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ABSTRACT 

Viral Generation, Packaging, and Transduction on a Digital Microfluidic Platform 

 

Angela Quach 

Viral-based systems are a popular delivery method for introducing exogenous genetic 

material (e.g., plasmids or shRNA) into mammalian cells.  In particular, virus-like particles 

have shown to be efficient, in packaging large vectors and complexes (e.g., Cas 9) and in 

their delivery into cells via entry mechanisms of an enveloped virus particle.  

Unfortunately, the preparation and packaging of virus-based particles containing the 

machinery to edit the cells is labour-intensive, with many steps requiring optimization and 

sensitive handling.  Furthermore, following packaging, is delivering the viral particles 

efficiently into the desired cell line, which can vary significantly between cell lines since 

different cells uptake the virus at different rates.  In recognition to these challenges, we 

introduce the first microfluidic method that integrates lentiviral generation, packaging, and 

transduction.  The new method allows for the production of viral titers between 106-107 

(similar to macroscale production) and high transduction efficiency for hard-to-transfect 

cell lines.  To extend the technique to be useful for gene-editing applications, we show how 

this technique can be used to knockout and knockdown estrogen receptor gene – a gene 

prominently responsible for 70% of breast cancer cases.  This new technique is automated 

with multiplexing capabilities, which have the potential to standardize the methods for 

viral-based genome engineering. 
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Overview of Chapters  

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

Science in Dr. Steve Shih’s research group at Concordia University.  In this work, I 

introduce an automated digital microfluidics platform for lentiviral generation, the 

packaging, production, and transduction of lentiviruses in target cells for gene disruption.   

This thesis starts with a short review on the theory of gene editing and gene regulation, 

challenges associated with viral generation, exploration of different microfluidic 

paradigms with an emphasis on digital microfluidics, and a special focus on established 

microfluidic devices for lentiviral transduction.  Furthermore, I will state my objectives 

and describe the methodology and the results obtained from the characterization and 

validation lentiviral experiments accomplished on the device and on benchtop.  

Chapter 1 introduces several topics pertaining to my research project such as gene 

disruption techniques, the field of microfluidics and my objectives. 

Chapter 2 describes the methodology utilized both on the microscale and macroscale side 

of the biological processes performed and validation methods for data compilation. 

Chapter 3 discusses results in characterizing and validating the lentiviral generation 

platform. I will describe the device optimization, the characterization of the platform for 

lentiviral generation, the proof-of-concept of knocking out an endogenous fluorescent 

reporter in a lung cancer cell line and the validation work for knocking out and knocking 

down a receptor in a breast cancer cell line. 

Chapter 4 presents concluding commentary concerning my work and a future perspective 

for microfluidics and gene disruption combined. 
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Abstract 

Gene-editing techniques such as RNA-guided endonuclease systems are becoming 

increasingly popular for phenotypic screening. Such screens are normally conducted in 

arrayed or pooled formats. There has been considerable interest in recent years to find new 

technological methods for conducting these gene-editing assays. We report here the first 

digital microfluidic method that can automate arrayed gene-editing in mammalian cells. 

Specifically, this method was useful in culturing lung cancer cells for up to six days, as 

well as implementing automated gene transfection and knockout procedures. In addition, a 

standardized imaging pipeline to analyse fluorescently labelled cells was also designed and 

implemented during these procedures. A gene editing assay for interrogating the 

MAPK/ERK pathway was performed to show the utility of our platform and to determine 

the effects of knocking out the RAF1 gene in lung cancer cells. In addition to gene 

knockout, we also treated the cells with an inhibitor, Sorafenib Tosylate, to determine the 

effects of enzymatic inhibition. The combination of enzymatic inhibition and guide 

targeting on device resulted in lower drug concentrations for achieving half-inhibitory 

effects (IC50) compared to cells treated only with the inhibitor, confirming that lung cancer 

cells are being successfully edited on the device. We propose that this system will be useful 

for other types of gene-editing assays and applications related to personalized medicine. 
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Abstract 

Generating a stable knockout cell line is a complex process that can take several months to 

complete. In this work, a microfluidic method that is capable of isolating single cells in 

droplets, selecting successful edited clones, and expansion of these isoclones is introduced. 

Using a hybrid microfluidics method, droplets in channels can be individually addressed 

using a co-planar electrode system. In the hybrid microfluidics device, it is shown that 

single cells can be trapped and subsequently encapsulate them on demand into pL-sized 

droplets. Furthermore, droplets containing single cells are either released, kept in the traps, 

or merged with other droplets by the application of an electric potential to the electrodes 

that is actuated through an in-house user interface. This high precision control is used to 

successfully sort and recover single isoclones to establish monoclonal cell lines, which is 

demonstrated with a heterozygous NCI-H1299 lung squamous cell population resulting 

from loss-of-function eGFP and RAF1 gene knockout transfections. 

 

 

 

 

 

 

 

Samlali, K., Ahmadi, F., Quach, A. B. V., Soffer, G., & Shih, S. C. C. One Cell, One 

Drop, One Click: Hybrid Microfluidics for Mammalian Single Cell Isolation. Small, 

2002400 (2020). 



xiv 
  

Is Microfluidics the “Assembly Line” for CRISPR-Cas9 Gene-Editing? 

Fatemeh Ahmadi1,2*, Angela B. V. Quach2,3*, Steve C. C. Shih1-3 

1Department of Electrical and Computer Engineering, Concordia University, Montréal, Québec, Canada  
2Centre for Applied Synthetic Biology, Concordia University, Montréal, Québec, Canada  
3 Department of Biology, Concordia University, Montréal, Québec, Canada 

Abstract 

Acclaimed as one of the biggest scientific breakthroughs, the technology of CRISPR has 

brought significant improvement in the biotechnological spectrum—from editing genetic 

defects in diseases for gene therapy to modifying organisms for the production of biofuels. 

Since its inception, the CRISPR-Cas9 system has become easier and more versatile to use. 

Many variants have been found, giving the CRISPR toolkit a great range that includes the 

activation and repression of genes aside from the previously known knockout and knockin 

of genes. Here, in this Perspective, we describe efforts on automating the gene-editing 

workflow, with particular emphasis given on the use of microfluidic technology. We 

discuss how automation can address the limitations of gene-editing and how the marriage 

between microfluidics and gene-editing will expand the application space of CRISPR. 
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Chapter 1.  Introduction 

In this section, we will introduce a short review on topics involving genome 

engineering technique CRISPR-Cas9 and gene regulation mechanism RNA interference. 

1.1 Gene editing and gene regulation 

Genome engineering is traditionally performed by the delivery of exogenous genes 

into the cells with the hope that the cell will integrate the genes into its genome.  With 

recent advances in gene-editing technologies, genome engineering is being revolutionized 

by the powerful CRISPR-Cas9 system replacing the first gene-editing tools such as zinc 

finger nucleases[1]  and transcription activator-like effectors (TALENs)[2]. This RNA-

guided Cas9 system is derived from the adaptive immune system of bacteria and is now 

being used in almost all laboratories to genetically modify the genome in mammalian cells. 

CRISPR-Cas9 is short for clustered regularly interspaced short palindromic repeats and 

CRISPR-associated protein 9 enables a site-specific double-stranded break at the target site 

that is followed by two natural DNA repair mechanisms of the cell: (1) non-homologous 

end joining (NHEJ), or via (2) homology directed repair (HDR) when a template DNA 

fragment is available (Figure 1.1a).  Both pathways allow for the cell to repair the breaks 

that can lead to permanent deletions, modifications, or insertions.  Although NHEJ repair 

pathways are more efficient (and hence more frequent) in the cell, there are several new 

mechanisms that can improve HDR efficiency.[3]  Regardless of the efficiency, the multi-

functional capabilities of CRISPR are enabling scientists to perform unimaginable 

experiments that would have been impossible a few years ago – e.g., engineering living 

organisms with broad applications in the bioindustrial space ranging from treating inherited 

diseases to solving the bioenergy crisis by modifying agricultural gene crops for 
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accelerated crop improvement - CRISPR has reshaped the ability to edit DNA in living 

cells.[4]  

 

Figure 1.1 – CRISPR-Cas9 and RNAi mechanisms. 
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Picture (a) reprinted and modified from “CRISPR/Cas9 Gene Editing”, by BioRender. 

Picture (b) produced with BioRender.   

 

Since the discovery of Cas9, gene-editing using CRISPR is rapidly becoming more 

versatile and easier to use.[5] Recently, there are many other endonucleases orthologues 

(Cas 12 and Cas 13a) that have been discovered for a variety of applications such as class 

II Cas12a, Cas13 and class I Cascade. Type V Cas12a contrasts from Cas9 by creating 

staggered cuts with a 5’ overhang at the DNA target site, thereby allowing for integration 

of orientation specific DNA sequences, which promotes HDR instead of NHEJ.[6] The 

other recently discovered type VI endonuclease is Cas13a which cleaves ssRNA.[7] As a 

result, Cas13a has been programmed to cleave target areas on mRNA in bacterial and 

eukaryotic cells[8]. Lastly, type I Cascade is a complex of multiple proteins that targets 

DNA and recruits the endonuclease Cas3. Cas3 creates single-stranded nicks as well as 

degrades the target DNA through its additional exonuclease function. Due to its 

commonality in nature, researchers are still looking into harnessing the exonuclease 

activity of Cas 3 for novel applications with mammalian cells.[9]  

Primarily known for its purpose to knock out or knock in genes, CRISPR is being 

redefined for genome regulation functions like CRISPR interference (CRISPRi) and 

CRISPR activation (CRISPRa).[7, 10] Targeted gene silencing or activation is achieved by 

using a nuclease-deficient Cas9 (or dCas9) to prevent double stranded breaks while 

accurately binding to the target DNA with a synthetic guide RNA (sgRNA) and helping to 

recruit transcriptional factors for the desired regulation.[10b] Aside from its functions, 

CRISPR is affecting the whole biotechnological spectrum -leading industrial and academic 

genetic efforts to discover genetic defects in diseases to create new therapeutics [11] to 

modifying organisms or cellular pathways to fulfill the biofuel’s promise [12]. 
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With the advent of CRISPR technology, the field of functional genomics has also 

taken a huge step forward. Traditionally, loss-of-function screens in mammalian systems 

were done using RNA interference (RNAi)[13]. Utilized for its gene silencing mechanism, 

RNAi is an important tool for gene-specific therapeutics involving mRNA targets of 

disease-associated genes (and drug discovery)[14].  RNAi allows for the inhibition of a 

target gene’s expression through degradation of its mRNA in a sequence-specific manner 

(Figure 1.1b).  Concretely, RNAi happens via two different manners where each contrast 

with the precursors utilized for downstream processing. The first one involves the cleavage 

of exogenous short hairpin RNA (shRNA) or exogenous double-stranded RNA (dsRNA), 

into small interfering RNA (siRNAs) by the endoribonuclease Dicer. Then, the siRNA 

binds to the Argonaute protein where one strand remains bound which becomes the guide 

strand, while the other is degraded. Thus, this complex along with other proteins called the 

RNA-induced silencing complex (RISC), is directed to bind to the target mRNA sequence 

complementary to the guide strand. Upon binding, Argonaute will catalyze the cleavage of 

the mRNA sequence which will then be degraded.[15] The second approach implicates the 

handling of micro RNAs (miRNAs) that are derived endogenously from the nucleus and 

which were initially microprocessed by the microprocessor complex consisting of Drosha 

bound to DGCR8. A key feature differentiating miRNA from siRNA is that miRNA 

comprises mismatch bases whereas siRNA has exact base-pairing. Hence, once exported 

to the cytoplasm, miRNAs go through the same treatment as siRNAs until binding of guide 

strand to the mRNA sequence. Due to the bases not being perfectly complementary, this 

will instead drive translation repression as the RISC complex will remain bound to the 

mRNA transcript. [16] 
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The mechanism of RNAi mainly serves as a way for cells to regulate gene 

expression but as seen with CRISPR-Cas9, can also provide a measure of resistance against 

pathogen or viral infections[17]. Both methods rely on sequence specificity for a nuclease 

to proceed with enzymatic cleavage. However, both do encounter off-target effects where 

through optimization of the design (sgRNAs for CRISPR, shRNAs/siRNAs for RNAi) 

would contribute to a reduced level of off-target effects. Overall, based on a comparative 

study[18] CRISPR has less off-target effects than RNAi does. 

RNAi benefits from using an endogenous machinery in the eukaryotic cell which 

grants easier execution as only siRNAs or miRNAs have to be delivered into the cell while 

CRISPR-Cas9 requires for its components (Cas9 and sgRNAs) to be delivered into the cell. 

The primary difference between these two methods is that RNAi permits gene knockdown 

at the mRNA level that can be reversible and CRISPR-Cas9 enables permanent gene 

knockout at the DNA level.[19]  Deciding on which to use would depend on the target genes 

in question behind a study, as complete knockout of lethal genes would be detrimental to 

the cell whereas an incomplete knockdown of these lethal genes would allow for essential 

information to be conveyed via observation of decreasing transcript or protein levels.  

