hamilton (Reno, NV) and installed on

the neMESYS system (Cetoni, Korbussen, DE).

Device operation comprised of five stages: droplet generation by a flow-focusing or T-junction configu-

ration followed by droplet mixing, incubation, detection, and sorting. Droplet generation by flow-focusing

was implemented by initializing the flow rates using the neMESYS for the aqueous and oil flow rates to

0.0005 [µL/s] and 0.01 [µL/s] respectively. For the T-junction configuration, droplets were created on-

demand by four steps: (1) the aqueous flow was initialized at 0.0005 [µL/s], (2) when the aqueous flow

reaches the sixth electrode, an AC voltage (15 kHz, 200 Vrms) was used to drive the flow to the T-junction,

(3) two electrodes were sequentially actuated (i.e. electrodes are turned on and off) to drag the fluid to the

main channel (shown in red; Figure 4.1b) and (4) a ∼ 30 nL droplet is formed by both intersecting the oil

phase with flow rate of 0.01 [µL/s] and turning on electrodes in the T-junction and main channel as shown

in Figure C.1. After on-demand droplet generation, droplets were pressure-driven using the oil phase in the

main channel and using actuation sequences to drive the droplet into the mixing region (15 kHz, 200 Vrms,

under oil flowrate of 0.01 µL/s). Droplets were mixed by actuating underlying electrodes and the mixed

droplet was actuated to the main channel. For incubation, droplets were directed to the traps actuating the

designated electrodes. After incubation, droplets pass through a detection region which were further sorted

by actuation of the electrodes. For droplet size calculations, images of the droplets were acquired and up-

loaded into ImageJ (National Institute of Health, USA). An imaging pipeline was created to calculate the

droplet volume based on an ellipsoid volume formula given that the droplet height was set to 110 µm.

4.4.3 ID2M microfluidic optical fiber detection interface

The optical fiber detection interface consists of a Flame spectrometer (Ocean Optics, Largo, FL), two

bare fiber (100 µm core) with numerical aperture of 0.22, and a multi-channel LED light sources that con-

tains four high-power (1 mW) LED modules: 470, 530, 590, 627 nm. Two optical fibers were inserted into

two fabricated 300 µm channels that were perpendicular to the direction of the fluid flow (see Figure 4.1b).

One fiber was connected to the multi-channel LED source, while the other was connected to the Flame spec-

trometer. The fiber ends were polished carefully using the ocean optics termination kit and fitted with an

SMA connector by the help of bare boots for guiding the bare fiber. The distance between the fiber and the

channel is ∼ 200 µm. All data were collected using the Ocean View spectroscopy software (Ocean Optics,
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Largo, FL) using the following settings: integration time 100 ms, boxcar smoothing width = 3, number of

scans = 5, update rate = 1. Strip chart was enabled to collect data from a single wavelength (530 nm) and

executed without stopping.

4.4.4 On-chip calibration curves – fluorescein measurement

A droplet containing fluorescein (1 mM each in 1M NaOH buffer, pH 9) was generated using the flow-

focusing configuration with fluorescein (0.0005 µL/s) and HFE oil (0.01 µL/s). A droplet of buffer or water

(∼ 30 nL) was generated using the on-demand T-junction configuration. The droplets were merged and

mixed by actuation of underlying electrodes. The number of buffer droplets added to one fluorescein droplet

created four different concentrations: 1, 0.5, 0.25, and 0.125 mM. After mixing droplets were detected

by using our optical fiber setup, and sorted by actuating a sorting sequence for one of the four different

on-demand sorting channels. Peak intensities were recorded for each concentration with time traces of the

recorded signals. The standard deviation was calculated from 20 replicates.

4.4.5 EMS mutagenesis and generating ionic liquid resistant yeast strains

Before generating the mutant library, wild-type S. cerevisiae BY4741 yeast cells were stored on agar

plates containing synthetic defined medium (6.8 yeast nitrogen base without amino acids, 20 g agar, 20 g

2% glucose, 20 g methionine, 20 g histidine, 20 g uracil, 120 g leucine) at 4 oC. Wild-type yeast was grown

in 50 mL of synthetic defined medium (30 oC, 200 rpm) for 48 hours. Aliquots of 2 × 108 yeast cells (O.D.

∼ 1) were transferred to four micro-centrifuge tubes corresponding to technical triplicate and one control

sample. The cells were washed two times with phosphate buffered saline (PBS) and a single time with

sodium phosphate buffer (SPB) (0.1 M- pH 7.0). After centrifugation, the pellets were re-suspended in 1.5

mL SPB. For mutagenesis, cells were exposed to ethyl methanesulfonate (EMS) according to Winston’s

protocol.37 To generate a standard curve for viability after EMS mutagenesis, our 15 mL Falcon tubes

(corresponding to three different EMS treatment time) were filled with 1 mL SPB and 0.7 mL cell solution

of each micro-centrifuge tube. 50 µL of EMS was added to three of the 15 mL falcon tubes in a biological

safety cabinet. The control sample (i.e. wild-type cells) were kept without EMS addition. All tubes were

incubated at 30 oC on a shaker (200 rpm) for 30 min. Cells were exposed to EMS for 40, 50, 60, 75, and

90 min. Mutagenesis was stopped by adding 8 mL of 5 % (w/v) sterile sodium thiosulfate (STS) solution at
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each time point. Aliquots of each falcon tubes diluted in SD media were plated on solid SD media. Plates

were incubated at 30 oC for 48 h. Cell viability was measured by comparing colony formation of each EMS

time point and the wild-type cells (Figure C.2).

To generate 1-ethyl-3-methylimidazolium acetate IL resistant cells, the mutagenesis is repeated for 60,

75, and 90 mins. Resulting aliquots were inoculated in 5 mL synthetic defined medium for 24 h at 30 oC

on a shaker with 200 rpm. Next, the mutants were inoculated in 5 mL synthetic defined medium and 50,

75, or 100 mM 1-ethyl-3-methylimidazolium acetate IL and incubated for 24 h at 30 oC on a shaker with

200 rpm. 1 mL aliquots of each test tubes along with a wild-type sample were diluted 100 times with SD

media and then were plated onto several solid SD plates containing 50, 75, or 100 mM IL. These plates were

incubated for 4-6 days at 30 oC. Colonies were randomly selected from the plates and cultured in 5 mL SD

media at 30 oC. After 24 h, we measured the OD of the culture and if the OD was greater than 0.3, samples

were diluted and cultured in different ionic liquid conditions otherwise they were discarded. If selected,

an aliquot (depending on IL concentration) from the 5 mL culture was added to the wells of a microwell

plate to make up a final volume of 200 µL. In each well, the OD was measured every 20 min at 30 oC with

shaking at 200 rpm for 48 hours using a Tecan Sunrise microplate reader (Tecan, Salzburg, Austria) with the

following settings (measurement wavelength: 595 nm). Three replicates were measured for each condition.

4.4.6 N-ary sorting of yeast mutants library on ID2M device

For analyzing the effect of IL on wild-type and mutant yeast on chip, the two fastest growing IL tolerant

mutants and wild-type yeast were cultured in SD without IL for 48 h. A 500 µL syringe was prepared with a

cell suspension of 2 × 105 cells/mL in SD media containing 1% bovine serum albumin (BSA) and a syringe

containing HFE oil with 2 % fluorinated surfactant. Both syringes were connected to the inlets of the device

using PEEK tubing (1/32 inch diameter). Cell encapsulation was performed through flow focusing (using

Poisson statistics) with flow rates of 0.0008 µL/s and 0.01 µL/s for cells and oil, respectively to generate

a droplet with volume of ∼ 35 nL. For the T-junction droplet generator, a syringe was filled with 200 mM

IL and ∼ 35 nL droplets were formed on demand. Droplets containing a single cell were actuated into the

mixing region by sequentially applying ∼ 200 Vp-p (15 kHz) to the electrodes. The droplet was merged with

an on-demand generated droplet of IL and mixed by moving the droplet back-and-forth along the linear path.

Upon mixing the droplet with a 200 mM IL, the mixed droplet of cells and IL (with a final concentration of

100 mM IL) was actuated to the main channel and was trapped into incubation slot using actuation. This
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process was repeated for three other incubation regions. After trapping all four droplets, the ID2M device

was removed from the automation system and droplets were incubated for 48 h at 30 oC in a humidified

chamber.

After incubation, droplets were actuated to the main channel and passed through the optical detection

area where the two optical fibers were placed perpendicular to the main channel. According to the ab-

sorbance peaks differences, droplets were sorted into three groups using the three sorting channels. Any

excess droplets in this procedure was actuated to the waste channel. During all droplet operation procedures

(i.e. mixing, trapping, incubation, sorting) and when droplets were in the main channel, oil flow rates were

maintained at 0.01 µL/s.

4.4.7 COMSOL simulation

We conducted a simulation of the mixing area with the sinking channels, using COMSOL Multiphysics

V5.3 (COMSOL Inc., Cambridge, MA, USA). Parameters are shown in Table C.1 and following assump-

tions were made for simplification: 1) Newtonian fluid, 2) no-slip boundary condition, and 3) incompressible

flow. A single phase laminar flow using Navier Stokes model was selected as the physics of our stationary

study with the assumption that our fluid is 3MTM NovecTM 7100 Engineered Fluid. Wall boundaries and

inlet and outlet were defined as depicted in Figure C.3. The inlet velocity of the fluid flow was initialized

to 0.033 ms-1.

83



Chapter 5

Droplet-digital deterministic single-cell

encapsulation for isoclonal cell line

generation

This chapter was adapted from: Samlali, K., Ahmadi, F., Quach, A. B. V., Soffer, G., & Shih, S. C. C.

(2020). One Cell, One Drop, One Click: Hybrid Microfluidics for Mammalian Single Cell Isolation. Small,

16(34), 2002400. [227]

Abstract

Generating a stable knockout cell line is a complex process that can take several months to complete. In

this work, we introduce a microfluidic method that is capable of isolating single cells in droplets, selecting

successful edited clones, and expansion of these isoclones. Using a hybrid microfluidic method, droplets

in channels can be individually addressed using a co-planar electrode system. In our hybrid microfluidic

device, we show that we can trap single cells and subsequently encapsulate them on demand into pL-sized

droplets. Furthermore, individual cells inside the droplet can be released or kept in the traps, or merged

with other droplets by the application of an electric potential to the electrodes that is actuated through an

in-house user interface. We use this high precision control to successfully sort and recover single isoclones

to establish monoclonal cell lines, which is demonstrated with a heterozygous NCI-H1299 lung squamous

cell population resulting from loss-of-function eGFP and RAF1 gene knockout transfections.
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5.1 Introduction

Gene editing in mammalian cells has become more accessible and less time consuming due to the avail-

ability of new editing tools that allow for rapid and precise edits. Using improved versions of CRISPR-Cas9

[301, 302], and better methods to control the cell’s double-strand break (DSB) repair mechanisms [303],

Cas9 has become a popular tool to engineer new cell lines. The utility of CRISPR is showing widespread

benefits for generating new cellular therapies [304] and creating new genetic models for cancer.[305, 306]

To fabricate these new edited cell lines, evaluating the properties of single clones (a single edited cell) is

especially important, as biallelic editing differences can occur and non-homologous end-joining DSB repair

mechanisms generate indels that differ between individual clones. [307, 308, 309] Isolating single clones

provides a method for enriching correctly edited cells, of which one can correlate the phenotypic changes to

a specific clonal genotype and facilitate downstream characterization.

The process of genome editing mammalian cells typically consists of in silico design of the guide,

cloning the guide into an expression vector, transfection, selection, sorting, and expansion of homogeneous

clonal lines.[310] Currently, the design of the guide and the act of transfecting cells can be done in less

than a day.[310] And with new automation tools and methods continuously being developed, the process

of synthesis [190] , assembly [311, 312], and transfection [313, 314, 315] are becoming faster, cheaper and

more efficient. However, selection and enrichment of transfected clones, especially in knockout experi-

ments, sensitive cell lines (e.g, hPSCs) or hard to transfect cell lines, remains a tedious and challenging task.

Currently, common methods to isolate single clones are to use limited dilution or colony picking to separate

single isoclones and to generate a homozygous progeny. [316, 317] The laborious and time-consuming pro-

cess, the high dilution requirements, and inherent probabilistic nature for limited dilution are not ideal for

increasing the chances to obtain a single clone. Fluorescence-activated cell sorting (FACS) , colony pickers

and other automated tools can provide a method to generate clonal cell populations but are associated with

high infrastructure and maintenance costs, downstream optimization usually requiring a large starting cell

population, and can induce stress or apoptotic response in the cells due to their high voltage requirements

and physical handling. [318, 319]

Droplet-based microfluidic systems are ideal systems for single-cell manipulation and analysis. These

biocompatible systems mimic the physics of the cellular environment and in doing so, reduce the physi-

cal stresses often exerted on cells by traditional tools or robotic systems. They are also typically low in
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infrastructure and operational costs and operate under much lower volumes (∼pL range).[320, 4, 94, 74]

Several researchers have already addressed multiple steps in the gene editing pipeline using microfluidics,

including mammalian cell culture [37, 155], transfection of mammalian cells [321, 322, 323, 6, 324, 325,

326, 327, 156], as well as the sorting or selection of transfected mammalian cells. [328] Droplet-in-channel

microfluidics can operate in ultra high-throughput ranges while generating single-cell containing droplets.

