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Abstract  

To examine a wide range of unique genetic edits, especially for cellular immunotherapy, 

techniques for automating mammalian cell engineering is needed while working with cell types 

that are rare and/or difficult to culture and expand.  Herein, we introduce a miniaturized digital 

microfluidic module for electroporation of minimal number of mammalian cells (~40,000) at a 

time, potentially allowing for genetic engineering on a scalable and automated platform.  The 

system functions by first merging three droplets together to form a continuous droplet chain.  We 

call this the triDrop structure where the outer droplets contain high conductive liquids which are 

in contact with gold electrodes, while the middle droplet consists of low conductivity liquid 

containing the cells and target delivery molecule.  This effectively creates a liquid cuvette where 

by applying a voltage, an effective electric field is generated within the triDrop structure with 

field focusing across the middle droplet.  This allows for transient pore formation and insertion 
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of biological payloads into cells without compromising long-term health by isolating cells from 

harmful electroporation effects.  We show the proof-of-concept by successful delivery of a range 

of biological payloads (plasmid, mRNA, and Cas9 RNP) into adherent and suspension cells, 

including primary T cells.  The flexibility and versatility of the triDrop, a digital microfluidic 

(DMF) electroporation module, suggests that our platform can be integrated with other DMF 

devices to allow for end-to-end automation of mammalian cell engineering. Additionally, this 

platform can potentially be used for the automation of large-scale genetic screens while using a 

single patient sample and low cell and reagent consumption. 
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Overview of Chapters 

This thesis describes the project I conducted and completed for my Master’s in Applied Science 

in Dr. Steve Shih’s research group at Concordia University.  In this work, I aimed to develop an 

electroporation module using the digital microfluidics platform for automating mammalian cell 

transfection with specific focus on primary immune cells for cellular immunotherapy 

applications.  This thesis provides an introduction to genetic engineering and the different 

intracellular delivery approaches, a literature review on the microfluidic platform and the 

different paradigms pros and cons, and finally a commentary on established intracellular delivery 

microfluidic approaches and its challenges.  With special focus on primary human primary T 

cells transfection, I will then get into the core of my research, stating my thesis objectives and 

methodology used for the development and validation of the digital microfluidic electroporation 

module, followed by my results and discussion of the experimental data.  Lastly, a conclusion of 

my overall thesis and future outlook of the project. 

Chapter 1 introduces several topics related to the background of my research such as genetic 

engineering, intracellular delivery techniques, an overview of the microfluidic technology and 

platform, microfluidic approaches to intracellular delivery, and finally my thesis objectives. 

Chapter 2 describes my methodology used in both on the bulk scale and micro-scale side of the 

biological processes performed and methods for data collection and analysis. 

Chapter 3 discusses the experimental data and results from the development of the novel digital 

microfluidic electroporation module, which we call the triDrop system.  First, I will describe the 

device workflow and validation of the design by numerical simulations, followed by the 

characterization and optimization of the system for intracellular delivery of target delivery 
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molecules.  As a proof-of-concept, I then describe the triDrop system’s ability to deliver a range 

of biological molecules of different sizes to a range of cell types.  Lastly, I demonstrate the 

successful delivery of biologically relevant payloads into Jurkat cells and human primary T cells 

showing successful gene knockout, plasmid expression, and post-electroporation viabilities.   

Chapter 4 presents a summary and conclusion of my work, the future perspectives for the 

triDrop system and its application in cellular immunotherapy. 
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Chapter 1    Introduction 

In this section, I will introduce genetic engineering and the importance of intracellular delivery, 

discuss the different established intracellular delivery methods, and a literature review describing 

the three dominant microfluidic paradigms.  Next, I will introduce different microfluidic approaches 

for intracellular delivery and discuss their challenges, with a special focus on human primary T cell 

transfection, and, finally, my thesis objectives. 

1.1 Genetic engineering and intracellular delivery 

Genetic engineering has been a key research tool for modifying the DNA of target organisms and 

manipulating gene functions.  Since its first application in 1973 by Herbert Boyer and Stanley 

Cohen who successfully inserted DNA from one bacteria into another1, genetic engineering has 

impacted various fields across disciplines such as food and agriculture, biomanufacturing, 

medicine, and biotechnology2.  This is all achieved by altering cellular functions in a controlled 

manner through the internalization of specific biological payloads such as DNA, RNA, and 

proteins.  Today, a more recent area of research is the reprogramming of fully matured and 

differentiated cells which can be achieved by the internalization of pluripotent transcription 

factors such as Oct4, Sox2, Klf4, and c-Myc into mammalian cells, producing induced 

Pluripotent Stem Cells (iPSCs).  In doing so, iPSCs have paved new ways for treating cancer and 

degenerative diseases, screening new drugs, and developing diseased models3,4.  The 

introduction of Chimeric Antigen Receptors (CAR) transgene into patient T cells to generate 

CAR-T cells as cellular immunotherapy, which allows for the targeting of cancer cells, has also 

been an active area of research5–8.  Its success and effectiveness against haematological 

malignancies have led to several FDA-approved therapies9–14.  Although, this has renewed 

promise to cancer patients, current CAR-T treatment efficacy is not as translatable to solid 
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tumors as it faces significant challenges and limitations in the design and production of 

engineered immune cells that still need to be resolved5–8.  Further research into these limitations 

could pave way for improved cellular immunotherapies and better patient outcomes.  In addition, 

the internalization of genetic editing tools such as ZFNs, TALENs, and CRISPR/Cas9 systems 

has enabled scientists to carry out gene knock-in or knock-out experiments, expanding their 

application in biomedical research and clinical therapies15–19.  As such, intracellular delivery of 

biological payloads is a fundamental starting point for biomedical research and novel therapies. 

1.2 Intracellular delivery and bulk transfection methods 

The intracellular delivery and internalization of biological payloads are essential to effectively 

manipulate cellular functions for cellular engineering.  To achieve this, several transfection 

methods can be categorized into three main groups illustrated in Figure 1-1; (1) biological, (2) 

chemical, and (3) physical transfection methods. 

 

Figure 1-1.  Intracellular delivery techniques categorised into three groups; biological, chemical, and 

physical.   
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1.2.1 Biological transfection methods 

Biological methods are techniques that utilize recombinant viral vectors to deliver DNA or RNA 

into target cell of interest in a controlled manner by using the natural infection and integration 

pathways of viruses. This is done by removing the coding regions of the viral genome and 

replacing them with the gene of interest which either gets integrated into the host genome or 

expressed transiently through an episomal vector2.  For example, retroviruses, such as lentivirus 

are more commonly used for stable transfection, and adenovirus or adeno-associated viruses are 

more commonly used for the transient expression of genes20.  This is because adenovirus can 

only deliver its cargo into the cytoplasm and translocation of DNA into the nucleus is necessary 

for expression which is a highly selective process21,22.  Alternatively, DNA can be found in cell 

nucleus during cell division when nuclear envelope breakdown and reformation occurs, however, 

expression of DNA delivered via adenovirus to dividing cell lines still remains a challenge. On 

the other hand, lentivirus can penetrate the nuclear envelope enabling transfection to both 

dividing and non-dividing cell types which is favorable in some research where stable expression 

of transgenes is needed.  While these methods are effective for DNA delivery, there are several 

limitations of viral vectors such as its cost, need for extensive labor, and biological safety 

concerns23,24.  Additionally, some viral vectors are limited in their ability to in delivering DNA 

and RNA. For example, lentivirus can deliver DNA and RNA up to a maximum size of 8kb, 

making large (>8kb) plasmid and protein-based delivery impossible20,25.  Despite that, lentiviral 

vectors are the most clinically advanced and widely used method for delivering DNA with 

several FDA-approved lentiviral generated CAR-T therapies9–14.  However, viral vectors also 

have oncogenic potential and immunogenicity concerns which motivate the adoption and 

advancement of non-viral transfection methods for cellular engineering24,26–30. 
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1.2.2  Chemical transfection methods 

Similar to viral vectors, the chemical transfection method relies on encapsulating the biological 

cargo itself to allow for delivery through endocytosis.  The encapsulation of payloads is achieved 

either through cationic lipids or polymers which condense biological payloads into small vesicles. 

This facilitates attraction of the package to cells, promoting endocytosis, and enabling efficient 

internalization of particles ranging from 50 to 100nm2,31.  In addition, these packages also 

function to protect biological cargo against enzymatic degradation. However, this results in 

delayed unpacking, delayed expression, and excessive toxicity32–34.  Chemical transfection 

methods also lack the ability to deliver payloads into the nucleus and are cargo- and cell-type 

specific, making it challenging to deliver payloads that are larger than 100nm (ie.  5-10kb 

uncondensed plasmid35). Intracellular delivery is especially difficult against hard-to-transfect 

cells and non-dividing cell types36–38.  Despite these shortcomings, chemical transfection 

methods have proven to be easier to use with more flexibility in the type of biological payload 

they can deliver and a more cost-effective alternative to viral vectors39.  For example, 

Lipofectamine is most commonly used where its delivery package is formed using self-

assembling cationic liposomes that encapsulates a range of biological payloads, including 

CRISPR/Cas9 RNPs39.  Although chemical transfection methods avoid the use of potentially 

oncogenic viral vectors, their use in cellular immunotherapy and their transfection efficiency in 

primary T cells, however, still need improvement29.  Other forms of chemical transfection 

reagents include triton X-10040, digitonin41, etc2. 

1.2.3 Physical transfection methods 

Physical transfection methods rely on applied external forces to compromise the cell membrane 

integrity resulting in transient pore formation.  This transient pore formation in turn allows 
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payloads to diffuse into cells and, in some cases, actively assist in the delivery itself without 

extra packaging steps such as used in previously mentioned methods.  Unlike biological or 

chemical transfection methods, physical transfection methods are not limited by their delivery 

packages and cargo size as they can deliver nearly any cargo to any cell type depending on the 

size of the transient pores formed.  Mechanoporation, sonoporation, hydrodynamic-poration, and 

microinjection are different types of physical transfection (Figure 1-1) methods currently used. 

Cuvette electroporation is most widely used in laboratories owing to its ease of use42.  Bio-Rad’s 

cuvette electroporation system has been the most widely used technique for electroporating cells, 

however, Neon electroporation and Lonza Nucleofector systems are more recent technologies 

with improved transfection efficiencies, viabilities, and repeatability43–45.  Nonetheless, finding 

the balance between opening up the right kind of pores in the plasma membrane to allow for the 

internalization of biological payloads while avoiding unfavorable irreversible perturbations or 

membrane damage that results in cell death remains a challenge2,46,47.  Electroporation requires 

application of high voltage potentials to achieve the necessary electric fields required for pore 

formation.  When high voltage potentials are applied, several well-known factors47–53 occur that 

negatively affect cell health, further described in Section 1.3.5.  This is particularly unfavourable 

in the context of electroporating primary cell lines for therapeutic applications, in which cells can 

suffer from electroporation-induced cell toxicity, low long-term viability and impeded 

recovery54–58.  Although electroporation has been used in transfecting various biological 

payloads into a range of cells including hard-to-transfect cells, such as primary cells and stem 

cells, it can still cause high cell death59–61.  Nonetheless, electroporation is still favoured, 

especially in immune cell engineering, as it proved to be a highly efficient method for delivering 

payloads, such as Cas9 RNP18,19.  Physical transfection methods are becoming more of an 
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attractive tool for cellular engineering as they can deliver nearly any biological payload size into 

any cell type without any immunogenicity and oncogenic potential. 

1.3 Introduction to microfluidics and on-chip transfection 

 Microfluidics is the science and technology behind the manipulation of small amounts of 

fluid in a controllable manner.  In 1965, Richard Sweet developed a way to controllably generate 

and charge discrete droplets from a stream of fluid to hit the paper at a specific spot62–64.  In the 

following decades, extensive research and advancements in micro- and nano-fabrication 

techniques, and the synthesis of new materials have pushed the boundaries of microfluidics.  

Microfluidics technology offers a wide range of advantages over conventional bulk scale 

technologies.  These benefits include (1) reduced consumption of samples and reagents, reducing 

the overall cost of experiments, (2) whole biological process integration for simplified end-user 

experience, (3) potentially scalable and automated for high-throughput, multiplexed and highly 

paralleled assays, (4) faster analyses due to the shorter reactions and/or separation times, (5) 

accurate measurement and allowing to increase the measurement resolution in given 

applications62–64.  Today, microfluidics takes the form of microchannels and electrodes to 

manipulate small amounts of fluids and perform miniaturized biological analysis and laboratory 

experiments, earning the term Lab-on-a-chip.  Specifically on intracellular delivery, the 

miniaturization of these previously mentioned transfection methods onto microfluidic devices is 

particularly appealing to researchers because of the ability to uniformly treat cells, which allows 

for robust intracellular delivery and improved cell viability outcomes, especially for hard-to-

transfect cell lines2,46,47,65.  In the following sections, I will introduce different types of 

microfluidic paradigms; channel microfluidics, droplet-in-channel microfluidics, and digital 



7 

 

microfluidics (Figure 1-2).  Next, I will explore miniaturizing intracellular delivery approaches 

using the microfluidic platform. 

 

Figure 1-2.  The microfluidic platform consists of three main paradigms.   

(a) Channel-based66, (b) Droplet-in-channel67, and (c) Digital microfluidics68.  Reproduced with 

permission from American Society for Microbiology66, Oxford University Press67  Annual Reviews, Inc.68. 

1.3.1 Channel microfluidics 

Channel based microfluidics is characterized by its micron-sized channels (width and height) that 

control fluid flow, like a micron-sized pipe.  Fabrication of channel-based microfluidic devices is 

mostly done via soft lithography methods.  Briefly, a substrate, typically silicon wafers, is 

patterned with a SU-8 negative photoresist to create positive molds where polydimethylsiloxane 

(PDMS) is poured over and cured.  Once cured, the PDMS is peeled off and now has a negative 

trench which forms a closed channel when plasma is bonded to a substrate, typically glass.  As a 

result, the channel geometry, width, and height can all be easily controlled by designing a mask 

for SU-8 photolithography, making it very appealing and easy for rapid prototyping. 

