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Abstract  

Antiretroviral therapy (ART) has been transformative in helping people living with 

HIV (PLWH) in the last 30 years. Despite the many advances in ART, it cannot eradicate 

HIV due to its inability to target the HIV latent reservoir. Therapeutic approaches have 

been considered for eradicating latent HIV such as “shock and kill” and “block and lock” 

but are still in development and have shown poor results in clinical trials thus far. 

Laboratory techniques such as STIP-Seq and HIV-Flow have been developed to quantify 

and characterize the HIV reservoir but do not aim to specifically identify and characterize 

genuine latently infected cells. Such techniques fall short due to the requirement to 

activate latently infected cells for identification and analysis, since activation changes 

cellular gene expression globally. Therefore, we introduce HIV-Seek, a novel approach 

to characterizing latently HIV infected cells in their pre-activated state. HIV-Seek aims to 

combine microfluidics, single cell RNA-sequencing, and molecular biology to identify 

biomarkers for immunological or pharmacological control of the viral reservoir. The focus 

of this thesis is to establish the development of microfluidics for both its fabrication and 

function in HIV-Seek alongside the integration of microfluidics and molecular biology. 

Designs and fabrication conditions were developed for the custom microfluidics for use in 

HIV-Seek. Encapsulation of beads and cells was performed using microfluidics and a co-

encapsulation rate of 4.38 ± 0.31% was achieved. Further experimentation with the 

integration of the molecular biology with the microfluidics is required but shows promise 

as shown with the dPCR. 
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1.1a HIV Classification 

       Human immunodeficiency virus (HIV) is a positive sense, single-stranded, RNA 

virus, that is part of the retroviridae family and lentivirus genus [1]. Retroviruses, which 

compose the retroviridae family, are viruses that reverse transcribe their viral RNA into 

cDNA and integrate into the genome of host cells. After integration into the genome, 

viruses use host cell processes to produce more virions and continue to infect other cells 

[2]. Other human retroviruses include human T-cell lymphotropic virus (HTLV) which, 

similar to HIV, crossed the species barrier to humans from non-human primates (NHP) 

[3]. Lentiviruses possess complex genomes and have evolved the ability to infect non-

dividing cells. Other members of lentiviruses include simian immunodeficiency virus (SIV) 

and equine infection anemia virus (EIAV) [4], [5].   

       HIV isolates also separate into two groups, HIV-1 and HIV-2. HIV-1 is the main 

progenitor for acquired immunodeficiency syndrome (AIDS) and extends 

epidemiologically worldwide, whereas HIV-2 remains confined to West Africa and is 

characterized by lower transmissibility and a reduced rate of progression to AIDS [6]. 

1.1b HIV Genome 

  The HIV genome consists of two identical single-stranded RNA molecules, 

approximately 9 kilobases long, encapsidated in each virus particle. The HIV genome 

encodes 9 open reading frames (ORF), gag, pol, vif, vpr, vpu, tat, rev, env, and nef flanked 

on either end by long terminal repeats (LTR) [7]. The gag reading frame is responsible 

for encoding the matrix, the capsid, the nucleocapsid, and smaller nucleic acid-stabilizing 

(p6) proteins, which act as the main structural and core proteins of the virion. The env 
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reading frame is responsible for two more structural proteins, including the surface protein 

gp120 and transmembrane protein gp41. The pol reading frame encodes enzyme 

proteases, reverse transcriptase, and integrase which are essential for enzymatic function 

and housed within the virion [8]. The tat and rev reading frames code for regulatory 

proteins necessary for the initiation of HIV replication. Nef, vif, vpr, and vpu, have impact 

on viral replication, virus budding and pathogenesis [7].    

1.1c HIV Replication Cycle 

  The HIV replication cycle can be broken down into 6 main steps: 1) binding and 

entry, 2) uncoating, 3) reverse transcription, 4) integration, 5) virus protein synthesis and 

assembly, 6) budding [1]. Entry of HIV-1 into the host cell can be split into three major 

events: 1) virus binding to the cell, 2) activation and 3) fusion, ultimately leading to release 

of HIV-1 genome into the cytoplasm of the target cell [1, 9]. The entry process begins by 

viral gp120 binding specifically to CD4 expressed on the cell surface of approximately 

60% of circulating T-lymphocytes. Upon binding to CD4, the virus envelope complex 

undergoes a conformational change to bind chemokine receptors, most commonly CCR5 

or CXCR4, depending on the viral tropism [1,10]. Following this binding to the coreceptor, 

a conformational change also occurs in gp41 allowing for the helical regions of the 

transmembrane protein and a fusion peptide to form a stable six-helix bundle structure, 

which leads to the fusion between viral and cell membranes and the formation of a pore 

allowing the for the viral core to enter the target cell [9,11]. 