[329, 3, 330, 30] A pitfall with these systems is that it is difficult to manipulate and to control the droplets in

parallel. Digital microfluidic systems (DMF) can alleviate the challenges associated with droplet-in-channel

systems since DMF are able to address each droplet individually. Having this control is especially useful in

multi-step procedures such as transformation and enzymatic assays [331, 262], drug and inhibitor screening

[332], and gene-editing [155]. Recently, we have combined both of these platforms together, in which we

call a ‘hybrid’ microfluidic platform, placing co-planar electrodes (i.e. ground and activated electrodes on

the same plate) under microfluidic channels to have individual control of the droplets in channels. [108]

Given the increased control over droplets and droplet content that hybrid microfluidic technologies have

shown [333, 334, 106, 110, 112, 109], there is an opportunity to use this technology as a method to control

the isolation of mammalian isoclones.

Here, we developed a deterministic ‘one-droplet-one-cell’ hybrid microfluidic system that can trap single

isoclones and subsequently encapsulate them in individual droplets. These single-cell containing droplets

can be released from traps in two directions, kept in position, or have the opportunity to be merged with

other droplets, allowing this device to be used for various manipulations of the individual clones. To show

the versatility of our device, we have shown its ability to establish isoclonal mammalian loss-of-function

cell lines from gene knockout experiments by sorting and recovering engineered clones of a NCI-H1299

lung squamous cell carcinoma.

5.2 Results and Discussion

5.2.1 The design of a hybrid microfluidics system for single-cell manipulations

Figure 5.1 depicts the representative device used for single-cell trapping, single-cell droplet generation

and droplet operations. As shown in Figure 5.1 A, the microfluidic device consists of three layers: a

patterned electrode layer, a 7 µm SU-8 5 dielectric layer and a PDMS-based channel layer of 35 µm height

and a main channel width of 50µm. The ‘hybrid’ integrated droplet digital microfluidic device consists of
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a bottom digital microfluidic layer (i.e. electrodes and dielectric) along with a top patterned channel layer

in which cells are trapped (single-phase) or droplets are manipulated in an oil phase (two-phase). [108]

The device is divided into two sections: 1) an on-demand T-junction droplet generator and 2) a single-cell

droplet array. As shown in Figure 5.1 B, the on-demand droplet generation consists of co-planar electrodes

that will actuate the aqueous flow (using electric potentials) to the orthogonal continuous oil flow that will

break the continuous aqueous flow into discreet droplets. The single-cell droplet array (Figure 5.1 C) can

trap single cells, after which they are encapsulated in droplets that are generated within the traps by the

application of an electric field. It contains 12 traps, of which six are equipped with electrodes. Tubing

connects the two parts of the device to transfer the droplets from the droplet generator to the single analysis

part of the device. The device contains two inlets - I1 for oil and droplets and I2 for cells and priming - and

two outlets - O1 for waste and O2 for sample recovery and flow reversal - (Figure D.1). In designing the

system shown in Figure 5.1, there is a design element that requires consideration for reliable cell trapping

and encapsulation. Two commonly used methods for single cell isolation – trapping and encapsulation – are

used complementary. The traps are designed such that they could trap single cells with high efficiencies, yet

also allow for a smooth phase change to a two-phase flow. We followed resistance based design guidelines

as reported for microfluidic serpentine trap designs for droplets and cells. [284, 285, 283, 31, 282, 335]

The design element concerns the location of the traps relative to the main channel such that both single-cell

trapping and phase change can occur. By modeling flowrate profile and velocity streamlines, we optimized

the channel geometry (Figure D.2), such that volumetric flow rate through the trap (Qtrap) is greater than

volumetric flow rate through the bypass channel (Qbypass ) when there is no cell in the trap. We found that

positioning the trap near the curvature of the main channel (i.e. the end of a serpentine channel) along with

a narrow (∼50 µm) trap entrance and a narrow (∼50 µm) width of the main channel immediately after the

trap opening, prevented cells bypassing the empty traps. The optimized placement offers a higher effective

hydrodynamic resistance in the bypass channel (Rbypass) than through the trap (Rtrap). Hence, the flowrate

in the trap is higher compared to the bypass channel (Qtrap > Qbypass ) to maintain the same pressure drop

(as shown from other studies [286]). Furthermore, the design offers two additional advantages: (1) if a cell

is trapped, it is unlikely for another cell to flow into the same trap since this increases the Rtrap (and reduces

Qtrap) and (2) during a phase change for single-cell encapsulation (trap based droplet generation) (described

below), the resistance in the trap is sufficiently higher than the bypass channel which will help preventing

squeezing the cells out of their traps. A mathematical description and the simulation details are described in

87



Appendix D.1 and D.2.

Figure 5.1: Integrated droplet digital device for on-demand single-cell encapsula-
tion and analysis. The three layer device consists of a digital microfluidic layer with
chromium electrodes patterned on glass, a 7 µm thick SU-8 5 dielectric layer and a
PDMS channel layer of channels of height 35 µm and width of 50-75 µm. B) The
droplet generation device contains two T-junction droplet generators, under which sev-
eral electrodes are located for on-demand droplet generation. C) The single-cell analysis
device contains two inlets, and two outlets. The trapping area contains cell traps with 8
µm constrictions, under which 4 electrodes are located. The droplet generation device.
For details on channel, electrode and wiring sizes, see Appendix D.1. Reproduced from
Samlali et al. [227], with permission from John Wiley and Sons.

Finally, we also note

that one of the main

goals of this work is

to automate the process

of actuation and droplet

manipulation, but a key

challenge is to integrate

and to control the mul-

tiple pieces of hardware

into one software frame-

work. In this work,

the microfluidic device

is connected to two main

hardware components: the

in-house automation sys-

tem (i.e. optical switches)

and a syringe pump sys-

tem (Figure D.3, Ap-

pendix D.3). The au-

tomation system serves

the purpose to provide

electrode actuation and

the syringe pump system

is to control the flow rates in the device. [262, 300] Since these two hardware systems are operating on

different software protocols, we developed our own Python based framework with a simple user inter-

face. The system user can control the flow of certain fluids (start stop, flow rate), and perform several

pre-programmed droplet manipulations with the click a button (‘encapsulate’, ‘forward release’, ‘reverse

release’, and ‘keep’ for a specific actuation time and trap number). The software is open-source available at

http://bitbucket.org/shihmicrolab.
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5.2.2 Hydrodynamic single-cell trapping and deterministic single-cell encapsulation through

in situ droplet generation

Figure 5.2: Workflow of device operation. Priming the device with
2% Pluronics F-127 in PBS for 5 min. MCF-7 cells in PBS are trapped.
On-demand droplet generation can be selected to generate droplets, af-
ter which the aqueous flow is stopped. When all traps are loaded, oil
(HFE 7500 2% Ran Fluorosurfactant) is loaded at 4 nL s-1 by connect-
ing the droplet bridge. Oil flow shears off a small volume of remaining
PBS, which forms a droplet around the cells. Droplets are brought in
through the droplet bridge and droplet operations can be performed.
Oil flow can be reversed to collect droplets. The inlet (I#) and outlets
(O#) that are used for each operation are designated for each operation.
Reproduced from Samlali et al. [227], with permission from John Wi-
ley and Sons.

Figure 5.2 illustrates the optimized

device operation procedures for trap-

ping single cells and encapsulating the

cells inside droplets using a ‘hybrid’-

based microfluidics platform. As de-

tailed in the Experimental Section, the

device operation procedure consisted of

priming, cell loading, phase change, and

encapsulation followed by droplet re-

lease (Appendix D.1). This workflow,

and the procedure for trapping and in

situ encapsulation are represented as a

schematic (Figure 5.2). First, devices

were primed with 2% Pluronics F-127

for at least 5 min to decrease cell adhe-

sion to PDMS. Second, an aqueous flow

containing fresh media with mammalian

cells (MCF-7 breast cancer cell line) was

introduced into the trapping device at a

concentration of 105 - 106 cells mL-1

(see Figure 5.3 A for an image of six in-

dividually trapped cells). We evaluated the efficiency of cell trapping as a function of flow rate. Using our

design, the optimal range of flow rates to trap individual cells is between 1 – 4 nL s-1 (Figure 5.3 B). At this

range of flow rates, cells are unlikely to occupy traps with multiple cells and the MCF-7 cells do not squeeze

through the traps (unlike at high flow rates). Single cells are most efficiently trapped (∼88.3 %) at 5 nL s-1

- an efficiency similar to previous studies which required displacement structures or other external forces to

trap cells.[288, 289, 161] We counted over 54 consecutive events (out of 54 observations) of MCF-7 cells
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passing by a single MCF-7 cell occupied trap, without trapping a second one. The conditions defining the

success at these flowrates are (1) the optimized channel flow velocity profile and slanted overhang along

the main channel (close to the trapping region) to steer the flow towards the trap (2) designing a 8 µm

constriction which is smaller than the cell size, and (3) the physical properties of MCF-7 cells (i.e. lower

deformability).[92, 28]

Following the trapping of the cells is the generation of a droplet within a trap which results in the

encapsulation of a single cell inside a droplet. Popular passive single-cell encapsulation is known to be a

procedure that follows Poisson statistics, generating droplets with none, one or more cells.[72] Using the

hybrid device, we can generate a droplet in situ, and thus deterministically encapsulate the trapped cell.

This is done by moving from a single-phase flow to a two-phase flow using a phase change procedure

by: (1) flowing an oil phase through the entire channel and, and (2) applying an electric potential to the

electrodes below the trap when the oil flow approaches. Figure 5.3 C shows three images taken from video

frames showing the on-demand, in situ droplet generation process. Four co-planar electrodes (size = ∼100

µm, area 0.06 mm2) were used for the generation event – two electrodes below the main channel and two

electrodes below the trap. In Frame I, all electrodes are grounded. An oil flow enters the main channel

for the purpose of a phase change. In Frame II, the electrode below the trap is activated while the other

electrodes are grounded. The aqueous phase and the single-cell remain inside the trap when the oil flow (in

the main channel) “cuts” the aqueous phase at both ends of the trap. Generated cell containing droplets are

on average 150.3 ± 5.6 pL in volume (N = 11). In Frame III, all potentials are grounded, and the oil phase

flow continues to the next trap to perform the next encapsulation procedure. To aid the design of the trap

and to determine the optimal actuation sequence, we have simulated the electric potential and electric field

distributions (Figure D.4 and Figure D.5). As shown, the electric field density (∼ 5 x 106 V m-1) is induced

between the main channel and the trapping region. This field gradient induces an electrostatic force that will

pull the liquid towards the trap (similar to droplet actuation on a DMF device [23]). Given this capability, the

device has means to encapsulate cells in droplets on-demand without Poisson-based statistics. The details of

the simulation are described in the Appendix Appendix D.2, Table D.1. To our knowledge, this is the first

occurrence of trap based in situ droplet generation for deterministic single-cell encapsulation, providing an

alternative to Poisson based encapsulation methods.

90



Figure 5.3: Cell trapping and encapsulation A) Single MCF-7 cells trapped, in PBS (bright-field, 4X). B) Effi-
ciency of trapping cells at different flowrates. The cell concentration was kept constant at 5 x 105 cells/mL PBS and
experiment was performed during 10 min. C) Encapsulation procedure. Frame I: A single MCF-7 cell trapped. An
HFE 7500 + 2% Ran surfactant was loaded into the device at 4 nL s-1. The trap electrode is actuated (15 kHz, 126
VRMS). Frame II: A droplet is formed within the trap and the oil phase continues through the bypass channel. Frame
III: Encapsulated MCF-7 cell. Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.

The success of trapping and encapsulation is highly dependent on device fabrication and operation meth-

ods. For example, the reliability of electrode actuations and resulting droplet operations heavily depends

on the alignment of the electrodes and channels. To minimize the strenuous task of alignment, we used the

ground wire and the gap between electrodes to serve as an alignment mark. Since these are clear marks,

alignment can be performed swiftly under a microscope without losing the oxygen plasma treatment on

the PDMS.[336] Furthermore, we divided the device into two components (droplet generator and serpen-

tine trapping channel) to fit the features within the view field of the microscope, and to minimize PDMS

shrinkage.[337] The process of inserting and removing tubing from the inlets and outlets also requires slow

manipulation. The air bubbles are most likely to occur while changing from priming solution to cell solution
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and when initiating the oil flow. The bubbles can block flow inside traps, can push cells out of their traps

or disturb the stability flow causing diverging flow rates. The air bubbles can also cause unwanted pressure

differences inside the channel, which may lead to droplet breakup and movement. Our solution is to insert

the tubing gently at high flow rates and use a small diameter tubing to connect the droplet generation and

trapping devices (more info in Appendix D ). Lastly, it is important to perform a thorough cleaning of the

traps by removing the remaining oil emulsions in the 8 µm trap constrictions to ensure high cell trapping

efficiency for the next set of trapping experiments.