 Because of the small dimensions of these microfluidic devices, the fluids within the 

channels experience a high surface-to-volume ratio which makes macro-scale forces that keep 

liquids in motion, such as inertial forces, become insignificant.  Instead, forces responsible for 

the resistance of the body of liquid deforming, referred to as viscous forces, become an important 

force to consider on the micro-scale.  Consequently, the dominance of these forces would change 
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the regime of the flow.  To quantify this, the dimensionless Reynolds number (Re), which relates 

the viscous and inertial forces, is used to determine the type of flow regimes to be expected in 

the system shown in Equation 1-1. 

Equation 1-1.  Reynold's Number. 

𝑹𝒆 =  
𝑵𝒆𝒕 𝑰𝒏𝒆𝒓𝒕𝒊𝒂𝒍 𝑭𝒐𝒓𝒄𝒆𝒔

𝑵𝒆𝒕 𝑽𝒊𝒔𝒄𝒐𝒖𝒔 𝑭𝒐𝒓𝒄𝒆𝒔
=  

𝝆𝒗𝑳

𝜼
 

where ρ is the fluid density (kg/m3), L for the characteristic length of the system, v for the mean 

velocity (m/s), and η for the kinematic viscosity (m2/s).  Figure 1-3 shows the nature of flow for 

different Reynolds numbers 69.   

 

Figure 1-3.  Fluid flow regimes based on Reynolds Number.  

 Fluids in microchannels typically follow a laminar flow profile where mass transport is 

limited to diffusion only since there are no eddies or whirls which are typically found in 

turbulent flows.  This is unfavorable as mixing is an essential step in most laboratory protocols 

and homogeneous reagent preparation is required for a variety of biological and chemical assays.  

To overcome this, several microchannel mixing techniques have been developed which enhance 

mixing either passively or actively70,71.  In passive mixing, special channel geometries are 

designed such as intersecting channels72, zigzagged channels73, integrated grooves74, or 3D 
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serpentine channels75,76, where mixing is dependent on the induction of chaotic advection 

currents.  On the other hand, active mixing relies on external energy sources, such as ring 

valves77–79, acoustics80, thermal actuation81, or dielectrophoresis82, to create disturbances and 

speed up the diffusion process.   

Figure 1-4 shows some channel-based microfluidic devices designed for passive and active 

mixing. 

 
Figure 1-4.  Channel microfluidic mixers. 

(a) Intersecting channels – Reproduced with permission from American Chemical Society72.  (b) 

Integrated herringbone grooves in channels – Reproduced with permission from American Association 

for The Advancement Of Science74.  (c) Zigzag channels – Reproduced with permission from American 

Chemical Society73.  (d) Serpentine channels – Reproduced with permission from Royal Society Of 

Chemistry76.  (e) Dielectrophoretic mixing through micro-electrodes actuation on the substrate layer – 

Reproduced with permission from Springer82.  (f) Ring valves mixing: through sequential valve actuations 

– Reproduced with permission from Springer Nature79.  (g) Acoustic Mixing: through utilizing piezo 

transducers – Reproduced with permission from Springer80.  (h) Thermal mixing: a thermal bubble 

actuated nozzle-diffuser micro-pump – Reproduced with permission from Elsevier S.A.81.   
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 Alternatively, the diffusion-only aspect of laminar flow can also be an attractive tool as it 

allows precise control of molecules leading to the formation of static and dynamic gradients 

which are needed in many biological applications such as drug screening and biomedical 

research83.  For example, coculturing cells on a microfluidic device can create what is known as 

an organ-on-chip.  Because of the diffusion-only mass transport and long-term culture of cells in 

hydrogels in isolated channels, specific long-range (paracrine) interactions can be studied with 

ease.  In comparison to conventional methods, plate-based culture conditions lack the ability to 

coculture cells in separation making the differentiation between the effects of long and short-

range (juxtracrine) signalling difficult84.  The use of channel microfluidics is widespread, but 

several syringe pumps for different reagents, convoluted fabrication techniques for special 

features (i.e.  creating mixing chambers), and integration of microvalves for fluid motion control 

add complexity to the system which may compel users to exploit other types of microfluidics. 

1.3.2 Droplet microfluidics 

Droplet microfluidics is best known for its ability to create discrete pico- to nanolitre droplets in 

multiphase immiscible fluids in microchannels for high-throughput analysis.  These devices 

typically adopt a channel design optimized for fluid shearing, such as T-junction, co-flow, or 

flow-focusing, and need precise control of flow using syringe pumps or compared air for droplet 

generation85 (Figure 1-5).  Additionally, surfactants are used to help stabilize the droplets to 

form discrete droplets and prevent them from merging.  By using Poisson distribution, 

researchers can encapsulate single components into droplets with a certain confidence and each 

droplet can be viewed as an independent reaction chamber, making this platform an attractive 

tool for high-throughput analysis86.  Multi-component droplets can also be achieved by co-

encapsulation or merging with other substrates such as antibodies87, DNA beads88–90, and 
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detection probes91 which enables a wide range of studies with several downstream droplet 

manipulations like mixing92, sorting93,94, merging95,96, and splitting97,98 (Figure 1-5).  The main 

disadvantage droplet microfluidics lies in its dependency on very precise flow control systems 

that add to the system's complexity, making it difficult for individuals with no background.  This 

platform is also constrained in its ability to address each droplet individually in a controllable 

manner and is dependent on the Poisson distribution for encapsulating components which 

generates a large number of empty droplets93.  Hybrid microfluidic devices, which combine 

droplet microfluidics and digital microfluidics, have been developed to overcome this limitation 

and provide a way to precisely control individual droplets99,100. 

 
Figure 1-5.  Droplet microfluidics. 

(a) Cross-flowing streams in a T-shaped junction, (b) co-flowing streams, and (c) flow-focusing streams 

for generating droplets in channels – Reproduced with permission from American Chemical Society85.  

(d,e) Dielectrophoretic sorting, (f,g) droplet merging, and (h, i) droplet splitting are ways droplets in 

channels can be manipulated for high-throughput analysis – Reproduced with permission from Royal 

Society of Chemistry93,94,96, American Physical Society95,98, and AIP Publishing97.    
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1.3.3 Digital microfluidics  

In the last decade, digital microfluidics (DMF) has become more popular due to its potential to 

automate and make lab-on-chips truly possible.  These DMF devices are commonly composed of 

an array of electrodes to manipulate pico- to microliter droplets in a very precise manner.  

Through the application of voltages to specific electrodes in a sequential manner, droplet 

manipulations such as merging, tracking, splitting, mixing, and dispensing from a reservoir can 

occur (Figure 1-2c).  The most attractive part of the DMF platform is its droplet addressability 

without the need for external pumps, valves, and channels, eliminating clogging issues that other 

microfluidic paradigms require.  The ability of DMF platforms to be programmable, 

reconfigurable, reusable, and scalable has made it an appealing tool. DMF is used in a variety of 

biomedical applications ranging from laboratory automation, chemical synthesis, cell culture and 

more68,70,101. 

 
Figure 1-6.  Digital microfluidics (DMF).   

Two-plate (left) and one-plate (right) DMF system configuration – Reproduced with permission from the 

Annual Review of Analytical Chemistry68.    
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 DMF devices can be found in either single-plate or two-plate configurations, depending on 

the application of the device, as shown in Figure 1-6.  For a two-plate configuration, the 

fabrication process can be broken down into two parts: a top-plate and a bottom plate.  The top-

plate is typically a glass plate coated with a transparent conductive metal called indium tin oxide 

(ITO) which is essential for providing a continuous grounding electrode for the circuit while 

providing droplet visibility.  The bottom plate is slightly more complex consisting of the 

actuation electrodes patterned from chromium electrodes on a glass substrate which is then 

coated with an insulating dielectric layer.  (Figure 1-6).  Both the top and bottom plates are 

coated with a final hydrophobic layer to reduce the surface tension between the droplets and the 

substrates.  (Figure 1-6).  Comparatively, the single-plate configuration consists of only the 

bottom plate where both actuation and grounding electrodes are patterned on the bottom plate.  

Both types of DMF are widely used for a wide range of applications, however, the single-plate 

configuration is only capable of simple droplet movements such as mixing and merging due to 

weaker electric fields generated68.  The two-plate configuration can generate stronger electric 

fields and is therefore capable of splitting and dispensing operations, making it more attractive 

for lab-on-chip applications.  Nonetheless, the DMF platform is an attractive tool for 

miniaturizing and automating laborious protocols in order to save time and cost12,68,101.  Since its 

discovery, DMF has been extensively used for cell-based applications and is also a promising 

platform for large-scale parallelization with simple PCB-based designs capable of handling up to 

50 samples in parallel, and more complex designs can handle 1000s of droplets at a time102.  

These recent advances paved the way for more complex experimental protocols to be automated 

on the DMF platform such as automating gene editing using digital microfluidics to decipher 

cancer pathways103, and automating viral generation, packaging, and transduction104.  The 
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research described here is based on the idea to automate mammalian transfection to deliver 

plasmid-based CRISPR-Cas9 machinery into cells for the knockout of a stably expressing 

reporter gene within the cells as a proof-of-principle.  This sets the foundation of this project and 

the objectives will be discussed in detail in Chapter 1.4. 

1.3.3.1 Theory of digital microfluidics  

There are several theories behind the driving force of droplet movements in DMF.  The main 

driving force of DMF was first attributed to the electrowetting phenomenon where a surface's 

wettability can be tuned by applying a voltage.  First observed by Gabriel Lippmann back in 

1875105, the term “electrowetting on dielectrics” (EWOD) was later used to describe the change 

in contact angle of a sitting droplet on a substrate when a charge is accumulated on the dielectric 

layer separating the liquid and the conductive substrate using electric fields106,107.  By applying 

an electric potential across a dielectric material via an electrode, the charge is built up across the 

dielectric layer leading to the generation of electrostatic forces above the actuated electrode.  

This reduces the contact angle between the droplet and the actuated electrode resulting in 

asymmetric contact angles across the droplet and build-up of capillary pressure leading to droplet 

movement108–110.  The earliest theoretical efforts in estimating the EWOD driving force were 

proposed to be Young-Lippmann’s equation shown in Equation 1-2. 

Equation 1-2.  Driving force using Young-Lippmann’s Equation. 

𝑭 = 𝑳𝜸 (𝐜𝐨𝐬 𝜽 − 𝐜𝐨𝐬 𝜽𝟎) =  
𝜺𝒐𝜺𝒓𝑳𝑽𝟐

𝟐𝒅
 

where L is the length of the contact line overlapping the actuated electrode; γ is the liquid/filler 

media surface tension; θ and θ0 are the static contact angles with and without applied voltage, 

respectively; εr is the relative permittivity of the dielectric; ε0 is the permittivity of free space; V 
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is the applied voltage; and d is the dielectric thickness.  This EWOD model describes droplet 

movement well, however, it is heavily dependent on a change in contact angle to drive droplet 

movement which fails to explain the liquid-dielectrophoretic force, which is predominant at high 

frequencies for dielectric liquids, or why some reagents can still move with little to no change in 

contact angle111,112.  For example, droplets of toluene and chloroform can still move without a 

change in their contact angle111,113.  As such, the EWOD model was found to be insufficient in 

describing the behaviours of droplet movements on DMF.   

 Alternatively, DMF forces and droplet movements can also be explained by an 

electromechanical model.  First considering that two hydrostatic effects occur under electrostatic 

fields where (1) a net force is experienced by the liquid in the presence of a nonuniform electric 

field, and (2) the contact angle of the liquid changes on a dielectric surface, these hydrostatic 

effects can be assumed to be electromechanical.  Chatterjee et al. proposed adopting an 

electromechanical model where a circuit diagram can be used to estimate the driving forces in 

DMF112.  Through this model, the amount of energy, E, (Equation 1-3) capacitively stored in the 

system can be calculated as a function of frequency, f, and droplet position along the x-axis (the 

direction of droplet propagation), assuming that the cross-sectional area of the drop can be 

approximated as a square with sides of length L (Figure 1-6). 

Equation 1-3.  Energy equation using electrochemical model. 

𝑬(𝒇, 𝒙) =
𝑳

𝟐
(𝒙 ∑

𝜺𝒐 𝜺𝒓𝒊,𝒍𝒊𝒒𝒖𝒊𝒅 𝑽𝒊,𝒍𝒊𝒒𝒖𝒊𝒅
𝟐  (𝒋𝟐𝝅𝒇)

𝒅𝒊
𝒊

+ (𝑳 − 𝒙) ∑
𝜺𝒐 𝜺𝒓𝒊,𝒇𝒊𝒍𝒍𝒆𝒓 𝑽𝒊,𝒇𝒊𝒍𝒍𝒆𝒓

𝟐  (𝒋𝟐𝝅𝒇)

𝒅𝒊
𝒊

) 

where 𝜺𝒓𝒊,𝒍𝒊𝒒𝒖𝒊𝒅, Vi,liquid and  𝜺𝒓𝒊,𝒇𝒊𝒍𝒍𝒆𝒓, Vi,filler are the relative permittivity and voltage drop for the 

liquid and filler fluid portions of the electrode, respectively, and di is the thickness of layer i 
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(corresponding to the dielectric, hydrophobic, liquid or filler layers).  Differentiating the energy 

E with respect to x yields the driving force as a function of frequency shown in Equation 1-4. 

Equation 1-4.  Force equation using electrochemical model. 