       After release of the viral core into the target cell, it uncoats releasing viral RNA into 

the cytoplasm of the target cell where conversion of viral RNA into proviral DNA occurs. 
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Reverse transcriptase enzyme performs reverse transcription (RT) of viral RNA until a 

RNA/DNA hybrid double helix is formed, after which the secondary ribonuclease H activity 

of RT degrades the RNA and its polymerase activity completes a complementary DNA 

strand to form the double stranded DNA [1]. Microtubules assist in transporting genetic 

material to the nucleus where integrase allows for the integration of the double stranded 

DNA into the target cell, known as proviral DNA [9, 12]. 

       Upon cell activation, transcription of proviral DNA into different viral messenger 

RNA occurs, resulting in synthesis of regulatory HIV-1 proteins such as Tat and Rev which 

stimulate the transcription and export of longer RNA transcripts for viral protein synthesis 

[1]. The matrix, capsid, and nucleocapsid proteins are synthesized and assembly is 

mediated by the HIV-1 p55 polyprotein which also contains a domain known as p6 

necessary for viral budding. The formation of a new virion particle is stepwise- two viral 

RNA strands associate together with the required replication enzymes while core proteins 

assemble around them forming the virus capsid (core). This core particle migrates 

towards the cell surface and buds through the host cell membrane acquiring a new 

envelope. During the budding process it may incorporate host cell proteins and become 

enriched with phospholipids and cholesterol [1, 9]. The newly released immature particles 

are not infectious; HIV-1 protease is required to cleave the large precursor molecules, 

such as the gag polyprotein, resulting in an infectious viral particles 

1.1d Clinical Stages of HIV 

Around 80% of adults infected with HIV become infected through exposure of 

mucosal surfaces to the virus, while most of the remaining 20% were infected by 
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percutaneous or intravenous inoculations. Immediately following exposure and 

transmission, HIV-1 replicates in the mucosa, submucosa, and draining lymphoreticular 

tissue and cannot be detected in plasma until it reaches a concentration of 1 to 5 copies 

per milliliter (mL) in plasma. At this point it can be detected by sensitive qualitative 

methods of nucleic acid amplification. At a concentration of 50 copies per mL in plasma, 

it can be detected by different quantitative assays [13].    

The National Institutes of Health (NIH) and Centers for Disease Control and 

Prevention (CDC) both define three stages of HIV infection, to be 1) acute HIV infection, 

2) chronic HIV infection, and 3) AIDS [14, 15].  Acute HIV infection is defined as having a 

CD4 T-cell count >500 cells/µL of blood and occurs approximately two to four weeks after 

initial infection [14, 16]. Infected individuals will experience flu-like symptoms such as 

fever, headache, and rash, as HIV multiplies and disseminates throughout the body. 

During this stage, HIV levels are high and increase the risk of transmission [14]. HIV 

targets cells expressing CD4 receptors and chemokine receptors CCR5 and CXCR4 

including [17]: 

1) CD4+ T-cells 

2) Monocytes and macrophages (CD68+) in lymph nodes, spleen, liver, brain, lung, 

and bone marrow 

3) Dendritic cells in lymphoid germinal centers and at lymphoepithelial surfaces 

The following stage of HIV infection, known as chronic HIV infection, is also known 

as asymptomatic or clinical latency. During this stage, HIV continues to multiply at low 
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levels and infected individuals may not experience HIV-related symptoms but are still able 

to transmit HIV [14]. CD4+ T-cell counts drop to 200-499 cells/µL of blood in this stage of 

HIV infection [16]. Without antiretroviral treatment (ART), chronic HIV infection usually 

advances to AIDS in 10 years or longer though may occur even faster in some individuals. 

The final and most severe stage of HIV, AIDS, is characterized by a CD4+ T-cell 

count of <200 cell/µL of blood or the presence of certain opportunistic infections as HIV 

has severely damaged the immune system [14, 18]. The body is unable to fend off 

opportunistic infections such as tuberculosis, visceral leishmaniasis, and hepatitis [17]. 

Disease in children and adults are similar with a few important differences, 

cytomegalovirus (CMV) and disseminated herpes simplex virus (HSV) are more common 

in adults whereas lymphoid interstitial pneumonia is more common in children [16].  AIDS 

may also lead to malignant tumors, and one of the earliest noted manifestations of AIDS 

was an excess of Kaposi’s sarcoma [19]. Following that B-cell lymphomas, particularly in 

the brain, were found to be highly associated with AIDS, and classification of malignant 

tumors associated with HIV has only broadened [17]. Without treatment people with AIDS 

typically survive about 3 years [14].       