5.2.3 Two-phase on-demand droplet operations: droplet generation, releasing and keeping

of droplets in traps

After trapping and phase change, we turned our attention to other droplet operations such as droplet

generation or keeping and releasing the droplets containing single cells. Generally, in droplet-based mi-

crofluidic devices, controlling droplet positions inside the channels is performed by using passive structures

[92, 84, 28], valves [338, 339], or external forces (optical, acoustic, dielectrophoresis).[84, 95, 31] For ex-

ample, Sauzade and Brouzes [92] uses serpentine channels containing droplet traps under forward flow to

trap droplets and uses reverse flow to hydrodynamically release droplets. The platform presented here can

perform multiple droplet operations, such as a trapping operation under forward flow, release operation

under forward/reverse flow, and keep operation under reverse flow. Our device has no additional channel

structures that have been fabricated to guide cell and there is no reliance on timing the droplet flow to control

the droplets as required by previous works. [340, 276] The main contributor to controlling the droplets on

our device is the application of electric potentials to the electrodes (similar to digital microfluidic systems

[26] such that the above-mentioned operations can be performed with high fidelity.

To characterize releasing operations, we have tested the likelihood for droplet release at different flow

rates (for the forward and reverse flow directions) using electric potential or via pressure-driven flow. Figure

5.4 A (Frames I-IV) shows the actuation sequence for releasing a droplet under forward flow. The droplet

is released by actuating electrodes below the trap (Frame II) followed by activating an electrode below the

main channel and the trap (Frame III). By using this specific sequence, the electric field density directs the

droplet from the trap towards the main channel in the direction of the flow (Figure D.5). We also tested the

likelihood for droplet release at different flow rates in forward direction (from inlets to outlets) (Figure 5.4
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B). As shown, low forward flow rates (< 1 nL s-1) give rise to high probability (> 95 %) of being able to

release the droplet. Since droplets are trapped due to the hydrodynamic pressure, Ph, of the oil flow and

the droplet is controlled by using electrostatic forces (Felec), droplets can be released when the electrostatic

force Felec is greater than the Ph generated by the flow in the main channel. This relationship also holds

true when there is no flow rate applied. In this case, the droplet is released from the trap but is static at

the entrance of the trap since there is no flow. While without any electrostatic force (i.e. no electric field

applied) at any given flow rate, the droplet is never released from the trap.
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Figure 5.4: On-demand droplet operations. Actuation patterns are indicated with a red dot (bright field, 15X).
Bypass channel, trap and flow are as indicated (*). The droplet is overlayed with a red mask. A) Actuation sequence
of releasing droplet towards outlet on demand (15 kHz, 126 VRMS). B) Efficiency of release of droplets under forward
flowrate, under increasing flowrates. (n=8, 10 replicates per trap) C) Actuation sequence of releasing droplet towards
inlets on demand (15 kHz, 126 VRMS) D) Efficiency of release of droplets under reversed flowrate. Hydrodynamically,
droplets are released more efficiently towards the inlets, under increasing flow rate. With on-demand release, droplet
show efficient release with flow rates as low as 0.5 nL s-1. E) Actuation sequence of keeping droplets within trap
under reversed flow rate (15 kHz, 126 VRMS, 10 s) F) Efficiency of keeping droplets on-demand under reversed flow
rate. Droplets can be kept efficiently for flow rate lower than 45.4 nL s-1. Reproduced from Samlali et al. [227], with
permission from John Wiley and Sons.
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Next, we tested the likelihood of releasing droplets with reverse oil flow, with and without on-demand

actuation. As shown in figure 5.4 C (Frames I-IV), the actuation sequence under reverse flow (from outlets

to inlets) is similar to the actuation sequence for the droplet release under forward flow. In contrast to with

forward flow, the probability of releasing a droplet is most likely to occur at higher flow rates (>10.92 nL s-1)

(without actuation; hydrodynamic flow only). The lower flow rates are more likely to keep the droplet inside

the trap (Figure 5.4 D) – a similar trend observed in other studies.[74] When actuation is implemented, the

droplet can be released from the trap at any time and there is no dependence on the reverse flow rate using a

specific actuation pattern. This is an exciting result since it enables the user to release and to select droplets

on-demand and in parallel without the need for dielectrophoretic, acoustic or magnetic sorting techniques.

Thus, this represents a significant advance over other droplet-based microfluidic systems that implement

trapping and releasing droplets.

In some cases keeping droplets inside a trap is also a desired operation.[108, 341, 342] Figure 5.4 E

shows the actuation sequence for keeping a droplet. Four electrodes are activated to ensure the highest

electric field density is centered at the opening of the trap to prevent the droplet from escaping into the main

channel (Figure D.5). The likelihood of the droplet being released when different flow rates are applied from

the narrow to the wider region of the trap showed flow rates below 45.4 nL s-1 give rise to high probability

on keeping the droplet (> 95% logistic regression model asymptote) (N = 10) (Figure 5.4 D). The main

reason for this trend is that after a certain flow rate, Ph > Felec . However, if the flowrate decreases, droplets

reside for a longer period within the main channel, which can be disadvantageous for fast sorting procedures

(Figure D.6). It is possible to increase the applied potential (> 126 VRMS) to the electrodes (to increase

the electrostatic force and work under higher flow rates), but this may induce dielectric breakdown [77–79],

followed by electrolysis or Joule heating which can ultimately lead to cell stress and to changes in genomic

regulation in cells. [80] Hence, for gene-editing experiments discussed below, we used flow rates below 45

nL s-1 to keep the droplets inside the trap while maintaining applied potentials below 126 VRMS.

Similar to our previous work, we generate droplets on-demand to have the capability to add reagents to

other droplets in the device. Ahmadi et al. [108] recently reported the first hybrid microfluidic device that

is capable of generating droplets on-demand by combining the pressure of the continuous oil phase and the

electrostatic actuation of the aqueous flow. The desire to have control over droplet generation is an important

step forward for the field, as the enthusiasm for droplet control in droplet-based microfluidic devices is well-

documented.[81] We improved upon this work by designing an automated replenishment of the aqueous
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flow, which removes the limit on the number of droplets that can be generated. Using this droplet generator,

we are able to generate droplets on-demand using a T-junction configuration with oil flow rates between

2 to 2.5 nL s-1 (Figure D.7). From our observation, lower flow rates than 2.0 nL s-1, on-demand droplet

generation became difficult due to the inability of the oil flow to shear off a droplet, while at higher flow rates

than 2.5 nL s-1 the pressure of the oil flow is larger than the electrostatic force removing the force balance at

the interface to generate droplets. After droplet generation, we showed the capacity of the device to merge

droplets. As shown in Figure D.8, we can merge incoming droplets with trapped droplets on demand. An

advantage of on-demand merging is that it does not rely on the tedious synchronization of two streams

of droplets for droplet coalescence nor does it require any pressurized channel.[46,72,82–87] Generating

droplets on-demand with a T-junction and generating single-cell containing droplets by phase change, show

high monodispersity (250.9 ± 39 pL and 150.3 ± 55.6 pL respectively) (Appendix Figure D.7, Table D.3).

Figure 5.5: Viability assay of MCF-7 cells. A) Trapped MCF-7 cells
stained with FDA/PI after 10 min incubation on device (top), and after total
actuation time of electrodes of 30 s (15 kHz, 126 VRMS) and 10 min incu-
bation on device (bottom). FDA stain reveals live cells and PI stain reveals
dead cells. B) No significant difference in viability can be detected between
the control (87.5±7.2%) and after actuation of electrodes (82.5±8.1%) (un-
paired two-sample T-test, P=0.6687, N=3). Reproduced from Samlali et al.
[227], with permission from John Wiley and Sons.

The compendium of results in

Figure 5.4 represent important

additions of multiple on-demand

droplet manipulations with indi-

vidual and parallel droplet control

for droplet-based microfluidic de-

vices. These droplet operations

in addition to the deterministic en-

capsulation provide a powerful de-

vice for sorting or assays on indi-

vidual isoclones (as described be-

low). Droplet-based microfluidic

platforms typically use short pulses

of electric potentials to either sort

droplets [164] or manipulate droplets on an array of electrodes.[155] In these platforms, a droplet containing

a biological cell experience a negligible electrical field and therefore their viability is maintained.[343, 272]

We further investigated the effects of electrode actuation on cells in single-phase fluid, before cells were

encapsulated. This is representative of electrode actuation for single-cell encapsulation. After priming the
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device and trapping the single MCF-7 cells, we performed a viability assay by flowing a solution of fluo-

rescein diacetate (λex: 490 nm, λem: 526 nm) and propidium iodide (λex: 488 nm, λem: 617 nm) through

the channel labeling live and dead cells respectively. We compared the viability of voltage-potentiated and

non-potentiated cells immediately after 30 s application of a low frequency AC electric potential. As Figure

5.5 A illustrates, the single cells are generally viable (shown in green) after being exposed to electric fields

on the hybrid device compared to non-exposed cells. There was no significant difference between the cells

directly exposed to the potentials and non-potentiated cells (Figure 5.5 B; P = 0.6687). We do observe a

small loss of viability (∼18 %) in the potentiated cells and observe a similar viability (87.5 ± 7.2%) in the

non-potentiated cells. We believe the reduction in viability is attributed to the pre-processing sample han-

dling procedures outside their native cell culture environment – e.g., cell sample preparation in the syringe.

Regardless of the reasons for the loss, these initial results for viability suggests that actuating electrodes in

our hybrid device does not significantly alter the cell viability (> 80 %) and is suitable for our isoclonal

procedures (described below).

5.2.4 Recovery and expansion of single-cell isoclones from a heterogeneous engineered cell

population

To illustrate that our hybrid platform is suitable for single cell isoclonal sorting, we followed a gene-

editing workflow to isolate the engineered cell from a heterogeneous cell population of an NCI-H1299 lung

squamous cell carcinoma cell line.[344, 345] As shown in Figure 5.6 A, two plasmids containing Cas9 and

a sgRNA, targeting either the eGFP or the RAF1 gene were used for transient lipid based transfection. We

evaluated the transfection efficiency for each knockout experiment and observed a ∼25.3% and a ∼13.7%

efficiency for eGFP and RAF1 respectively (Figure 5.6 B; Appendix Figure D.9). Knockout efficiencies

were determined by a genomic cleavage detection assay and were calculated to be 4.95% and 8.3 % for

eGFP and RAF1 respectively (Figure 5.6 C). Since we obtained a heterozygous population (Figure D.10),

this called for a precise mechanism to sort and to isolate the low population of successful clones. Hence, for

this part of the workflow, we used our hybrid device by trapping the cells in the device such that they can be

imaged by fluorescence microscopy to determine which cells have been transfected (mCherry expression)

(Figure 5.6 D; Figure D.11). Given the low number of successful clones, we predict that only 1 out of 6

traps are to contain a successful transfected cell (∼16.7 %) (Figure 5.6 E). Indeed, there are times when
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the traps did not fill with a transfected clone, however, with fine-tuned control and automation, our system

can increase the flow rate in the forward direction which enabled the cells to squeeze through the traps such

that a new cell can be trapped. This is one of the key capabilities of this device – trapping and releasing

of isoclonal cells can be performed iteratively. In merely 45 minutes (instead of hours), isoclones can be

trapped, encapsulated and sorted since (1) there is no requirement for iterative sample preparation or (2)

isolation of a clonal cell line by limited dilution or other time-consuming techniques such as FACS is no

longer needed.[11] After encapsulation of a successful isoclone, on-demand forward release of a single-

isoclone in a droplet was performed to recover the isoclone (Figure 5.6 F).
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Figure 5.6: Gene-editing pipeline: screening and sorting of edited H1299 isoclone. A) Design of CRISPR-Cas9
based knockout cell line using a transient plasmid expressing Cas9 and guide RNA (sgRNA). B) Flow cytometry
indicating transfection efficiencies. C) Knockout confirmation through a genomic cleavage detection assay. D) H1299
cells (eGFP+) resulting from lipid mediated transfection were trapped and screened for mCherry expression (red).
Trapped cells show successfully transfected cells expressing mCherry (red) and GFP (green) (trap 3) and a cell only
expressing native GFP (green) (trap 2). E) The transfected isoclone was encapsulated and subsequently released on-
demand towards the outlets (trap 3, Frames I-IV from a video show the release of a single clone in a droplet). F)
The droplet containing the isoclonal knocked out cell is collected from the outlet into a capillary and recovered into a
96-well plate. Two images showing expansion of the knocked-out GFP isoclonal cell on day 5 and day 7. Reproduced
from Samlali et al. [227], with permission from John Wiley and Sons.
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Expansion is a key step for the development of a new clonal cell line. After droplet sorting in microfluidic

devices, the droplets can be recovered by directly flowing them into a different substrate for the recovery

of cells using a chemical emulsion breaking method [253], centrifugal methods, [166, 346] or automated

dispensing methods.[347, 348] As these methods are performed on emulsion of multiple droplets, we were

unsuccessful at using these techniques to recover only the content of a single drop. The deterministic

encapsulation and on-demand release of droplets in our platform allowed us to develop a method to recover

the content of a single droplet from a water-in-oil microfluidic emulsion into a single well of a 96-well plate

(see Figure D.12). Following an on-demand forward release of a single isoclone, we used a method similar

to Langer and Joensson [349] by transferring the droplet into a capillary and onto a hydrophobic PTFE

membrane (Figure D.12). The oleophilic membrane absorbs the HFE 7500 oil, removing the surrounding oil

around the aqueous droplet. We washed the emulsions with FC-40 oil to remove excess HFE and surfactants

and to release the isoclone into a media droplet which is subsequently transferred to a 96-well plate. As

shown in Figure 5.6 G are images on day 5 and 7 showing the eGFP knockout isoclonal cells being expanded

in a 96 well plate format. Transient plasmid based mCherry expression is lost after cell division.