𝑭(𝒇) =
𝝏𝑬(𝒇, 𝒙)

𝝏𝒙
=

𝑳

𝟐
(∑

𝜺𝒐 𝜺𝒓𝒊,𝒍𝒊𝒒𝒖𝒊𝒅 𝑽𝒊,𝒍𝒊𝒒𝒖𝒊𝒅
𝟐  (𝒋𝟐𝝅𝒇)

𝒅𝒊
𝒊

− ∑
𝜺𝒐𝜺 𝒓𝒊,𝒇𝒊𝒍𝒍𝒆𝒓 𝑽𝒊,𝒇𝒊𝒍𝒍𝒆𝒓

𝟐  (𝒋𝟐𝝅𝒇)

𝒅𝒊
𝒊

) 

 This provides the electromechanical model an advantage in estimating the driving force as 

it takes into account the frequency of the applied voltage on droplets across each layer of the 

device, representing the stored energy in the system that is converted to an applied force.  The 

driving force is therefore understood to be a function of the frequency of the applied potential 

where a critical frequency can be calculated for each device geometry/liquid combination.  

Below this frequency, the electrostatic EWOD model holds where the driving force at lower 

frequencies comes from the accumulation of charges near the three-phase contact line (the point 

of contact between solid, liquid and gas) which pull the droplet towards the actuated electrode 

electrostatically.  In this regime, the capacitive energy stored within the dielectric dictates the 

magnitude of this force.  Above the critical frequency, the liquid insulates, and the droplet 

movement is dominated by liquid-dielectrophoretic forces generated from the electric field 

gradient across the droplet.  Here, the difference in permittivity of the liquid and filler medium 

dictates the magnitude of the driving force68,112.  Either way, both models predict droplet 

movement in a way that is dependent on several factors such as the permittivity of materials, 

dielectric thickness, and the applied potential difference.  EWOD and electromechanical models 

are both used to calculate the forces for most DMF systems. 
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1.4 Microfluidics intracellular delivery 

Since the development of genetic engineering, significant progress has been made in 

microfluidic platforms focusing on the intracellular delivery of biological payloads into cells.  As 

previously mentioned, the miniaturization of the described transfection methods onto 

microfluidic devices is particularly appealing to researchers because of the ability to uniformly 

treat cells, overcoming the disadvantages of current bulk scales which suffer from low and 

inconsistent transfection efficiencies, immunogenicity, loss in cell functions, and complex 

protocols contributing to operational difficulties, high cost and the need for extensive labor46,47.  

Microfluidics has enabled precise cell manipulation and universal delivery of nearly any 

biological payload into different cell types with better transfection efficiencies, greater precision 

and higher throughput than its conventional bulk alternatives46,47, making it appealing to 

sensitive cell lines like primary T cells in the context of manufacturing cellular immunotherapy.  

With the help of micro- and nano-fabrication, this has motivated several microfluidic 

intracellular delivery approaches mainly employing physical transfection methods such as cell 

deformation through constrictions114–116, induced shear stress117, electroporation118, and more.  

To learn more, an overview on the different types on intracellular delivery approaches on a 

microfluidic perspective can be found in reviews by Hur et al.47 and Morshedi et al46.  For 

example, Jarrell et al. have developed a channel-based microfluidic device for mRNA delivery 

into primary T cells using hydrodynamic-poration117 (Figure 1-7a).  The authors designed their 

device to generate turbulent vortex flows to induce high shear stress on cell membranes resulting 

in transient pore formation where internalization of cargo can occur117,119,120.  Alternatively, 

flowing cells through constrictions relative to the size of the cells themselves induces membrane 

deformation and pore formation.  Using this technique, called cell squeezing, DiTommaso et al.  
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demonstrated the delivery of dextran molecules and Cas9 RNPs for gene knockout experiments 

in human and mouse primary T cells with success comparable to that of conventional 

electroporation methods56 (Figure 1-7b).  Their device, however, is a silicon-based microfluidic 

device which requires a more complex fabrication method than PDMS-based microfluidic 

devices114,121.  Nonetheless, cellular immunotherapy generated from cell squeezing shows 

promise and has been used in clinical applications involving cellular immunotherapy122.  

Building on these studies, increasing contact between the cells and cargo through mixing and 

convective flows has been proposed to increase transfection efficiency as internalization of cargo 

into cells is limited by diffusion once cells are permeabilized.  Joo et al. demonstrate this by 

developing a similar squeezing mechanoporation technique in which droplets-in-oil containing 

cells and cargo is squeezed through constrictions on a PDMS microfluidic device115 (Figure 

1-7c).  By optimizing design of the construction (ie.  length, size, and number of constrictions) 

the authors also demonstrated successful delivery of mRNA and plasmids into immortalized and 

primary T cells similar to that of conventional electroporation and Lipofectamine transfection 

methods115.   
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Figure 1-7. Microfluidic platforms focused on transfecting primary human T cells for cellular therapy 

manufacturing. 

These microfluidics platforms use (a) vortex shedding hydrodynamic-poration, (b) channel cell squeezing 

mechanoporation, (c) droplet-enabled cell squeezing mechanoporation, and (d) electroporation to deliver 

biological cargo into primary T cells – Reproduced with permission from Springer Nature117,118, National 

Academy of Sciences121, and American Chemical Society115. 

Besides hydrodynamic-poration and mechanoporation transfection approaches, electroporation 

has also been miniaturized on the microfluidic platform enabling highly localized, concentrated, 

and uniform electric fields at lower voltages where increased cell viability and uniform 

transfection efficiency can be expected.  This is achieved by minimizing the harmful effects of 

electroporation, such as large bubble generation, heat fluctuations, and pH changes, by using 

hydrodynamic focusing in channel microfluidics to make liquid electrodes.  Utilizing laminar 

flow in channel microfluidics, cell suspension streams can be sandwiched by a conductive 

medium where metal electrodes are in contact with the liquid conductive medium, away from the 

cells.  Zhu et al. first demonstrate this by successfully transfecting 70% of yeast cells in a 

continuous-flow manner123.  Additionally, by controlling the flow rates of the respective solution, 

the authors show focusing of cell suspension into a thin stream which reduces the distance 
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between electrodes generating a higher electric field123.  Lissandrello et al. utilize a similar 

liquid-liquid electrode interface using trifurcated channels containing high and low conductive 

buffers for electroporating primary T cells in a continuous-flow manner118 (Figure 1-7d).  In 

doing so, the authors successfully transfected primary T cells with mRNA with up to 75 to 95% 

transfection efficiency.  Later, the authors improved the device by using acoustophesis to isolate 

transfected primary T cells into recovery buffer for automating the production of cellular therapy 

in a high-throughput manner124.  Despite these advances in microfluidic approaches to 

intracellular delivery of cargo into primary T cells, these methods are based on channel 

microfluidics which excels at generating high throughput (> millions) genetically engineered 

cells with the same genetic edit but are limited in their ability to perform a large number of gene 

edits in parallel at smaller cell quantities.  This is particularly important in situations when 

genetically engineering rare cell types that face challenges in expansion and cell culture to 

generate enough cells for each reaction.  For instance, cell-based immunotherapies require 

inactivated primary T-cells125, natural killer cells, more rare immune cells such as tumor-

infiltrating leukocytes126 (TILs), or gamma-delta T cells127 which are challenging to recover and 

to expand128.  To overcome this limitation in acquiring a high enough cell sample, an initial 

screening of a large library of gene constructs can be assessed using an immortalized cell line to 

select high-performing variants for a more focused study in rare cell types.  For example, a 

recent report from Bloemberg et al. outlined a method where they selected 5 high performing 

CARs constructs targeting a solid tumor-specific antigen (EGFRvIII) from a pool of 15 unique 

CARs by first assessing their efficacy in Jurkats, an immortalized human T cell line129.  The 

authors then assessed this smaller library of 5 selected CARs in primary T cells via viral 

transduction to overcome the cell amount limitation.  Currently, optimized electroporation 
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protocols for working with primary immune cells have shown at least 1-2 million cells per 

condition is ideal for delivery of biological cargo, and using fewer cells has a detrimental effect 

on viability and efficiency28,130.  Hence, if Bloemberg et al. wanted to test their entire library 

using primary T cells using optimized electroporation protocols130,131, the authors would require 

15 to 30 million cells which can be difficult to obtain from a single donor without lengthy ex-

vivo expansion protocols.  To facilitate rapid screening of large libraries, such as the one 

developed by Bloemberg et al., an alternative approach is needed for effective delivery of target 

payloads with lower cell numbers and with the potential for parallelization and automation.   

1.4.1 DMF and electroporation  

To further advance the field of genetic engineering, specifically cellular therapy, researchers 

need the capability to assess large arrays of genetic perturbations in an automated manner, 

allowing them to cycle through design iterations in rapid succession and perform a large number 

of gene edits in parallel with small cell quantities.  As previously mentioned, DMF provides a 

platform for high scalability and automation potential making it an attractive tool for 

miniaturizing and automating laborious protocols to save time and cost.   
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Figure 1-8.  Current digital microfluidic electroporation devices.   

(a) Two-plate DMF system for electroporating E.  coli.  (b) Hybrid-DMF device for DNA assembly and 

electroporating E.  coli and S.  cerevisiae.  (c) Open DMF system for electroporating microalgae in 

droplets.  (d) Hybrid-DMF device for trapping and merging of E.  coli and DNA containing droplets for 

in-droplet electroporation -– Reproduced with permission from American Chemical Society132–134 and 

IEEE135.   

 In recent years, DMF has been used to automate lipid-based103 and viral transfection104 into 

mammalian cells, however, efforts to integrate physical transfection methods such as 

electroporation into a DMF platform have been limited to only microbial cells132–136 (Figure 1-8) 

and are not suitable for mammalian cells due to high cell death associated with electroporation 

systems.  As mentioned in previous sections, bulk cuvette electroporation suffers from several 

limitations including reproducibility and high cell death.  This can be attributed to the 

development harmful electroporation environments generated during application of high voltage 

to achieve high electric field strengths for electroporation58.  In cuvette electroporation, for 
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example, the size of the electrodes is significantly larger than the size of cells which has the 

potential to create non-uniform electric fields resulting in inconsistent and excessive pore 

formation and cell death.  In addition, following Ohm’s Law, which states that 

Equation 1-5.  Ohm's Law 

𝑽 = 𝑰 × 𝑹  or  𝑰 =
𝑽

𝑹
 

where V is the voltage potential, I is the current, and R is the resistance of the system which can 

be further calculated using Equation 1-6.   

Equation 1-6.  Resistance and resistivity formula 

𝑹 =  
𝝆𝑳

𝑨
 

 where ρ, L, and A is the resistivity, length, and cross-sectional area of the material, respectively, 

we can see that the larger the electroporation electrode cross-sectional area A, the smaller the 

resistance R of the system.  Because resistance R is inversely proportional current I generated in 

the system, cuvette electroporation with large electrode size creates a very low resistance system 

which increases the current generated during electroporation when high voltage is applied.  The 

excessive current generated is then converted to Joule heating, pH changes, and electrode 

metallic ion discharge which create a harmful environment that negatively impacts the buffer 

composition of both the cells and biological cargo being delivered47–53.  This is particularly 

important in the context of therapeutic applications where electroporation-induced cell toxicity, 

low long-term viability and impeded recovery is commonly observed amongst electroporated 

primary cell lines54–58. 

 To overcome these limitations, scaling down electroporation has been a favorable approach.  

To understand why we first must understand two main phenomena that occur during application 
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of high voltage: (1) joule heating and (2) hydrolysis.  Joule heating, also known as Ohmic 

heating, is the process by which electric current is converted into heat.  The formula for joule 

heating is described Equation 1-7. 

Equation 1-7.  Joule heating 

𝑬𝒏𝒆𝒓𝒈𝒚 = 𝐈 × 𝐕 × 𝒕 =
𝑽𝟐

𝑹
× 𝒕 

where I is the current generated, V is the voltage applied to the system, R is the resistance of the 

system and t is the time the current is allowed to flow.  As such, we can see that current I 

generated is directly proportional to joule heating which leads to increase in temperature.  In the 

context of cuvette electroporation and biological systems, the increase in temperature is 

unfavourable above 42°C where cell viability may be affected, and protein coagulation and 

enzymatic damage occur between 60°C to 100°C137.  Reducing the current generated in 

electroporation systems is therefore advantageous in reducing the effects of Joule heating. 

 On the other hand, due to the high voltage application and excessive current generated 

during electroporation, electron charge and discharge occurs leading to electrochemical reactions 

at the metal-liquid interface48.  The effects of this are twofold.  First, metallic electroporation 

electrodes get discharged into the medium as ions which ultimately contaminates the buffer and 

can be cytotoxic to cells53.  Second, harmful hydrogen/hydroxyl species are generated 

(underlined in Equation 1-8) and localized at the metal-liquid interface48.  The electrochemical 

reactions are described in Equation 1-8.   

Equation 1-8.  Electrochemical reactions during electroporation 

𝑪𝒂𝒕𝒉𝒐𝒅𝒆: 𝟐 𝑯𝟐𝑶 +  𝟐 𝒆− →  𝟐 𝑶𝑯−  +  𝑯𝟐 
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𝑨𝒏𝒐𝒅𝒆: 𝑯𝟐𝑶 −  𝟐 𝒆− →  𝟐 𝑯+  +  
𝟏

𝟐
𝑶𝟐 

𝟐𝑪𝒍− − 𝟐 𝒆− → 𝑪𝒍𝟐 

𝑪𝒍𝟐 + 𝑯𝟐𝑶 → 𝑯𝑪𝒍𝑶 +  𝑯+ + 𝑪𝒍−  

As a result, these hydrogen/hydroxyl species increase the pH of the medium which negatively 

impacts cell health48,138.   These factors must be taken into account where there are clear benefits 

in reducing current generated during electroporation to improve cell viability and efficiencies. 

 An approach to reduce the generated current is to increase the resistivity of the system.  

This can typically be done by changing the electroporation buffer in which cells and delivery 

molecules are suspended from a lower conductivity buffer to a higher conductivity buffer139,140.  