1.1e Treatment of HIV 

  ART is the best option for long lasting viral suppression and, subsequently, for 

reduction of morbidity and mortality [20]. ART involves taking a combination of HIV 

medicines, called an HIV treatment regimen, every day. As of 2021, over 30 HIV 

medications have been approved by the FDA and are available in combination (multiple 

medications in one pill) and fall within seven categories. The seven drug classes are: 1) 
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nucleoside reverse transcriptase inhibitors (NRTIs), 2) non-nucleoside reverse 

transcriptase inhibitors (NNRTIs), 3) protease inhibitors, 4) fusion inhibitors, 5) coreceptor 

antagonists, 6) integrase inhibitors, and 7) post-attachment inhibitors [21, 22]. NRTIs and 

NNRTIS target and inhibit HIV reverse transcriptase. Protease inhibitors target HIV-1 

protease and inhibit the enzyme responsible for cleavage of the viral gag and gag-pol 

polyprotein precursors during virion maturation. Fusion inhibitors, coreceptor agonists, 

and post-attachment inhibitors prevent entry of the HIV into the target cell whether by 

blocking attachment of the HIV virion to the cell or inhibiting fusion of the virion and cell 

membrane. Coreceptor agonists commonly target CCR5 and CXCR4 coreceptors to 

block HIV from attaching to the target cell. Integrase inhibitors target HIV integrase 

enzymes and block integration of HIV DNA into the host genome [16, 21, 22]. 

1.1f HIV Latency 

       While ART can effectively block viral replication and reduce plasma viral load to 

undetectable levels, it does not cure HIV. HIV-infected cells have the capacity to become 

transcriptionally silent after HIV integrates into the cell genome, becoming latently 

infected [23]. The virus persists in this reservoir of long-lived, quiescent, memory CD4+ 

T-cells that harbor integrated latent HIV provirus [24].  HIV reservoirs are established 

early during acute infection, days following initial transmission. Initiation of ART in the 

early days of HIV infection is still unable to prevent establishment of the latent reservoir 

[25]. After a period of time where HIV provirus lies transcriptionally silent and 

immunologically inert, transcription initiates under circumstances not entirely clear but 

may include reactivation of the T cell by its cognate antigen, after which the T cell adopts 
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a cellular state that promotes and sustains productive HIV transcription and virus 

production resumes [24].  Several biomarkers to identify these latent infected cells have 

been proposed, including CD3, CD32a, and BTK and other factors such as PD-1, LAG-

3, and TIGIT but these indicators are only partially expressed in populations of latently 

infected cells [26], [27]. 

       Therapeutic approaches to deal with HIV latency have been developed and are 

known as “shock and kill” and “block and lock”. “Block and lock” is a functional cure 

strategy that aims to permanently silence the latent reservoir using latency promoting 

agents (LPAs) to “block” virus transcription and “lock” the virus promoter in a latent state 

via repressive epigenetic modifications. Permanent control of the HIV-1 promoter would 

mean that ART is no longer required if this technique is successful [28]. In contrast, “shock 

and kill” strategies aim to stimulate the dormant virus by regulating host-dependent 

pathways and to “kill” the infection either through HIV-related cytopathic effects or via 

immune system-based clearance [29]. 
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Figure 1: Visualization of “Shock and Kill” and “Block and Lock” Approaches [29] 

1.2a Single Cell Sequencing 

  Single-cell sequencing refers to recently developed techniques allowing 

researchers and clinicians the ability to look at genomics, transcriptomics, and other multi-

omics at the individual cell level [30]. Compared with traditional sequencing technologies, 

single-cell technologies have the advantages of detecting cell heterogeneity among 

individual cells, distinguishing a small number of cells, and delineating cell maps [31]. 

Single-cell isolation is the first step for obtaining transcriptome information from an 

individual cell. Multiple methods have been developed for this step including limited 

dilution, micromanipulation, and more recently fluorescence-activated cell sorting (FACS) 

and microfluidics [32]. 
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1.2b Single-Cell Analysis of HIV-1 Reservoirs 

  FACS has been used as a method for single cell RNA sequencing (scRNA-seq) of 

translation-competent HIV reservoirs. This method known as HIV-Flow aims to reactivate 

latently infected cells and identify cells producing the p24 HIV antigen in order to separate 

them from uninfected cells by FACS [33]. In combination with another method known as 

STIP-Seq, these p24+ reactivated cells were sequenced to characterize the translation-

competent HIV reservoir in ART-suppressed individuals [34]. 