The results described above demonstrate that hybrid-based microfluidics can be used to expedite the

gene-editing workflow with very high performance and efficiency. With efficient trapping, encapsulation,

releasing, recovery, and expansion procedures, hybrid microfluidic devices outperform the standard FACS

and limited dilution assays for isolating single clones. These data presented here gives researchers inter-

ested in gene-editing the ability to establish monoclonal lines from heterozygous transfected populations,

without the excessive manual handling steps required for selection, sorting, dilution, and clonal selection.

In continuing work, we are using these devices (or derivative thereof) for low-transfection cell lines, which

should highlight the advantages further by application to engineering cellular-based therapies.

5.3 Conclusion

The combination of hydrodynamic pressure and electrostatic force offered in the three-layer hybrid

microfluidics device, was used to control flow in a cell and droplet trapping channel. First, we showed that

reliable single-cell trapping can be followed with a deterministic encapsulation of the trapped single-cells.

Using a phase change and electrode actuations, the one-phase cell containing aqueous flow can be turned into

a droplet based two-phase flow. Next, we have shown efficient droplet controllability and fully characterized
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the efficiency of droplet generation, bi-directional release and keeping. All of these operations, including

deterministic encapsulation, can be performed with a ‘click of a button’ automation approach.

We applied this system to sort and recover gene-edited single cells from a NCI-H1299 non-small cell

lung carcinoma cell population. Single cells from the heterozygous knockout population were encapsulated

and sorted based on expression of a reporter protein. Next, we developed a methodology for recovery of an

isoclone from a single droplet into a standard 96-well plate, and demonstrated this for a knockout cell line

generation pipeline. Compared to automated systems used for sorting out isoclones in the cell engineering

pipeline, such as FACS, limited dilution and clone picking, our system can work with low sample volumes (

< 200 µL) and extremely low subpopulation levels (i.e. hard-to-transfect cell lines). The procedure is rapid

(∼ 45 min), and gentle on the cells, as our viability and expansion results show. We believe this could be of

particular interest for use with other types of cells such as primary or stem cells.

Moving forward, improving alignment, and increasing the number of traps, will greatly improve the

functionality of the device. To further increase the throughput of the system, we recommend the integration

of image recognition algorithms in our Python based control system. We can also recommend automation of

the cell recovery process, by combining our single-cell recovery technique with other automated microfluidic

device and recovery substrate interfaces.[349, 347] Taken together, we can envision this multi-functional

platform to be used for delivering reagents to isoclones on device, deterministic merging of two populations

of single-cell containing droplets, non-binary single-cell sorting, expansion of isoclonal cultures based on

their production of extracellular compounds and many other applications. Hybrid microfluidics creates

a new pathway for many new mammalian cell assays that have been previously difficult to translate on

microfluidic platforms.

5.4 Experimental section

5.4.1 Reagents and materials

Fabrication materials for hybrid microfluidic devices include a transparent photomask (CAD/Art Ser-

vices Inc., Bandon, OR), S1811 positive photoresist coated glass slides (Telic, Valencia, CA, USA), MF321

developer (Rohm and Haas, Marlborough, MA, USA), CR-4 chromium etchant (OM Group, Cleveland,

OH, USA), AZ-300T photoresist stripper (AZ Electronic Materials, Somerville, NJ, USA), <100> Si
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wafers (Silicon Valley Microelectronics Inc., Santa Clara, CA, USA), and SU-8 5, SU-8 2035, SU-8 devel-

oper (Microchem, Westborough, MA, USA). Polydimethylsiloxane (PDMS) was purchased from Krayden

Inc. (Westminster, CO) and chlorotrimethylsilane from Sigma-Aldrich (Oakville, ON, CA). Polylactic acid

(PLA) material for 3D printing was purchased from Shop3D (Mississauga, ON, Canada). DI Water had a

resistivity of 15 MΩ cm-1.

Reagents for device preparation include 3M Novec HFE7500 engineering fluid and the surfactant 3M

Novec 1720 (M.G. Chemicals, Burlington, ON, CA), PEG fluoro-surfactant dissolved in HFE7500 (20 g

of 5% wt) (Ran Biotechnologies, Beverly, MA, USA), Fluorinert FC-40 (Sigma-Aldrich), Pluronics F-127

(EMD Millipore Corp, Billerica, MA, USA), and Triton X-100 (Sigma-Aldrich). All glass syringes were

from Hamilton, Reno, NV, USA. All tubing and fittings were acquired from IDEX Health & Science, LLC,

Oak Harbor, WA. Glass capillaries were purchased from World Precision Instruments (FL, USA). 0.22µm

hydrophobic PTFE membrane was purchased from Thomas Scientific (NJ, USA).

All cell culture and preparation reagents were purchased from Thermo Fisher (Mississauga, ON, Canada).

The cell culture reagents include DMEM, RPMI-1640, fetal bovine serum (FBS), penicillin/streptomycin

and phosphate buffer saline (PBS) (Ca2+/ Mg2+ free). The cell viability reagents include Fluorescein di-

acetate (FDA) (5 µg mL-1) and Propiodium Iodine (PI) stock solutions (2 µg mL-1). For transfection, a

Neon Transfection kit (Mississauga, ON, Canada) and LipofectamineTM 3000 Transfection Reagent, Ge-

nomic Cleavage Detection kit were also purchased. EndoFree Plasmid Maxi Kit for plasmid purification

was acquired from Qiagen (Toronto, ON, CA).

5.4.2 Device fabrication and assembly

The photomasks for the hybrid microfluidic devices were designed using AutoCAD 2017, with an elec-

trode design and dielectric layer on a glass slide (50 x 75 mm), and a channel design fitting a 4”-Si wafer.

Electrode and dielectric layer fabrication followed standard photolithography procedures reported previ-

ously.[45] Briefly, chromium-coated substrates with S1811 positive were exposed (11 s at 38-50 mW cm-2),

developed in MF-321 developer, etched with CR-4 chromium etchant, and stripped with AZ-300T photore-

sist stripper. For the dielectric layer, the devices are placed under plasma oxygen (Harrick Plasma PDC-001,

Ithaca, NY) for 1 min 30 s, after which they are immediately spin coated with a SU-8 5 layer (10 s, 500

rpm, 30 s 2000 rpm), soft baked, and exposed to a sawtooth patterned mask. After post-bake, substrates

were developed in SU-8 5 developer. A final hard bake cycle was performed by ramping up to 180oC in
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15 min, baking at 180oC for 10 min and gradual cooling to room temperature. For the channel layer, soft-

lithography procedure was followed. Si-wafers were placed under plasma oxygen for 1 min 30s, after which

they are immediately spin coated with SU-8 2035 (500 rpm 10 s and 4000 rpm 30 s). The substrate was soft

baked (55oC 1 min, 75oC 1 min, 95oC 5 min) and exposed under a Quintel Q-4000 mask aligner (Neutronix

Quintel, Morgan Hill, CA) (10 sec at 38-50 mW cm-2). Substrates were post baked (55oC 1 min, 75oC 1

min, 95oC 5 min), and developed in SU-8 5 developer for 3 min 30 s upside down, without shaking. We

followed a final hard bake cycle ramping up slowly to 165oC for 10 min and cooling slowly to room tem-

perature. The master mold was treated with chlorotrimethylsilane vapour deposition in a desiccator for 45

min. PDMS (1:10 w/w ratio curing agent to prepolymer), was poured over the mold and left to cure in an

oven at 65oC for 3 hours. Inlets and outlets were made using 0.75 mm or 0.35 mm biopsy punchers (World

Precision Instruments, FL, USA), fitting 1/32” OD tubing or 360 µm OD tubing respectively, after which

the PDMS was carefully washed with IPA, DI water, and cleaned with tape to remove debris before device

assembly. The PDMS slabs were treated with oxygen plasma for 30 s and directly aligned with the dielectric

coated electrodes under a dissecting fluorescence microscope (Olympus IX73, 10X). Device channels were

immediately treated with Novec 1720 fluorosilane polymer surfactant for 20 min, under a weight of 750

g. Devices were then air dried (20 min) and baked (150oC, 30 min). To connect the droplet generator and

the serpentine trap part of the device, a 2 cm piece of PEEK tubing (360 µm OD) was cut and treated with

similar Novec 1720 treatment. Outlet blockers were made by hot gluing one end of a 1” PEEK 1/32” OD

tubing.

5.4.3 Device operation

Gastight 500 µL glass syringes were prepared with the fittings and tubing as reported previously, adding

one 2.5 mL syringe with a 1.87 mm magnetic stirring disk (V&P Scientific, San Diego, CA, USA). Syringes

were installed on a low-pressure neMESYS pump system (Cetoni, Korbussen, DE), installed with a clamp

holding a syringe stirrer (Nannostirus, V&P scientific, San Diego, CA, USA). The microfluidics device

was placed inside a 3D printed pogo pin holder of which the base plate fits on the stage of an inverted

microscope. The flow inside the microfluidic channel was observed under a 4X or 10X objective under

bright-field illumination. Fluid flow and electrode actuation were controlled using an in-house automation

system and graphical user interface. In experiments that consisted of trapping, encapsulation, keeping and

releasing, we followed a 5-step procedure (Appendix D.3, Figure 5.4). First, priming was performed at
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a flow rate of 0.8 to 8 nL s-1 with PBS (Ca2+/ Mg2+ free) containing 2% Pluronics F-127 for 5 min, from

inlet 1, to remove air bubbles and prevent cells sticking to the channel walls. The priming solution was

then moved to outlet 1. The droplet generator was flushed with HFE-7500 with 2% fluorosurfactant, from

inlet 4. Second, cells were loaded from inlet 1 at a flow rate of 1 nL s-1, in PBS (Ca2+/ Mg2+ free) or in

complete media. Once cells are entering the inlet, the priming solution is turned off. We used MCF-7 cells

as a model cell line and all reagents prior to operation were filtered sterilized. For trapping the cells, the

filtered MCF-7 cells were resuspended in PBS (Ca2+ Mg2+ free) and pipetted into a UV sterilized 2.5 mL

glass gastight syringe with stirring disk in a laminar hood. Third, droplets were generated using HFE 7500

with 2% w/v fluorosurfactant from inlet 4 with varying flow rates and PBS or media at 0.6 nL s-1 from inlet

3. On-demand droplet generation was performed by actuating electrodes with 15kHz 126 VRMS. Fourth,

single-cell encapsulation can be performed. Droplet generation was paused after it stabilized, the cell flow

was stopped, and the tubing was connected from outlet 3 to inlet 2 , to the single-cell analysis chip. Phase

change for encapsulation was performed using HFE 7500 with 2% w/v fluorosurfactant at a flow rate of 4 nL

s-1. Fifth, under forward flow several operations (droplet releasing, keeping or merging) can be performed

using electrode actuation patterns. To reverse the flow, the tubing in inlet 1 and outlet 1 need to be carefully

removed, and a second oil syringe can be connected to outlet 2.

5.4.4 Cell culture

MCF-7 cells were grown and maintained in DMEM containing 10%fetal bovine serum (FBS) with no

antibiotics in an incubator at 37oC with 5% CO2. Human lung squamous cell carcinoma dual-labeled (eGFP,

Luciferase) stable NCI-H1299 cells (SCL-C01-HLG; Genecopoeia, Inc, Rockville, MD) were grown in

RPMI-1640 containing 10% FBS without antibiotics at 37oC with 5% CO2. For assays on device, cells were

washed with PBS, trypsinized and resuspended in complete growth media. The cells were then centrifuged

at 200 rcf for 4 min and the cell pellet was resuspended in either PBS or complete media without FBS to

obtain an initial cell concentration of approximately 2 x 106 cells mL-1. Cells were filtered through a 40

µm cell strainer (VWR, Mississauga, ON, CA) to remove cell clumps. An aliquot of the cell suspension

(∼250 µL) was pipetted into a syringe for operation. Conditioned media for cell expansion was made by

collecting complete growth media from 1-day old 80% confluent NCI-H1299 cells (RPMI-1640 10% FBS,

1% penicillin/streptomycin) and adding 50% fresh complete growth media filter sterilizing and storing it at

-80oC until used.
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5.4.5 Viability assays

For viability assays, a 1X FDA/PI solution was prepared with 10 µL PI stock and 2.5 µL FDA stock,

kept on ice, and used within 2 h. FDA/PI solution was placed in a 500 µL syringe covered with aluminium

foil. After trapping of MCF-7 cells, the two top electrodes under each trap (top left under the trap, top right

under the main channel) were actuated for 10 s (15 kHz 126 VRMS), after which the ground electrode was

actuated for 10 s (15 kHz 126 VRMS) followed by activating the two bottom electrodes for 10 s (15 kHz

126 VRMS). 1X FDA/PI was then flushed through the device at 1 nL s-1 and the device was incubated in

the dark for 10 min. After incubation, MCF-7 cells were imaged (FDA: λex = 495 nm, λem = 520 nm, 300

ms exposure; PI: λex = 535 nm, λem = 617 nm, 3 s exposure) under a fluorescent microscope (Olympus

IX73 Inverted Microscope; Québec City, Canada) and images were analyzed using ImageJ. This process

was repeated for control cells (i.e. non-voltage potentiated cells).