 By using reverse genetics, the causality between genetic abnormalities and their 

function in a disease is being studied to advance cancer research.  Thus far, CRISPR and 

RNAi have been ultimately used for many large-scale genome screenings in mammalian 

cancer models [20] as these techniques are useful in revealing genotype to phenotype 

functions. Both techniques are easily adaptable for high-throughput screens either through 

a pooled or an arrayed fashion (Figure 1.2). The pooled format consists of combining the 

sh/sgRNAs that are delivered in a single population of cells allowing for several 
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perturbations to be done at once. A following analysis of the cells is then assessed to look 

at the genes that have been knocked down/out or at the phenotypes being affected from the 

screen. Due to the presence of a mixed population of cells, pooled screens usually must go 

through a drug selection stage or undergo fluorescent-activated cell sorting or be subjected 

to simplistic phenotypic readout such as cell proliferation and cell death[13]. In comparison, 

the arrayed format permits a single perturbation per different well population of cells, 

granting an easier genotype to phenotype correlation which can allow for more complex 

phenotypic interrogations[21]. However, arrayed screens are consequently more expensive 

and labor intensive, requiring automated liquid-handling machinery to facilitate operations 

of transferring individual sh/sgRNA libraries to the cells. Thus, an automated and 

integrated platform that will culture cells for days, enable efficient handling of lentiviruses 

and reagents, express the gene perturbation machinery targeting an individual gene in target 

cells, and assay cell phenotypes will be beneficial for these arrayed type experiments to 

save overall costs and to improve the overall timeframe of the workflow. 
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Figure 1.2 – Arrayed screening versus pooled screening. 

A single perturbation is applied to the arrayed screening whereas a pool of perturbations 

is used for the pooled screening. A downstream process is done for the assessment of the 

screening results. 
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1.2 Challenges with viral generation, packaging, and transduction 

As mentioned above, the steps to perform an effective gene knockout or knockdown 

in functional genomics are very time consuming, manually intensive, and laborious. The 

physical workflow of these type of projects consists of four steps: (1) to design and prepare 

the sh/sgRNA library, usually packaged in lentiviral particles, (2) to deliver the gene 

disruption machinery to the cell, (3) to analyze the results, and (4) to validate the gene 

perturbation – all of which can take at least two months to perform (without taking into 

account the attempts needed for a successful perturbation (Figure 1.3))[4a, 10b, 22]. Generally 

with this workflow, manual handling of these four steps is extremely inefficient due to the 

constant pipetting and the transferring of cells and reagents to multiple platforms which all 

can be bypassed if there is access substantial liquid handling machinery. Thus, a key 

limitation in this aspect is the availability of these costly infrastructures that are well 

outside of the budgetary reach of many laboratories even though biofoundries are 

becoming more readily available [23].  

There are several ways of delivering the sh/sgRNAs into mammalian cells[24], but 

the majority of studies[5e, 20a, 20c, 25] heavily rely on lentiviral transduction (Figure 1.3). This 

is mainly due to several advantages they confer, namely their capacity to stably express a 

transgene surrounded by long terminal repeats (LTR) which promotes integration into the 

host’s genome, the capability to both infect dividing and non-dividing cells and also, they 

have a wide tropism over a range of species and cell types [26].  As lentiviruses are derived 

from the human immunodeficiency virus (HIV), they have been engineered over the years 

to be safer to use by removing virulence factors that would otherwise render them 

replication-competent and by separating essential viral packaging genes into different 
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vectors [27]. Furthermore, the lentiviral plasmid containing the transgene is modified to 

allow the virus to become self-inactivating after integration[28].  Nonetheless, lentiviral 

particles do come with their challenges – despite all these modifications to make 

lentiviruses safer to use, there is risk that they can unintentionally restore their replication 

competency through recombination and thus their pathogenicity is not completely 

eliminated[26d].  Another safety concern with the use of lentiviruses is the potentiality for 

oncogenesis. Oncogenesis could occur through two ways where the first one being that 

random transgene integration into the host’s genome can cause insertional mutagenesis. 

The second way is derived from working with oncogenic transgenes or using libraries of 

sh/sgRNAs that target tumor suppressor genes. As such, oncogenic modifications that 

happen in the cells will be carried on by its progeny. Finally, another downside to working 

with lentiviral particles (and thus, the gene perturbation workflow) is the amount of time 

and labor required for their production.  Lentiviruses have to be packaged in producer cells, 

harvested, ultra-centrifuged and then titrated in order to know the concentration of the viral 

titer formed[29].  Current practices of lentiviral production require high concentration of 

lentiviruses to reduce infection volumes to target cells, but the conventional cell culture 

platforms do not allow for further reduction of these infection volumes. Thus, several days 

of lentiviral harvests within large batches of culture and rounds of ultracentrifugation are 

necessary to achieve a desirable concentration[30].  With copious manual manipulations, 

one can expose themselves greatly to the biosafety risks involved with handling 

lentiviruses. Currently, the only solution to mitigate the mentioned potential risks is to have 

good laboratory practices such as avoiding working with glass shards when handling 

lentiviruses and to wear appropriate personal protective equipment.  
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Figure 1.3 – Full process of lentiviral generation (production, titration and 

transduction). (a) Workflow for the production and harvesting of lentiviruses: co-

transfection is done in a producer cell line where lentiviruses will be harvested in the 

supernatant over the course of a few days. Overall harvest is then filtered and 

ultracentrifugated for high lentiviral titer concentration and lentiviruses are aliquoted into 

small volumes and stored at -80°C. (b) Measuring lentiviral titer: concentration of 

lentiviruses can be determined through several methods: i) Plaque assays via titration, ii) 

FACs, iii) qRT-PCR and iv) ELISA targeting the p24 antigen located in the virus’ capsid. 
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Thus, all these requirements involved for lentiviral production and transduction 

display the need for improvement in this “state-of-the-art” procedure. Having a 

standardized gene perturbation platform that can automate the production and transduction 

of lentiviruses into target cells would improve the workflow.  One solution that can provide 

a “hands-off” workflow for gene perturbation is microfluidics.  This technology is modular, 

enabling easy integration with automation capabilities for in vitro cell culture, reagent 

delivery and fluorescence analysis on device[31]. The low-volume and inexpensive “lab-on-

a-chip” aspect give the opportunity to culminate different operations (packaging, 

delivering, analyzing, and validating) in an all-in-one device to provide convenience in 

achieving an on-demand lentivirus production with further subsequent gene perturbation 

and eliminate many of the safety concerns that accompanies the handling and the 

manipulation of viruses in the macroscale. 
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Figure 1.4 – Gene disruption workflow. 

1) Design of oligos (sgRNAs or siRNAs) that will target the gene of interest. 2) Nucleic 

acid delivery to target cells via different gene delivery methods (i.e. liposome-mediated 

transfection or viral transduction) for the chosen gene disruption technique to be 

performed. 3) Analysis of the perturbation 4) Validation of the perturbation and when 

required, selection and expansion of the modified cell line.   
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1.3 Paradigms of microfluidics 

 Microfluidics is a relatively modern technology that emerged in the 1950s through 

the concept of inkjet printers. Over time, increased interest in the miniaturization of 

systems lead to crucial advancements in the realm of microfluidics. This field is considered 

as a product created through the influence of molecular biology, molecular analysis[32], 

microelectronics[33] and biodefence[34]. New methods of fabrication and 

components/materials throughout the expansion of microfluidics contributed to the 

development of the current state of the art: ‘lab-on-a-chip’. With the ability to manipulate 

small amounts of fluids at the scale of microliter to attoliter (10-6 to 10-18) thanks to the use 

of microchannels or electrodes, these lab-on-a-chips perform at the miniaturized scale 

several experiments that are often done in the laboratory. Microfluidics offer a wide range 

of advantages which include the reduce in cost and volume of samples and reagents, 

executions of detection and analysis are achieved with high resolution and sensitivity while 

having possible shorter analysis times and finally, a small footprint associated to devices.  

There are different types of microfluidics: 1) channel microfluidics, 2) droplet-in-

channel microfluidics, and 3) digital microfluidics (Figure 1.5). 

 Channel microfluidics is characterized by micron-sized dimension (width and 

height) channels for liquid transport that is driven by external pressure delivered by syringe 

pumps. With specific viscosity and velocity parameters of the fluid comprised within the 

geometry of the channel, laminar flow can be experienced when viscous forces are 

dominant. This allows for the liquid flow to be streamlined which would permit several 

streams of reagents to flow along with each other in the same channel without mixing. 

However, when the viscous forces are irrelevant, turbulent flow will occur which can      



14 
  

allow for mixing[35]. The laminar flow property is one of the advantages in using 

microfluidic devices since molecules can be controlled more precisely leading to the 

formation of static and dynamic gradients which are needed in many biological 

applications.[36] For example, organs can be cultured on a chip where medium transport is 

needed to renew nutrients for the cells but also to evacuate waste[37]. Another case 

illustrates sample extraction and purification followed by target molecule detection when 

combined with an electric field for diagnostic applications[38]. The use of channel 

microfluidics is widespread, but some complexities such as needing 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 may compel 

users to exploit other types of microfluidics.  

Figure 1.5 – Microfluidic paradigms. (a) Microchannels. Reproduced with permission 

from Dr. Samuel Sia’s laboratory. (b) Droplets-in-channel. Reproduced with permission 

from the Royal Society of Chemistry.[39] (c) Digital microfluidics. 



15 
  

Droplet-in-channel microfluidics is best known for its high-throughput benefits as 

this platform can generate thousands of discrete droplets via multiphase immiscible flow 

in microchannels.  A few techniques developed for droplet generation are done by changing 

the microchannel geometry for shearing of fluids and precise flow control for droplet 

generation can be achieved with a syringe pump system or compressed-air-driven 

microfluidic system [40].  Thus, its desirable high-throughput aspect allows for several 

different assays in a wide scope of applications that can be carried out on this platform.  

For example, droplet formation is very popular for single-cell analysis where 

microorganisms can be encapsulated in droplets that subsequently act as a micro-

bioreactor[41].  Co-encapsulation or merging with other substrates such as enzymes[42], 

detection probes[43], nanoparticle-filled drugs[44], etc., offer a myriad of studies with several 

downstream manipulations like incubation times, detection, and sorting.  Nonetheless, as 

with channel microfluidics, the need for a flow control system (i.e. syringe pumps) can 

contribute to excessive complicatedness in setting up the entire framework.  Furthermore, 

there is a difficulty to address each droplet individually in a droplet microfluidic device 

unless it has been fabricated to hybridize with digital microfluidics to give it precise control 

over individual droplets[39, 45].  

Finally, digital microfluidics (DMF) consists of manipulating picoliter to microliter 

volume-sized droplets on an array of electrodes which is the central paradigm used for this 

research project.  The driving force behind the movement of droplets across electrodes are 

electrostatic forces, analogous to an electrically charged comb that can bend a stream of 

water towards the comb.  Thus, by applying an electric potential difference (also known as 

voltage), a change in the contact angle between the droplet and an actuated electrode will 



16 
  

occur, leading to an increased area of contact between the droplet and the electrode (Figure 

1.6).  This phenomenon is termed as ‘electrowetting’ which was first observed by Gabriel 

Lippmann back in 1875.  Eventually, the idea of using a thin insulating layer, also known 

as a dielectric, to separate the conductive liquid from the electrode was introduced to avoid 

the problem of electrolysis (burning/breakdown of the electrode).[46] The concept was then 

modernized to be described as ‘electrowetting on dielectric (EWOD)’ and is the underlying 

core mechanism of digital microfluidics. 

 

Figure 1.6 – Droplet movement driven by electrostatic forces on actuated electrode. 

  The DMF device can be composed of single-plate or two-plate configuration in 

which the latter format is used for this research project.  The top plate is made from a glass 

plate coated with a conductive transparent metal called indium tin oxide (ITO), along with 

a hydrophobic layer and is used as a continuous grounding electrode for the circuit.  The 

bottom plate is generally made of a glass substrate patterned with chromium electrodes 

which is coated with a thin insulating dielectric and a hydrophobic layer to limit the surface 

tension of a droplet to substrate (Figure 1.7).  Two-plate devices mostly operate droplets 
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in air but sometimes an oil-filled medium is put in place to decrease the voltage required 

for droplet movement and/or to reduce the evaporation rate of a droplet[47].  Thus, droplet 

movement in a two-plate format will not only experience driving electrostatic forces but 

also experience a shear force from between the plates and the droplet and a viscous drag 

force caused by the filler medium[48].  Comparatively to the single-plate format which only 

is capable of having droplets mixed and merged, the two-plate configuration additionally 

allows the operations of dispensing droplets from reservoirs and splitting droplets.   

Figure 1.7 – Side-view schematic of two-plate configuration for DMF with culture 

site. 

 Hence, a principal advantage that DMF has among the other paradigms of 

microfluidics is the individual addressability it has on a droplet as those in droplet 

microfluidics are controlled in series.  Moreover, there is no cross-contamination between 

droplets of different reagents or samples as Pluronics, an amphiphilic polymer, are added 

to create micelles surrounding the droplet [49].   Thanks to the ‘m x n’ array geometry of 

electrodes on DMF, it is relatively straightforward to reconfigure the design to a user’s 
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preference according to the types and amounts of droplet operations needed in their 

application.  Lastly, DMF can also be easily integrable with software-friendly automation 

systems[50], thus granting droplet operation to be automated and minimizing the manual 

intervention needed from a user. 

A main disadvantage when working with DMF is the device longevity, especially 

when it comes to working with high protein content solutions.  This is due to the adsorption 

of the proteins to the hydrophobic surface which in the long run, will cause the surface to 

become ‘stickier’ and reduce droplet movement, a term called ‘biofouling’.  Several 

solutions have been implemented to overcome this challenge whereas mentioned above, 

the practice of adding Pluronic additives has helped with decreasing the effect of 

biofouling.  This is due to their micelle formation which has been shown to favor the 

encapsulation of biomolecules within the droplet, limiting the interaction between these 

biomolecules and the device’s surface [49].  Another solution is to use an immiscible oil 

which isolates the droplets from the hydrophobic surfaces, allowing adsorption to be 

reduced[51]. Researchers have also worked on developing thin replaceable films or lubricant 

infused porous films that would allow the reuse of a device thereby alleviating the issues 

of biofouling[52].  