1.3a Microfluidics 

Microfluidics is characterized by manipulation of fluids at the submillimeter length 

scale, where fluid phenomena are different from those at the macro scale. Surface tension 

and capillary forces are more dominant at this scale and are used for a variety of tasks 

such as passive pumping of fluids, filtering analytes, and forming droplets of multiphase 

fluid streams [35]. Reduction in size, weight, and power consumption; improvement in 

sensitivity; and the characteristics of low-cost batch manufacturing of these devices have 

made the technology very appealing for numerous applications. Among various 

applications, microfluidic devices have a wide range of applications developing rapidly for 

medical, biological, and chemistry uses [36]. 
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1.3b Comparison of Microfluidics Based scRNA-seq 

Platforms 

Droplet microfluidics can achieve rapid compartmentation and encapsulation at a 

frequency of up to dozens of thousands of droplets per second and can be easily scaled 

to produce millions of droplets, each having nanoliter volumes to accommodate single-

cell reactions. This droplet strategy greatly increases the reaction throughput and 

dramatically reduces the cost. Currently there are three prevalent droplet-based 

systems for high-throughput scRNA-seq, namely inDrop [37], Drop-Seq [38], and 10X 

genomics (10X) [39, 40].  

Among the three systems, inDrop and Drop-Seq have been extensively 

described in literature, whereas 10X is a commercial platform whose design details 

have not been fully disclosed. All three methods use similar designs to generate 

droplets, use on-bead primers with barcodes to differentiate individual cells, and apply 

unique molecular identifiers (UMI) for bias correction. In all three systems the cell 

barcodes are embedded in microbead-tethered primers and the DNA sequences of on-

bead primers share a common structure containing a PCR handle, cell barcode, UMI, 

and poly-T [39].  

One major difference in the three microfluidics systems, are the bead material 

used by the platform. In the case of the bead material, inDrop and 10X use hydrogel 

beads permits primer immobilization throughout the beads while the smaller Drop-Seq 

beads can only tether primers on the surface. After encapsulation, 10X beads are 
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dissolved to release the primers in the solution phase to increase mRNA capture 

efficiency. In addition to this, inDrop mobilizes the primers by UV-irradiation-induced 

cleavage. Drop-Seq only uses surface-tethered primers to capture the mRNA molecules 

which can potentially decrease the capture efficiency [39].   

Each system has its own data processing pipeline as well, however none of them 

can directly handle data generated by other systems to differences in read structure. 

Each analysis pipeline has to cope with system-dependent data characteristics, for 

example, the tolerance of cell barcode errors. Besides, the analysis pipelines use 

different strategies in some key processes such as gene tagging [39].  

Another major difference in the three systems is the cost of each platform. 

Although 10X has higher molecular sensitivity and precision, and has lesser technical 

noise, it is the most expensive of the available systems. inDrop can be considered as an 

open-source version of 10X due to similar use of hydrogel beads and on-bead primers 

are releasable to facilitate capture of transcripts. The instrument cost is comparable, 

and the per-cell cost is about half that of 10X. Drop-Seq exhibits a significant advantage 

in experimental cost compared with 10X, which is typically the major concern when a 

large number of single cells is needed. The experimental cost of Drop-Seq is about 

$0.10 per cell (Table 1).  
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Table 1: The estimation of RNA-Seq library preparation costs per cell for all three 

platforms [39] 

1Assuming each platform is used to prepare 1000 cells per day and each instrument 
can provide service for 2 years.  
2Assuming each cell get 50,000 reads on average (150bp pair-end). 

Compromising sensitivity and precision, Drop-seq is an excellent choice for its 

cheaper experimental cost. This is a significant concern particularly if millions of single 

cells are being analyzed. At almost half the price of 10X, Drop-seq and to some extent 

inDrop offer an advantage in terms of balanced performance and economic nature [39]. 

By developing an in-house microfluidics method, overall cost per cell can be 

reduced by reducing the sequencing cost. This in-house microfluidics method can be 

used to sequence cells of interest, specifically latently HIV infected CD4+ T cells.  By 

performing mRNA sequencing of these cells and analyzing the transcriptome, we can 

better understand the biology of latency and its establishment, maintenance, and 

reactivation. In turn improvements can be made to target the HIV latent reservoir.  
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2.1 Background 

During the HIV life cycle, proviral HIV cDNA integrates into the host genome. 

During acute infection, this provirus is transcribed into RNA where replication and 

translation will lead to the production of mature virions [1]. However, HIV proviral cDNA 

also has the capacity to become transcriptionally silent after it integrates into the cell 

genome in what is known as latent infection [2]. Latently infected, resting CD4+ T-cells 

can be reactivated at a later point, leading to the expression of replication-competent 

virus. Challenges are faced when attempting to understand latently HIV-infected cells 

such as their rarity (frequency of only 1 in 106-107 cells) and the lack of identifying 

biomarkers. Several biomarkers have been proposed, including CD3, BTK and other 

factors such as PD-1, LAG-3, and TIGIT but these indicators are only expressed in partial 

populations of latently infected cells [3]. 