Alternatively, a capillary electroporation system consisting of electroporation samples inside a 

long and narrow tube with electrodes on either end of the tube could be used in which the cross-

sectional area of the electrode is significantly reduced, reducing the overall resistivity141.  

Additionally, the increase in distance between electrodes prevents complete mixing of 

electrochemical species with the cell.  However, higher voltages still need to be applied to 

achieve similar electric field strengths to accommodate the increase in distance as electric field 

strength is proportional to voltage applied and inversely proportional to distance.  This increases 

the bubble generation due to higher voltage applied, which can cause insulation of electrode and 

inhibit complete electroporation pulse treatment. 

 Owing to its ability to manipulate fluids on a microscale, microfluidics has become an 

attractive tool for scaling down electroporation as discussed in previous sections.  Several 

channel-based microfluidic studies have tried rectifying these problems by sandwiching 
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electroporation samples in low conductive buffers between high conductive buffers.  

Demonstrated by Zhu et al. and Lissandrello et al. ( 

d), the utility of this approach is twofold.  First by creating a high-resistance electroporation 

environment to reduce current and, second, to isolate cells away from metallic electrodes to 

protect cells from electrochemical species118,123, higher transfection efficiencies and cell 

viabilities can be achieved.  Furthermore, the miniaturized microfluidic system brings forth more 

uniformity in the electric field, reducing inconsistencies and excessive cell perturbations 

resulting in more repeatable efficiencies between experiments.  Nonetheless, as mentioned 

earlier, these channel-based microfluidic devices excel at high throughput genetic engineering 

for manufacturing applications, however, lack the high controllability and parallelization, 

typically found in DMF, needed for performing large number of gene edits in parallel at smaller 

cell quantities such as in cellular immunotherapy research129.   

 To our knowledge there has only been one mammalian cell electroporation device that uses 

an array of electrodes, similar to that of DMF, however, droplet manipulation is dependent on 

electrophoresis of charged droplets with the potential for parallelization and automation.  Im et al. 

demonstrated successful delivery of plasmids into Jurkat T cells with 76% cell viability and 66% 

transfection efficiency (vs 11.4% cuvette electroporation)142.  Similarly, by significantly scaling 

down the system, the authors achieved a smaller cross-sectional area which reduced the 

resistance and overall current of the system.  The authors also increased the cell concentration 50 

times to reduce the current load per cell which is presumed to favour cell viability and recovery 

post-electroporation142.  The authors purpose the potential to carry out arrayed electroporation 

experiments, however, each unique reaction requires double the cell amount per electroporation 

reaction in the NeonTM system (200,000 vs 100,000 cells per reaction) making it impractical for 
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engineering rare cell types or cells that are difficult to culture and expand125–128.  In addition, 

despite demonstrating ~5 times higher transfection efficiency than conventional methods and 

electroporation in other cell types143, the system has cells in direct contact with the 

electroporation electrodes, exposing cells to extreme pH change, gas bubble generation, and 

Joule heating which are detrimental to cell viability141, which could explain some cell death 

resulting in only 76% viable cells.  To develop a highly controllable and automated DMF 

platform for electroporating cells for genetic engineering, leveraging the success of these 

channel-based electroporation systems, a similar design strategy will need to be taken.  

Additionally, this opens the possibility for integrating an electroporation system with other DMF 

devices to allow for end-to-end automation of mammalian cell engineering similar to what has 

been shown previously for microbial cells144,145. 
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1.5 Thesis objectives 

To overcome the challenges described above and to further advance the field of genetic 

engineering, specifically cellular immunotherapy, we introduce the first three-droplet structure 

assembly (triDrop) for facilitating electroporation on a DMF platform.  In this work, we report 

the novelty behind triDrop by transfecting mammalian cell lines with various biological payloads 

and showing a functional knockout.  To show its applicability for cellular immunotherapy 

research, we also show successful transfection of primary T cells with mRNA and plasmids.   

To achieve this goal, my research objectives are divided into the following steps. 

1. Chip design and fabrication: Numerical simulations were established to understand the 

electric field and field-focusing effects generated across the droplet upon application of 

high voltage potential during electroporation.  The chip design was hence driven by its 

ability to consistently form the triDrop structure in a repeated manner. 

2. Platform optimization: Electroporation on HEK293 cells, an easy-to-transfect cell line, was 

carried out using fluorescently labelled dextran molecules to validate the numerical 

simulation and optimize the transfection efficiency of the system to achieve performances 

similar to that of conventional electroporation systems. 

3. Proof-of-concept: To show the broad applicability of our system to other cell lines with 

biologically relevant payloads, electroporation parameters were further optimized for the 

delivery of mRNA and plasmids into easy-to-transfect (HEK293 and HeLa cells) and 

hard-to-transfect (Jurkat cells) cells lines.  Flow cytometry and fluorescent microscopy 

were used to quantify the transfection efficiency and optimize the system.   

4. Application: To confirm the broad applicability of our platform in genetic engineering, we 

performed a gene knock-out on the Beta 2 Microglobulin (β2M) surface marker in Jurkat 
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cells using the CRISPR-Cas9 system and validated it using immunostaining and flow 

cytometry.  Additionally, to show the system's potential applicability in cellular 

immunotherapy, we show successful electroporation and delivery of mRNA and plasmids 

into human primary T cells with post-permeabilization viabilities similar to that of 

unelectroporated samples. 

These results, to our knowledge, are the first of their kind and serve as examples of what is 

possible for the future – a new technique for intracellular delivery in an arrayed and automated 

fashion using small cell quantities.  This could potentially serve as a platform for ex vivo 

applications for the research of personalized medicine and cellular immunotherapy. 
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Chapter 2    Materials and Methods 

In this chapter, the methodology behind the experiments done during the development, 

characterization, and optimization of the triDrop system on the digital microfluidics platform is 

described. 

2.1 Reagents and materials 

Unless specified otherwise, general-use chemicals and kits were purchased from Sigma-Aldrich 

(St.  Louis, MO).  Device fabrication reagents and supplies included chromium-coated glass 

slides, and gold-coated glass slides with AZ1500 photoresist from Telic (Valencia, CA), MF-321 

positive photoresist developer from Rohm and Haas (Marlborough, MA), chromium etchant 

9051 and gold etchant TFA from Transene (Danvers, MA), AZ-300T photoresist stripper from 

AZ Electronic Materials (Somerville, NJ), Teflon-AF 1600 from DuPont Fluoroproducts 

(Wilmington, DE).  Transparency masks for device fabrication were printed from ARTNET Pro 

(San Jose, CA) and polylactic acid (PLA) material for 3D printing were purchased from 3Dshop 

(Mississauga, ON, Canada).  General chemicals for tissue culture were purchased from Wisent 

Bio Products (Saint-Bruno, QC, Canada).  Plasmids and mRNA for this study were acquired 

from Addgene (catalog: 54767) and TriLink Biotechnologies (catalog: L-7201) (see Figure 2-1 

and Table 2-4 for details).  Electronic components were obtained from DigiKey (Thief River 

Falls, MI).  Electroporation buffers were obtained from Harvard Apparatus Canada (St Laurent, 

QC), Thermo Fisher Scientific (Burlington, ON), or made in-house (see Table 2-1).  NeonTM 

transfection reagents were purchased from Thermo Fisher Scientific (Burlington, ON).   
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Table 2-1.  Recipes for various custom buffers used. 

Buffer Composition 

1SM-Modified 
5mM KCl, 15mM MgCl2.6H2O, 25mM Sodium succinate, 25mM 

Mannitol, pH 7.2 

Very high 

conductive 

solution 

120mM NaCl, 2.8mM KCl, 2mM MgCl2, 20mM CaCl2, 10mM HEPES, 

11mM glucose, pH 7.2 with NaOH, 300 mOsm 

FACs Buffer 1x PBS, 1mM EDTA, 25mM HEPES (pH7.0), 1% FBS 

 

Table 2-2.  eGFP-mRNA sequence 

mRNA 

sequence 

AUGGUGAGCAAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCU

GGUCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCG

GCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUC

AUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACC

ACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUACCCCGACCACAUG

AAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUACGUCCA

GGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACAAGACCCGCG

CCGAGGUGAAGUUCGAGGGCGACACCCUGGUGAACCGCAUCGAGCUG

AAGGGCAUCGACUUCAAGGAGGACGGCAACAUCCUGGGGCACAAGCU

GGAGUACAACUACAACAGCCACAACGUCUAUAUCAUGGCCGACAAGC

AGAAGAACGGCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAG

GACGGCAGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUC

GGCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCCAG

UCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCU

GCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGC

UGUACAAGUAA 
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Figure 2-1.  eGFP plasmid map.   

The plasmid map contains a neomycin or kanamycin resistance marker.  The eGFP is driven by a CMV 

promoter.  More information can be found from Addgene (catalog no.  54767). 

2.2 TriDrop device fabrication and setup 

TriDrop devices, each comprising of a bottom plate with Cr-based electrodes and a top-plate 

with Au-based electroporation electrodes, were fabricated at Concordia’s cleanroom facility 

using transparent photomasks printed at 25 400 dpi (Artnet Pro, Bandon, OR).  An overview of 

the fabrication process is illustrated in Figure 2-2.  DMF bottom plates bearing chromium 

electrodes coated with a SU-8 5 dielectric and Teflon-AF hydrophobic layer were formed using 

previously outlined methodology146.  Each bottom plate features an array of 30 actuation 

electrodes (2 mm by 2 mm), 12 reservoir electrodes (2.9 mm by 5.5 mm) arranged into 3 
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reservoirs, 6 active dispensing electrodes (2 mm by 2 mm), and 3 splitting electrodes (3.8 mm x 

3 mm).  The electrode array has inter-electrode gaps of 150 mm and each electrode was 

connected to a pogo-pin holder. 

 TriDrop top plates bearing gold electrodes (0.2 mm wide) were formed from a glass 

substrate coated with 100 nm gold adhered to seed chromium layer (~12 nm).  To form the gold 

electrodes, top plates were spin-coated (10 s 500 rpm, 30 s 3000 rpm, 20 s 5000 rpm) in S1811, 

exposed through a transparent mask, developed using Microposit MF321 (2 min), washed with 

DI water, submerged in gold etchant (2 min), washed with DI water, and submerged in AZ 

stripper to remove the remaining photoresist before being washed with acetone, IPA, and DI 

water, and dried with nitrogen.  To disconnect the chromium from the gold wiring, we followed 

the above protocol except using CR-4 etchant to remove the chromium.  To insulate the gold 

electroporation electrodes from the Cr-grounding layer, the top plate was surface treated for 45 s 

in a plasma cleaner (Harrick Plasma PDC-001, Ithaca, NY) before coating a 5 µm dielectric of 

SU8-5.  Briefly, the photoresist was spin-coated (10 s 500 rpm, 30 s 2500 rpm), followed by a 

soft bake (65 °C 2 min, 95 °C, 10 min), exposed to UV light through a custom mask (5 s), post-

exposure baked (65 °C 2 min, 95 °C 10 min), developed in SU8 developer (15 s), rinsed with 

IPA and DI water, dried with nitrogen, and then hard baked (180 °C, 10 min).  Bottom plates 

were spin-coated with Teflon-AF 1600 in 2 % w/w in Fluorinert FC-40 (10 s 500rpm, 30s 

1500rpm).  To assemble the completed triDrop device, the top and bottom plates were assembled 

using two layers of double-sided tape (180 µm total thickness, 3M) and the gold electrode on the 

top plate were aligned directly above electroporation sites on the bottom plate.   
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Figure 2-2.  Fabrication procedure shown for the triDrop electroporation DMF device.   

The bottom plate shows the general procedure for digital microfluidic bottom plate electrode fabrication.  

The top-plate shows how to fabricate the gold-lines for electroporating the triDrop structure and to create 

a semi-transparent top-plate to visualize the droplets.  After fabrication, the top-plate is aligned with 

electrodes on the bottom-plate to ensure the flanking (outside) droplets are touching the gold lines (not 

shown). 
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2.3 Numerical simulations  

Numerical simulations were performed using COMSOL Multiphysics software on a 3D 

structure.  The 3D model of the triDrop structure was generated by taking a video of the triDrop 

merge sequence using PBS with colored dye as flanking buffers and using a transparent ITO top 

plate to help visualize the droplets and clearly see the boundaries between the flanking droplets 

and the sample droplet.  The video was analyzed frame by frame and a digital image of the top-

down view of the triDrop merge geometry was isolated at 2-seconds post-merge.  The image was 

imported into AutoCAD and the boundaries of the individual droplets were traced to create a 

model of the triDrop structure.  The AutoCAD file was imported into COMSOL Multiphysics 

and extruded to a final height of 180 µm (the gap between our top and bottom layer).   

 

Figure 2-3.  3D COMSOL Model. 

 

The 3D COMSOL model, illustrated in Figure 2-3, was used in the simulations using a FINE 

mesh.  Using the electric currents physics module, the following equations were used starting 

with the point form of Ohm’s law states in Equation 2-1. 
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Equation 2-1.  Vector form of Ohm's law. 

𝑱 =  𝝈𝑬 +  𝑱𝒆 

where J is the current density (A/m2), Je is the externally generated current density (A/m2), σ is 

the electrical conductivity (S/m), and E is the electric field (V/m).  Converting this to its 

continuity gives us Equation 2-2. 

Equation 2-2.  Ohm's law continuity equation. 

𝛁 ∙ 𝐉 =  −𝛁 ∙ (𝛔𝛁𝐕 −  𝑱𝒆)  =  𝟎 

As such, we can then solve for the scalar electric potential V which can then be used to calculate 

the electric field E.  The material characteristics for each droplet is listed in Table 2-3.  The 

initial conditions and boundaries used for solving the above model are as follows:  

• Temperature = 293.15 K  

• High voltage electroporation = 200 V  

• Ground potential and initial potential V = 0 V  

where the high voltage and ground potential were set to the boundaries highlighted in yellow in 

the Figure 2-3.  Using these parameters, a stationary study was used to solve for the electric field 

E, and Figure 3-5 and Figure 3-7 and shows the simulated electric field E within the triDrop 

structure of different electroporation buffers with different conductivities.   
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Table 2-3.  Electroporation buffer conductivities and relative permitivity. 