Integrating DMF with cell-based applications has become very prominent as it 

reduces costs and volume of expensive reagents, allows for precise control of droplets, and 

has easy design reconfiguration for specific assays.  With continuous improvement for 

reducing biofouling, researchers have been able to bring cells for culture upon the device.  

Initial progress of cell culture on device has started with suspension cells where a group 

was able to show movement of droplets containing human fetal osteoblast cells without 
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any adverse effect on the cell viability[53].  Barbulovic-Nad et al.[54] then commenced the 

first cell-based assay on DMF by conducting a cytotoxicity assay using Jurkat cells and 

then measuring their viability on device.  They demonstrated that there was no significant 

difference in cell viability and proliferation upon electrode actuation and that the cytotoxic 

assay was able to outperform an identical assay in the well-plate format.  Eventually, 

adherent cell lines were used for culture on DMF by culturing them over extracellular 

matrix spots on the ITO plate[55]. As a result of this, the term ‘passive dispensing’ has been 

applied to interpret the passing of a cell medium droplet over a culture site, thereby 

removing the old medium and replacing it with fresh medium.  This favored the renewal 

of medium to cell without any concern of cell drying or cell death.  However, due to 

irregularity of these spots preventing further reproducibility in their design, it has led to the 

implementation of a specialized technique called ‘Teflon lift-off’[56].  Teflon lift-off is a 

straightforward procedure that provides patterned hydrophilic spots on the ITO top-plate.  

These hydrophilic spots can then be used to seed and culture adherent cells on in a 

reproducible manner.  

Ultimately, more complex experiments were done on DMF in which we have 

previously reported automating gene-editing using digital microfluidics to decipher cancer 

pathways[31a].  The premise was to automate lipid-mediated transfection to deliver plasmid-

based CRISPR-Cas9 machinery into a small lung carcinoma cell line for knockout of a 

stably expressing reporter gene within the cells as a proof-of-principle.  Then target of an 

oncogene in the same cell line was done using an image-based analysis technique to 

analyze edited cells.  Thus, this has set the foundation of this project in which the objectives 

will be discussed in Chapter 1.5. 
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1.4 Special focus on microfluidic devices for lentiviral transduction 

Since the development of gene-editing, a lot of emphasis has been given for gene 

delivery on microfluidics. However, most of them focuses on chemical transfection such 

as liposome-mediated transfection and mechanoporation or electroporation[57]. Little 

attention has been given to gene delivery using lentiviral transduction on microfluidics, 

most probably due to biosafety issues ensued from its manipulation. Currently, a group 

from the Georgia Institute of Technology and Emory University has been working on 

harnessing lentiviral transduction on microfluidics to enhance its efficiency. Tran et al.[58] 

have demonstrated that microfluidics transduction allows for a significant higher surface 

area and volume ratio between cells and lentiviruses, bringing both parties into closer 

proximity. This permits for a higher concentration of lentiviruses without needing to 

increase the quantity of lentiviruses (Figure 1.8). By coating their polystyrene device with 

retronectin to immobilize non-adherent cells, they perfused lentiviruses through the 

channel at low concentrations to sustain a constant fresh supply of lentiviruses to the cells. 

In comparison with well plates, they have observed that the kinetics of lentiviral 

transduction are faster with five hours of incubation on device comparable to 24 hours in a 

6-well plate for GFP expression in transduced cells resulting in a >4 fold increase in 

transduction efficiency with the microchannel. Moreover, they investigated transducing 

(hemopoietic stem cells) to correct hemophilia A in a murine model. They first transduced 

Sca-1+ cells (stem cells antigen-1) collected from mice using highly concentrated and 

clinically processed lentiviruses that encoded for the fVIII factor, (a substance needed for 

the body to form blood clots) on microfluidics. Then, they transplanted the transduced cells 

into lethally irradiated fVIII-deficient mice and monitored the plasma fVIII levels in the 
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recipients every 2 weeks for 2 months until the fVIII levels stabilized. The group found 

that 3 out of 5 mice transplanted with microfluidic-transduced cells had plasma fVIII 

production levels within the normal range, whereas those that were transplanted with cells 

transduced in a 6-well plate with the same number of transducing units have mild 

hemophilia levels. Thus, they were able to illustrate that the usage of lentiviruses on 

microfluidics exhibited pre-clinical safety and efficacy.[58b]   

Figure 1.8 – Channel microfluidic device used for lentiviral transduction. 

(a) Comparison of viral transduction applied to a well plate versus in a microfluidic 

channel showing the closer proximity brought upon viral particles towards the target 

cells. (b) Microfluidic device utilized for viral transduction.  Reproduced with permission 

from American Society of Gene & Cell Therapy.[58b] 

 

Despite the microchannel device's success at obtaining a higher transduction 

efficiency, in order to reach clinically adequate results, they had to gather a high-titer viral 

particle in the first place. Thus, this limits the expandability for large-scale clinical settings 

in gene therapy. Hence, another group from the Biological Microsystems department in 

Cambridge has developed another microfluidic transduction device (MTD) that colocalizes 

target cells and lentiviruses together on a semi-permeable membrane to accomplish 

several-fold increases in transduction efficiency[59]. They achieve this by introducing both 

cells and viruses through a channel into a chamber where they are pinned against the semi-

permeable membrane which 'increases the rate of interaction between' both bodies. After a 
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period of time, they reverse the fluidic flow acting through the membrane while additional 

fluid is pushed across the membrane', enabling the recovery of cell and viruses into another 

channel (Figure 1.9). By using this method, they have to determine flow rates that should 

minimize shear stress for decreasing the risk of cell damage. 

Figure 1.9 – Channel microfluidic device used for enhanced viral transduction. 

(a) Microfluidic device utilized for enhanced viral transduction efficiency. (b) Microfluidic 

design showing the chamber intended for viral transduction of target cells and the 

introduction and recovery channel for the lentiviral particles and cells. (c) Schematic of 

the process performed for the i) introduction of lentiviral particles and target cells, ii) the 

colocalization of both parties onto a semi-permeable membrane for transduction and iii) 

the retrieval of the transduced cells and lentiviruses by reversing the flow direction. 

Reproduced with permission from Scientific Reports.[59] 

 

These approaches have been used to reduce volumes for transduction, to enable 

faster transduction rate, and to overcome limitations with costs and scalability. While these 

represent important steps forward, the methods do not integrate lentiviral packaging and 

production, as they are limited in the complexities of cell cultivation of a packaging cell 

line, transfection of the plasmids, media and reagent exchange, and harvesting the viral 

particles. Furthermore, these studies also rely on external syringe pumps which are more 

difficult to integrate automation into the process and to perform multiplexed analysis. 
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1.5 Thesis objectives 

To address the challenges described above, we introduce the first automated 

technique to package, prepare, and transduce lentiviruses.  We call it LENGEN for 

LENtiviral GENeration (representing steps of in lentiviral production and transduction) on 

a digital microfluidics platform.  In this work, we report the novelty behind the automated 

platform which can allow: (1) the generation of lentiviral particles on-demand containing 

gene-editing machinery, (2) the culture, the edit, and the analysis of edited/non-edited cells 

directly on device and (3) a ‘hands-off’ gene-editing workflow for safer handling of 

lentiviruses.   

My research objectives are divided into these following steps: 

1. Device design:  The device layout was created for cell culture of different cell lines 

in which an area is dedicated for the producer cells to package and produce 

lentiviral particles for infection of the target cells.  

2. Viral characterization of the DMF device: Viral production and viral titer 

measurement on-chip procedures were optimized by using a simple fluorescent 

reporter lentiviral vector to first infect an easy-to-transfect cell line.  Then, larger 

lentiviral payload were used to evaluate its effects on a non small cell lung cancer 

cell line and breast cancer cell lines (MCF-7 and T47DKB-Luc). 

3. Proof-of-principle: Packaging, production, and transduction to knockout an 

endogenous fluorescent marker in a non-small-cell lung cancer cell line (H1299) 

was done on-chip and off-chip. Genomic cleavage assays were used to validate 

knockout of the gene. 
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4. Application: Packaging, production, and transduction to knockout and knockdown 

the estrogen receptor alpha (ERα or ESR1) in a breast cancer cell lines (MCF-7) 

was done on-chip and off-chip. To assess ESR1 knockout, genomic cleavage assays 

were done and RT-qPCR was used to validate ESR1’s gene expression.  

These results (to our knowledge) are the first of their kind and we hope that this 

procedure will allow to accelerate (days instead of weeks) lentiviral production and 

transduction processes which can lessen the labour associated with enhancing lentiviral 

generation and transduction. 
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Chapter 2.  Methodology 

In this chapter, I will describe the methodology for incorporating the process of 

lentiviral packaging, production, and transduction on digital microfluidics (microscale) 

and the same procedures for macroscale experiments. Validation methods are described 

towards the end of this section. 

2.1 Reagents and materials 

Microfluidic device fabrication reagents and supplies included chromium-coated 

glass slides with S1811 photoresist from Telic (Valencia, CA), indium tin oxide (ITO)- 

coated glass slides, RS =15-25 (cat no. CG-61IN- S207, Delta Technologies, Loveland 

CO), MF-321 positive photoresist developer from Rohm and Haas (Marlborough, MA), 

CR-4 chromium etchant from OM Group (Cleveland, OH), AZ-300T photoresist stripper 

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

(Wilmington, DE). Transparency masks for device fabrication were printed from CAD/Art 

(Bandon, OR). General chemicals for tissue culture were purchased from Wisent Bio 

Products (Saint-Bruno, QC, Canada). Invitrogen Lipofectamine 3000 Transfection 

Reagent was purchased from Thermo Fisher Scientific (Waltham, MA). Unless specified 

otherwise, general-use chemicals and kits were purchased from Thermo Fisher Scientic 

and Sigma-Aldrich (St. Louis, MO). Plasmids for this study were purchased from Addgene 

or donated (Figure S1) and primers (Table 2.1-2.2) were purchased from Invitrogen 

(Waltham, MA).  
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Table 2.1 – CRISPR target sequences 

Custom 

LentiCRISPRv2 

plasmids 

Custom sequence (nucleotides in gray are Esp3I sticky 

ends) 

PAM Source 

LCV2_eGFP_12 Oligo1:CACCGGGGCGAGGAGCTGTTCACCG 

Oligo2: AAACCGGTGAACAGCTCCTCGCCCC 

GGG Shalem et 

al., 2014 

LCV2_eGFP_497 Oligo3: ACCGTCAAGATCCGCCACAACATCG 

Oligo4: AACCGATGTTGTGGCGGATCTTGAC 

AGG Shalem et 

al., 2014 

LCV2_eGFP_683 Oligo5: ACCGCCATGCCGAGAGTGATCCCGG 

Oligo6: AACCCGGGATCACTCTCGGCATGGC 

CGG Shalem et 

al., 2014 

LCV2_ESR1_76 Oligo7: CACCGCGCCGTGTACAACTACCCCG 

Oligo8: AAACCGGGGTAGTTGTACACGGCGC 

AGG This 

study 

LCV2_ESR1_91 Oligo9: CACCGCGCGGCGTTGAACTCGTAGG 

Oligo10: AAACCCTACGAGTTCAACGCCGCGC 

CGG This 

study 

LCV2_ESR1_320 Oligo11: CACCGTACCTGGAGAACGAGCCCAG 

Oligo12: AAACCTGGGCTCGTTCTCCAGGTAC 

CGG This 

study 

 

shRNA targeting estrogen receptor alpha (ERα) and a non-target shRNA in pLKO.1 

backbone were used:   

Non-target shRNA (Custom made by Dr. Mader’s lab):  

5’- GCGCGATAGCGCTAATAATTT -3’ 

ERα shRNA 1 (Sigma-Aldrich TRCN0000003300):  

5’- CTACAGGCCAAATTCAGATAA -3’ 
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Table 2.2 – Primers used in this study 

Primer Purpose Sequence (5’–3’) 

LCV2_eGFP_12_F Colony PCR TTTTCTGCTCGCCGCTCAGGAA 

LCV2_eGFP_497_F Colony PCR TCAAGATCCGCCACAACATCGGTT 

LCV2_eGFP_683_F Colony PCR ATGCCGAGAGTGATCCCGGGTT 

LCV2_ESR1_76_F Colony PCR CACCGCGCCGTGTACAACTA 

LCV2_ESR1_91_F Colony PCR GCGGCGTTGAACTCGTAGGGTT 

LCV2_ESR1_320_F Colony PCR CACCGTACCTGGAGAACGAGCCCAG 

LCV2_cPCR_R Colony PCR TGTCCACCACTTCCTCGAAGTTCC 

NeoRoverhang_F Overhang 

PCR 

TTGCATTCTAGACTGAGGCGGAAAGAACCAG 

NeoRoverhang_R Overhang 

PCR 

CACAGCTTCTAGATGACGCTCAGTGGAACGA 

LCMN_EcoRI_F PCR 

amplification 

TTGAATTCTAGACTGAGGCGGAAAG 

LCMN_overhang_R PCR 

amplification 

& overhang 

PCR 

ACTGAACGTCTCTTAACGCGTCACTTGTACAGC 

LCV2_overhang_F PCR 

amplification 

& overhang 

PCR 

TAGTTAAGAGACGCGTTAAGTCGACAATCAACCTCTG 

LCV2_EcoRI_R PCR 

amplification 

TTCAAGACCTAGCTAGCGAATTCA 

LCMNv2_cPCR_R cPCR CGCCAAAGTGGATCTCTGCTGTC 

hU6_prom_F Sequencing GAGGGCCTATTTCCCATGATTC 

NeoR_F Sequencing GAACAAGATGGATTGCACGC 
 

2.2 Device fabrication and assembly 

Digital microfluidic devices were fabricated following methods as introduced 

previously [31a].  Briefly, designs were drawn using AutoCAD 2018 (Autodesk, San Rafael, 

CA) and photomasks were then printed in high-resolution (20,000 dpi) by CAD/Art 

Services Inc (Bandon, OR). The bottom-plates bearing patterned electrodes were formed 

by standard photolithography techniques. Chromium substrates coated with photoresist 

were UV-exposed through the photomask (7s, 42.4 mW/cm2) to imprint the transparency 

mask designs. Substrates were then developed in MF-321 positive photoresist developer (2 
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min, shaking), rinsed with DI water, dried under a stream of nitrogen and baked for 1 min 

at 115°C. The exposed chromium was then etched using CR-4 chromium etchant (3 min) 

and substrates were then rinsed with distilled water and dried under a stream of nitrogen. 