5.4.6 H1299 Transfection

pCRISPR eGFP 314, pCRISPR RAF1 94 and pCRISPR/Cas9 All in one LacZ plasmids (Appendix

Table D.4) were transformed into DH5α stocks, grown overnight in LB with ampicillin, and purified (endo-

toxin free). For forward lipid transfection of NCI-H1299 cells with an All-in-one pCRISPR/sgRNA plasmid,

on day 0, cells were subcultured in a 24-well plate to reach confluency the day after (day 1). On Day 1,

cells were transfected using 5 µg DNA per well. After 48 hours (Day 3), cells were harvested or subcultured

into a 6-well plate. Confluent cells were trypsinized, centrifuged (200 rcf, 4 min), strained through a 40 µm

filter, and resuspended in either PBS or flow cytometry buffer.

5.4.7 On-chip sorting, clonal recovery and expansion

For microfluidic sorting and cell recovery, PBS resuspended cells were loaded into a sterile 2.5 mL

syringe with stir disk and 1/32” OD PEEK tubing. The device was primed with PBS with 2% F-127, and

transfected NCI-H1299 cells were trapped at 4 nL s-1. Capillary tubes were filled with HFE-7500 2%

fluorosurfactant and placed on the outlet of the single-cell trapping device. pCRISPR eGFP sg314 and

pCRISPR RAF1 sg94 transfected cells were sorted by forward releasing mCherry+/eGFP+ cell containing

droplets on-demand. A single droplet containing an isoclone was loaded individually into each capillary.

The oil flow was reversed to hydrodynamically release the remaining droplets to waste. For expansion,
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20 µL conditioned media was placed on a hydrophobic PTFE membrane situated on a custom 3D printed

holder at 37 oC. The single capillary containing the recovered droplet was immediately flushed on top of

the conditioned media droplet by 10 µL of FC-40 oil. After 1 min incubation, the droplet was recovered in

a 96-well plate containing 50 µL conditioned media per well at 37 oC. After 24 h, single adherent clones

could be observed based, representing eGFP or RAF1 knockouts. After five days, the expanded cells were

maintained by changing the culture media complete growth media. Clones were incubated in a 96-well plate

at 5 % CO2, 37 oC to allow expansion to 50 % confluency.

5.4.8 Flow cytometry and genomic cleavage analysis

To obtain transfection efficiency, transfected and control cells were resuspended in sorting buffer (1X

PBS (Ca2+/ Mg2+ free), 1mM EDTA, 25 mM HEPES pH 7.0, 1% FBS, sterilized using a 0.2 µm fil-

ter), placed on ice, and loaded in a BD FACS Melody (BD Biosciences, San Jose, CA) after 24 h post-

transfection. Gating was performed for forward versus side scatter (FSC vs SSC) on control population

after which the positive control fluorescence and transfected population were measured (GFP: 488 nm laser,

BP 585/40 nm and mCherry: 488 nm, LP 670 nm). To obtain an estimate of knockout efficiency, a genomic

cleavage detection assay (GCD) was performed (GeneArt Genomic Cleavage detection kit, Thermo Scien-

tific) following the manufacturer protocol. Briefly, cell genomic DNA was extracted 48 h post-transfection

and ∼500bp fragments containing gRNA target sites were amplified using PCR and primers, designed using

NCBI primer-BLAST (Appendix Table D.5) and BLASTed against Homo sapiens. The fragments were

re-annealed, and a cleavage reaction was performed using the manufacturer provided endonuclease. A 2%

lithium acetate borate gel (10 mM lithium acetate, 10 mM boric acid) was used to resolve the cleavage bands

in 20 min at 220 V. Parent and cleavage band intensities were compared to calculate the cleavage efficiency.

Expected cleavage bands were shown in Appendix Table D.6.

5.4.9 Data analysis

Data analysis was performed with R v3.6.2. Data from Figure 5.3 was fitted with a 3-parameter logistic

regression model with continuous predictors (Hosmer-Lemeshow goodness of fit test P < 0.05 for all three

models) (Appendix Table D.2). Image analysis to calculate droplet volume, and gel analysis were performed

using Fiji by ImageJ. Flow cytometry density plots were generated using FlowJo v10. Fluid and electric
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field simulations were performed with COMSOL 5.4 Multiphysics (Appendix D.2). All in-house code was

written in Python v2.7.15.
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Chapter 6

Conclusion, Future Work and Reflections

6.1 Future directions

To support future advances in single-cell analysis, new developments in software, hardware and bio-

logical tools are needed. Given the massive availability of single cell data, computational methods and

theoretical knowledge on cell complexity are increasingly available, yet the limited number of hardware

tools restrict the applied work that can be done. Meeting this need is difficult. Researchers that develop

microfluidic technologies, do so at labs that are dedicated to the design and fabrication of microfluidic de-

vices. As a result, in many cases today, implementing new microfluidic technologies in a clinical setting,

industry, or academia is difficult. The expertise required is extensive, and the equipment is too specialized.

Currently, if one would want to implement a microfluidic system to automate a particular single-cell assay,

custom designs and collaboration with academia, or an entrepreneurial spirit are needed.

We believe in a future in which hospitals have their own custom microfluidics labs, spearheading new

solutions in precision medicine. In this future, microfluidics can empower us to perform diagnostics in

the palm of our hand, with deployable and accessible droplet screening technologies. In clinical settings it

could help us gain insights into patient specific tumor heterogeneity which can lead to patient derived gene

therapies. Droplet-digital tools can be a part of this story, when they are designed with flexible and robust

implementation in mind. To work towards this future we can recommend further work on:

• Developing droplet-digital technology to be compatible with mass manufacturing techniques such as

injection molding, hot embossing, PCB fabrication.
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• Developing a digital library of standardized droplet-digital components such as on-demand droplet

generators or sorters, for standardizing the design of these devices

• Using and improving programming languages designed to translate biological protocols into computer-

readable code

• Developing additional droplet-digital devices with clinically relevant end-to-end workflows

This relates to the work presented in this thesis by:

• Increasing the throughout of the device presented in Chapter 5

• Expanding the applications of the device presented in Chapter 5 to include cell-cell communications

studies by deterministic two-cell encapsulation

• Expanding the single cell detection methods of the device presented in Chapter 5 by using transparent

electrodes, image-based learning techniques, impedance-based cell sensing techniques

• Developing new droplet digital manufacturing protocols such as a silicon based architectures for the

device presented in Chapter 5, bonding techniques for PCB’s and thermoplastics, etc

• Exploring smaller footprint electronics, and further open-sourcing our software to increase the acces-

sibility of the automation system presented in Chapter 3

6.2 Conclusion

In this work we have demonstrated several on-demand droplet operations in channels, including high-

throughput binary droplet sorting, droplet isolation, droplet generation, droplet mixing, n-ary sorting, droplet

trapping and releasing, and finally, deterministic single-cell encapsulation. We have shown that droplet-

digital technology has increased the control over droplets compared to existing droplet-in-channel technol-

ogy, without losing high throughput capabilities. This has allowed us to screen single spore derived fragile

filamentous droplet libraries, screen yeast libraries based on culture conditions, and precisely sort a small

population of edited mammalian cells.

We believe the droplet digital platforms presented here have expanded the application space of droplet-

digital platforms and have proven to be useful to automate end-to-end workflows relevant for synthetic
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biologists. In particular, we expect that these droplet-digital devices are extremely valuable in work where

quality matters over quantity. For example, the use of droplet-digital devices in single-cell studies with sensi-

tive or small cell populations, such as patient derived immune cells, can be important for precision medicine.

Delivering reagents to isoclones on device, deterministic merging of two populations of single-cell contain-

ing droplets, non-binary single-cell sorting, expansion of isoclonal cultures based on their production of

extracellular compounds, spatio-temporal Omics analysis, and many other applications

Short-term, we hope that researchers have a line of sight of how these technologies can be used within

their facilities, and applied to their particular problems. We expect that droplet-digital devices will be more

frequently demonstrated. To support the advancement of the microfluidics field and the adoption of droplet-

digital tools, we made all of our software open-source. We think continued development of droplet-digital

technologies will refine fabrication and operation of these devices. Engineering cells using microfluidic

devices like ours will show increased success rates, and we expect in particular to see its use for engineering

primary cells of low cell counts, and other applications with mammalian cells.
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Appendix B

Supplementary Info Chapter 3

B.1 Substrate Structures

Figure B.1: 4-methylumbelliferyl-N-Acetyl-beta-D-glucosaminide or 4-MU 2-acetamido-2-deoxy-b-D-
glucopyranoside (4MU-GlcNAc). Image retrieved from Biosynth Carbosynth, https://www.carbosynth.com

Figure B.2: 4-methylumbelliferyl-N-Acetyl-beta-D-galactosaminide or 4-MU 2-acetamido-2-deoxy-b-D-
galactopyranoside (4MU-GalNAc). Image retrieved from Biosynth Carbosynth, https://www.carbosynth.com
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Figure B.3: 4-methylumbelliferyl beta-D-glucopyranoside (4MU-Glc). Image retrieved from Biosynth Carbosynth,
https://www.carbosynth.com

Figure B.4: Fluorescein-di-(beta-D-glucopyranoside) (FDGlc). Image retrieved from Biosynth Carbosynth,
https://www.carbosynth.com
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Figure B.5: Fluorescein mono-beta-D-N-acetylglucosaminidase (FL-GlcNAc). Image retrieved from Abcam,
www.abcam.com

Figure B.6: Fluorescein mono-(N-Acetyl beta-D-galactosaminidase) (FMGalNAc). Image retrieved from Sigma-
Aldrich, www.sigmaaldrich.com
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Figure B.7: Chitin is a fungal cell wall constituent. Homopolysaccharide consisting of repeated units of N-acetyl-
glucosamine covalently linked by β-1,4 linkages. Structure retrieved from the BRENDA database,www.brenda-
enzymes.org

Figure B.8: Laminarin is a fungal cell wall constituent. Polysaccharide cosisting of repeated glucose units, covalently
linked by β-1,3 linkages with β-1,6 side branches. Image retrieved from Mai Huong Le et al 2016 Adv. Nat. Sci:
Nanosci. Nanotechnol. 7 045019, under CC 4.0

B.2 Device and automation system

Microfluidic devices shown in Figure 1, the PDMS-fabricated channel height was 70 µm. The electrode

gap is 15 µm, and a dielectric (SU 8-5) of 7 µm (smaller than half the size of the gap) was deposited on top.

All other dimensions and architecture can be found in Figure B.9.

To apply potentials for sorting droplets, an AC potential was generated using a function generator
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(33201A Agilent, Allied Electronics, Ottawa, ON) and an amplifier (PZD-700A, Trek Inc., Lockport, NY)

and sent to a custom board with Arduino UNO controlled optocoupler switches. For a detailed hardware

overview, we refer to our previous work.[227] Pump (Nemesys CETONI) and electrode operation were

driven using python-based software as described in our previous work.[227] In addition, background sub-

traction, gating and sorting were all be performed through our Python based open-source software with GUI

(Figure B.17).

See https://bitbucket.org/shihmicrolab/fungalmicrofluidics.git, GNU GPLv3.

Seabreeze was used as a Python library for communication with the spectrometer, allowing for compat-

ibility of this software with several other affordable spectrometers https://python-seabreeze.

readthedocs.io. The graphical user interface consisted out of two main windows: one window con-

tained the control interface, and another window contained a plot viewer with a raw spectrum and a pro-

cessed spectrum (denoised and indicating the sorting gate) (Figure B.18).

B.3 Spectrum detection and signal processing

To eliminate the background signal, we initially placed a band-pass filter in-line between the spectrome-

ter and the outgoing 400 µm emission optical fiber. For peak detection, a program was created for detecting

any intensity above a user-defined threshold intensity. Although the band-pass filter reduced the intensity of

the peaks (loss-of-signal but leading to a higher LOD, useful information outside the band-pass filter range

was lost. The resulting spectrum provided useful information on the sample type. For example, air droplets

reflected excitation light and showed peaks with a large base (> 200 nm) and high intensity often over-

lapping with the sample band-pass range. Air droplets were accidentally misidentified as droplets within

the sorting gate. We finally opted to not use an emission band-pass filter and use a background subtraction

method and peak detection algorithm instead. A background frame of experimental light conditions (excita-

tion light, background light, noise, with oil sample) was recorded and subtracted from future frames (Figure

B.11). The peak detection algorithm detects peaks (local maxima) in a subset (gate) of the spectrum. By

setting the peak height range, peak base width, a wavelength and maximum peak height gate, and distance to

neighboring peaks, reliable detection of emission spectra could be performed. As such, this peak detection

method offers several advantages over specific wavelength based raw intensity detection performed with

PMT’s.
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B.4 Tables and figures

Table B.1: COMSOL electric field model parameters

Property Value Unit

PDMS relative permittivity 2.75

PDMS electrical conductivity 4e-13 S/m

HFE 7500 oil relative permittivity 5.8

HFE 7500 electrical conductivity 3e-8 S/m

Dielectric thickness SU-8 5 7.0 µm

SU8-5 relative Permittivity 4

SU8 electrical conductivity 2.8e-14 S/m

Table B.2: Comparison of system needs between typical FADS sorting setup and our system.