Material 
Characteristic 

Electrical conductivity (mS/cm) Relative permitivity  

BTXpress 17.7 80 

PBS 16 80 

Type R buffer 15.6 80 

Type T buffer 8.4 80 

ISM(m) buffer 7.5 80 

Very high conductive solution 32.0 80 

 

2.4 Cell culture 

HeLa and HEK293 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) and 

Jurkat cells in RPMI-1640 (kindly provided by Prof.  Alisa Piekny, Concordia).  All media 

contained 10 % heat-inactivated fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin.  

Cells were passaged every 2-3 days and maintained in a humidified chamber at 37 °C with 5% 

CO2.  For triDrop experiments, HeLa and HEK293 cells were passaged by first washing with 

PBS, then trypsinizing with 0.25% trypsin-EDTA followed by washing with DMEM before 

seeding cells in a fresh flask at 2 x 105 cells/mL.  Jurkat cells were passaged by centrifuging at 

300 g for 5 min to pellet the cells, aspirating the media and resuspending in RPMI before seeding 

at 1 x 105 cells/mL.  Prior to electroporation, aliquots of 600,000 cells were prepared and 

resuspended with target molecules in electroporation buffer to a final volume of either 15 µL or 

30 µL.   

 Frozen Primary human CD4+ T cells were either purchased from BPS bioscience (catalog 

#79752, San Diego, CA) or separated from fresh primary blood and purified using EasySep 
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Human CD4 T cell Isolation kit (STEMCELL Technologies, Canada, Catalog # 17952) to a 

purity of 95 %, tested using anti-human CD4 antibodies and anti-human CD3 antibodies 

(STEMCELL Technologies, Canada, Catalog # 60016AZ and #60011PS) (Figure 2-4).  All cells 

were kept in liquid nitrogen prior to use.  Cells were thawed and cultured in complete culture 

medium consisting of RPMI-1640 with 10 % FBS, 100 U/mL penicillin/streptomycin, and 100 

IU/mL recombinant human IL-2 (Fisher Scientific Ottawa, ON).  After 24 h, the cells were 

activated with Human T-Activator CD3/CD28 Dynabeads (Fisher Scientific Ottawa, ON, 

#11131D) and were incubated up to 48 hours.  After incubation, activator beads were removed 

following manufacturers protocol by first gently pipetting up and down to release cells from the 

activator beads followed by transferring the cells to a magnetic tube rack for 1-2 minutes to 

allow for cells and beads separation and the supernatant containing cells was transferred to a 

fresh tube.  Primary T cells were counted using TC20 Automated Cell Counter (BioRad, CA) 

and maintained at 1 x 106 cells/mL by daily addition of complete culture media.  Prior to 

electroporation, cell aliquots of 600,000 cells were prepared and resuspended with target 

molecules with electroporation buffer to a final volume of 15 µL for each unique condition.   

 
Figure 2-4. Purity of T cell isolation from whole blood. 

Isolated cells were stained with tested using anti-human CD4 antibodies and anti-human CD3 antibodies 

for flow cytometry to analyse its purity for human CD4+ T cells.    
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2.5 Bulk electroporation 

Prior to electroporation, HeLa cells were seeded the day before transfection (day 0) to reach 70-

80% confluency by day 1.  Immediately before electroporation, adherent cells were trypsinized 

(using 0.25% trypsin-EDTA), washed, and re-suspended in media, and counted with TC20 

Automated Cell Counter (BioRad, CA).  The NeonTM transfection system (Thermo Fisher) was 

then used to electroporate cells using manufacturer’s protocol following four steps: (1) cells were 

centrifuged at 300 g for 3 min and washed with 500 µL PBS before being resuspended 5 x 106 

cells/mL in the NeonTM electroporation buffer.  (2) FITC-tagged dextran molecules were then 

added to a final concentration of 300 µg/mL.  (3) the electroporation sample was mixed (via 

gentle up-and-down pipetting) and transferred to the NeonTM capillary electroporation tip and 

were electroporated using the parameters recommended by the manufacturer for HeLa (1005 V, 

2 pulse, 35 ms), and (4) immediately after electroporation, cells are placed into a 6 well plate 

containing 2 mL of pre-warmed culture media for cell recovery.  Cells were only maintained in 

their proprietary electroporation buffer for a maximum duration of 20 min to preserve cell 

viability. 

2.6 TriDrop automation and operation 

The bottom plate of the triDrop device was placed on a pogo pin holder that has been propped to 

a height 20 cm above the benchtop using a chassis constructed from T-slotted aluminum 

extrusions purchased from McMaster-Carr (catalog #: 47065T101, Aurora, OH) and machined 

and assembled in-house.  The system is connected to a 720 pixel, 30 frames-per-second camera 

(Skybasic, Houston TX) to visualize droplet movements on the device (Figure 2-5).  A 12-input 

card edge connector from Digikey (catalog #: 151-1410-ND, Thief River Falls, MI), was 

attached to the top plate of the triDrop device and connected via three leads (DMF ground, High 
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Voltage DC, DC ground).  Two DC leads were connected to an electroporation pulse circuit 

(Figure 2-5) and one lead was used to provide the electrical connection for the DMF ground.  

The electroporation circuit consisted of an 8 pin optocoupler (Model #: AQW216EH) purchased 

from Digikey was connected to a Z650-0.32-U DC power source (TDK-Lambda) and controlled 

by an Arduino Uno running a custom pulse generating program, creating custom pulses of 

varying amplitudes and durations (100 - 450 VDC, 1-10 ms in duration).  For automating droplet 

movement on the device, see our previous published work for circuit and connectivity104.  The 

electroporation and DMF actuation circuit were controlled by our in-house software which is 

available on our bitbucket registry (https://bitbucket.org/shihmicrolab/littleleung_2023).  Droplet 

movements were programmed by application of AC potentials (300 – 400 VRMS) at 15 kHz 

between the top and bottom plates.  The DMF actuation software was also used to initiate the 

electroporation pulse circuitry to ensure immediate and uniform pulse application after triDrop 

merging.   
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Figure 2-5.  DMF System overview. 

Schematic overview of the complete triDrop automation setup detailing the DMF actuation hardware, 

automated electroporation pulse generation circuit, and chip holder.  
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2.7 TriDrop electroporation  

Prior to a triDrop experiment, HEK293, HeLa, Jurkat, and primary T-cells were centrifuged at 

300 g for 3 min, washed twice with a custom 1SM buffer, and resuspended in Type T 

electroporation buffer.  For experiments using dextran molecules, cells and dextran molecules 

were prepared at a final concentration of 2 x 107 cells/mL and 0.03 ng/cell respectively.  For 

experiments with eGFP plasmid or mRNA, the payload was added to the cell sample to achieve a 

concentration of 1.275 pg/cell and 2 pg/cell respectively, with a final cell concentration of 4 x 

107 cells/mL.  For β2M CRISPR knock-out experiments, 60 pmol of sgRNA (targeting sequence: 

ACTCACGCTGGATAGCCTCC) and 30 pmol of Cas9 was mixed and incubated at room 

temperature for 10 minutes to allow for the formation of Cas9 RNP.  The Cas9 RNP was then 

immediately used or stored on ice until use, where it was then added to 600,000 cells in 

electroporation buffer for a final volume of 15 µL.   

 TriDrop operation included four droplet operations and were implemented using the 

triDrop automation system described previously.  The four steps included: (1) reservoir filling, (2) 

triDrop dispensing, (3) triDrop merging, and (4) triDrop electroporation.  Droplet operation can 

be visualized in Figure 3-1b and Supplementary Video - link.  The device consisted of three 

reservoirs: two outer reservoirs were filled with PBS containing 0.05 % Pluronics F-68 (which 

we refer to as high conductivity buffer, σ ~ 16 mS/cm) and the middle reservoir was filled with 

cells and the desired payload suspended in electroporation buffer containing 0.05 % Pluronics 

F68 surfactant.  Reservoirs were filled by pipetting 6 µL each onto the bottom plate at the edge 

of the top plate and applying driving potentials to the three reservoir electrodes to draw the fluids 

into the reservoir.  Next, ~1 µL single droplet was dispensed from each reservoir by pulling and 

necking the liquid out of the reservoir using a modified droplet dispensing system147.  The cell 

https://drive.google.com/file/d/1OvaoL0PZEv7YcAuyQAv8YqJVM0mWfMlu/view?usp=share_link
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containing droplet was actuated to the center of the electroporation site and the two high 

conductive droplets dispensed droplets were actuated to the outer edges of the electroporation 

site.  The three droplets were merged by actuating the high conductive droplets towards the cell 

containing droplet creating a continuous three droplet structure.  Immediately upon merging, the 

electroporation circuit was automatically triggered to deliver a sequence of high voltage DC 

square-wave pulses to the exposed Au-electrodes (on the top plate) that were in direct contact 

with the PBS droplets (see Table 2-4 for triDrop electroporation parameters).  For experiments 

using the uniform electroporation arrangement, all three reservoirs contained the same media 

with cells and payload suspended in either electroporation buffer or PBS with 0.05 % Pluronics 

F-68 surfactant.  For experiments using the focused electroporation arrangement, all three 

reservoirs contain the same media (either electroporation buffer or PBS with 0.05 % Pluronics 

F68 surfactant), however only the middle reservoir contains cells and payload. 

 Immediately after triDrop electroporation, the top plate is removed, and the electroporated 

cells (total volume ~ 3 µL) were immediately removed from the chip via pipetting and placed in 

a well plate that was pre-loaded with warmed culture media.  HEK293 and HeLa cells were 

cultured in flat bottom 48 well plates post electroporation for cell recovery.  Jurkat and Primary 

T cells were cultured in a U-bottom 96 well plate post electroporation for cell recovery.  All 

experiments with cells were incubated at a maximum time of 20 minutes in electroporation 

buffer to preserve optimal cell health. 

  



44 

 

Table 2-4.  Electroporation parameters, cell densities, and required concentrations used for different cell lines and payloads 

Cell 

type 
Payloads Concentration 

Pulse 

Number 
Pulse Duration 

Cell density 

(cells/ml) 
Voltage (V) 

Electric field 

(kV/cm) 

HEK293 

• 70kDa FITC-Dextran 

1.2 µg / µl 
3 10 ms 

 

2x107 

225 0.57 
• 250kDa FITC-Dextran 

• 2000kDa FITC-Dextran  

 

4x107 • 5 kb eGFP-plasmid 51 ng / µl 

HeLa 

• 70kDa FITC-Dextran  

3 10 ms 

 

2x107 

 

 

4x107 

350 0.88 
• 250kDa FITC-Dextran 1.2 µg / µl 

• 2000kDa FITC-Dextran  

• 5 kb eGFP-plasmid 51 ng / µl 

 

Jurkat 

• 70kDa FITC-Dextran  

3 5 ms 4x107 350 0.88 

• 250kDa FITC-Dextran 1.2 µg / µl 

• 2000kDa FITC-Dextran  

• 1 kb eGFP-mRNA 0.08 µg / µl 

• 5 kb eGFP-plasmid 51 ng / µl 

• Cas9 RNP 2 pmol / µl 

Primary 

T cells 

• 2000kDa FITC-Dextran 1.2 µg / µl 

3 3 ms 4x107 450 1.13 • 1 kb eGFP-mRNA 0.08 µg / µl 

• 5 kb eGFP-plasmid 51 ng / µl 
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2.8 pH measurements  

Following previously established methods for analyzing pH change in microfluidic 

electroporators48, DMF reservoirs were loaded with either high conductivity buffer (flanking 

reservoirs) or low conductivity media with HEK293 cells at a concentration of 2 x 107 cells/mL 

(middle reservoir) containing either phenolphthalein or Congo red to test the pH changes above 

9.0 and between 3 – 5.2, respectively.  The triDrop structure was formed following the procedure 

described above and 3, 200 V pulses 10 ms in duration were applied.  Images of the droplets 

were taken every 1 s for 30 s using a wireless digital microscope (Skybasic, Houston, TX) to 

monitor colour changes in the middle droplet. 

2.9 Current measurements 

Electrical current was measured by placing a 100 Ω shunt resistor in series and downstream of 

the triDrop top plate.  An oscilloscope was connected across the shunt resistor and the voltage 

peak was recorded across the resistor during an application of the electric potential (after forming 

the triDrop structure).  The system current was determined using the Ohm’s law relationship 

(Imeasured = Vpeak/100 Ω). 

2.10 Flow cytometry 

Viability, transfection efficiency (TE) and mean fluorescent intensity (MFI) were measured 

using a BD FACS Melody (BD Bioscience, Canada).  The FACS was equipped with three 

excitation lasers (405 nm, 488 nm, 561 nm) in a 2B-2V-4YG configuration.  For all experiments 

with dextran molecules, plasmids, or mRNA, cells were resuspended in 500 µL of culture media, 

washed by centrifuging (300 g, 5 min), and then resuspending in 1 mL FACS buffer (1x PBS, 1 

mM EDTA, 25 mM HEPES, 1 % FBS, pH 7.0), then centrifuged (300 g, 5 min), aspirated, and 

resuspended in 600 µL of FACS buffer.  For all samples, viability was assessed by staining dead 
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cells using 0.6 µL of DAPI (50 ng/µL) added to the sample immediately prior to FACS and 

mixed thoroughly with the sample by pipetting.  Dextran, plasmids, and mRNA were excited by 

a 488 nm laser and viewed through a 527/32 filter.  DAPI was used as an indicator for dead cells 

and was excited by a 405 nm laser.  Our gating protocol is shown in Figure 2-6.  Briefly, a non-

electroporated control containing payload was prepared using the above method and loaded into 

the FACS machine.  First, the data was analyzed comparing forward scatter and side scatter to 

identify which data points are cells.  Next, the cell population was analyzed comparing side 

scatter height and side scatter width to identify singlets.  Once singlets were identified, a 

histogram plot was generated for DAPI staining - separating living cells (DAPI negative) from 

dead cells (DAPI positive).  Finally, the living cell population was used to generate a histogram 

showing FITC expression and this histogram was used to define the lower boundary of 

transfection with the gate being set to include ~1 % of the control population as transfected to 

account for endocytosis.  For each condition, 15,000 events were collected at a rate of 100 

events/s.   