Finally, devices were immersed in AZ300T photoresist stripper (3 min) to remove any 

remaining photoresist before being rinsed and dried under a stream of nitrogen.  Once the 

patterning step was completed, the substrates were immersed in a silane solution consisting 

of deionized water, isopropanol and 3-(Trimethoxysilyl)propyl-methacrylate (50:50:1) for 

dielectric priming during 15 min.  Substrates were rinsed with isopropanol, distilled water 

and then dried under a stream of nitrogen.  Prior to the addition of the polymer coating to 

complete the process, thermal tape was added on top of the contact pads to facilitate later 

removal of the polymer coating from the contact pads and allow electrical contact for 

droplet actuation. Parylene-C was used as a dielectric which was deposited by chemical 

vapor deposition in a SCS Labcoter 2 PDS 2010 (Specialty Coating Systems, Indianapolis, 

IN) achieving a uniform thickness of 7 µm.  1% Teflon-AF 1600 in FC-40 was used as a 

hydrophobic coating and was spin-coated in a Laurell spin-coater at 1000 rpm for 30 s 

followed by post-baking on a hot-plate (165°C, 10 min).  

 The DMF top-plates consist of a continuous ground electrode formed from an 

indium tin oxide (ITO) coated glass substrate.  For typical ground plates, ITOs were spin-

coated with the 1% Teflon-AF 1600 using the same program as described in the bottom-

plate fabrication procedure.  ITOs that have an array of hydrophilic spots (i.e., circular 

regions of exposed ITO) for on-chip tissue culture were microfabricated using a Teflon-

liftoff procedure (following procedures described previously[31a]. ITOs were cleaned by 

immersion in an RCA solution comprising of distilled water, 28% aqueous ammonium 
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hydroxide, 30% hydrogen peroxide (5:1:1 v/v/v) for 30 min at 80°C on a hotplate. After 

rinsing, drying and dehydrating (2 min at 95°C), the substrates were spin-coated with 

Shipley S1811 photoresist (10 s, 500 rpm, ACL=100 rpm and 60 s, 3000 rpm, ACL=500 

rpm) and baked at 95°C for 2 min. Slides were cut to the desired size (i.e.: 50 x 75 mm) 

using a Cuter’s Mate (Creator’s Stained Glass, Victoria, BC) and vented under a stream of 

nitrogen. Substrates were exposed through the photomask with an array of 12, 1 mm 

diameter circular features and two ~2 mm diameter circular features (10 s, 42.4 mW/cm2) 

and were developed in MF-321 (3 min).  After rinsing, air-drying and dehydrating (1 min, 

95°C), top-plates were then flood exposed (10 sec, 42.4 mW/cm2), spin-coated with 1% 

Teflon-AF 1600 (10 s, 500 rpm, ACL = 100 rpm and 60 s, 3000 rpm, ACL = 500), and 

post-baked on a hotplate (165°C, 10 min).  After allowing to cool on aluminum foil for 2 

min, substrates were immersed in acetone with gentle agitation for 10-15 s until the Teflon-

AF over the patterned sites was lifted off.  After being rinsed with DI water and dried under 

a stream of nitrogen, the substrates were post-baked to reflow the Teflon-AF at 165°C, 

210°C and 300°C for 5 min at each temperature.  

 Complete devices were assembled with the continuous ground ITO top-plate and 

the chromium electrode-bearing bottom plate, being joined by stacking two layers of 

double-sided tape to a gap height of approximately 140 µm.  Alignment of the ITO top 

plate above the bottom plate was performed with care such that smaller circular features 

aligned with the target cell culture regions and the larger circular features aligned with the 

HEK293T cells culture regions (see Figure 3.1).   
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2.3 Automation setup and device operation 

 

The automation system (Figure 2.1) consists of a graphical user interface run by a 

Python program that is used to control an Arduino Uno microcontroller.  A driving 

potential of 2.5 VP-P or ~500 V total was generated by amplification of a sine wave output 

from a function generator (Agilent Technologies, Santa Clara, CA) operating at 10 kHz by 

a PZD-700A amplifier, (Trek Inc., Lockport, NY) and delivered to the PCB control board. 

The Arduino controls the state of high-voltage relays (AQW216 Panasonic, Digikey, 

Winnipeg, MB) that are soldered onto the PCB control board.  The logic state of an 

individual solid-state switch is controlled through an I2C communication protocol by an 

I/O expander (Maxim 7300, Digikey, Winnipeg, MB).  This control board is mated to a 

pogo pin interface (104 pins), where each switch delivers a high-voltage potential (or 

ground) signal to a contact pad on the DMF device. See our GitHub registry 

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

open-source software program to execute the automation system. 

 On-chip experiments were done through reagent loading by pipetting a droplet of 

liquid onto the outer-edge of a reservoir electrode and adjacent to the gap between the 

bottom and top plates and actuating the reservoir electrode.  This will allow the droplet to 

slip under the top plate and be ‘sandwiched’ between the two plates.  Once inside the 

reservoirs, the droplets were then actively dispensed, moved, mixed or merged by 

sequential actuation of adjacent electrodes on the bottom plates.  Active dispensing was 

achieved over three electrodes and results in a droplet with a diameter of the same size as 

the electrodes (i.e. a unit droplet). To initiate passive dispensing, it is achieved by moving 

an actively dispensed droplet over the vacant lift-off hydrophilic spot.  At times, contents 

https://github.com/shihmicrolab/Automation)
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on this spot may be displaced with the contents of a new source droplet.  Generally, all 

droplets containing proteins were supplemented with 0.05% Pluronics F-127 

(ThermoFisher).  Waste and unused fluids were removed by delivering them to waste 

reservoirs and removed using KimWipes (Kimberly-Clark, Irving, TX). 

 

Figure 2.1 – Digital microfluidic automation system for gene-editing 

2.4 Lentiviral vector digestion, oligo annealing, and cloning 

 

For lentiviral plasmids, we followed a similar protocol described from the Zhang 

lab.[5e, 20a] Briefly, 20 bp sgRNA scaffold were synthesized as oligonucleotides 

(ThermoFisher, Waltham, MA) after being designed via the Benchling online platform.  

The oligos were designed with Esp3I sticky ends (such that they can be ligated to the 

lentiCRISPR_v2 backbone (Addgene, plasmid #52961) (see Table 1 for all synthesized 
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guides with sticky ends).  The backbone was first digested using the Esp3I restriction 

enzyme by following the Thermofisher manufacturer’s protocol (Waltham, MA).  The 

digestion reaction consisted of 2 µL AnzaTM 10X buffer, 1 µL AnzaTM Esp3I enzyme, 2 

µL DTT (10mM), 1 µg template DNA and topped to 10 µL final volume using diH2O.  The 

reaction tube was incubated at 37 °C for 15 min and immediately heat-inactivated at 65 °C 

for 20 min to avoid star-activity.  The digested plasmid was run through a 0.8% agarose 

gel in TAE buffer at 100 V for 45 min and the backbone band (~13 kb) was gel purified 

using the GeneJET gel extraction kit (ThermoFisher, Waltham, MA).  Each pair of oligos 

were then phosphorylated and annealed using AnzaTM T4 PNK by following the 

manufacturer’s protocol.  The phosphorylating and annealing reaction consisted of 1 µL 

oligo 1 (100 µM), 1 µL oligo 2 (100 µM), 1 µL 10X T4 AnzaTM ligation buffer, 0.5 µL 

AnzaTM T4 PNK and 6.5 µL distilled water.  Each reaction tube was put in the thermocycler 

using the following parameters: 37 °C for 30 min, 95 °C for 5 min and then ramping down 

to 25 °C at 5°C/min.  The annealed oligos were then diluted with sterile water at 1:200 

dilution.  Following the annealing step, the annealed oligos were then ligated with the 

purified, digested lentiCRISPR_v2 backbone with the New England BioLabs T4 ligase 

(Whitby, ON) following the manufacturer’s protocol.  The ligation reaction consisted of 1 

µL annealed oligo (gRNA), 50-100 ng backbone vector, 1 µL 10X T4 buffer, 1 µL T4 

ligase and topped with nuclease-free water up to a final volume of 10 µL.  The reaction 

tubes were incubated at room temperature for 10 min.  The assembled products were 

transformed by heat-shock procedures (42 °C, 1 min; incubation on ice; 3 min) into a 

competent Stbl3 E. coli strain.  The transformed products were grown on LB/ampicillin 

agar dishes and 3 colonies were picked for colony PCR as quick analysis for insert 
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confirmation.  Each colony that was picked was diluted in 20 µL of diH2O.  For the colony 

PCR procedure, one reaction consisted of 16.8 µL of Phusion high-fidelity mastermix 

buffer, 1 µL of forward primer (10 µM), 1 µL of reverse primer (10 µM), 1 µL of the 

diluted colony and 0.2 µL of the high-fidelity Phusion polymerase (Thermofisher, 

Waltham, MA). The following PCR thermocycling conditions were used: initial 

denaturation at 98 °C for 30 s followed by 35 cycles of denaturation at 98 °C for 10 s, 

annealing at 60 °C for 30 s and extension at 72 °C for 30 s/kb, and a final extension step at 

72 °C for 5 min.  PCR products were loaded into a 0.8% agarose gel in TAE buffer and 

resolved at 130 V for 30 min.  Positive clones were expected to yield a ~2 kb amplicon and 

negative clones were expected to yield no amplicons.  The positive clones were then grown 

overnight liquid culture of 5 mL LB before being DNA purified.  The constructed plasmids 

were verified by Sanger sequencing (Eurofins Genomics; Toronto, ON, Canada).  

2.5 New plasmid construction 

 

Due to needing a fluorescent marker on the lentiviral backbone for easier 

visualization on DMF experiments and needing a different mammalian antibiotic marker, 

pLentiCRISPR_mCherry was purchased (Addgene, plasmid #75161).  Overhang PCR (see 

Table 1.2) was done to amplify the antibiotic neomycin resistance gene cassette from the 

plasmid mCherry2-N1 (Addgene, plasmid #54517) with flanking XbaI cut sites.  The gene 

cassette was then PCR purified using the GeneJET PCR purification kit (ThermoFisher, 

Waltham, ON) and digested using the restriction enzyme XbaI (New England BioLabs, 

Whitby, ON).  pLentiCRISPR_mCherry was also digested using XbaI.  The digestion 

reaction consisted of 5 µL CutSmart® 10X buffer, 1 µL XbaI enzyme, 1 µg template DNA 

and topped to 50 µL final volume using diH2O.  The reaction tube was incubated at 37 °C 
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for 15 min and immediately heat-inactivated at 65 °C for 20 min.  The digested gene 

cassette and vector were both PCR purified and ligated using T4 ligase.  The ligated product 

was transformed by heat-shock procedures (42 °C, 1 min; on ice; 3 min) into a competent 

Stbl3 E. coli strain.  The transformed product was grown on LB/kanamycin agar dishes 

and 3 colonies were picked and grown overnight before being DNA purified.  This new 

assembly is thus named pLentiCRISPR_mCherry_NeoR to differentiate from the old one 

(see Figure 2.2).   

Figure 2.2 – Cloning procedure for pLentiCRISPR_mCherry_NeoR 

Since the pLentiCRISPR_mCherry backbone is derived from LentiCRISPRv1, 

which LentiCRISPRv2 is also derived from, the vector backbone digestion, oligo 

annealing, and cloning procedures for the sgRNA insert were the same as in section 1.3.  

However, due to perhaps the pLentiCRISPR_mCherry being compromised from the start, 

it was not possible to continue with pLentiCRISPR_mCherry_NeoR.  Hence, part of 

LentiCRISPRv2 was amplified to keep the inserted sgRNA and every other element needed 

for the transfer lentiviral plasmid except for the Cas9 gene cassette and the puromycin 

antibiotic resistance (see Figure 2.3).  Part of pLentiCRISPR_mCherry_NeoR was 

amplified to keep the neomycin antibiotic resistance gene cassette and the Cas9 gene linked 

to an mCherry fluorescent reporter.  LentiCRISPRv2 and pLentiCRISPR_mCherry_NeoR 
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were PCR amplified with Esp3I and EcoRI cut sites for correct orientation ligation using 

T4 ligase to produce pLentiCRISPR_mCherry_NeoRv2 (LCMNv2) (see Figure 1.2 and 

Table 1.2).  The assembled products were transformed into a competent Stbl3 E. coli strain, 

colony PCR validated for the sgRNA insert, grown overnight and sent for sequencing 

verification by Sanger sequencing (Eurofins Genomics). 

Figure 2.3 – Cloning procedure for pLentiCRISPR_mCherry_NeoRv2 

2.6 Microscale cell culture and viral production and transduction 

Cell culture: Before seeding cells onto DMF devices, all cell types (H1299, HEK293T, 

MCF-7, MDA-MB-231, and T47D-KBLuc) used in this study were grown in 100 mm petri 

dishes and were washed with 7 mL of PBS buffer, trypsinized with 430 µL of 0.25% 

trypsin-EDTA and suspended in 10 mL of complete medium (with heat-inactivated FBS).  