Equipment

Purpose Typical FADS Sorting setup Samlali et al. sorting setup

Excitation
Laser, microscope, objectives for

focusing

High power LED, optical fiber, in-

line short pass filter

Detection PMT Optical fiber, mini-spectrometer

High-voltage electronics
Amplifier, function generator, high-

voltage and frequency switchboard

None – only require low-voltage

electronics (< 36 V)

Sorting efficiency >90% ∼86%

Estimated costs >$10k $5k (most expensive is the spectrometer)
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Table B.3: Confusion matrix evaluation measures

Measure Value

Error rate ERR 0.03703704

Accuracy ACC 0.96296296

Sensitivity SN 0.77142857

True positive rate TPR

Recall REC

Specificity SP 0.99519231

True negative rate TNR

Precision PREC 0.96428571

Positive predictive value PPV

False positive rate FPR 0.00480769

Matthews Correlation coefficient MCC 127.202795

F-score F 5

Beta 0.5
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Table B.4: Paired t-test of enzymatic activity of FL-GlcNAc sorted and recovered strains compared to wild-type
C.rosea

Strain Mean P P Adj Significance

4-MU GalNAc

WT 2.104461

MC1 6.890289 1.34E-04 0.00201 **

MC5 2.288303 2.75E-01 0.351064 ns

MC6 2.458805 1.27E-01 0.177209 ns

MC2 3.680456 2.00E-03 0.010909 *

MC4 3.060147 8.00E-03 0.02087 *

4-MU GlcNAc

WT 9.627257

MC1 12.4445 6.40E-02 0.112941 ns

MC5 10.10992 3.01E-01 0.3612 ns

MC6 10.26913 4.31E-01 0.453684 ns

MC2 14.88973 5.50E-02 0.1 ns

MC4 11.4168 1.48E-01 0.201818 ns

4-MU Glc

WT 0.497538

MC9 1.236722 9.60E-02 0.144 ns

MC1 5.554288 4.33E-06 0.00026 ***

MC5 0.799743 4.20E-02 0.07875 ns

MC6 0.913543 2.67E-01 0.348261 ns

MC7 0.835237 1.99E-01 0.265333 ns

MC8 1.075781 3.20E-02 0.061935 ns

MC2 3.001162 6.00E-03 0.02087 *

MC3 1.623214 1.10E-02 0.025385 *

MC4 1.525666 1.60E-02 0.034286 *
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Table B.5: Paired t-test of enzymatic activity of of FL-GalNAc sorted and recovered strains compared to wild-type
C.rosea

Strain Mean P P Adj Significance

4-MU GalNAc

WT 2.391399

MG1 4.796552 2.00E-03 0.009 **

MG7 4.975938 1.00E-03 0.006545 **

MG8 3.241116 6.70E-02 0.094588 ns

MG10 4.258935 1.50E-02 0.03375 *

MG21 2.350239 8.96E-01 0.896 ns

MG11 4.269993 6.00E-03 0.018783 *

MG12 4.911983 2.00E-03 0.009 **

4-MU GlcNAc

WT 4.987652

MG1 10.46049 2.45E-04 0.003528 **

MG16 5.318272 3.24E-01 0.343059 ns

MG2 7.75972 3.13E-01 0.336358 ns

MG3 6.947886 8.00E-03 0.022154 *

MG18 6.439087 3.90E-02 0.0624 ns

MG3 9.721721 4.48E-04 0.00468 **

MG4 6.537106 9.20E-02 0.120436 ns

MG5 7.417304 1.90E-02 0.036973 *

MG19 4.812144 6.37E-01 0.645972 ns

MG7 9.966263 2.00E-03 0.009 **

MG8 15.53919 3.34E-05 0.002405 **

MG9 10.2046 1.37E-04 0.003528 **

MG10 18.98473 2.00E-03 0.009 **

MG21 13.56671 3.20E-02 0.053581 ns

MG11 19.05737 8.00E-03 0.022154 *

MG12 19.55865 5.00E-03 0.016364 *

MG13 9.95441 3.00E-03 0.011368 *

MG14 9.514313 2.15E-04 0.003528 **

4-MU Glc

WT 0.513789

MG15 0.557189 5.41E-01 0.556457 ns

MG1 1.170213 3.00E-03 0.011368 *
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MG2 1.376019 1.10E-02 0.029333 *

MG3 1.052171 3.00E-03 0.011368 *

MG18 0.699876 8.00E-02 0.108679 ns

MG3 0.902477 1.40E-02 0.032516 *

MG4 0.908055 1.30E-02 0.032276 *

MG5 1.246052 7.90E-04 0.00632 **

MG19 0.648324 2.70E-01 0.299077 ns

MG7 0.785153 2.50E-02 0.042857 *

MG8 1.300507 6.00E-04 0.0054 **

MG9 1.343989 4.55E-04 0.00468 **

MG10 1.143305 7.00E-03 0.021 *

MG21 1.729655 1.00E-03 0.006545 **

MG11 1.53515 4.20E-02 0.065739 ns

MG12 2.649297 4.00E-03 0.0144 *

MG13 0.900675 1.40E-02 0.032516 *

MG14 1.808683 1.55E-04 0.003528 **
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Figure B.9: Microfluidic devices for (A) optimizing sorting parameters and (B and C) fungal enzyme screening.
Two T-junction droplet generators (left) were designed with 70 x 70 (w x h) µm channel dimensions. (A) A first
droplet generator was used for creating a mixed droplet library for sorter characterization. Fluorescein and blue dye
droplets were generated with two separately controlled T-junction droplet generators that produced droplets of the
same size (oil/aqueous flow ratio identical) at different flow rates. (B) A second droplet generator was used to generate
a filamentous fungi droplet library. An enzymatic substrate and a spore solution were injected at the same flow rates
(∼100 nL/s), and mixed through a serpentine mixer before droplet generation. Droplets were collected from the outlet
(labeled as (2)) into a PCR tube. For both devices, fluorinated oil (HFE 7500 2% fluoro-based surfactant) was injected
into the inlet (labeled as (1)). (C) The microfluidic binary sorter was designed with co-planar electrodes under a
dielectric (fabrication similar to our previously reported work 1,2). The emission fiber channel (3) has a 100 µm
height for the excitation fiber and a 170 µm height for the emission fiber. All other dimensions are as indicated on the
zoomed in sorting region. The droplet library was reinjected into the device inlet and droplets were spaced with spacer
oil (1). After sorting, droplets were collected from the outlets (2).
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Figure B.10: Simulation of the electric displacement field above the electrodes. (A) Model components include a
channel layer with PDMS boundary and HFE 7500 domain, a 7µm thick dielectric layer and three electrode terminals.
(B) Top view of electrostatic displacement field vectors and electric field strength (V/m) at z = 7 µm (SU8 5 dielectric
– HFE7500 oil interface) when the constant electrode (CE ) is on with 15 VRMS , 10kHz applied. The electrostatic
force vectors are perpendicular to the gap and the flow velocity. (C) Top view of electrostatic field strength at z = 7
µm when both the CE and the pulsing electrode (PE) are on with 124 V applied.
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Figure B.11: C.rosea well-plate end-point enzymatic assay. The enzymatic activity of cell wall degrading enzymes
in C. rosea cultures (27 oC, 5 days) was compared in different media formulations (colloidal chitin minimal media,
CCMM, solid, and potato dextrose broth, PDB, liquid). Enzymatic activity is displayed as an end-point a specific
enzymatic activity (U/mL) of substrate 4-MU-GlcNAc for chitinase activity, 4-MU-GalNAc for galactosaminidase
activity, and 4-MU-Glu for β-1,3-glucanase activity. A unpaired Welch t-test was performed between the enzymatic
activity in C.rosea grown in solid and liquid media (* for P < 0.05, ** for P < 0.01) (30 min, 37 oC, pH 5.1). Error
bars represent one standard deviation, N = 3.
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Figure B.12: C.rosea conidia well-plate kinetic assay with fluorescein based substrates. The enzymatic activity
of cell wall degrading enzymes in C. rosea cultures was compared between different media (colloidal chitin minimal
media, CCMM (red) and glucose minimal media, GMM (blue)) over 15 h post-incubation. Germination started at 0
h from parent strain spores at concentrations as in droplets (0.5 x107 spores mL-1) and were incubated (27 oC, 16 h)
with either FD-GlcNAc, FD-GalNAc or FD-Glu as the substrate. At each measured time point, one standard deviation
is shown, N = 3. Relative fluorescence is normalized with a control (media and substrate without spores) and slopes
dE/dt represent change in enzymatic activity over time. Colloidal chitin media offers a faster increase in fluorescence
over time, which will allow for shorter incubation times in droplets.
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Figure B.13: Amplifier calibration curve. Measured root-mean squared voltage at the electrode, after amplification
of a sine wave (10 kHz, VPP) using a PZD-700A, Trek Inc. amplifier. The gain at 10 kHz was determined to be
78.85. The resulting linear relationship was used to calculate the true applied potential (VRMS) in experiments and
simulations.

Figure B.14: Efficiency of sorting under different flow and applied potential. Dot plot showing the success rate
of sorting ([# successfully sorted droplets (T) / # of total droplets sorted (T+F)]* 100 %) in a 7 x 20 factorial design
experiment with binary outcome (N = 10). For each dot (or condition), the applied potential to the sorting electrodes
were kept at constant frequency (10 kHz AC sine wave), while the spacer oil flowrate was varied. Droplets were
generated at 0.5 nL/s (water) and 1 nL/s (oil and surfactant). Blue dots indicate sorting conditions with 100 % sorting
success
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Figure B.15: Polydisperse volume droplet library sorting success rate. (A) Droplets were sorted using a co-planar
sorter. A “positive” droplet going into the main channel was considered a sorting failure (F), while a droplet going
into the disfavored channel was considered a sorting success (T) (see sorting design schematic). (B) Sorting logic
outcome under hydrodynamic operation (free flow without the use of electrodes). Sorting success of polydisperse
volume droplet libraries was measured under two flow conditions (60 nL/s spacer oil ; 80 nL/s spacer oil). At 60 nL/s,
the probability p of sorting failure (droplet entering the disfavored channel, F) is 0.6% or the true probability r (99.9%
confidence) is < 0.9%. At 80 nL/s, the sorting failure is < 1%. (C) Sorting logic outcome under electrostatic sorting.
Sorting success of polydisperse volume droplet libraries was measured under two electrostatic sorting regimes (350
mVPP actuation, 60 nL s-1 spacer oil; 450 mVPP actuation, 80 nL s-1 spacer oil). Logic outcome fitted with logarithmic
binomial regression. On average droplets smaller than ∼ 1 nL can be sorted with near-perfect efficiency.
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Figure B.16: Droplet sorting timing calibration. Droplet travel time from detection point (i) to sorting point (ii) (∼
1.1 mm) under different oil flow rates. Droplet generation was kept at 3 nL s-1 aqueous (ddH2O) and 4 nL s-1 oil phase
(HFE 7500 0.5% fluorosurfactant), while the spacer oil phase varied in flow rate. Time was measured by summing up
exposure times of frames in high-speed image series (each frame on ∼ 33 ms).

Figure B.17: Software logical workflow diagram. The Python 3.9 based software is used for two independent
experimental steps: single-spore encapsulation and fluorescence based droplet sorting. For each experiment, a main
python process is started to drive hardware and provide a user interface. For single-cell encapsulation, the main
process runs a GUI process and a syringe pump bridge process, controlling the pressure driven syringe pumps. For
fluorescence based droplet sorting, the main process runs a GUI process, an Arduino control bridge which operates
switches supplying high-voltage to the electrodes, a syringe pump process, and a sorting process. The sorting pro-
cess contains two sub-processes: a bridge with the spectrometer instrument continuously reading raw intensities and
wavelengths, and a signal processing process for signal denoising, background subtraction, peak detection and elec-
trode actuation. Software can be found under GNU GPL v3.0 on https://bitbucket.org/shihmicrolab/
fungalmicrofluidics/.
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Figure B.18: Graphical user interface. (A) Control panel graphical user interface for fungal screening. After
running a main script, the GUI can be used to control pumps, the electrode switching board, and the spectrometer. The
menu ribbon can be used to control the hardware interface and to start and stop communication with the hardware.
Pumps can be controlled in the pump panel by configuring the flow rates of the respective pump and using the start
button to start and stop fluid dispensing. Electrodes can be controlled in the electrode panel. Electrode ‘onTime’ can
be entered and buttons are present to which users can program custom actuation sequences (e.g. Sort v1 and Sort v2).
The Droplet Sorting panel is used to perform automated droplet sorting. A spectrum viewer can be controlled using
the play buttons, data snapshots can be saved, spectrometer integration time can be set, and background fluorescence
can be subtracted using the top panel. These operations can be applied to live measurements. In the middle panel, the
sorting gate (wavelength and intensity) and droplet travel time can be set. Finally, the user can start the autonomous
sorting by performing a continuous measurement or a number of events. The procedure can be paused, and events
can be saved in a data file. (B) Spectrum viewer graphical user interface. Live raw spectrum (blue) of the emission
fiber transferred signal, showing the wavelength and measured intensities (RFU), measured by the spectrometer (top).
The spectrum after signal processing (bottom) is also displayed through live plotting. The plotted signal (blue) has
the recorded background noise subtracted and is denoised using a third order Butterworth lowpass filter. The user set
sorting gate is displayed in green.