 For CRISPR gene knockout experiments, cells were maintained in culture for 72 hours 

post-electroporation.  Following maintenance, the cells were centrifuged (300 g, 5 min) and 

resuspended in 50 µL of culture media.  48 µL of culture media and 2 µL of Human TruStain 

FcX™ (Fc Receptor Blocking Solution, BioLegend catalog #: 422301) were mixed to prevent 

non-specific binding followed by 5 minutes of incubation at room temperature.  After blocking, 

cells were spun down at 300 g for 5 minutes with the supernatant removed, resuspended in 98 µL 

of culture media plus 2 µL of FITC anti-human HLA-A,B,C Antibody (BioLegend catalog #: 

311403) and incubated for an additional 20 minutes in the dark at 4 °C.  After staining, the cells 

were then washed twice in 1 mL of FACS buffer, centrifuged (300 g, 5 min) to remove the 
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supernatant, and resuspended in 600 µL of FACS buffer.  Similar to above, FACS gates are 

determined by running a non-electroporated control to define normal β2M expression and 

electroporated samples are compared against the control.   

 
Figure 2-6.  Flow cytometry gating workflow. 

A non-electroporated sample mixed with the prospective payload is used to define gating.  First, cells are 

separated from debris.  Next, single cells are isolated from doublets.  This is followed by identifying 

live/dead cells which are determined with DAPI staining.  Finally, successfully electroporated living cells 

are identified.  
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2.11 Post-electroporation analysis  

FACS data was analyzed using FlowJo (Ashland, OR).  After gating out the doublets and cell 

debris, the viability was measured as the percentage of living cells (DAPI negative) from a 

sample.  The viability ratio (VR) was then calculated as the ratio of the viability of 

electroporated sample to the non-electroporated cells (i.e., control). 

Equation 2-3.  Viability Ratio (VR) equation. 

𝑽𝑹 =
𝑽𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒑𝒐𝒓𝒂𝒕𝒆𝒅

𝑽𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚𝑼𝒏𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒑𝒐𝒓𝒂𝒕𝒆𝒅
 

 Transfection efficiency was calculated as the number of fluorescent living cells above the 

threshold divided by the total number of living cells. 

Equation 2-4.  Transfection Efficiency (TE) equation. 

𝑇𝐸  =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠
 

The background fluorescence of the cells was defined by using samples with cells only with no 

electroporation. 

 Mean fluorescence intensity fold-change was calculated by measuring the mean 

fluorescent intensity for non-transfected control cells as shown previously115. 

Equation 2-5.  Mean Fluorescence Intensity (MFI) fold-change equation. 

𝑀𝐹𝐼 𝑓𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒  =  
𝑀𝐹𝐼𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑀𝐹𝐼𝑢𝑛𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 

 Relative cell increase was calculated by dividing the cell count on each day post-

electroporation by the cell count from day 1 post-electroporation.  The cell count was calculated 
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by measuring the cell centration using T20 Automated Cell Counter (BioRad, CA) and the 

volume of culture medium in each well.   

 For visual analysis, 48 hours post electroporation, bright field and fluorescent images were 

taken a with 20x objective on an Olympus IX73 inverted microscope (Olympus Canada, 

Mississauga, ON, Canada) and a 100x objective on a Zeiss Axio Observer 7 with an excitation 

wavelength of 480 nm and a 470/40 nm excitation and 525/50 nm emission filter set (catalog # 

49002, Chroma Technology Corporation, Bellows Falls, VT).  The brightness and contrast of 

images were adjusted using ImageJ. 

2.12 Statistical Analysis 

Statistical analysis was performed using an ordinary one-way ANOVA with Prism V8.4 

(Graphpad) with n = 3 replicates for Figure 3-4 and Figure 3-6.  For Figure 3-4, we obtained a 

F-value of 13.7, 20.73, and 6.4 for transfection efficiency, viability ratio, and mean fluorescence 

intensity, respectively with a Dfn of 4 and Dfd of 10.  For Figure 3-6, we obtained a F-value of 

97.23, 4.08, and 11.36 for transfection efficiency, viability ratio, and mean fluorescence intensity, 

respectively with a Dfn of 3 and Dfd of 8.   
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Chapter 3    Results and Discussion 

This chapter consists of my results and discussion from my experimental data.  We introduce the 

device operation and the workflow followed by the three steps were involved in developing the 

triDrop system.  First, the device was designed and characterized using numerical simulations and 

validated using delivery of dextran molecules into HEK293 cells.  Next, further validation was done 

by delivering a wide range of target molecules into a range of immortalized cell lines.  Lastly, we 

show a gene knockout experiments into Jurkat cells and successful delivery of large biological cargo 

into human primary T cells with post-electroporation cell viabilities similar to that of control. 

3.1 TriDrop electroporation using digital microfluidics 

TriDrop is a method that allows for mammalian cell electroporation on digital microfluidic 

devices.  It is a method that involves merging three equal volume droplets into a sequential chain 

using DMF actuation.  By applying a voltage across the droplet chain, an electric field can be 

generated throughout the chain that allows for the safe and effective delivery of biological 

payloads into mammalian cells.  Electroporation has been shown previously on DMF platforms 

for the transformation of microbial cells132,136, however, we show for the first time the ability to 

perform electroporation of immortalized and primary mammalian cells on a DMF platform.  This 

opens the possibility for integrating our electroporation system with other DMF devices to allow 

for end-to-end automation of mammalian cell engineering similar to what has been shown 

previously for microbial cells144,145.  Moreover, our platform can work with low quantities of 

mammalian cells, which has recently become a significant interest in the field of genome editing.  

For instance, cell-based immunotherapies require inactivated primary T-cells125 or natural killer 

cells or more rare immune cells such as tumor infiltrating leukocytes126 (TILs), or gamma-delta 

T cells127 which are challenging to recover and to expand128.  Currently, commercial platforms 
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for primary T cell electroporation (e.g., Neon, Lonza, Celetrix) require at least 200,000 cells per 

condition for efficient insertion, and optimized protocols for working with primary immune cells 

have shown that using fewer cells has a detrimental effect on viability and efficiency with at least 

1-2 million cells per condition being optimal28,130.   

 A workflow for electroporating 20,000 - 40,000 mammalian cells using the triDrop system 

consisted of: sample preparation and collection which includes preparing immortalized cell lines 

or primary cells extracted from a patient, resuspension of the cells in electroporation buffer to a 

concentration of at least 2 x 107 cells/mL along with the desired payload and then loading them 

into the reservoirs of the DMF device (Figure 3-1a).  The triDrop instrument is comprised of 

multiple components (Figure 2-5):  the DMF device for the droplet manipulations, our imaging 

setup for visualizing the droplets on the device, an electroporation pulse circuit, and a DMF 

actuation circuit with open-source code (see BitBucket registry in Methods).  The DMF device is 

comprised of two plates: the bottom plate, which contains the reservoir and driving electrodes to 

create the triDrop structure and the top plate, which contains Au-lines for applying the 

electroporation pulses to the triDrop structure as well as the grounding plane for the DMF 

driving voltage.  The droplets sandwiched between the plates are comprised of either high, or 

low conductivity buffer containing mammalian cells and various payloads for delivery.  Once the 

samples are loaded, the triDrop structure can be formed easily using our previously shown DMF 

platform104,148 which allows for complete automation of all dispensing, actuation, and merging as 

well as automating the application of programmable high voltage pulses for electroporation.   
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Figure 3-1.  TriDrop platform design and overall experimental workflow for genetically engineering cells 

with the triDrop system. 

(a) Cell sample was cultured and prepared by resuspending it in electroporation buffer with target 

delivery molecules.  (b) The schematic illustration shows top-view of the DMF device and the formation 

of the triDrop through a series of electrode actuations.  The red lines (in frame 4) indicate the electric field 

lines generated during application of high voltage pulses.  The inset shows the cross-sectional view of the 

triDrop.  (c) After electroporation, samples were then incubated (> 24 h) for cell recovery and followed 

by (d) analysis using FACS or with fluorescent microscopy or any analytical method of interest.   

 The process of triDrop electroporation is shown in Figure 3-1b.  A key feature of the 

system is the use of low cell numbers – users can input a low number of cells ranging from 

20,000 to 40,000 cells per reaction for efficient transfection.  Upon inputting into cells into the 

reservoirs, three 1 µL droplets were dispensed, actuated to an electroporation site, and merged 

into a sequential chain as shown in Figure 3-1b (hereby referred to as the triDrop structure).  

Within the triDrop structure, the inner droplet (hereby referred to as the sample droplet) was 

comprised of low conductivity media (σ ~ 8 mS/cm) and contained mammalian cells in 

suspension along with the payload to be delivered into the cells (in our work, the payloads used 

are dextran molecules of various sizes, mRNA, plasmids, or Cas9 proteins).  The outer droplets 

(hereby referred to as the liquid electrodes) were comprised of high conductive media (σ ~ 16 
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mS/cm) and were in contact with gold electrodes fabricated into the device top plate and provide 

an electrical connection between the metal electrodes and the sample droplet, similar to forming 

a liquid electroporation cuvette.  After merging the three droplets into the triDrop structure, 

mixing was limited to diffusion and the structure consisted of three discrete regions for over 30 s 

post merge (Figure 3-2a), which allowed time for delivering high voltage pulses to the gold 

electrodes and electroporating the cells.  The electroporation process was complete within 5 s of 

droplet merging and the total time for triDrop implementation from reservoir loading to 

electroporation was ~3 minutes for three triDrop structures (Figure 3-1b and Supplementary 

Video - link).  Immediately after electroporation, cells were loaded off chip for post-

electroporation culture for up to 7 days (Figure 3-1c) and were analyzed using microscopy, flow 

cytometry and validated with fluorescent-based assays (Figure 3-1d).  To our knowledge, the 

triDrop system is the first technique shown for scalable mammalian cell electroporation on DMF 

devices and joins a small collection of microfluidic devices capable of transfecting primary 

human immune cells56,115–118,120,149–154.  Furthermore, we show state-of-the-art transfection 

efficiency with exceptional viability throughout. 

https://drive.google.com/file/d/1OvaoL0PZEv7YcAuyQAv8YqJVM0mWfMlu/view?usp=share_link
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Figure 3-2.  triDrop merge and pH change. 

 (a) A triDrop merge operation performed using a standard bottom plate and a transparent Indium Tin 

Oxide top plate to help visualize liquid mixing.  The outer droplets are comprised of high conductive 

media with 0.05% Pluronics F68 surfactant along with blue dye.  The middle droplet is comprised of low 

conductive media with 0.05% Pluronics F68 surfactant and 4 x 107 cells/mL.  Droplets are mixed using 

standard techniques and left to mix via diffusion for 30 s.  (b) A triDrop electroporation procedure using a 

modified top plate allowing for visualization of the triDrop structure.  All three droplets are either doped 

with phenolphthalein (pH indicator turning purple in the presence of pH above 8.5, left image set), or 

Congo red (pH indicator turning from red to blue at pH below 5.2, right image set).  Three, 200 VDC, 10 

ms pulses are applied and the structure was observed for 30 s.  The time stamp for each image is shown 

on the image. 
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3.2 Characterization of the triDrop system 

In initial experiments, we explored the use of co-planar electrodes paired with various droplet 

structures to generate a sufficient electric field to insert 70 kDa FITC-tagged dextran into the 

easy to transfect HEK293 cell line.  The droplet structures tested here are shown in Figure 3-4a 

and described as follows: (1) a uniform structure – one homogenous 3 µL droplet comprised of 

either high or low conductivity medium with the cells and payload distributed homogenously 

throughout, (2) a focused structure – three 1 µL droplets comprised of the same media that are 

merged together with only the middle droplet containing cells and payload, and (3) a triDrop 

structure – two droplets of high conductivity buffer flanking a droplet with low conductivity 

buffer containing cells and payload.  Three, 200 VDC pulses, 10 ms in duration (determined via 

numerical simulation outlined in section 2.3) were applied to the droplet structures and the 

results were analyzed using three metrics, transfection efficiency (TE), viability ratio (VR), and 

mean fluorescence intensity (MFI) fold change.  Figure 3-4b shows that the triDrop structure 

has significantly higher TE (89%) and MFI fold change (79) than any of the other droplet 

structures while still maintaining a viability ratio of > 90 % (P < 0.05, n = 3).  Additionally, we 

show that the success of the triDrop structure can be recreated without significant difference 

when the middle droplet is comprised of another low conductivity electroporation buffer 

(1SM(m), σ ~ 7.4 mS/cm) but not when using high conductivity electroporation buffers (σ > 15 

mS/cm) (Figure 3-6).   
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Figure 3-3.  Current measurements for all three pulses during a standard triDrop EP process. 

Three, 200 VDC pulses, 10 ms in duration were applied to a triDrop structure containing 2 x 107 cells/mL.  

Error bars are based on standard error of the mean for n = 3 replicates. 