After centrifugation at 1,000 RPM for 5 min, the cell pellet was re-suspended in complete 

medium and cells were counted such that dilutions made would reach the required cell 

density.  Aliquots of the cell suspension at densities (from ~1.0 x 106 to 2.5 x 106 cells/mL) 

were supplemented with 0.05% w/v Pluronics F-127.  

 For cell seeding of the target cells, we followed a similar protocol as described 

previously[31a]. Briefly, 1.5 µL of the above cell suspension was pipetted onto the bottom 
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plate at the edge of the top plate and loaded by applying driving potentials (2.5 VP-P or ~500 

V total, 15 kHz) into the appropriate reservoirs.  1.5 L droplets were formed by elongating 

the liquid from the reservoir and activating the potential on an active dispensing electrode. 

The dispensed droplets from the reservoirs were actuated across a hydrophilic site (on the 

top plate) generating 1.5 L and 1 L volumes for eventual viral production and 

transduction respectively.  Excess liquid from the spot was actuated to a waste reservoir 

and removed with a KimWipe.  Viral production steps were then done immediately after 

cell seeding. 

Viral production: HEK293T cells were seeded and cultured on the 1.6 mm diameter 

hydrophilic spot (following the cell culture protocol) at a suspension cell density of ~2.5 x 

106 – 3.0 x 106 cells/mL.  For viral production, we performed a reverse transfection protocol 

by first co-transfecting a mixture containing 0.75 µg of pMDLg/pRRE, 0.75 µg of pRSV-

Rev, 1.5 µg of pMD2.g and 3 µg of the transfer vector pLv-mCherry with 12.5 µL of 

Lipofectamine 3000 and 12 µL of P3000 reagent for a total volume of 500 µL with Opti-

MEM.  After 20 min of incubation, 0.05% w/v of Pluronics F-127 were added to the 

mastermix to prepare for actuation on device.  1.5 µL of the Lipofectamine mastermix was 

actively dispensed and actuated towards the seeded HEK293T cells.  The formulation (3µL 

total volume) was mixed in a circular fashion at the lentivirus production region by 

actuating adjacent electrodes (highlighted in the red box in Figure 3.1a). 

Optimization of viral titers and transduction: HEK293T cells were seeded and cultured at 

the ‘target cell’ region at cell densities between 1-1.5 x 106
 cells/mL following our cell 

culture protocol.  After 24 h, four dilutions were generated containing the lentiviral 

particle-filled supernatant of the HEK293T cells at the production area.  A dilution of 1:3 
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(DMEM : viral particles) was implemented by merging 1 µL of DMEM (10% heat-

inactivated FBS, 8 µg/mL polybrene, 0.05% w/v Pluronics F-127; dispensed from the cell 

media reservoir) with 2 µL of the supernatant containing the viruses (Appendix Figure 

S2.a).  1 µL of the merged product was split and actuated to a ‘target cell’ region while the 

remainder (2 µL) was saved for the next dilutions. This procedure was repeated three times 

to generate dilutions 1:6, 1:12, and 1:24.  Two additional spots were used for controls where 

cells at the same density were cultured with complete medium with 8 µg/mL polybrene on 

the first spot and without polybrene on the second spot.  The device was flipped upside 

down and incubated overnight.  After 24 and 48 h incubation, the device was imaged using 

an Olympus IX73 inverted microscope (Olympus Canada, Mississauga, ON, Canada) 

containing excitation and emission filters with wavelengths 585 nm and 608 nm 

respectively for mCherry fluorescence.  We counted the fluorescent cells and estimated the 

viral titer using Equation 1 (following Gill et al.[60]):  

# 𝑐𝑒𝑙𝑙𝑠 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑑 ×  %𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

= 𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠 𝑝𝑒𝑟 𝑚𝐿 = (
𝑇𝑈

𝑚𝐿
) 

For CRISPR and shRNA optimization experiments, we followed the same 

procedures for cell culturing, viral production, and optimization of viral titers. The only 

changes to these procedures were the transfer plasmids were replaced with MISSION® 

shRNA plasmids (i.e. TRCN00000003300, non-target shRNA plasmid) and 

pLentiCRISPR-mCherry-NeoRv2 (LCMNv2) all-in-one Cas9 and sgRNA plasmids 

(Appendix Figure S1) for the shRNA and CRISPR experiments respectively.  
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Transfer: The next day, the transduced target cells were retrieved, pooled together with 

their corresponding dilutions 24 hours post-transduction. For example, 2 microwells that 

were subjected to the first serial dilution were pooled, 2 microwells that were subjected to 

the second serial dilution were pooled.  The device was brought to a biological safety 

cabinet where the top-plate was taken apart from the bottom plate.  5 µL of PBS was 

pipetted onto the microwells and aspirated using a Pasteur pipette, leaving only adhered 

cells on the microwell.  Cells were detached using 2 µL of trypsin-EDTA (0.25 % w/v) and 

the top-plate was placed back in the humidifying chamber, into the 37°C with 5 % CO2 

incubator for 2 min.  Two microwells subjected to the same serial dilution from the same 

device were then pooled together by resuspending each microwell with 10 µL of complete 

medium and were added to 100 µL of complete media in a 96-well plate.  The next day, 

the cultured wells were refreshed with complete medium supplemented with 1 µg/mL of 

puromycin for RNAi experiments and no antibiotics for CRISPR experiments.    After 

seven days post-transduction, the cell lysate was collected for qRT-PCR assays or gene 

cleavage detection assays to verify gene knockouts. 

2.7 Macroscale cell culture, transfection, viral production and transduction 

Cell culture: H1299, HEK293T, MCF-7, MDA-MB-231, and T47D-KBLuc were grown 

in complete cell culture media formed from DMEM (4.5 g/L glucose, with L-glutamine, 

sodium pyruvate and phenol red) (HEK293T, MCF-7, MDA-MB-231) or RPMI 1640 with 

L-glutamine (H1299, T47D-KBLuc), supplemented with 10 % heat-inactivated fetal 

bovine serum.  Cells were grown and maintained in 100 mm cell culture-treated petri dishes 

in an incubator at 37 °C with 5 % CO2.  For maintenance, cells were detached using a 

solution of trypsin-EDTA (0.25 % w/v) and resuspended in complete media and placed in 
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a 100 mm petri dish.  Once detached, the cells were centrifuged at 1,000 RPM for 5 minutes 

and the supernatant was aspirated.  The cells were then resuspended in fresh complete 

medium and counted using a hemocytometer for specific cell density seeding.  

Transfection: Liposome-mediated transfection followed protocols described 

previously[31a]. 24-well plates were used for forward transfection experiments and 6-well 

plates were used when the assay was to be validated with Western blots or 

immunofluorescence.  Thus, a scaling chart provided with the Lipofectamine 3000 reagent 

was used.  Liposome-based transfection followed a 3-day timeline.  Prior to transfection 

(day 0), cells were seeded at a density of 0.3 x 106 cells/mL in a 6-well plate until it reached 

~70 % confluency.  On day 1, 2.5 µg of DNA was pre-mixed with 5 µL of P3000 reagent 

in 125 µL of Opti-MEM and added to 11.25 µL of Lipofectamine 3000 reagent that was 

pre-mixed in 125 µL Opti-MEM.  The lipid-DNA mixture was incubated at room 

temperature for 10 min, and then added to the cultured cells in the well-plate.  On day 2 

(after 24 h), the lipid-DNA complexes were removed from the wells by aspiration and fresh 

complete medium was replenished.  Cells were stained with 1 µM Hoechst 33342 

(Thermofisher, Waltham, MA, USA) (usually on day 3 or day 4) and incubated for 30 min 

for cell counting.  Cells were imaged using a 20X objective on an Olympus IX73 inverted 

microscope (Olympus Canada, Mississauga, ON, Canada) that has fluorescence imaging 

capabilities (Hoechst: ex = 350 nm and em = 461 nm; GFP: ex = 488 nm and em = 509 

nm; mCherry: ex = 585 nm and em = 608 nm). Fluorescence images were analyzed using 

an ImageJ pipeline. 

Lentiviral production: To produce lentiviruses, two 10 cm petri dishes containing 

HEK293T cells were seeded at ~5 x 106 cells/mL to achieve ~80% confluency. Once 
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reached, the media was changed to fresh complete media and Lipofectamine 3000 

transfection reagents were used.  For each dish, 25 µL of Lipofectamine 3000 reagent was 

diluted in 475 µL of Opti-MEM medium with 1.5 µg of pMDLg/pRRE (Addgene, plasmid 

#12251), 1.5 µg of pRev (Addgene, plasmid #12253), 3 µg of pMD2.G (Addgene, plasmid 

#12259), and 6 µg of the transfer plasmid (pLv-mCherry - Addgene, plasmid #36084; non-

target shRNA plasmid; ERα shRNA 1 (TRCN0000003300); LCMNv2_eGFP_12; 

LCMNv2_ESR1_76). Additional Opti-MEM medium was added to the mixture to top up 

the volume to 500 µL.  The complete mixture was incubated for 20 min at room 

temperature before being added dropwise to the cells.  After 24 h, the mixture in the dishes 

was removed and replaced with 6 mL of fresh complete media and incubated at 37 °C 

overnight.   

After 24 h, the supernatant was collected in a 50 mL Falcon tube and was stored at 

4°C until a second collection was made.  Following another 24 h, a second collection of 

the supernatant was done, and the pH adjustment of the total supernatant volume was 

completed by adding HEPES (1.5 M, pH 7.5) in a 1:100 ratio.  The supernatant was then 

filtered using a 0.45 m polyethersulfone membrane filter (VWR, Mississauga, ON), and 

aliquoted into 1.5 mL Eppendorf tubes and stored at -80 °C. 

Lentiviral titration: HeLa cells were seeded at a density of 4.0 x 104 cells/mL in 100 µL 

DMEM supplemented with 10 % FBS in a 96-well plate and incubated overnight at 37 °C 

and 5% CO2.  Prior to titration, DMEM supplemented with 10% heat-inactivated FBS and 

4 ug/mL of polybrene known as the “diluent” were prepared.  Serial dilutions (three 1:10 

serial dilutions followed by seven 1:3 serial dilutions) were prepared in a 96-well plate 

where each lentiviral titer was titrated in duplicates (Appendix Figure S2.b).  Each well 
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containing HeLa cells received 100 L of the viral dilutions.  After 24 h incubation, old 

viral media was discarded in bleach and 100 L of fresh complete media without polybrene 

and containing 1 µg/mL of puromycin was added to each well and was refreshed each 2-3 

days until 8-9 days.  To estimate the transducing units (per mL), each well was washed 

twice with PBS and cells were stained with 0.1 % w/v crystal violet in 20% ethanol.  After 

10 min, the well plate was washed with water.  Stained cells forming round colonies were 

counted and the transducing units per mL (TU/mL) were calculated as follows (Equation 

2): 

𝑇𝑈

𝑚𝐿
=

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑤𝑒𝑙𝑙 (𝑚𝐿)
× 𝑓𝑖𝑛𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

An alternative method for viral titration was used when a transfer plasmid did not 

contain a eukaryotic selection antibiotic resistance marker but instead a fluorescent marker 

(e.g., pLv-mCherry).  We followed a protocol similar to Drayman and Oppenheim[61] 

which relied on measuring the viral titer using flow cytometry.  HeLa cells were seeded on 

a 6-well plate at ~5 x 104 cells per well to reach a confluency of 40-50% the following day.  

Prior to the transduction, while the lentiviral particles were thawing on ice, DMEM (with 

10% heat-inactivated FBS) was supplemented with 8 µg/mL of polybrene to use as a 

diluent for several dilutions.  Following the template as seen in Table 2.3 lentiviral 

dilutions were made and applied to their corresponding well in the 6-well plate.   

Table 2.3 – 6-well plate template for lentiviral transduction for flow cytometry 

assessment of lentiviral titer 

Lentiviruses: 100 µL  

Media: 400 µL 

Lentiviruses: 50 µL 

Media: 450 µL 

Lentiviruses: 25 µL 

Media: 475 µL 
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Lentiviruses: 12.5 µL 

Media: 487.5 µL 

Lentiviruses: 6.25 µL 

Media: 493.75 µL 

Lentiviruses: None 

Media: 500 µL 

 

 The plate was gently swirled by hand each 5 min for 30 min to ensure that all cells 

were coated with lentiviruses/media and returned to the incubator overnight with 5% CO2 

and at 37℃.  24 hours after the viral infection, 1.5 mL of normal complete media was 

added to each well and the cells were maintained for an additional two days until they were 

prepped for flow cytometry.  For cell gating, each well was washed with 1 mL PBS and 

150 µL of 0.25% trypsin-EDTA was used to detach the cells.  The cells were collected in 

each their individual tube and washed with PBS again before centrifuging them at 1,000 

RPM for 5 min.  The supernatant was removed, and the cells were re-suspended in 3 mL 

of cell sorting buffer.  The cells were then strained through a 40 µm cell strainer (VWR, 

Mississauga, ON), distributed into FACs sorting tubes (VWR, Mississauga, ON) and 

placed on ice until the BD FACs Melody (BD Biosciences) machine at Concordia’s 

Genome Foundry was ready to be used.  The cells were then gated for the percentage of 

mCherry positive cells.  To determine the viral titer (TU/mL), Equation 1 was used. 