2.2 Rationale 

A better understanding of patient-derived latently infected cells will improve 

therapies targeting this reservoir. Currently, there are no methods for unambiguously 

characterizing a latently infected cell in its pre-activated state. Determining if a cell is 

latently HIV-infected requires reactivation of the replication competent virus. However, 

activation rewires cellular gene expression and does little to help characterize the cell in 

its previous resting state [4]. Alongside the lack of biomarkers to identify latently infected 

cells, there is little understanding of latently infected cells while in their pre-activated state. 
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2.3 Objectives and Hypothesis 

The study’s objective is to develop a novel methodology for identifying and 

characterizing transcriptionally silent HIV-infected T-cells in a pre-activated state. We 

hypothesize that by characterizing the pre-activated state of latently HIV-infected cells, 

we can better target the HIV reservoir. To do this, we will develop a method that uses 

microfluidics and molecular biology to isolate and distinguish this infrequent cell type. 

2.4 Significance and Innovation 

A hallmark characteristic of HIV infection is its ability to enter a latent infection state 

after integrating into the host cell genome. This latent reservoir of infection acts as a major 

barrier to cure. Methods for controlling the latent reservoir have either shown poor results 

or are still in development [5]. The rarity of these latently infected cells (1 in 106-107 cells) 

alongside its lack of defining characteristics have made identification and characterization 

of this cell type difficult. This study is innovative as it aims to 1) develop a new 

methodology for characterizing latently HIV infected cells and 2) identify latency in its pre-

activated state rather than quantify the latent reservoir. By being able to identify the latent 

reservoir, we can better understand the biology of latency and its establishment, 

maintenance, and reactivation. Alternative therapeutic approaches that target the latent 

reservoir could be developed after further characterization and identification [6]. We aim 

to present a novel, low-cost method to both isolate and analyze this rare cell type by use 

of microfluidics, named HIV-Seek. 

 



32 

2.5 Specific Aim 

Specific Aim: Develop custom microfluidics for use in HIV-Seek 

While there are numerous examples of microfluidic systems in literature, the HIV-

Seek protocol will require a microfluidic device tailored for the protocol design [7, 8]. 

Furthermore, while there are common standards with fabrication of microfluidic devices, 

as designs change there are specific details that require fine tuning. Implementation of 

microfluidics in parallel to the molecular biology aspects of HIV-Seek will require 

development to determine the desired conditions for the protocol. 

2.4a Sub Aim 1: Optimize fabrication and basic function of microfluidic devices 

Several methods for microfluidic device fabrication have been developed [9] but 

are limited by lab capabilities and instrumentation. Fabrication can be outsourced to other 

manufacturers but can be expensive. By developing an “in-house” fabrication method we 

maintain a low-cost for production of microfluidic devices. An additional benefit to 

producing our own microfluidic devices is faster design changes should issues arise. The 

objectives related to fabrication of the microfluidic devices are as follows: 

● Determine fabrication conditions and methods for production of microfluidic 

devices 

● Develop function of microfluidic systems with desired reagents 

● Determine calculation processes for HIV-Seek 
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2.4b Sub Aim 2: Implement microfluidic encapsulation of modified agarose beads 

and cells for use in HIV-Seek protocol 

Developing HIV-Seek methods requires incorporation of microfluidics and 

molecular biology. In order to implement the molecular biology aspects of the HIV-Seek 

into the microfluidics, sample conditions must be determined, including flow rates and 

concentrations. These include flow rates and concentrations of the cells, beads and oil. 

Separate conditions for the co-encapsulation and re-encapsulation processes of HIV-

Seek must be considered. The objectives with this in mind are as follows: 

● Determine adequate droplet generation conditions and flow rates 

● Perform stepwise encapsulation of desired reagents 

● Determine encapsulation efficiency of sample conditions 

● Assist in optimizing droplet polymerase chain reaction (dPCR) methodology 
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Abstract 

HIV-Seek aims to combine microfluidics, single cell RNA-sequencing, and 

molecular biology to identify biomarkers for immunological or pharmacological control of 

the viral reservoir. The focus of this study is to establish the development of microfluidics 

for both its fabrication and function in HIV-Seek alongside the integration of microfluidics 

and molecular biology.   