 To understand the experimental results above, we developed a COMSOL simulation of the 

uniform and triDrop structure described in the Methods section, and the results are shown in 

Figure 3-5 and Figure 3-7.  The simulation of the uniform structure shows the outer regions of 

the structure experience electric fields that are low for mammalian electroporation (< 0.2 

kV/cm)155, regions close to the gold electrodes have a high but inconsistent electric field (~0.7 

kV/cm), and the middle section of the droplet structure has a homogenous electric field that is 

too low for electroporation (0.35 kV/cm).  Comparing this to the simulation of the triDrop 

structure shown in Figure 3-4 and Figure 3-5, forming the outer droplets using high conductive 

media and the inner droplet using low conductivity media results in a homogenous electric field 

(0.55 kV/cm) that focuses across the middle of the structure.  In this configuration, all the cells 

(which are entirely located in the middle droplet) experience a consistent electric field while 

being exposed to significantly lower current than current benchtop systems (~30 mA vs ~3000 

mA)142 (Figure 3-3).   

0 10 20 30
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Pulse 3

Current for three 200V pulses

Current (mA)
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Figure 3-4.  System characterization and optimization for triDrop EP with HEK293 cells. 

(a) Illustrations showing different droplet liquid structures used for electroporation characterization.  Pink 

droplets represented high conductivity media (σ ~ 16 mS/cm) and blue droplets represent low 

conductivity media (σ ~ 8 mS/cm).  (b) Plots showing transfection efficiency (TE; dark blue), viability 

ratio (VR; light blue) and mean fluorescence intensity (MFI) fold-change (green) for five different droplet 

electroporation structures when inserting a 70 kDa FITC-tagged dextran molecule.  Significance markers 

(P < 0.05, n = 3) are in reference to the triDrop arrangement.  Plots showing the (c) transfection efficiency, 

(d) viability ratio, and (e) MFI fold-change with respect to the applied electric field using the triDrop 

system for the insertion of 70kDa FITC-tagged dextran molecule into HEK293 cells.  The statistical 

analysis was performed via an ordinary one-way ANOVA (n = 3).  Graphical representation showing the 

(f) efficiency, viability ratio, and MFI fold-change for the Neon (standard) versus the triDrop system.  

These quantitative values were obtained from (g) the cell counts displaying FITC fluorescence from 

electroporated and non-electroporated samples from the Neon system and the triDrop.  SEM are 

calculated based of n = 3.  n.s indicated no significant difference, *, **, and *** represents P-values 

below 0.05, 0.01, and 0.001 respectively.  Statistical analysis was performed using an ordinary one-way 

ANOVA.   
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 This is an important result because isolating the cells in the middle of the droplet structure 

will prevent harmful electrochemical species (generated at the metal-liquid interface58,138) from 

changing the pH of the cell media and negatively affecting the health of the cells (see images of 

pH test in Figure 3-2b).  Given these observations, the triDrop structure offers optimal results 

compared to the uniform or focused liquid structures when using identical electroporating 

conditions. The triDrop structure was replicated and used in the remaining electroporation 

experiments.  

 
Figure 3-5.  Overview of coplanar DMF electroporation designs. 

(a) Schematic representation of the 3 different electroporation structures investigated for effective DMF 

electroporation.  (b) COMSOL simulations of the droplet structures when applying a 200V pulse. 
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Figure 3-6.  Middle droplet buffer vs triDrop electroporation. 

Bar graph comparing triDrop electroporation to insert 70kDa FITC-tagged dextran into HEK293 cells 

using four different electroporation buffers to form the middle droplet.   For each condition three 200 VDC 

pulses, 10 ms in duration were applied.  The outer droplets were comprised of high conductivity media 

and the middle droplets had cells at 2 x 107 cells/mL.  SEM are calculated based of n = 3.  n.s indicated no 

significant difference, *, **, and *** represents P-values below 0.05, 0.01, and 0.001 respectively.  

Statistical analysis was performed using an ordinary one-way ANOVA.   
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Figure 3-7.  Numerical simulations of various electroporation buffers.   

COMSOL simulations showing the electric field generated inside of a triDrop structure when forming the 

middle droplet out of buffers with different conductivities. 
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 We hypothesized that the three quantitative metrics (TE, VR, and MFI-fold change) for the 

triDrop structure might be improved by varying the applied electric field.  To test this hypothesis, 

a range of electric fields were applied to determine the optimal field for inserting 70 kDa FITC 

tagged dextran molecules into HEK293 cells.  These data, shown as line graphs in Figure 3-4c-e, 

confirm that there is range of fields (0.5-0.63 kV/cm) to achieve excellent TE (~ 90 %), VR (~ 

90 %), and MFI fold change (> 80).  Repeating this optimization for Jurkat and HeLa cells 

(

 

Figure 3-8) reveal a slightly higher effective electric fields range (0.75-0.90 kV/cm) for optimal 

results.  These applied fields place us within the expected range reported by other high 

performance electroporation devices118,141.  A list of all electroporation conditions and the 

corresponding parameters can be found in Table 2-4. 
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Figure 3-8.  TriDrop electroporation parameter optimization for Jurkat and HeLa cells.   

(a) Voltage optimization using 3, 5 ms pulses on Jurkat cells.  (b) FITC fluorescence and (c) DAPI 

staining comparing an electroporated population (green, 350 VDC) vs an unelectroporated population 

(grey).  (d) Voltage optimization using 3, 10 ms pulses on HeLa cells.  (e) FITC fluorescence and (f) 

DAPI staining comparing an electroporated population (green, 350 VDC) vs an unelectroporated 

population (grey).  All plots with error bars are based on standard error of the mean for n = 3 replicates. 

 To evaluate the triDrop method relative to gold standard practices (NeonTM transfection 

system), a series of transfections were performed using HeLa cells and dextran as the payload.  

All pulse parameters for triDrop are identical to those described above and the NeonTM was 

operated using the manufacturer recommended settings.  The key differences between the 

systems are that the cell numbers used for the triDrop was lower than the NeonTM (~20,000 vs. 

~50,000 cells) and sample volumes for transfection were reduced from 10 mL for the NeonTM to 

1 mL for triDrop.  As shown in Figure 3-4f, cells transfected with the triDrop show very similar 

high metrics as the NeonTM (TEs > 98 %, VRs > 95 % and MFI fold change > 125).  The 

transfection efficiency was calculated by flow cytometry analysis with the results of the FITC 

fluorescence counts (for ~15,000 events) to be very similar for both systems (but different than 

the non-electroporated control cells) (Figure 3-4g).  These experiments show that our technique 
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can achieve similar metrics as the standard mammalian-based transfection system with lower cell 

numbers.  As described below, these low cell numbers enabled our work with primary T-cells, 

which is usually difficult to transfect when cell numbers are below 1 x 106 cells since their post-

electroporation viability decreases significantly.28,130,131  

3.3 Immortalized cells 

To further evaluate the capacity to transfect mammalian cells, different payloads were delivered 

to three commonly used immortalized cell types: HEK293, HeLa, and Jurkat T-cells.  Each set of 

cells were prepared and loaded into the DMF platform (as in Figure 3-1b) and were transfected 

with four different payloads: 70 kDa, 250 kDa, and 2000 kDa FITC-tagged dextran, and a 5 kb 

eGFP plasmid.  Figure 3-9a and Figure 3-9b shows the quantitative metrics for the typical 

model transfection cell line HEK293 and HeLa cells for the three different dextran sizes (along 

with a non-electroporated control) respectively.  As shown, the metrics are excellent, with a TE > 

90 %, VR > 90 %, and > 80 MFI fold-change.  In fact, the triDrop system was able to insert the 

large 2000 kDa FITC-tagged dextran molecule (hydrodynamic diameter ~ 55nm156) into both 

HEK293 and HeLa cell lines with a TE and VR of > 90 %.  These results show that the delivery 

of large molecules into the cytosol of HEK293 and HeLa cells using triDrop is efficient and 

suggests that the system will be capable of delivering fully formed proteins of similar size or 

other large molecules2,149. 
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Figure 3-9.  Intracellular delivery of diverse payloads in HEK293 and HeLa cells using triDrop. 

Plots of transfection efficiency, viability ratio, and MFI fold-change comparing an un-electroporated 

control vs the triDrop system for the insertion of a 70 kDa, 250 kDa, and 2000 kDa FITC-tagged dextran 

molecules for (a) HEK293 cells and (b) HeLa cells.  (c)  Plots of transfection efficiency and viability ratio 

for HEK293 and HeLa when inserting an eGFP plasmid.  Fluorescence intensity histograms showing GFP 

expression for (d) HEK293 cells and (e) HeLa cells vs an unelectroporated control.  Inset shows 

fluorescence images of (d) HEK293 cells and (e) HeLa cells expressing the eGFP plasmid.  All plots with 

error bars are based on standard error of the mean for n = 3 replicates. 

 
Figure 3-10.  Brightfield and GFP images for electroporated HEK293, HeLa, and Jurkat cells. 

 Moving towards a more biologically relevant payload, we performed the same protocol for 

delivering plasmids.  Figure 3-9c shows the TE and VR for HEK293 and HeLa cells, as shown, 
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we obtained a TE and VR of 71 % and 90 % for HEK293, respectively, and 60 % and 99 %, 

respectively, for HeLa with both cell types showing healthy morphology after transfection 

(Figure 3-10).  These results were obtained via flow cytometry and approximately 15,000 cell 

events were collected for each sample. The frequency fluorescence histogram is depicted in 

Figure 3-9d (HEK293) and Figure 3-9e (HeLa).  In both cases, the control population showed 

very minimal fluorescence (see grey histogram) while the eGFP positive cells (showing 

successful triDrop electroporation) were shifted towards higher fluorescence than the control 

(see green plots).  These data confirm the triDrop system can be used to insert both large 

payloads as well as biological payloads which have been challenging to deliver for other 

microfluidic based mammalian transfection devices157. 

 Next, we tested our system with Jurkat T-cells since they have been shown to be a suitable 

model in immunotherapy research129 and have a reputation of being a hard-to-transfect cell 

line158.  Here, we followed the same protocol as above: electroporating three different dextran 

molecules (70 kDa, 250 kDa, and 2000 kDa), and eGFP plasmid with the electroporation 

parameters listed in Table 2-4.  Additionally, we included an mRNA payload given the 

increasing interest to use mRNA as an immunotherapeutic molecule159.  Figure 3-11a shows the 

dextran results for our three metrics and are quantitatively similar to HEK293 and HeLa – both 

VR and TE > 90 %.  The flow cytometry histogram (Figure 3-11b) shows a full spectral shift 

towards higher fluorescence intensities for all three dextran sizes confirming that we can 

efficiently insert large molecules into Jurkat cells with minimal effect on viability.  Furthermore, 

we transfected a 1 kb eGFP mRNA, and a 5 kb eGFP plasmid.  Figure 3-11c shows the results 

24 hours post-transfection with the mRNA displaying an impressive TE of 95 % (measured via 

frequency histogram shown in Figure 3-11d), a VR of 98 % and an MFI fold-change of > 500 
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while using only 2 pg of mRNA per cell.  Electroporation with both payloads did not negatively 

influence the morphology of the cells (Figure 3-10), however, the plasmid (measured 48-hours 

post-transfection) showed a modest TE of 40 % (measured via frequency histogram shown in 

Figure 3-11e), and a VR of 96 % and a very modest MFI fold-change of ~12.  Increasing 

plasmid concentration could potentially improve TE in Jurkat cells, however, we wanted to avoid 

the associated cell toxicity and cell death from high cytosolic DNA concentrations28. Taken 

together, these data suggest that the triDrop technique is suitable for both types of payloads for 

Jurkat cell transfection, with mRNA having higher TE, similar to previous microfluidic 

transfection studies115. 
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Figure 3-11.  Intracellular delivery of diverse payloads into Jurkat cells using triDrop electroporation. 

(a) Plots of transfection efficiency, viability ratio, and MFI fold-change comparing an un-electroporated 

control vs the triDrop system for the insertion of a 70kDa, 250kDa, and 2000kDa FITC-tagged dextran 

molecules.  (b) Fluorescence intensity histograms showing the FITC expression comparing the control 

with the three different dextran molecules inserted using the triDrop system.  (c) Plots of transfection 

efficiency, viability ratio, and MFI fold-change for the insertion of eGFP-mRNA, and eGFP-plasmid 

using the triDrop system.  Fluorescence intensity histograms showing GFP expression for (d) eGFP-

mRNA and (e) eGFP-plasmid inserted using triDrop electroporation vs. an unelectroporated control.  

Inset show fluorescence images for cells expressing (d) eGFP-mRNA and (e) eGFP-plasmid.  (f) 

Fluorescence intensity histograms showing the FITC expression comparing a control vs. non-targeting 

gRNA vs β2M targeting gRNA populations after staining with a FITC-tagged anti-β2M antibody.  (g) 

Fluorescence images overlaid with bright field images showing (left) cells electroporated with a non-

targeting (nt) gRNA and (right) cells electroporated with a gRNA targeting the β2M gene and stained 

with a FITC-tagged anti-β2M antibody.  (h) Plots of β-2-microglobulin knockout efficiency comparing an 
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unelectroporated control vs. cells electroporated with a Cas9 protein conjugated with a non-targeting 

gRNA vs. cells electroporated with a Cas9 protein conjugated with a gRNA targeting the β-2-

microglobulin gene.  All plots with error bars are based on standard error of the mean for n = 3 replicates. 