Transduction: For viral transduction of target cells, we followed a protocol similar to Li 

and Rossi which the company Sigma-Aldrich relied on for transducing MISSION® 

plasmid packaged lentiviral particles[62].   1.6 x 104 cells of target cells per well were seeded 

in a 96-well plate and then incubated overnight at 37℃ and with 5% CO2.  After 24 h, the 

media was removed from the wells and replaced with 100 µL of media containing 

polybrene (8 µg/mL) for each well.  Next, a determined volume of lentiviral particles of 

known titer was added to the appropriate wells.  The plate was gently rocked by hand and 
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then incubated overnight. The determined volume of lentiviral particles is calculated upon 

the multiplicity of infection (MOI) decided to use. The following Equation 3 was used to 

know the volume of viral stock to use based on the MOI:  

𝑀𝑂𝐼×𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟

𝑉𝑖𝑟𝑎𝑙 𝑡𝑖𝑡𝑒𝑟
= 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑎𝑙 𝑠𝑡𝑜𝑐𝑘 𝑡𝑜 𝑢𝑠𝑒 (in mL) 

where MOI = TU/cell and viral titer = TU/mL 

  After 72 h, the medium containing lentiviral particles was removed and 100 

µL of fresh media was added to each well.  Images of the cells were taken with a fluorescent 

microscope and quantification was done with ImageJ.  

RNAi and CRISPR experiments: Before transduction, target cells were seeded at a cell 

density of 1.6 x 104 cells/mL in a 96-well plate.  After 24 h, the cells were infected with 

shRNA-packaged or all-in-one Cas9 and sgRNA- packaged lentiviruses at an approximate 

MOIs of 0.5, 1, 2 and 10.  Target cells were maintained for 7 days while refreshing the 

medium (RNAi: supplemented with 1 µg/mL of puromycin, CRISPR-Cas9: no antibiotics) 

every two days.  After 7 days, the cells were collected by lysing them with 50 µL of 

DNase/lysis solution for qRT-PCR validation or lysing them with 52 µL of cell lysis buffer 

(50 µL lysis buffer and 2 µL protein degrader solution) for genomic cleavage detection 

assays. 

2.8 qRT-PCR 

Gene-specific primers were designed on Benchling (Table 2.4) and ordered via 

Biocorps (Montréal, QC).  Cell lysis was performed as described in the manufacturer’s 

Cells-to-CT
TM 1-Step PowerSYBR® Green kit protocol (ThermoFisher, Waltham, ON).  

Cell medium was removed, and the cells were washed with ice-cold PBS buffer.  After 



44 
  

aspiration of PBS, 50 µL of room-temperature DNase/lysis solution was added and mixed 

to each well.  The well plate was incubated at room temperature for 5 mins and 5 µL of 

room-temperature stop solution was then added.  The well plate was incubated for another 

2 min at room temperature and then the lysates were placed on ice for the next step.  The 

RT-PCR master mix was prepared on ice which consisted of 10 µL of Power qRT-PCR 

mix, 0.16 µL Power RT mix, 2 µL of the gene-specific forward and reverse primer (10 

µM) and nuclease-free water up to 18 µL.  The appropriate volume of qRT-PCR master 

mix and lysate were added to a 48-array plate.  The reactions were run in the ECO real-

time PCR machine (Illumina) at the following conditions: reverse transcription (1 cycle, 

48°C, 30 min), polymerase activation (1 cycle, 95°C, 10 min), amplification (40 cycles; 

95°C, 15 sec; 60°C, 1 min) and melt curve step (1 cycle; 95°C, 15 sec; 60°C, 15 sec; 95°C, 

15 sec).  Data produced from the qt-PCR reactions were further analyzed using the ECO 

software provided with the ECO system.  

Table 2.4 – Primers used for qRT-PCR 

Gene-specific primers Sequence (5’-3’) 

ERα - Forward TTGACCCTCCATGATCAGGTC 

ERα - Reverse  GCAAACAGTAGCTTCCCTGG 

β-actin - (Forward & reverse) Proprietary (ThermoFisher) 
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2.9 Gene cleavage detection assay 

To validate CRISPR-Cas9 knock-outs, the gene cleavage detection assay was done 

with the GeneArt genomic cleavage detection kit (Thermofisher).  After performing 

CRISPR assays, the cells were collected and lysed with 50 µL of the provided lysis buffer 

and 2 µL of protein degrader solution.  Once lysed, the whole cell lysate mix was 

transferred into a PCR tube for the following thermocycler conditions: 68°C for 15 min, 

95°C for 10 min and 4°C on hold.  The reaction was then PCR amplified (see Table 1.5) 

for the region of interest where the CRISPR-Cas9 cut has occurred.  One PCR reaction 

consisted of 2 µL of cell lysate, 1 µL of forward and reverse primers mix (10 µM), 25 µL 

of provided AmpliTaq® Gold 360 Master mix and 25 µL of diH2O.  The following 

parameters were used for the thermocyler run: enzyme activation (1 cycle, 95°C, 10 min), 

35 cycles of denaturation (95°C, 30 sec), annealing (57°C, 30 sec) and extension (72°C, 30 

sec), a final extension (72°C, 7 min) and finally infinite hold at 4°C.  The PCR product was 

then run on a 0.8% gel at 130 V for 30 min to verify that the correct amplicon was present.  

The cleavage assay was first set up by purifying the PCR product and then by denaturing 

and re-annealing the PCR fragments to form heterogenous DNA duplexed.  Briefly, 200 

ng of PCR product was combined with 1 µL 10X detection reaction buffer in a PCR tube.  

The volume was then brought to a total of 9 µL with water.  The PCR tube was placed in 

a thermocycler for the following run: 95°C for 5 min, 95°C-85°C for a ramping of -2°C/sec, 

85°C-25°C for a ramping of -0.1°C/sec and finally 4°C on hold.  The next step consisted 

of cleaving the heteroduplex DNA containing the indel with the detection enzyme.  For 

this, 1 µL of detection enzyme was added to the previous PCR tubes to have a total reaction 

volume of 10 µL.  The reaction was incubated at 37°C for one hour and then was 
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immediately ran on a 2% gel using lithium acetate borate (LAB) buffer at 220 V for 20 

min.  Finally, the gel was scanned using a UV transilluminator and the imaging system 

ImageJ was used to determine the relative proportion of DNA contained in each band to 

calculate the cleavage efficiency (see Equation 4 below).  

𝐶𝑙𝑒𝑎𝑣𝑎𝑔𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 − [(1 − 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑙𝑒𝑎𝑣𝑒𝑑)1/2] 

 

Table 2.5 – Primers used for gene cleavage detection assays. 

Gene target 

amplification – 

primer 

Sequence (5’-3’) Product 

size (bp) 

Expected 

cleaved bands’ 

size (bp) 

eGFP - Forward GCCTCTGCCTCTGAGCTATTC 433 293 & 160 

eGFP - Reverse TGAAGAAGATGGTGCGCTCC 

ERα - Forward CATGACCCTCCACACCAAAG 409 235 & 174 

ERα - Reverse TTCTCCAGGTAGTAGGGCAC 

 

2.10 Imaging pipeline on ImageJ 

Images that were taken via microscopy were acquired using a Hamamatsu digital 

camera (Model C1140-42U) with the HCImageLive software.  The images were then 

processed using ImageJ using a protocol similar to previous work[31a].  For each image, the 

channels were split, and their brightness and contrast were adjusted for clear identification 

of the cells against the background.  The image was then duplicated for processing and the 

threshold was adjusted to turn the duplicated item into a black and white image.  The cells 

were identified by using the ‘analyze particles’ feature with ‘outlines’ chosen in the settings 



47 
  

which will open a new window showing a summary of the count of particles (cells), along 

with the total area and the average size number.  To measure the percentage of fluorescent 

cells, the following Equation 5 was used:  

% 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 = (
𝑚𝐶ℎ𝑒𝑟𝑟𝑦 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝐻𝑜𝑒𝑐ℎ𝑠𝑡 𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑐𝑒𝑙𝑙
) × 100 
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Chapter 3.  Results and Discussion 

This section presents my results in characterizing and validating the lentiviral 

generation, packaging, and transduction platform. The device optimization, the 

characterization of the platform for lentiviral generation, and the validation work for 

knocking out and knocking down a receptor in a breast cancer cell line are presented. 

3.1 Lentiviral generation (LENGEN): Digital microfluidics for viral production and 

transduction 

Techniques like gene silencing or gene-editing requires considerable efforts in 

developing efficient tools to deliver the genetic cargo that will enable the regulation of 

gene expression and interrogate the function of a gene either at the genetic or translational 

level.  For example, the use of viral-derived vectors enables the efficient uptake of 

biological agents such as DNA, mRNA, and proteins.[63] However, the process to produce 

and to transduce these viral vectors are costly, extremely labor-intensive and overall very 

time-consuming.  The overall goal of this work was to address the challenges of automating 

the production and the transduction of viral-based carriers for typical biological agents. 

 As shown in Figure 3.1a, a device was designed to automate the production and 

the transduction of viral-derived vectors.  Several design iterations were required to 

develop a device that is capable of producing and transducing virus particles.  Two 

challenges were encountered in the process, including (1) generating the highest lentiviral 

titers that will enable efficient transduction and (2) to multiplex viral transduction analysis 

on-chip. These challenges called for several innovations with the device design.  First, to 

package and to produce lentiviruses, it requires a host (e.g., HEK293T cells) that is easily 

transfected and supports high-level of expression of the viral proteins to allow for 
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producing the highest possible lentiviral titers.  To enable such a process, we fabricated 

hydrophilic sites that are patterned on the device top-plate to serve as sites for cell seeding 

and proliferation.  These sites enable procedures called “passive dispensing” (similar to 

exchange media for continuous culture, to produce and to deliver lentiviral particles.  In 

initial experiments, we used a previous device design that cultured cells on ~1.2 mm 

diameter hydrophilic sites which enabled lipofection-mediated transfection with high 

efficiency[31a].   However, using this device we observed: (1) the production of the lentiviral 

titers generated very low or 0% transduction efficiency and (2) the electrode configuration 

made it difficult to mix droplets containing the DNA and lipids resulting in uneven 

distribution of viral particles when harvesting the virus from the generation site.  We 

hypothesize that the low transduction efficiency is due to the low cell density 

(corresponding to lower viral titers) and therefore we created a larger cell culture site (~1.6 

mm dia.) that houses ~ 2 500 cells at the optimal 50-70% confluency.  In addition, we 

created a four-prong electrode system (highlighted as the ‘production area’) that is directed 

towards the hydrophilic site.  The latter innovation was particularly important for reliable 

droplet mixing and splitting since the droplet is continuously circulated around the four-

prong electrode to facilitate uniform mixing and is easily extended to facilitate “necking” 

during droplet splitting.  To fulfill the multiplexing capabilities, the device design contains 

a ‘highway’ track to enable one-directional movement towards the cell-culturing site, and 

the delivery of the generated lentiviral particles to several cell-culturing sites.  Generally, 

flat square or inter-digitated electrodes are used to facilitate the droplet operations on a 

digital microfluidic device.[31a, 50c, 64] These types of electrodes require complicated wiring 

schemes that can be difficult to design as we increase the electrode density (unless you use 
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multi-layer fabrication techniques[65]).  Instead, we modified the electrode design such that 

the droplet only moves towards the overlapping “prong”-electrodes (Figure 3.1b).  Using 

such a design allows the electrodes to be bussed through a minimal two connections – i.e. 

on our device design we connected 22 electrodes using 2 connections (which we call the 

“highway track”) – which allowed us to increase the number of replicates that can be 

performed on the device.  Moreover, the reduction in connections enabled us to incorporate 

a symmetrical design on the device to allow 12 transduction assays to be conducted 

simultaneously.  We anticipate that future designs can use such electrode designs to 

overcome multiplexing challenges that is commonly associated with digital microfluidics. 

 

Figure 3.1 - LENtiviral GENeration, packaging, transduction, and analysis 

(LENGEN) on a digital microfluidic platform.  (a) Top-view schematic representation 
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of the LENGEN device. The bottom plate contains two sets of 139 electrodes each for 

lentiviral generation and packaging, cell culturing, transduction, and analysis.  For each 

set, there is one patterned 1.6 mm dia. cell culture site for production and six ~1.2 mm dia. 

site for transduction and analysis.  The production area houses a 3 μL droplet which is 

split into unit droplets (~ 1 μL) that covers the area of an electrode and actuated to the cell 

culturing sites.  Two sets of electrodes enable replicates or different conditions to be 

performed in parallel.  (b) Frames from a movie depicting (i) the droplet resting on 

electrode 1, (ii) droplet moves to electrode 2 when it is activated and (iii) droplet shows 

uni-directional movement onto electrode 3 (and not electrode 1) when electrodes 1 and 3 

are bussed.  The “highway track” of electrodes is used to enable delivery of the lentiviral 

particles to the cells with minimal electrode connections and to provide multiplexing 

capabilities on digital microfluidic devices. 

 

 With this configuration, a five-step procedure was developed to facilitate the 

automation of the generation, packaging and the delivery of the virus system.  The 

schematic shows the events at the genetic level with an image-based representation of what 

is occurring on device.  As shown in Figure 3.2, the producer cells (HEK293T) are in 

suspension and actuated to the production area by loading and dispensing from reservoirs. 

In step (ii), a unit droplet of liposomes and viral DNA plasmids (pMDLg/pRRE, pRev, 

pMD2.G and transfer plasmid of interest) are dispensed and merged followed by 

continuously circulation in the production area containing 8 electrodes.  In step (iii-iv), the 

Lipofectamine mixture is actuated to the HEK293T cells and mixed together to replicate 

the reverse transfection procedure [66] on device (i.e. transfecting unseeded cells as opposed 

to overlaying transfection complexes onto seeded cells).  Finally, in step (v), after 24 h, the 

lentiviral particles are produced in the supernatant (cells are adhered to the hydrophilic 

spot) and serial dilutions (1:3, 1:6, 1:12, and 1:24) are formed to infect target cells 

following the procedure shown in Appendix Figure S2.a (see Methodology section 2.6 for 

more details).  This LENGEN device for lentiviral generation: production and transduction, 
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is the first (to our knowledge) that is capable of automating the procedures of preparation, 

production, and transduction with viral-derived vectors.   