Our study developed fabrication methods and conditions for the microfluidic 

devices used in HIV-Seek. Encapsulation of beads and cells was performed using 

microfluidics and a co-encapsulation rate of  4.38 ± 0.31% was achieved. Other 

methodologies including droplet breakage/bead recovery and droplet PCR (dPCR) were 

also proven viable using microfluidics.   
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Introduction 

Despite the improvements in ART’s efficacy in controlling infection, HIV still has the 

capability to establish a latent reservoir even a few days after initial transmission while 

undergoing ART treatment [1]. Multiple challenges are faced when attempting to 

understand latently HIV-infected cells such as their rarity (frequency of only 1 in 106-107 

cells) and the lack of identifying biomarkers. Other therapeutic approaches have been 

considered for dealing with HIV latency such as “shock and kill” and “block and lock'' 

strategies. While these strategies attempt to mitigate or eliminate latent HIV infection, 

there are no methods for unambiguously characterizing a latently infected cell in its pre-

activated state. Currently to determine if a cell is latently HIV-infected, the cell requires 

reactivation of the replication competent virus. However, activation rewires cellular gene 

expression and does little to help characterize the cell in its previous resting state [2].  

Proposed HIV-Seek Protocol 

The main objective of this project is to develop a low-cost, microfluidics-based 

approach to isolate, identify and characterize latently HIV-infected cells. The protocol, 

named HIV-Seek, is based on an existing microfluidics-based single-cell RNA-seq 

workflow and incorporates a metabolic labeling technique. 

The microfluidics-based method from literature known as Drop-Seq uses 

microfluidics to create nanoliter droplets to encapsulate cells and microparticles, or 

beads, to perform molecular barcoding of cellular transcriptomes [3]. Our adoption of 

Drop-Seq for HIV-Seek is the microfluidics-based portion of the process in which cells 

and oligo d(T)-conjugated beads will be encapsulated together and processed for a single 
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bead to represent a single cell transcriptome. Unlike Drop-seq, our process does not 

incorporate barcoding of cellular transcripts as we are not determining the transcriptome 

from every cell. 

The metabolic labeling method from literature being adapted for HIV-Seek is known 

as thiol-linked alkylation for the metabolic sequencing of RNA, or SLAM-Seq. This 

process involves culturing cells in the presence of the uridine analog 4-thiouridine (s4U) 

which is taken up and incorporated into mRNA by the cell. In vitro alkylation of the thiol 

group of s4U with iodoacetamide causes guanosine to be incorporated instead of an 

adenosine opposite the modified s4U during RT. After a PCR is performed, the sites 

opposite the G groups will present as a C instead of a T [4]. This mutational signature will 

enable us to identify transcripts made in the presence or absence of 4-thiouridine. To 

adapt this process for use in HIV-Seek, the MacPherson laboratory plans to culture 

patient-derived cells in the presence of s4U and then activate them without s4U. This will 

help to differentiate which transcripts were expressed prior to activation and after 

activation. 

By adapting and combining Drop-Seq and SLAM-Seq we have developed a 

proposed protocol for HIV-Seek (Figure 1). Starting with activated, metabolically labeled, 

patient-derived cells in a PBS/BSA suspension and oligo dT-conjugated beads in lysis 

reagent, these two co-flows enter the microfluidic chip where they will be co-encapsulated 

in water-in-oil droplets. The cells will lyse, and the mRNA released will bind to the beads. 

Here we expect to see about one per million of those beads to be tagged with an HIV 

transcript. These droplets will then be broken with a demulsifying agent and the 
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transcripts present on the beads will be alkylated with iodoacetamide. RT will then be 

performed on these beads after which they will be “re-encapsulated” and undergo HIV-

specific PCR and thermocycling using HIV-specific forward and oligo(dT) reverse primers. 

Following this step, droplets will be broken again and HIV-specific tag-annealing will be 

performed followed by flow sorting to isolate HIV-specific beads. Finally, the total cDNA 

will be amplified on these HIV-specific beads and the cDNA will be sequenced and 

analyzed. By using the techniques described in SLAM-seq we can analyze the cDNA 

sequence to see where the original transcripts in the RNA were labeled with s4U. This will 

tell us which transcripts were present prior to activation (i.e. a more accurate depiction of 

the latent state) and which transcripts are expressed after activation. 
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Figure 1: Proposed HIV-Seek Protocol 

HIV transcripts are colored in red and human transcripts and colored in green. Black stars 

represent alkylated transcripts.  

 

Materials and Methods  

Master Wafer Fabrication (Wafer/Mold Step) 

Microfluidic devices were designed on AutoCAD software (Autodesk) and 

transparency photomasks were made by CAD/ART services inc. (Bandon, OR). 