Figure B.19: Fluorescence intensity of each droplet in a mutant population (shown as red) and a wild type (shown as
blue) population incubated at 27 oC. Intensity of peaks between the wavelengths 510 nm and 520 nm were used for
gating. To sort droplets, the intensity gate was set at the 0.9 quantile of the mutant population fluorescence (shown by
the dotted line). Total number of peaks (N) and integration time are indicated on the plot.
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Figure B.20: Several microfluidic device selected high enzymatic activity C.rosea mutants were screened for their
ability to reduce growth of two plant pathogens. Dry mycelial biomass of two plant pathogens was measured after
inoculation in culture filtrate media, in which previously C.rosea grew. Biomass of pathogens grown in mutant culture
filtrate was not significantly different from those grown in wild-type culture filtrate. (N = 3, P > 0.05)
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Appendix C

Supplementary Info Chapter 4

C.1 ID2M automation system

Droplet manipulation was controlled by a GUI (Figure C.8) generated in a MATLAB (Mathworks, Natlick, MA)

which controlled an Arduino Uno that interfaced to a control board consisting of a network of high-voltage relays

(AQW216 Panasonic, Digikey, Winnipeg, MB). The control board delivered AC signals from a high-voltage amplifier

(PZD-700A, Trek Inc., Lockport, NY) paired with a function generator (33201A Agilent, Allied Electronics, Ottawa,

ON) to initiate actuation sequences on the device (Figure S9). Additionally, the GUI controlled the neMESYS syringe

pump and Flame spectrometer (Ocean Optics, Largo, FL). The ID2M microfluidic chip is mounted on a pogo pin-

control board (104 pins) with a 3D printed base platform as previously reported1, 2 and was placed on the stage of an

inverted IX-73 Olympus microscope (Olympus Canada, Mississauga, ON).

C.2 Tables and figures

Table C.1: COMSOL simulation parameters used for modeling the sinking channels in the mixing area.

Parameter Value Units
Oil density (ρ) 1614 Kg.m-3

dynamic viscosity µ 0.00124 Pa.s
Inlet velocity (u0) 0.0003 m.s-1
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Figure C.1: A series of images showing on-demand droplet generation with T-junction configuration. Frame 1 shows
a water flow 0.0005 [µL/s] with initialization of the electrodes. Frame 2-3 shows actuation sequences to drag the fluid
to the main channel and Frame 4 shows the required sequence to break-off a droplet. A constant oil flow rate of 0.01
[µL/s] was maintained during this procedure. Reproduced from Ref. [108] with permission from the Royal Society of
Chemistry.

Figure C.2: Cell viability of yeast BY4741 strain as a function of different EMS treatment time. Cell viability was
calculated by counting colonies growing on SD media plates after 48 h incubation at 30 oC. Reproduced from Ref.
[108] with permission from the Royal Society of Chemistry.
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Figure C.3: The CAD model design for simulating the sink channel in COMSOL Multiphysics V5.2. For simplifica-
tion, we only modeled the mixing and sinking channels with the following inlet and outlets of the system. Reproduced
from Ref. [108] with permission from the Royal Society of Chemistry.

Figure C.4: Finger-like structures on the boundary of the SU-8 5 negative photoresist layer. (a) Cracks distributed in
the resist layer fabricated with a straight edge mask, (b) and (c) show 10X and 20X images of the same layer fabricated
with mask design with fingers, and d) the final mask design with finger-like boundaries. Reproduced from Ref. [108]
with permission from the Royal Society of Chemistry.
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Figure C.5: COMSOL simulation of the oil flow velocity in the mixing area, indicating a visible decrease in its
velocity. Red arrows indicate the flow direction of the velocity field. Reproduced from Ref. [108] with permission
from the Royal Society of Chemistry.

Figure C.6: Schematic of the ID2M work flow for screening of a yeast mutant library for ionic liquid resistance based
on growth (i.e. absorbance). All steps (except generating the mutant library) was conducted on the ID2M system.
Reproduced from Ref. [108] with permission from the Royal Society of Chemistry.
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Figure C.7: The time course (absorbance vs. time) plot for only oil phase (i.e. no droplets). Reproduced from Ref.
[108] with permission from the Royal Society of Chemistry.

Figure C.8: MATLAB GUI. This is the interfaced used to automate our droplet operations which contains a region
showing the electrode design (1), the real-time view of the device (2), the voltage and frequency control for the droplet
actuations (3), the creation of user-defined droplet sequences that are preprogrammed (4). Reproduced from Ref. [108]
with permission from the Royal Society of Chemistry.
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Figure C.9: The ID2M automation setup. An image showing the connectivity of all the different components used in
this system. Reproduced from Ref. [108] with permission from the Royal Society of Chemistry.
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Appendix D

Supplementary Info Chapter 5

D.1 Device channel and electrode design

Optimizing single-cell trapping and encapsulation was done by designing the channel microfluidics device fol-

lowing hydrodynamic resistance (Rh) and using streamline based design rules [84, 92].

∆P = RhQ (D.1)

with Rh the hydrodynamic resistance, Q the volumetric flow rate and ∆P the pressure drop in the channel. The

hydrodynamic resistance can be described as follows:

Rh =
12µL

wh3
(
1− 0.63 h

w

) (D.2)

We define three hydraulic resistances: The trap constriction R2, the trap R3, and the bypass channel R1 (Supple-

mentary Figure 2).

Determining the width of the opening of the trap, the depth of the trap, the height of the channel, and the length of

the bypass, we can calculate the three resistances. Before the cells are loaded, we aim for R2+R3 > R1 to encourage

cell trapping. When a cell is trapped, we want R2 + R3 ≤ R1 to encourage Q1 > Q2+3 (or Qbypass > Qtrap) while

taking into account R3 increases when a cell is trapped. Taking this into account, we looked at the velocity streamline

profile and positioned the trap near the curvature of the main channel (i.e. the end of a serpentine channel) along with

narrowing the width of channel near trap to improve cell trapping.

For the electrode design, four electrodes were sufficient to perform desired operations. A common ground elec-

trode wire going through the center of the trap was chosen to act as a ground in case all four electrodes receive a

potential. Interdigitation was used and electrodes have a minimum gap of 14 µm. The wiring has a thickness of 20
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µm. The wiring density through channels is minimized, as actuations through wiring can manipulate the flow. This

limited us to only equip 6 out of 12 traps with 4 electrodes each.

D.2 Computational fluid dynamics and electric field simulations

The model portraying the channel geometry with flow velocity profile, velocity streamlines and pressure was

stationary simulated using COMSOL Multiphysics 2D creeping flow physics. Inertia and turbulence were neglected,

and no slip was set for channel walls. The fluid within the channels was PBS, the boundaries were PDMS.

Conditions used for modeling:

P = 0 Pa for outlet pressure

u =

 x = 0

y = 0
m s−1 for initial velocity profile

V0 = 0.0008µLs−1 for volumetric laminar inflow

The model portraying the electric field generated by different actuation patterns, was simulated in COMSOL

Multiphysics with a static electricity module (Figure D.6). Electrodes were modeled as 2D surfaces without thickness,

under a 7 µm SU-8 surface, covered with an HFE oil of 30 µm thickness (Figure D.1). The top PDMS features on the

device were omitted from the simulation.

Conditions used for modeling the electric field above the dielectric:

T = 293.15 K is the temperature

As potential V0 :

1.8Vpp = 142VRMS for droplet generation

1.6Vpp = 126VRMS for droplet release, keep and encapsulate

And with ground potential and initial potential VRMS = 0V .

The model was static, stationary and materials were continuous. For each model, the not actuated electrodes were

selected as ground. Under static conditions, the electric potential, V, is defined by the relationship

E = −∇V

and the electric displacement or flux density D is defined by the relationship

D = ε0E+P

with the dielectric constant ε0, electric field E, and P the polarization density. Following Gauss’ Law:

∇ ·D = ρ
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with ρ the total electric charge density, we can fill in.

∇ · (−ε0∇V + P ) = ρ

In our simulations, the magnitude of the electric vector field (V m-1) is calculated with:

E =
√
Ex

2 + E2
y + E2

z

D.3 Automation setup and device operation

Software that we used for this work can be found here: http://bitbucket.org/shihmicrolab. The

microfluidics device is placed inside a 3D printed pogo pin PCB board holder of which the base plate fits on the

stage of an inverted microscope (Olympus IX7). The flow is observed under a 4X or 10X objective under bright-field

illumination. A NeMESYS Low Pressure pump (Cetoni) with five syringe units, and an Arduino Uno were connected

to a PC, and operated through Python 2.7. The Arduino Uno is connected to a stack of 120 optocouplers, powered by

a 5 V DC power supply. A 15 kHz sinusoidal signal (function generator), is amplified. The Python protocol is run and

the GUI is started after which flows are started with disconnected tubing to remove air bubbles in the system. Tubing

is carefully connected to the device (Figure 5.3).

When tubing is inserted into the device, high flow rates (∼500 nL s-1) are to be used in order to avoid air bubbles

within the inlets. Priming is done from inlet 1 with PBS containing 2% Pluronics F-127, filled in a 500 µL gastight

syringe. After the device is primed (for at least 5 min), the priming solution is moved from the inlet to outlet and turned

to a lower flowrate (∼ 1 nL s-1). Cells are loaded from inlet 1, either re-suspended in PBS or their original media,

and placed in a 2.5 mL syringe with a 7 mm magnetic stirring disk. The syringe is stirred continuously throughout

the procedure. Once cells entered the device, and leaving through inlet 2, the flow of the priming solution can be

stopped and cells will enter the trapping array. Phase change for single-cell encapsulation is performed using HFE

7500 with 2% fluorosurfactant arriving from the droplet generator with inlet 4 connected to a 500 µL syringe. Inlet

3 is connected to a 500 µL syringe with an aqueous solution (droplet content). Outlet 3 is connected to Inlet 2 with

PEEK tubing, after all air has been pushed out the droplet bridge. Electrodes are actuated using the GUI. Once the

cells are encapsulated, additional droplets can be generated on-demand using the GUI, by using HFE 7500 with 2%

fluorosurfactant at Inlet 4 with varying flow rates, and aqueous flow from Inlet 3 at 0.6 nL s-1. In- or outlets can be

blocked using PEEK tubing with glued ends, if needed.
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D.4 Device assembly and channel treatment

Novec 1720 contains a fluorosilane polymer surfactant dissolved in an ether solution. It is a volatile solvent and

ideal to avoid remaining surfactant clogs in the traps. This solvent swells PDMS, and care should be taken to follow

this procedure accordingly. Clean PDMS channel slabs are treated with oxygen plasma for 30 s and directly aligned

on top of a clean dielectric coated electrode patterned glass, under a microscope (4X). The device is sealed with

transparent adhesive tape and pressure is applied. Immediately, treat the device channels for 20 min with Novec 1720

and dry for 20 min at room temperature. Bake device at 150 oC for 30 min, while applying 750 g weight on the device.

For the droplet bridge, a 2 cm piece of PEEK tubing is treated with Novec 1720 for 20 min by flowing it through.

To reuse of devices, flush the device with Fluorinert FC-40 to remove the oil containing surfactant in the traps,

and then bake at 100 oC for 2 h. If actuation took place, wash the device with FC-40, treat the device with Novec 1720

as before. Chips not used for 14 days should be treated again with Novec 1720. If needed, chips can be washed with

a 1% Triton X-100 solution to flush out debris, and then continue with an FC-40 wash.

D.5 Tables and figures

Table D.1: Parameters for multi-physics modeling

Property Value

SU8-5 Relative Permittivity 4.5

PDMS Relative permittivity 2.75

PDMS density 970 [kg m−3]

PBS density 1000 [kg m−3]

PBS dynamic viscosity 0.0008882 [Pa s]

HFE 7500 oil relative permittivity 5.8

HFE 7500 oil boundary size 500x500
[
µm2

]
Dielectric thickness SU-8 5 7.0[µm]

SU-8 5 boundary size 500× 500
[
µm2

]
Electrode sizes 110× 110 and 110× 40

[
µm2

]
Ground electrode size 10[µm]

Electrode gap width 14[µm]

y =
A

1 + e
B−x
C

(D.3)
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Table D.2: Three parameter logistic regression model. Parameters and the Hosmer-Lemeshow goodness of fit statistic
of each fitted model.