  

Figure 3.2 - Lentiviral production and transduction strategy on the LENGEN 

platform. Left: the graphical representation of the five-step lentiviral generation, 

production, transduction, and analysis.  Right: images from a movie for each of the five 

steps. Coloured food dyes were used to show the droplet.  Step (i) HEK293T cells in a 

droplet are seeded at the production region. (ii) Plasmids and lipids from separate 

reservoirs are dispensed and merged and incubated for 20 mins. (iii) The DNA and lipids 

are dispensed into the HEK293T cell culture region and are mixed in a circular fashion 

around the adjacent electrodes. (iv) Excess mixture (containing plasmid, lipids, media) is 

dispensed away from the HEK293T cell culture region for removal. (v) After seeding the 

target cell line at the cell culture regions, unit droplets containing lentiviral particles with 
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the plasmid of interest is split from the production region and actuated to a cell culture 

region (transduction).  Analysis of the cells can be performed via microscopy after 24 or 

48 h.  For transduction analysis, cells can be removed by trypsin and cultured in well-

plates for verification analysis (e.g., RT-PCR, gene cleavage) or for sorting and isoclonal 

expansion (not shown).   

 Breast cancer cell lines (MCF-7 and T47DKB-Luc) were chosen as models for our 

lentiviral study to show that our automated platform can genetically modify oncogenes and 

use this method to potentially find therapeutic targets against these genes.[67] For all results 

described here, a droplet comprised of the breast cancer cells (at various cell densities) 

were loaded into the reservoirs.  These droplets were dispensed into smaller volumes and 

actuated towards the cell culturing sites using passive dispensing techniques (as described 

above).  Two parameters were evaluated –  cell viability and transduction efficiency.  As 

described in the Appendix Figure S3, both cell lines were viable on the device and showed 

comparable viability when cultured in well-plates. We also evaluated the cell viability after 

48 and 72 h (since the gene knockouts after lentiviral transduction occurs within this 

timeframe[30, 68]) and we observed an average viability 89.5, 83.7, 85.7 % for MCF-7 and 

98.8, 98.4, 88.6 % for T47DKB-Luc on the device respectively.  Figure 3.3a shows 

representative fluorescently labeled images of the MCF-7 and T47DKB-Luc cells, and as 

shown, the cells are proliferative, and the morphologies of the cultured breast cancer cells 

were similar to the cells cultured in well-plates (Figure S3c-d).  An additional assay was 

developed to determine the transduction efficiency on device by seeding T47DKB-Luc 

cells on the cell culturing sites.  As shown in Figure 3.3b, the efficiency is ~43.0 % at day 

2 post-transduction and improves to ~60.1% at day 4 post-transduction.  These efficiencies 

are also a significant improvement from lipid-based transfection, achieving at best ~14 % 

at 7.5 x 105 cells/mL after day 1 (see Figure S4).  This is a trend usually observed for hard-

to-transfect cell lines like T47DKB-Luc.[69] 
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Figure 3.3 - Optimizing viability and transduction efficiency for breast-cancer cell 

lines (MCF-7 and T47DKB-Luc) on the LENGEN device. (a) Fluorescent images of 

each cell line treated with fluorescein diacetate (green) stains live cells and propidium 

iodine (red) stains for dead cells on the cell culturing sites for day 1 and 3. (b) Graph 

showing the transduction efficiency on T47DKB-Luc with a pLV-mCherry plasmid on the 

LENGEN platform for days 2-4.  A student’s t-test (P < 0.05) was used to evaluate the 

significance (* for a P ≤ 0.05, ** for a P ≤ 0.01 and ns for P > 0.05) between each day. 

Error bars represent ± 1 S.D. with N = 3. 

 From literature, a critical factor to determine successful lentiviral transduction is 

the functional titer, which is the smallest transduction unit of virus capable of infecting 

cells and expressing the transgene.[27, 70]  Hence, we performed four serial dilutions of the 

lentiviral particles containing a non-targeting mCherry plasmid to help determine the 

optimal concentration of functional lentiviral required in HEK293T cells.  A number of 

mCherry transduced cells were counted (using imaging techniques - see Figure 3.4a) on 

the hydrophilic spot after 24 h and 48 h (Figure 3.4b).  Generally, as shown, the most 

optimal concentration of lentiviral particles was observed after 48 h transduction - 

achieving a range 6.5 x 106 to 1.33 x 10^7 TU/mL with the 1:3 dilution resulting in the 

highest fluorescence.  These values were also translated to a viral titer (using Equation 1) 

and it was determined that on-device, we are able to obtain a functional titer of > 5 x 106 
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or 1 x 107 TU/mL after 24 or 48 h respectively (Figure 3.4c) - values very similar to titers 

obtained from benchtop methods[71]. We also calculated the amount of transducing units 

generated per cell on the device and compared to macroscale techniques.  On average, we 

are able to produce 1.56 TU/cell and 2.65 TU/cell on device after 24 and 48 h respectively, 

which is very similar to the benchtop after 5 days of harvesting (2.80 TU/cell) (Figure 3.4d 

and S5).  In practice, it was decided that 24 h post-transduction step was sufficient for the 

gene silencing and editing assays since it resulted in titers that are sufficient for observing 

knockdown and knockout events.  
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Figure 3.4 - Optimizing lentiviral production. Schematic (a) showing the imaging 

pipeline used to analyze fluorescence percentage of mCherry positive cells. (b) and (c) 

plots are showing the (b) fluorescence efficiency, (c) mean viral titer as a function of 

supernatant dilutions (1:3, 1:6, 1:12, and 1:24) for positive mCherry HEK293T cells after 

24 and 48 h lentiviral production and transduction. (d) Comparison of the amount of 

transducing unit produced per cell on microscale and macroscale. For (a), the schematic 

is showing the workflow to calculate the % fluorescence (of mCherry) after viral 

transduction. Mean viral titer can then be calclated using Equation 1. For (b), positive 

mCherry cells were counted and divided by non-transduced mCherry cells.  For (c), the 

estimated mean viral titer amount was calculated by multiplying the number of cells 

transduced with the percentage of fluorescence, dilution factor, and dividing the total by 

the volume of lentiviral particles used for transduction (i.e. transducing units (TU) per 

milliliter). For (d), a sample calculation on how TU/cell was obtained are shown in 

Supplementary Figure S5. A student’s t-test (P < 0.05) was used to evaluate the 

significance (* for a P ≤ 0.05, ** for a P ≤ 0.01 and ns for P > 0.05) between the dilutions. 

Error bars for both plots represent ± 1 S.D. with N = 3.   

  

 Other factors that affect the transduction efficiency are the size of the lentiviral 

payload[72] and cell-type[73]. Since shRNA and CRISPR vectors are usually ~ 15.0 kb in 

size (compared to smaller ~ 4.7 kb plasmids containing fluorescent reporter mCherry), we 

used the system above to evaluate the effects of the lentiviral payload of ~15.0 kb (using 

LCMNv2 – see Figure S1) in hard-to-transfect cell lines like H1299 and T47DKb-Luc.  

As shown in Figure 3.5a, we obtained the highest for the 1:3 dilution which correspond to 

~ 10.8 % of H1299 cells that show mCherry fluorescence. Comparatively to H1299, 
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T47DKb-Luc had higher transduction efficiency with the 1:6 dilution.  In Figure 3.5b, 

T47DKB-Luc highest transduction efficiency was ~ 5 % which is similar to what is 

obtained in literature [74].  It is generally observed that larger lentiviral payloads will lead 

to lower transduction efficiency[75], but there is no clear mechanism to predict which cell 

line will transduce more efficiently[76].  However, the results do suggest that for a particular 

cell type there should be focus on optimizing MOIs or lentiviral dilutions and post-infection 

incubation times to obtain effective transduction.  In the future, it may be important to 

further to study different strategies[77] for effective transduction of lentiviral particles 

especially if the application calls for a wide variety of cell types (immortalized, primary, 

stem, etc…). 

Figure 3.5 - Evaluating the effect of a large lentiviral payload (~15 kb) for different 

cell lines: (a) H1299 and (b) T47DKb-Luc.  Each plot is accompanied with pictures 

showing the cells seeded on the hydrophilic spot (white outline) situated on the LENGEN 

device.  Wild-type H1299 cells contained eGFP integrated into the cells (from Genecopeia) 

and wild-type T47DKb-Luc were fluorescently labeled with Hoechst 33342 stain.  All cells 

were transduced with the lentiviral particles (at different dilutions 1:3, 1:6, 1:12, and 1:24) 

containing an mCherry fluorescent reporter.  (+)mCherry cells were counted to generate 

the % fluorescence efficiency. A student t-test (P < 0.05) was used to evaluate the 
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significance (shown as * for a P ≤ 0.05, ** for a P ≤ 0.01, *** for a P ≤ 0.001, **** for a 

P ≤ 0.0001) between the dilutions. Error bars for both plots represent ± 1 S.D. with N = 

3. 

 

3.2 LENGEN for lentiviral knockdown and knockout assays 

 

To evaluate the potential of our system for knockdown and knockout assays, we 

packaged shRNA and CRISPR plasmids that will target estrogen receptors in breast cancer 

cells.  Approximately 70 % of breast cancer tumors express the estrogen receptor alpha 

(ESR1) since they control a range of physiological processes in regulation and 

development of the female reproductive system.[78] Thus, there is much interest to 

systematically investigate genes whose loss affects cell growth or increases the estrogen-

independent growth of ER+ breast cancer cells.[79] In this part of the work, we applied our 

system to automate the process of producing and transducing the lentiviral particles 

containing the ESR1 target and examining the knockdown (shRNA) or knockout 

(CRISPR) of the target gene. 

To test the effectiveness of our method for gene expression analysis, RNAi assays 

were performed on the LENGEN device (Figure 3.1).  The transfer plasmid targeting the 

ESR1 are packaged and produced using HEK293T cells and the supernatant are diluted to 

different viral concentrations (1:3, 1:6, 1:12, 1:24) (replicating different MOIs) which are 

used to transduce MCF-7 cells.  Expression values from LENGEN protocols were obtained 

by qRT-PCR[80] methods by removing the top-plate containing the transduced cells from 

the DMF device (via trypsinization) and transferring the cell to well-plates for analysis 

after outgrowth of seven days (see section 2.6 Transfer).  These data, for high dilutions 

(1:24) and low dilutions (1:3), the relative reduction in gene knockdown is 18 ± 8.8 and 89 
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± 37.6 % respectively (Figure 3.6a) and is similarly observed in lentiviral well-plate 

conditions (Figure 3.6b).  The gene expression percentages for both LENGEN and 

standard conditions were confirmed by a ∆∆Cq method[81] (see Figure S6 for qPCR curves) 

which confirm that our LENGEN method is capable of gene silencing. 

 

Figure 3.6 - shRNA knockdown assays for ESR1. Evaluating the relative gene 

expression of Estrogen Receptor 1 (ESR1) in MCF-7 cells that were performed in (a) 

LENGEN device and (b) well-plates. We generated, packaged lentiviral particles 

containing shRNAs targeting ESR1 and transduced them in MCF-7 cells. shRNA-mediated 

silencing of ESR1 was assessed using a ∆∆Cq method to determine relative gene 

expression from qRT-PCR data with ACTB (β-actin) as an endogenous reference gene. The 

cells exhibited MOI-dependent viral delivery of shRNA#1 targeting ESR1 knockdown, with 

mRNA reduction by 38%, 45%, 43% and 89% when cells were treated with MOI of 0.5, 1, 

2 and 5 respectively. In the case with LENGEN, the cells exhibited dilution-dependent viral 

delivery of shRNA#1 targeting ESR1 knockdown, with mRNA reduction by 89%, 79%, 48% 

and 18% when cells were treated with dilutions 1:3, 1:6, 1:12 and 1:24 respectively. 

Significance between dilutions 1:3 and 1:24 is significant (shown as * for P ≤ 0.05). 

Comparison of non-targeting shRNA to untreated samples shows no significant effect on 

gene expression. A negative control depicts ESR1’s relative downregulated (almost zero 

expression levels) expression in MDA-MB-231 cells. Error bars for both plots represent ± 

1 S.D. with N = 3. 
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The knockout assay was motivated by the wide-spread interest in using CRISPR 

for identifying essential genes related to cancer and other diseases.[22a, 82] Once again, MCF-

7 cells were seeded, grown, and transduced by a dilution series (generated on-chip) of 

lentiviruses containing an all-in-one plasmid with the Cas9 gene cassette and a sgRNA 

guide targeting ESR1.  As shown in Figure 3.7a, the trend is very similar to what is 

observed with the RNAi experiments – at lower dilutions, we observed significant reduced 

fluorescence compared to the higher dilutions, thus reduced transgene expression - and this 

trend was identical to that observed in standard conditions (Figure 3.7b) and in 

literature[83].  To verify the knockout, we performed downstream analysis by removing the 

MCF-7 cells from the device and culturing them in well-plates (see section 2.6 Transfer) 

in preparation for a genomic cleavage assay[22b] (Figure 3.7c).  The band patterns are 

similar to what is observed in the genomic cleavage gel from MCF-7 cells transduced in 

well-plates at different MOIs (Figure 3.7d).  Since genome editing efficiency varies with 

different cell lines[84], we implemented the gene-editing workflow[22b] on H1299 cells (i.e. 

non-breast cancer cells) and similarly observed successful knockout of integrated eGFP 

(Figure S7).   Although downstream gene editing analysis of CRISPR knockouts from 

microfluidic devices have been shown previously[45, 57b, 85], this is the first demonstration 

showing integration of lentiviral packaging, generation, and transduction on a microfluidic 

device followed by downstream gene editing analysis (off-device).   
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Figure 3.7 - Knockout assays for ESR1. Evaluating the knockout efficiency of ESR1 in 

MCF-7 cells performed in well-plates and on LENGEN. Lentiviral particles containing all-

in-one Cas9/sgRNA targeting ESR1 were generated, packaged, and transduced using (a) 

LENGEN or (b) well-plate protocols. Plots of fluorescence efficiency were measured at (a) 

different MOIs (0.5, 1, 2 and 5) and (b) different dilutions (1:3, 1:6, 1:12, 1:24) with cell 

images showing Hoechst 33342 stained wild-type MCF-7 cells or transduced (+)mCherry 

cells.  (c-d) Each transduction was verified by a genomic cleavage assay after seven days 

post-transduction.  The parental band is 409 bp (shown by the blue arrow arrow) and the 

cleavage bands are 235 bp and 174 bp (shown by red arrows).  Following LENGEN 

protocols, cells were removed from the top-plate, transferred to a well-plate, and the 1:3 

transduced cells were pooled together to perform the genomic cleavage assay.  Error bars 

for both plots represent ± 1 S.D. with N = 3. 