Microfluidic chip fabrication was performed at the University of Hawaii at Manoa in the 

Pacific Ocean Science and Technology (POST) building cleanroom. A 4-inch silicon wafer 

from Nova Wafers (Flower Mound, TX) was cleaned using acetone, methanol, 

isopropanol, and DI water. The wafer was then dried with nitrogen and placed on a hot 
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plate at 150°C for 10 minutes for a dehydration bake. SU-8 50 (Kayakuam) was poured 

over the silicon wafer and a 100 µm thickness was created on a GP3-8 Spin Coater 

(Specialty Coating Systems) according to manufacturer specifications [5]. A prebake step 

was performed by placing the coated wafer on a hot plate at 65°C for 5-10 minutes and 

then transferring to a separate hot plate at 95°C for 25-30 minutes. The prebaked wafer 

was allowed to cool at room temperature for 1-2 minutes and was then transferred to the 

Hybralign Series 200 (OAI) and the designed transparency photomask, and a glass panel 

was placed over the wafer. The coated wafer was then exposed to UV light and the 

photomask and glass sheet were removed. A post-exposure bake was performed by 

placing the coated wafer on a hotplate at 65°C for 1 minute and then transferred to a 

separate hot plate at 95°C for 30 minutes. The wafer was then allowed to cool again at 

room temperature for 1-2 minutes before being placed in a bath of SU-8 developer 

solution (Microchem). The wafer was then developed for 10-15 minutes or until there were 

no visible streaks after washing. The wafer was then given a final cleaning using acetone, 

methanol, isopropanol, and DI water and dried using nitrogen. A final hard bake was 

performed by placing the developed wafer on a hot plate and allowing the temperature to 

rise to 150°C and letting it stand for 10 minutes and then allowing to cool back to room 

temperature. 
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Figure 2: Master Wafer Fabrication Protocol 

Microfluidic Chip Fabrication (PDMS Step) 

A silicon master wafer was taken and placed in a glass petri dish lined with 

aluminum foil. SYLGARDTM 184 Silicone Elastomer Kit (Dow), a polydimethylsiloxane 

(PDMS), with a 10:1 ratio of elastomer to curing agent is mixed for 3 minutes and then 

poured over the silicon master wafer. The glass petri dish is then placed under vacuum 

to remove air bubbles. The petri dish is then moved to a hot plate and the PDMS is allowed 

to cure at 100°C for 35-40 minutes. During curing, glass microscope slides are cleaned 

using acetone, methanol, isopropanol, and DI water and dried with nitrogen. Excess 

PDMS is then cut away and the microfluidic devices are removed from the silicon master 
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wafer. Inlets and outlets are made with a biopsy punch with a diameter of 0.82 mm. The 

PDMS microfluidic devices are then bonded to the glass microscope slides using a BD-

20 corona treater (Electro-Technic Products) and heated on a hot plate at 100°C for 1-2 

minutes to promote bonding. Plastic tubing (Tygon) with a 0.5 mm inner diameter was 

inserted into the inlets and outlet and sealed with an epoxy glue. 

 

Figure 3: Microfluidic Chip Fabrication Protocol 

Cell Fixation and Preparation 

Frozen jurkat latently infected (J-Lat) cells obtained through the NIH HIV Reagent 

Program, Division of AIDS, NIAID, NIH: J-Lat Full Length Cells (10.6), ARP-9849, 

contributed by Dr. Eric Verdin, were thawed, and washed in excess PBS. Cells were then 

centrifuged and placed in a 1 mL mix of 8:2 methanol and PBS, respectively, and kept on 

ice for 15-20 minutes for fixation. Cells were then washed twice with PBS and stored at 
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4°C for up to two weeks. Cells are then counted using Countess II Automated Cell 

Counter (ThermoFisher) and diluted in BSA in PBS solutions and stained with trypan blue. 

Agarose Bead Size Selection 

Stock bead solution was mixed with 5 mM MES buffer in a 1:1 ratio and mixed 

gently by inversion. Bead solution was then passed through a 40 µm cell strainer 

(Pluriselect) into a 50 mL centrifuge tube and washed with 5 mM MES to assist beads 

through the cell strainer. The flow through was removed from the 50 mL centrifuge tube 

and passed through a 30 µm cell strainer (Pluriselect) and washed with 5 mM MES to 

assist the second pass. The 30 µm cell strainer cell strainer was then flipped and placed 

on a separate 50 mL centrifuge tube and 5 mM MES was used to collect the beads in the 

desired 30-40 µm range. Beads were then counted using the Countess II Automated Cell 

Counter (ThermoFisher) and diluted to the desired concentration in lysis reagent.       

Microfluidic Device Flow Parameters 

Reagents and stir bars (V&P Scientific) were loaded into plastic syringes (BD) and 

pumped into the microfluidic device at a constant rate using syringe pumps. A Rotary 

Magnetic Tumble Stirrer (V&P Scientific) was used to mix the cells and beads in the 

syringes. “Cell channels” and “oil channels” of the microfluidic device measure 78 µm in 

width and “bead channels” measure 113 µm in width. Water-in-oil droplet generation was 

viewed on an Olympus CKX41 microscope (Olympus) at 10x magnification and recorded 

using a high frame rate camera (Kron Technologies) at approximately 1000-8000 fps. 