Data Asymptote (A) Inflection point (B) Scale (C) P (Goodness of fit)

Forward flow on-demand droplet release 1.1646 3.23 −1.92 0.9888

Reverse flow 0.96059 5.68 1.73 0.9616

Hydrodynamic droplet

release

Reverse flow on demand droplet keeping 0.80613 64.01 −5.87 0.9967

Table D.3: Additional device statistics

Dispersed Continuous Contact angle (◦) sd N

PBS HFE 7500 + 2% Ran 139.55 4.90 10

DI Water 128.97 4.53 10

Droplet volume Volume in pL Sd N

After single-cell encapsulation 150.25 55.58 11

On-demand droplet-generation 250.90 39 44

Before entering droplet bridge 76.19 9.41 10

After exiting droplet bridge 72.97 4.59 10

Table D.4: Cells and plasmids

Cells Lines Transgene integration Source

NCI-H1299 Luciferase, eGFP, KanR Genecopeia SL001

MCF-7 N/A Donated by Piekny Lab

Plasmids Relevant characteristics Source

pCRISPR eGFP 497 AmpR, Neo/KanR Addgene #111824

pCRISPR RAF1 94 AmpR, Neo/KanR Addgene #111824

All in one CRISPR/Cas9 LacZ AmpR Addgene #74293

142



Table D.5: Primers for genomic cleavage detection

Targeted gene Name Orientation Primer Sequence (5’ to 3’)

elGFP P1 Forward TGACCACCCTGACCTACGG

eGFP P2 Reverse ATGTGATCGCGCTTCTCGTT

RAF1 P3 Forward CGATTACCGAGTGCCTCTCC

RAF1 P4 Reverse CCGCATCGTAGCAAACGC
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Table D.6: Expected cleavage band size for GCD

Target

gene

Primer

pair

Amplicon Amplicon

size

Expected

cleavag

band size

eGFP P1, P2 TGACCACCCTGACCTACGGCGTGCAGTGCT

TCAGCCGCTACCCCGACCACATGAAGC

CCGAAGGCTACGTCCAGGAGCGCACCA

TCTTCTTCAAGGACGACGGCAACTACA

AGACCCGCGCCGAGGTGAAGTTCGAG

GGCGACACCCTGGTGAACCGCATCGAG

CTGAAGGGCATCGACTTCAAGGAGGACG

GCAACATCCTGGGGCACAAGCTGGAGTA

CAACTACAACAGCCACAACGTCTATATC

ATGGCGACAAGCAGAAGAACGGCATCAA

GGTGAACTTCAAGATCCGCCACAACATC

GAGGACGGCAGCGTGCAGCTCGCCGACC

ACTACCAGCAGAACACCCCCATCGGC

GACGGCCCCGTGCTGCTGCCGACAACCACT

ACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCA

ACGAGAAGCGCGATCACAT

472 132, 340

RAF1 P3, P4 CGATTACCGAGTGCCTCTCCTGAAAGCAAGTC

AGCGTCGCCTAACCTCTTCAGCTTCGAAATGGCGGCCA

CCAGATCGCTAGGCCACGCCCCGGGGGCGGGGCCTGAGTTCAGGCC

AGAGCGATGGATGCCCGAGCCAAGTTAGAAGTCGACTGCCAGTAGGGCT

CGCGCAGAATCGGAGAGCCGGTGGCGTCGCAGGTCGGGAGGACGAG

CACCGAGTCGAGGGCTCGCTCGTCTGGGCCGCCCGAGA

GTCTTAATCGCGGGCGCTTGGGCCGCCATCTTAGATGGCGGGAGTA

AGAGGAAAACGATTGTGAGGCGGGAACGGCTTTCTGCTGCCTTTT

TTGGGCCCCGAAAAGGGTCAGCTGGCCGGGCTTTGGGGCGCGTGCC

CTGAGGCGCGGAGCGCGTTTGCTACGATGCGG

418 241, 177
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Figure D.1: Device electrode and channel geometry. The device consists out of two separate PDMS layers, a
serpentine trapping channel and a droplet generator. A) The serpentine trapping channel contains two inlets (I1, I2)
and two outlets (O1, O2). The channel width is 70µm with bypass width of 50 µm, and height of 35 µm. Highlighted
top area of 6 traps is lined with electrodes (enlarged). B) The droplet generator has two inlets (I3, I4) and one outlet
(O3). The channel width is 100 µm, and height is 35 µm. Highlighted area is lined with electrodes (enlarged).
Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.
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Figure D.2: Resistance based channel design. A) Overlay of a resistor diagram on the trapping device Hydrodynamic
resistance in the cell trap (R3) will increase upon trapping a cell. The flow prefers the path of least resistance and the
bypass path (R1) is usually preferred. The length and width of the bypass (L1 = 1000 µm, W1= 50 µm) and trap (L2
= W2 = 50 µm; L3 = 30 µm W3 = 8 µm) were modified such that it satisfied the conditions for trapping cells (see
Supplemental Note 1). Dimensions are as indicated. B) Numerical simulations with COMSOL Multiphysics show
flow velocity pattern across trapping array. Reproduced from Samlali et al. [227], with permission from John Wiley
and Sons.

146



Figure D.3: Software and hardware diagram. A) Diagram showing communication lines between software and
hardware, with integration of pump and electrode operation through Python 2.7. Through a graphical user interface
(GUI), the user can perform on-demand droplet operations such as droplet generation, encapsulation, keeping or
releasing a droplet. For example, the user can create x droplets with set time interval or can perform on-demand
encapsulation in trap number 5, release or keeping of a specific droplet, with the click of a button. The GUI accesses
a Bridge that writes to an Arduino or a syringe pump system. The software is accessible on http://bitbucket.
org/shihmicrolab. B) Hardware setup. Arduino controls an I2C communication protocol to address specific
optocouplers. Automation system hardware setup is similar to previously reported [3] C) Screenshot of the graphical
user interface. Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.
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Figure D.4: Geometry used for electrostatic field calculations. Geometry used for electric potential (V) and electric
field (V m-1) modeling on 7 µm SU-8 5 dielectric layer above co-planar electrode surfaces using COMSOL Multi-
physics electrostatics numerical modelling. Dimensions are in microns. Top layer is a 35 µm HFE 7500 oil layer,
under which a 7µm thick SU-8 5 layer is positioned with defined areas of potential or grounding. Reproduced from
Samlali et al. [227], with permission from John Wiley and Sons.
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Figure D.5: Electrode sequences of on-demand droplet operations. Electric potential (V) and electric field (V
m-1) on 7µm SU-8 5 dielectric layer above co-planar electrode surfaces were modelled using COMSOL Multiphysics
electrostatics numerical modelling. Actuated electrodes are marked by a red dot (bright field image, 15X). All droplet
operations (encapsulation, release, merging, and keeping) were simulated using a potential of 126 VRMS at a frequency
of 15 kHz with varying pulse width (0.9 – 1.1s) and period (1.1-1.3s). Reproduced from Samlali et al. [227], with
permission from John Wiley and Sons.
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Figure D.6: Droplet residence time. The time for the last droplet (from trap 6) to leave the trapping array under
different flow rates. At low flow rates (4 – 8 nL s-1), residence time is highly variable. At high flow rates (> 20
nL s-1), all droplets are usually released within ∼30 s. Droplet residence time is an important parameter for sorting
droplets under flow reversal and for keeping desired droplets such that an automation sequence can be executed for
these operations. One standard error, N=3 displayed. Reproduced from Samlali et al. [227], with permission from
John Wiley and Sons.
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Figure D.7: Characterization of on-demand droplet generation. A) Electrodes are serially actuated to generate
droplets on-demand at a potential of 126 VRMS and a frequency of 15 kHz (bright field image, 10X). B) Average
droplet volume (in pL) of on-demand generated and hydrodynamically generated droplets. Droplets are generated
with a double T-junction of 100 µm width. On-demand droplet-generation shows a linear relationship with respect
to oil flow rates. An average droplet volume of 207.5 pL was achieved for on-demand droplet generation. Droplet
volume was calculated by multiplying droplet area and a channel height of 35 µm using Fiji (Image J). All error bars
are one standard deviation (N = 4). Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.

Figure D.8: Droplet merging. A series of four frames from a movie showing on-demand merging of two droplets
at 4 nl s-1 oil flow rate. The trapped droplet contains a single MCF-7 cells A red false color is shown to highlight the
droplet. Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.
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Figure D.9: Transfection efficiency determined with flow cytometry A) Gating strategy demonstrated with untrans-
fected NCI-H1299 cells B) Left: mCherry vs. eGFP of control NCI-H1299 lung squamous cell carcinoma singlets
Middle: mCherry vs. eGFP of NCI-H1299 lung squamous cell carcinoma singlets transfected with a plasmid express-
ing an sgRNA directed to knock out the stably integrated eGFP cassette. The determined transfection efficiency is
25.3%. Right: mCherry vs. eGFP of NCI-H1299 lung squamous cell carcinoma singlets transfected with a plasmid
expressing an sgRNA directed to knock out the RAF1 oncogene. The determined transfection efficiency is 13.7%.
Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.
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Figure D.10: Fluorescent microscopy images of NCI-H1299 lung squamous carcinoma cells. A) NCI-H1299 cells
containing eGFP integrated at the AAVS1 site. B) NCI-H1299 cells 48 h after lipid-mediated transfection with eGFP
targeting sgRNA encoding plasmid. C) NCI-H1299 cells 48 h after lipid-mediated transfection with RAF1 targeting
sgRNA encoding plasmid. mCherry expression (λEx: 585 nm / λEm 608 nm), native eGFP expression (λEx: 488 nm
/ λEm: 509 nm). Reproduced from Samlali et al. [227], with permission from John Wiley and Sons.

Figure D.11: Overview of hybrid microfluidics assisted isoclonal recovery pipeline. After transfection (1), the
device is loaded with a heterozygous transfected cell suspension and single isoclones are trapped (2). An HFE-7500
2% Ran surfactant oil flow is flown through the device and electrodes are actuated in order to encapsulate single-cells
in droplets (3). Single isoclone containing droplets can be selected and released on demand. After capillary recovery
and centrifugation, isoclones are recovered in 96-well plates and maintained for expansion (4). Reproduced from
Samlali et al. [227], with permission from John Wiley and Sons.
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Figure D.12: Overview of single-clone recovery method. A) A four-step droplet isclonal recovery procedure. (1)
After on-demand release of an isoclone containing droplet from the device, an HFE7500 filled glass capillary is held on
top of the outlet. (2) The capillary content is flushed out using FC-40, on top of a complete media droplet situated on
top of a PTFE membrane. (3) The FC-40 further destabilizes the surfactant held emulsion, and the oils are absorbed by
the membrane. (4) The remaining media and single-cell containing droplet can be transferred to a culturing platform.
B) 3D printed PTFE membrane holder allows for airflow and fast oil evaporation in a biosafety cabinet. Reproduced
from Samlali et al. [227], with permission from John Wiley and Sons.
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Tobias M. Schneider, Jean-Christophe Baret, and Valérie Taly. High-throughput multiplexed

fluorescence-activated droplet sorting. Microsystems & Nanoengineering, 4(1):33, December 2018.

ISSN 2055-7434. doi: 10.1038/s41378-018-0033-2.

[164] Nachiket Shembekar, Hongxing Hu, David Eustace, and Christoph A. Merten. Single-Cell Droplet

Microfluidic Screening for Antibodies Specifically Binding to Target Cells. Cell Reports, 22(8):

2206–2215, February 2018. ISSN 2211-1247. doi: 10.1016/j.celrep.2018.01.071.

[165] Joanna C. Sadler, Andrew Currin, and Douglas B. Kell. Ultra-high throughput functional enrichment

of large monoamine oxidase (MAO-N) libraries by fluorescence activated cell sorting. The Analyst,

143(19):4747–4755, 2018. ISSN 0003-2654. doi: 10.1039/C8AN00851E.

[166] Kazuki Nakamura, Ryo Iizuka, Shinro Nishi, Takao Yoshida, Yuji Hatada, Yoshihiro Takaki, Ayaka

Iguchi, Dong Hyun Yoon, Tetsushi Sekiguchi, Shuichi Shoji, and Takashi Funatsu. Culture-

independent method for identification of microbial enzyme-encoding genes by activity-based single-

cell sequencing using a water-in-oil microdroplet platform. Scientific Reports, 6:22259, February

2016. ISSN 2045-2322. doi: 10.1038/srep22259.

[167] Ziyi Yu, Christian R. Boehm, Julian M. Hibberd, Chris Abell, Jim Haseloff, Steven J. Burgess, and

Ivan Reyna-Llorens. Droplet-based microfluidic analysis and screening of single plant cells. PLoS

ONE, 13(5):1–15, 2018. ISSN 19326203. doi: 10.1371/journal.pone.0196810.

[168] Mingtao Huang, Yunpeng Bai, Staffan L. Sjostrom, Björn M. Hallström, Zihe Liu, Dina Petranovic,

Mathias Uhlén, Haakan N. Joensson, Helene Andersson-Svahn, and Jens Nielsen. Microfluidic

screening and whole-genome sequencing identifies mutations associated with improved protein se-

cretion by yeast. Proceedings of the National Academy of Sciences, 112(34):E4689–E4696, August

2015. ISSN 0027-8424, 1091-6490. doi: 10.1073/pnas.1506460112.

175



[169] Philip A. Romero, Tuan M. Tran, and Adam R. Abate. Dissecting enzyme function with microfluidic-

based deep mutational scanning. Proceedings of the National Academy of Sciences, 112(23):7159–

7164, 2015. ISSN 0027-8424. doi: 10.1073/pnas.1422285112.

[170] Joseph Abatemarco, Maen F. Sarhan, James M. Wagner, Jyun Liang Lin, Leqian Liu, Wafa Has-

souneh, Shuo Fu Yuan, Hal S. Alper, and Adam R. Abate. RNA-aptamers-in-droplets (RAPID)

high-throughput screening for secretory phenotypes. Nature Communications, 8(1):1–9, 2017. doi:

10.1038/s41467-017-00425-7.

[171] Lewis A Fraser, Andrew B Kinghorn, Marco S L Tang, Yee-wai Cheung, Bryce Lim, Shaolin Liang,

Roderick M Dirkzwager, and Julian A Tanner. Oligonucleotide functionalised microbeads : Indis-

pensable tools for high-throughput aptamer selection. Molecules (Basel, Switzerland), 1:21298–

21312, 2015. doi: 10.3390/molecules201219766.

[172] Lewis A. Fraser, Yee Wai Cheung, Andrew B. Kinghorn, Wei Guo, Simon Chi Chin Shiu, Chan-

dra Jinata, Mengping Liu, Soubhagya Bhuyan, Lang Nan, Ho Cheung Shum, and Julian A. Tanner.

Microfluidic technology for nucleic acid aptamer evolution and application. Advanced Biosystems,

1900012:1–16, 2019. ISSN 23667478. doi: 10.1002/adbi.201900012.
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