 As a final proof-of-principle in Jurkat cells, the triDrop system was used for an on-chip 

CRISPR knock-out of the β-2-microglobulin (β2M) gene.  The β2M gene codes for a protein that 

serves as a key structural element in all major histocompatibility (MHC) class 1 molecules160 and 

when the gene is impaired it can no longer form and be expressed on the cell surface making this 

an ideal target for an easily detectable proof-of-concept knockout.  Jurkat cells were mixed with 

a Cas9 RNP containing either a scrambled non-targeting gRNA or a gRNA targeting the β2M 

gene and loaded on to the chip for triDrop electroporation, immediately post electroporation cells 

were moved off-chip and into recovery buffer and left to incubate for 72 hours.  After recovery, 

cells were blocked for non-specific binding and then stained with a FITC-tagged antibody 

targeting MHC class 1 molecules (outlined in section 2.10).  Figure 3-11f depicts histogram data 

for the three different conditions – control (no triDrop electroporation, grey line), non-targeting 

gRNA (triDrop electroporation with a scrambled gRNA, blue line), and β2M targeting gRNA 

(triDrop electroporation with a β2M specific gRNA, green line).  All three populations had high 

viabilities (~95%), however, only cells that were electroporated with the β2M specific gRNA 

show a knockout population, represented by cells with a lower fluorescence intensity (i.e., a peak 

is shown on the left of the dotted line).  As illustrated in representative images after staining, 

cells remain healthy after 72 hours (~ 95% viability) and only those with knocked out β2M 

shows cells with no fluorescence (Figure 3-11g).  The knockout efficiency is summarized in 

Figure 3-11h and show an average knockout efficiency of 35 % for the cells electroporated with 

the β2M targeting gRNA whereas the two control populations both have < 2 % knockout.  In 

sum, the gene-editing application here shows that the triDrop platform can deliver complex 



69 

 

payloads into difficult-to-transfect mammalian cells and potentially serve as a future platform for 

arrayed multiplexed gene editing. 

3.4 Primary T cells 

With the rise of immunotherapy showing promise for cancer patients, much research has been 

put into transfecting primary T cells30.  While Jurkat cells can provide promising initial 

indicators for immunotherapies, final tests must be done in primary human immune cells129.  

Currently, there is no technology that is capable of generating libraries of engineered primary T 

cells in an automated and arrayed fashion without requiring millions of cells.  To demonstrate the 

high-impact applicability of the triDrop system, we complete this work by demonstrating the 

transfection process for primary human CD4+ T cells. 

 We first applied the triDrop electroporation protocol for the insertion of the 2000 kDa 

dextran payload.  Given the sensitive nature of these cells, we explored reducing the pulse 

duration as this parameter is known to have a significant effect on cell viability155.  For each 

condition three, 450 V pulses were applied with a duration of 1 ms, 3 ms, or 10 ms, shown in 

Figure 3-12.  As illustrated in Figure 3-13a, reducing the pulse duration (1 and 3 ms) was found 

to have the optimal metrics with 3 ms producing the best VR > 90 %, TE > 70 %, and an 80 

MFI-fold change.  The fluorescent signals from the electroporated cells with dextran shows a 

clear right-shift with a mean fluorescence (FITC) peak around 15, which is 80 times higher than 

the control (Figure 3-13b) and clear gated flow cytometry plots (Figure 3-12a) for the 1 ms and 

3 ms cases respectively.   
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Figure 3-12.  Primary T optimization and additional information. 

(a) Side scatter vs. forward scatter plots for a control population and populations electroporated with 3 

pulses with a duration of 1 ms, 3 ms, and 10 ms.  (b) GFP expression histogram and (c) DAPI staining 

histogram for primary T cells electroporated with an eGFP plasmid (green) vs a control (grey) 48-hours 

post electroporation.  (d) Side scatter vs. forward scatter for a control population and an electroporated 

population and control population 48 hours and 168 hours post-electroporation.    

 However, the absence of a shifted peak using a pulse width of 10 ms suggests that very few 

cells have been transfected.  The most likely cause for this significant reduction is that more cells 

are experiencing detrimental electroporation-induced effects54–58 on the cell structure from the 

longer pulse, which may prevent permanent uptake of the dextran molecules.  In fact, the 
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histogram for the 10 ms condition for DAPI staining shows a clear peak at the higher 

fluorescence levels compared to the control (Figure 3-13c) and with the forward/side scatter 

plots showing very little discrimination between healthy and non-healthy cells (Figure 3-12a) 

suggesting that cell death is playing a role in lower TE and MFI values. 

 
Figure 3-13.  Intracellular delivery of large payloads into human primary CD4+ T cells using triDrop.   

(a) Plots of transfection efficiency, viability ratio, and MFI fold-change comparing an unelectroporated 

control vs the triDrop system for the insertion of a 2000 kDa FITC-tagged dextran molecule.  

Fluorescence intensity histograms showing (b) FITC expression and (c) DAPI staining comparing an un-

electroporated control vs the triDrop system for the insertion of the dextran molecule.  (d) bright-field 

(left) and fluorescence (right) images showing GFP expression 48-hours post electroporation with the 
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triDrop system.    (e) Plots of transfection efficiency and viability ratio comparing an un-electroporated 

control vs the triDrop system for the insertion of a 5kb eGFP plasmid 48-hours post transfection.  (f) 

Viability measurements for 7-days of post electroporation culture comparing an unelectroporated control 

vs. the triDrop system.  (g) Plots of transfection efficiency, viability ratio, and MFI fold-change 

comparing samples electroporated with different electroporation buffers.  (h) The cell increase of samples 

relative to day 1 for 7-days of post electroporation for samples electroporated vs. unelectroporated control.   

All plots with error bars are based on standard error of the mean for n = 3 replicates. 

 The primary T cells transfected with the triDrop was further assessed with a plasmid 

payload.  The representative images of the cells after 48 h post-transfection with an eGFP 

plasmid shows healthy morphology and cells are producing eGFP (Figure 3-13d).  The 

electroporated cells were compared to cells that were not electroporated via flow cytometry 

histograms (Figure 3-12b and c).  We quantified the VR as well as the TE, and as shown in 

Figure 3-13e, the triDrop electroporated cells shows a VR of 81 % and a TE > 38 %.  These are 

excellent metrics for primary cells outperforming other optimized protocols using commercially 

available systems130.  The viability of electroporated cells were monitored daily for the 

remainder of the week and compared against a non-electroporated control.  It was observed that 

the health of the electroporated cells is comparable to that of non-electroporated cells by day 5 

(Figure 3-13f) and, 7 days post electroporation, both the control population and the 

electroporated population had viabilities > 95% (as shown by the forward and side scatter plots – 

Figure 3-12d). 

 As a final step of optimization using the triDrop system for primary T cells, we show the 

delivery of eGFP mRNA using cell culture media as our electroporation buffer.  The deleterious 

effects of long term exposure to electroporation buffer on mammalian cells are well-

documented124 and many buffer manufacturers recommend minimizing the time cells spend in 

the buffer.  Additionally, proprietary electroporation buffers can be prohibitively expensive140,161.  

A unique feature of our triDrop system is the ability to generate the electric field focusing effect 
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on a wide variety of different media if the flanking droplets are comprised of a higher 

conductivity solution.  We created a very high conductive solution (σ ~ 32 mS/cm, recipe in 

Table 2-1 and Table 2-3) to use as a flanking buffer for primary T cells suspended in RPMI (σ ~ 

15 ms/cm) to maintain the high-low-high buffer conductivity triDrop structure (Figure 3-5).  

Figure 3-13g shows a comparison between cells electroporated in low conductivity buffer with 

the original triDrop configuration compared to cells electroporated in culture media using the 

very high conductive flanks.  Both conditions show impressive results, however, as predicted, 

the cells electroporated in the culture media had superior VR (90 % vs 82 %) and had higher TE 

(89 % vs 78 %).  The electroporated cells were allowed to grow out for 5-days post 

electroporation and were found to proliferate at a rate comparable to that of unelectroporated 

cells.  After 5 days of culture electroporated cells and control cells show a similar fold increase 

with a ~19 and ~15-fold population increase respectively (Figure 3-13h).  Compared to other 

works the triDrop system performs exceptionally, Figure 3-14 shows a side-by-side comparison 

of the triDrop system against four recent high-performance microfluidic transfection systems for 

the insertion of mRNA into primary human T cells, demonstrating that triDrop can achieve the 

best percentage of cells that are both living and transfected while using the least amount of 

mRNA per cell.   
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Figure 3-14.  Comparison with other recent work115–118 – Primary T cell mRNA transfection 
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Chapter 4    Concluding Remarks 

In this section, we summarize the features of the triDrop system and describe the advantages of the 

system in automating genetic engineering, especially in cellular immunotherapy.  In addition, we 

assess the future work related to an electroporation module on DMF. 

4.1 Conclusion 

TriDrop is an efficient and effective technique for electroporating mammalian cells on a DMF 

platform with its electroporation parameters (voltage, pulse duration, number of pulses) easily 

programmable through our automation system and the capability to electroporate very minimal 

number of cells.  In this project, we have shown successful deliveries of a range of dextran 

molecules, Cas9 RNP, mRNA, and plasmid with high viabilities and transfection efficiencies 

(>90 %) for HEK293, HeLa, Jurkat, and primary T cells.  Additionally, we show that we can 

perform these electroporation reactions with lower cell numbers that are difficult with current 

commercially available techniques which typically requires at least 200,000 cells with optimized 

concentrations at 1-2 million cells per condition.    

 These results, to our knowledge, are the first of their kind and serve as examples of what is 

possible for the future.  In the future, integrating the triDrop system with high throughput DMF 

capabilities will allow for large libraries of novel constructs to be tested on rare cells derived 

from a single patient.  This could potentially serve as a platform for ex vivo applications for the 

research of personalized medicine and cellular immunotherapy.  This capability will both 

accelerate the pace of immune cell engineering, requiring less time to grow and culture cells 

during research and development stages, while also making it more affordable due to less reagent 

consumption.  We believe the triDrop system will help lift barriers in immune cell engineering 
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and open the door to discovering new therapeutic breakthroughs via high throughput arrayed 

screening in an automated manner.   

4.2 Future outlook 

Since its discovery, microfluidics has proven to be a useful tool in several biomedical 

applications, and I hope the triDrop electroporation digital microfluidic device can contribute to 

that growing arsenal of microfluidic tools for biologists and researchers.  To achieve that, more 

optimization needs to be done, specifically on the electroporation parameters, to obtain better 

transfection efficiencies and potentially reduce the negative electroporation-induced side effects, 

such as irreversible cell death or increased cell stress56.  For example, parameters contributing to 

the electroporation pulse delivered to the cells have been reported to play key roles in different 

electroporation systems with some studies reporting using a high voltage pulse followed by 

several low voltage pulses or an exponential decay being benefitial137,162.  This effort is 

motivated based on the idea that subsequence low voltage or exponential decay, after an initial 

high voltage pulse, is used to assist and drive more delivery cargo into the cell163.  Potentially, 

this would help reduce the electroporation-induced effects while maintaining high transfection 

efficiency, or at the very least, increase transfection efficiency without compromising cell 

viability.  Other than pulse type and pulse combinations, other electroporation pulse parameters 

that we can manipulate and optimize include voltage, pulse duration, and number of pulses 

delivered.  Additionally, to better understand these parameters and their impact on transfection 

efficiency and viability, additional quantitative methods such as RNAseq can be used to evaluate  

the effects of different pulse parameters on cellular function on a transcriptomic level56.  

Understanding and minimizing electroporation-induced effects on cellular functions would be 
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very helpful, especially, in cellular immunotherapy where cellular functions of engineered cells 

should be similar to that of healthy cells164. 

 
Figure 4-1.  TriDrop CAR-T generation for CAR profiling and screening 

Potential pipeline for cellular immunotherapy profiling and screening using the microfluidic platform 

comprising of the triDrop system and organ-on-chips. 

 Besides that, generation of CAR-T cells using unactivated primary T cells has been a 

recent clinical interest owing to its improved proliferation, longer persistence, and tumor killing 

ability with lower doses of CAR-T cells compared to conventional CAR-T cells165,166.  It is 

hypothesized that T cells undergo considerable differentiation once activated, limiting its naivety 

or “stemness” which has been reported to be crucial in engraftment and persistence of T cells 

following adoptive transfer167.  More importantly, this removes the need for cell expansion as 

activation is not required, significantly reducing the time, cost and operation complexitiy 

involved in CAR-T generation166.  Genetic engineering of unactivated T cells, however, is 

challenging owing to the low transfection efficiencies and relatively long doubling time of 

approx. 3-4 days168, making cell expansion prone to contamination and time consuming to 

acquire the high amounts of cells required for its protocol169.  Only a select few has shown 

successful generation of CAR-T cells using unactivated T cells, however, optimized protocols is 

yet to be realised for efficient generation of engineered cells to be able to cycle through large 
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libraries165,167,170.  For example, if we were to cycle through a large library of edits, such as 

Bloemberg et al., current methods would require large amounts of unactivated T cells, which can 

be demanding for patients129.  To overcome this, researchers need a way to cycle through a large 

library of genetic edits and clones, and we believe the triDrop system is a promising solution.  

Preliminary results (data not shown) has shown promising data that reflects successful delivery 

of mRNA into unactivated primary T cells electroporated with the triDrop system. The triDrop 

system can be further optimized for highly efficient and effective delivery of biological cargo 

into unactivated primary T cells for genetic engineering and research in cellular immunotherapy. 

 Another potential application could include developing a pipeline for screening of CAR 

construct profiles using tumor-on-chip models developed from patients own immune and cancer 

cells.  It has been seen that patient to patient variability in intracellular delivery and gene 

expression exists171.  Hence, potency of a unique CAR construct in one patient may not be as 

effective in another patient even with the same cancer type.  A potential way to understand why 

this happens and to be able to identify the optimal CAR construct for each individual patient 

would be to generate a library of CAR-Ts using a single patient sample in an arrayed format and 

screen them using organ-on-chips172 (which could also be developed using patients primary 

cancer cells).  In doing so, the potency and efficacy of each CAR construct can be evaluated 

based on how effective it is using multiple organ-on-chips in parallel.  Current technologies 

would require large cell inputs, however, cancer patients would already have limited number of 

these immune cells due to an already compromised immune system.  TriDrop would be able to 

reduce the number of cells required to develop a library of CAR-T to be tested one by one 

without the demand for large numbers of cell input from patients.  This would effectively make a 

pipeline for generating a CAR library and screening for the best CAR construct based on its 
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efficacy and potency against its target cells. This would be achieved using the primary immune 

and cancer cells of patients in hopes of improving patient outcomes and recovery.  This approach 

would enable obtaining a patient profile showing which CAR construct is optimal against their 

cancer type, making the treatment more personalized and potentially more effective. 
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