As depicted in Figure 3.1, this method was carried out in a 12-plex format (through 

the use of “highway tracks”) and we propose that this will be straightforward to expand 

this technique to much higher levels of multiplexing given the electrode and bussing 

techniques presented here (and particularly with recent reports of active matrix methods[65, 

86]).  In addition, through the use of DMF for lentiviral packaging, production, and 

transduction, it is possible to obtain very similar gene expression profiles (via RNAi and 
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CRISPR techniques) to that obtained of benchtop assays, while enabling 100-fold 

reduction in volumes to save precious lentiviral samples. This is an advantage because 

current practices of lentiviral production require high concentration of lentiviruses to 

reduce infection volumes to target cells but the conventional cell culture platforms do not 

allow for further reduction of these infection volumes.  In particular, when it comes to 

generating very concentrated amounts of viral titer, several days of lentiviral harvests 

within large batches of culture and rounds of ultracentrifugation are necessary to achieve a 

desirable concentration. Thus, with our platform, the time for lentiviral packaging, 

production and transduction of target cells has substantially decreased from generally two 

weeks [30, 87] to 2 days and therefore reducing the tedium needed for packaging and 

producing (and transducing) lentiviruses.   
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Chapter 4.  Concluding Remarks and a Future Perspective 

A summary of my work and a future perspective related to microfluidics and gene 

disruption/editing.  

4.1 Conclusion 

 In this thesis, we report the first demonstration of lentiviral generation (LENGEN): 

packaging, production and transduction for gene disruption using digital microfluidics with 

an application of targeting the estrogen receptor alpha in a breast cancer cell line.  First, we 

optimized electrode design on the DMF to cater for optimal generation of lentiviral titers 

and for the multiplexing of viral transduction analysis on-device.  We characterized the 

integration of lentiviral generation with DMF by having a production area solely for the 

culture of producer cells, HEK293T, to package and produce lentiviruses based on the 

transfer vector of interest enabling us to choose between RNAi or CRISPR-Cas9 assays. 

Next, we did four serial dilutions to infect target cells where 24 hrs was found to be 

sufficient in terms of lentiviral titer obtained from the production area for perturbation to 

happen in gene expression. We then optimized and validated our system for transduction 

efficiency by assessing the expression mCherry through a heavy payload (plasmid ~15 kb) 

by transducing three different cell lines.  We further tailored our LENGEN platform for 

directed gene silencing and gene editing using the RNAi and CRISPR-Cas9 system 

targeting the estrogen receptor alpha. Through these assays, we observed similar 

efficiencies to those acquired from benchtop experiments.  To have a more complete 

workflow, we also applied LENGEN for directed knock out of an endogenously expressing 

fluorescent reporter (eGFP) in a non-small cell lung cancer cell line followed by 

downstream gene editing analysis (off-device).  Overall, we were able to show the 
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versatility of the LENGEN platform by executing proof-of-principle validation of 

knockout/knockdown assays, at relative low cost, with small working volumes and 

material.  To our knowledge, this platform is the first to be capable of automating the 

procedures of packaging, production and transduction with viral-derived vectors. We 

anticipate that this approach will greatly speed up (days instead of weeks) lentiviral 

production and transduction processes which can alleviate the tedium associated with 

optimizing lentiviral generation and transduction. 

4.2 Future perspective 

 

 As the technology of DMF and other paradigms of microfluidics are developing, 

we believe that one day it will be possible to fully automate from the beginning to the end 

the whole workflow involved in gene editing. The tremendous utility of automation will 

provide the opportunity to reshape how we currently design, build, test, and learn gene-

editing for different cell lines.  Using microfluidics, it would be possible to build a next-

generation automation gene editing platform that can obtain high gene delivery 

efficiencies, have a higher throughput and be able to execute parallel experiments.  

In my opinion, a promising advancement will be to develop a fully automated 

machine learning platform that can run the whole pipeline of CRISPR gene editing or 

RNAi gene regulation based on a standard data set and proper experimental designs. The 

ideal platform will possess cloud-based data for the design of CRISPR (knock in, knock 

out, activation, repression) and RNAi strategies integrated with a system that assembles 

modular device pieces for each step of the pipeline (mentioned in Chapter 1.2: (1) to design 

and prepare the sh/sgRNA library, (2) to deliver the gene disruption machinery to the cell, 

(3) to analyze the results, and (4) to validate the gene perturbation) and the capacity for a 
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streamlined with feedback input/output performance. By doing so, the modularity will 

allow for the pipeline to be tailored to the researcher’s application all while making the 

workflow simple by allowing the researcher to input all the necessary components into the 

platform which will produce an output of the edited and expanded cell line. For example, 

based on the researcher’s desired method of delivery, there will be a choice between 

physical (i.e. electroporation), chemical transfections (lipofection, calcium phosphate 

transfection, etc.) or viral transduction methods with the option to deliver CRISPR 

machinery as ribonucleoproteins[88] or plasmids using LENGEN. Thus, this range of choice 

will permit for transient or stable expression of CRISPR components within easy to hard-

to-transfect cell lines. Moreover, this next-generation automated platform is not limited to 

only to mammalian cells but is used with other organisms such as prokaryotic cells thanks 

to the low cost of fabrication for each modular microfluidic device. In this case, equipped 

with UV sterilization, cross-contamination can be completely avoided. For screening and 

selection, due to the modularity of the microfluidic devices, incorporation of optical fibers 

will serve as a way for sorting cells like FACs or impedance sensing can be done to select 

for healthy cells versus dead cells when selecting with an antibiotic resistance. Finally, 

having integrated sequencing in the platform will produce results within a quick time frame 

for researchers to assess their data. The whole pipeline will be based on standard data set 

and experimental designs and the machine learning will continuously update the analytical 

model, allowing the researcher to observe in real-time if each step was successfully 

completed for a conclusive edit. Thus, this platform will provide an easy and hands-free 

workflow of gene disruption for any researcher to use – giving everyone an opportunity to 
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engineer new cells to serve the greater good without having to go through the struggles of 

optimizing each step for successful gene disruption.  
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Appendix: Supplementary information 
 

 

Figure S1 - Transfer plasmids used in this study. (a) LentiCRISPR_mCherry_NeoRv2 

(LCMNv2) is a viral transfer vector that contains an sgRNA (targeting either eGFP or 

ESR1) under the promoter U6 and a spCas9 gene cassette linked to a fluorescent reporter, 

mCherry, via a P2A linker which are all under the promoter EF-1α. A neomycin/kanamycin 

resistance was assembled into the plasmid. (b) MISSION® pLKO.1 constructs contain an 

shRNA targeting ESR1 under the promoter of U6 and has a puromycin resistance cassette. 

The first plasmid is deposited into the online Addgene repository (Cambridge, MA). 
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Figure S2 - Lentiviral transduction dilutions to measure mean viral titer in the device 

and well-plate. (a) Serial dilutions of 1:3, 1:6, 1:12, and 1:24 of lentiviral supernatant are 

formed at the production area following a dilution protocol. Each 1 μL unit DMEM droplet 

is applied to HEK293T cells in a serial fashion. A dilution of 1:3 (DMEM and viral titers) 

was implemented by merging 1 µL of DMEM with 2 µL of the supernatant containing the 

viruses. 1 µL of the merged product was split and actuated to a ‘target cell’ region while 

the remainder (2 µL) was saved for other dilutions. This procedure was repeated three 

times to generate dilutions 1:6, 1:12, and 1:24. After monitoring for two days, it is possible 

to infer the viral titer via the fluorescence of target cells based on equation 1. (b) Serial 

dilutions of lentiviruses are applied to HEK293T cells in a 96-well plate.  Colonies were 

allowed to grow in the presence of the puromycin for 7-8 days with medium renewal each 

2 days and stained with 0.1 % w/v crystal violet in 20% ethanol and counted when the 

negative control well was completely dead. Counted colonies were converted into 

transducing units per mL via equation 2 shown in the methodology.  
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Figure S3 - Cell viability of breast cancer cells’ (MCF-7 & T47DKB-Luc) on DMF 

and 24-wellplate throughout 3 days. (a-b) Viability bar graph of MCF-7 and T47DKB-

Luc cells. Cell viability data was measured (as seen in section 2.10) via Hoechst 33342 

staining of the nuclei and FDA/PI staining for live and dead cells . (c-d) Qualitative images 

of cell viability for breast cancer cells stained with FDA/PI in 24-well plate after 3 days. 

 

 



76 
  

 

Figure S4 - Lipid-mediated transfection efficiency of T47DKB-Luc with plasmid 

eGFP-N1 in 24-wellplate over 5 days. Different cell densities were seeded in a well-

plate for evaluation of transfection efficiency based on the observation of eGFP 

fluorescence in T47DKB-Luc cells. 750 ng of DNA plasmid was transfected into the cells. 

Within the first day the highest transfection efficiency seen at the lowest cell density is ~ 

13.4% and decreases over the 5 days. The highest cell density was observed to reach the 

lowest transfection efficiencies.  
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Sample calculations: 

For dilution 1:3 on microscale, seeding density is 3 x 106 cells/mL with an average viral 

titer of 3.68 x 106 TU/mL after 24 hours 

3.68 × 106 𝑇𝑈/𝑚𝐿

3 × 106 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 
≈ 1.23 𝑇𝑈 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 

For dilution 1:3 on microscale, seeding density is 3 x 106 cells/mL with an average viral 

titer of 1.05 x 107 TU/mL after 48 hours 

1.05 × 107 𝑇𝑈/𝑚𝐿

3 × 106 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 
≈ 3.55 𝑇𝑈 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 

For dilution 3:10 on macroscale, seeding density is 5 x 106 cells/mL with an average viral 

titer of 1.4 x107 TU/mL after 5 days of harvesting 

1.4 × 107𝑇𝑈/𝑚𝐿

5 × 106𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 
≈ 2.81 𝑇𝑈 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 

 

Figure S5 – Sample calculations for measuring the transducing units packaged per 

producer cell. The cell seeding density was divided by the obtained mean viral titer to 

calculate the approximate transducing units packaged per producer cell on macroscale 

and microscale. The mean viral titer is obtained through plots in Figure 3.4c. 
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Figure S6 - RT-qPCR raw data examples: RNAi assay on MCF-7’s on LENGEN and 

in a 96-well plate. (a) Amplification plots measuring gene expression of ESR1 and ACTB 

(as a reference gene) in MCF-7 cells on LENGEN. Pooled 1:3 dilutions were transferred 

into a well-plate and grown with antibiotic for seven days. (b) Amplification plots 

measuring gene expression of ESR1 and ACTB (as a reference gene) in MCF-7 cells. MCF-

7 cells were treated with viral particles containing shRNA constructs in a 96-well plate 

and selected with antibiotic for seven days.  
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Figure S7 - Expansion of eGFP knockout cells transduced on LENGEN and knockout 

assays for eGFP on device and in well-plate. (a) Pooled dilutions (1:3) of H1299 into a 

96-well plate. Overlay images of mCherry and eGFP images show the knockout of eGFP 

in some cells 5 days post-transduction. (b) Cell sorting of H1299 grown from pooled 

dilutions (1:3). Flow cytometry data showing the count of eGFP knockout cells versus 

(+)eGFP cells. (c) Single cell expansion of (-)eGFP/(+)mCherry H1299 cells. The 

heterogenous population was cell sorted for single cell expansion of eGFP knocked out 

and integrated mCherry-expressing cells. The cells were further expanded for 

establishment of a new endogenously expressing fluorescent cell line. (d) Evaluating the 

knockout efficiency of eGFP in H1299 cells with lentiviral particles containing all-in-one 

Cas9/sgRNA targeting eGFP. Genomic cleavage assay done after seven days post-

transduction on the pooled 1:3 dilution performed on LENGEN. The wildtype band is 433 

bp (shown by the blue arrow arrow) and the expected cleavage bands are 293 bp and 160 

bp (shown by the red arrows arrow). There is presence of un-specific bands (~400 bp and 

~310 bp) due to many repeated sequences located near the target loci.  (e) Plot of 

fluorescence percentages at different MOIs (0.5, 1, 2 and 5) were measured in H1299 cells, 

two days post-transduction in a 96-well plate. (f) Genomic cleavage assay done after seven 

days post-transduction on each interrogated MOI performed in well-plates assessing the 

eGFP target loci. Error bars for both plots represent ± 1 S.D. with N = 3. 

      

 