Droplets are collected from the outlet flow in a centrifuge tube. Digimizer software was 
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used to measure droplet size and OpenShot Video Editor was used to edit videos 

recorded. After videos were clipped into approximately one second real time videos, 

beads and cells were counted in each clip. One-way ANOVA multiple comparisons were 

performed using GraphPad Prism 9.3.1.  

Droplet Breakage Testing 

Chemical 

After droplets underwent thermal cycling, 50 µL of TE buffer and 20 µL of de-

emulsifier were added. The droplet solution was then pipette mixed and 5 µL of 

proteinase K is added along with 10% SDS for a final concentration of 1% SDS. The 

solution is then pipette mixed again to break the water in oil droplets. Broken droplet 

solution was then viewed on an Olympus CKX41 microscope (Olympus) at 10x 

magnification. 

Freeze-Thaw 

After droplets underwent thermal cycling, 50 µL of TE buffer were added and 

droplets in centrifuge tubes were incubated at -150°C for 5 minutes. Droplets were 

then incubated and allowed to thaw at room temperature. Broken droplet solution 

was then viewed on an Olympus CKX41 microscope (Olympus) at 10x magnification. 

Sonication 

  After droplets underwent thermal cycling, 50 µL of TE buffer were added and 

placed into an MGUC500 Digital Ultrasonic Jewelry Cleaner (Magnasonic). Droplet 
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solution was incubated in the ultrasonic bath for up to 5 minutes or until a “milky” white 

solution formed on the bottom layer. The solution was then transferred to a spin 

column and beads were extracted and washed with a 100 mM Tris pH 8.8, 150 mM 

NaCl, 0.1% SDS solution. Broken droplet solution was then viewed on an Olympus 

CKX41 microscope (Olympus) at 10x magnification. 

Microfluidic-based Droplet PCR (dPCR) 

Oligo dt conjugated beads and/or cDNA was placed in solution with 10 µM dNTPS, 

400 nM each of “HIV for” (CAGATGCTGCATATAAGCAGCTG) (IDT) and 

“UMI_PCR_21mer'' primers (AAGCAGTGGTATCAACGCAGAGT) (IDT), PCR-grade 

nuclease-free water, and 1X ddPCR Control Buffer for Probes (BioRad). The total solution 

was prepared on ice and immediately transferred to the microfluidic device, so that beads 

could be individually encapsulated within water-in-oil droplets. The droplets were then 

placed in the following thermal cycling conditions: denaturation at 95°C for 30 seconds, 

annealing at 58°C for 15 seconds, and extension at 68°C for 30 seconds, for 35 cycles, 

with a final extension at 68°C for 5 minutes. Following amplification droplets are broken 

apart, and the aqueous solution containing amplicons is run on a 1.5% agarose gel 

stained with ethidium bromide. 

[dPCR methodology was created and performed by Eduardo Gamez and Elgin Quebral] 
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Results 

Microfluidic Fabrication Conditions 

While most of the conditions for fabrication of the microfluidics is based on 

manufacturer’s specifications [5], there is variability in working with different lab 

equipment and how that affects the fabrication process. Along with changes in protocol 

design, the fabrication of microfluidics required changes in conditions to follow suit. 

The initial HIV-Seek protocol aimed to use agarose beads that were 20-30 µm in 

diameter and the microfluidics was designed with this in mind. The starting iteration of the 

microfluidic design was made to be 50 µm thick and included a spiral design found in 

literature (Figure 4a) [6]. However, the protocol changed from 4% agarose beads 

(Purolite) to 7.5% agarose beads (CubeBiotech) to improve functionalization of the beads. 

With this change the size of the beads changed to 30-40 µm in diameter. This led to 

consistent clogging of microfluidic channels and in the spiral (see Supplementary Video 

1). With this issue in mind, the microfluidic chip design was changed to be 100 µm thick 

and to remove the spiral (Figure 4b) to create less back pressure in the channels of the 

device and minimize the risk of clogging. 



49 

 

Figure 4: Microfluidic Chip Design 

(A) Initial microfluidic chip design based on literature, with channel widths on the 

bottom left. The spiral design used to inertial order the beads as they flow into the 

microfluidic chip. (B) Improved microfluidic design, removing spiral and wider bead 

channel width for larger beads. Each one with respective inlet and outlet flows and areas 

of interest. Microfluidic device designed by Mohsen Paryavi.  

 

  With changes in microfluidic device thickness, changes also needed to be made 

with respect to the fabrication process as well. The manufacturer specifications for 100 

µm thickness required changes to the spin coat step, baking steps, and exposure steps. 

Spin coat steps were adjusted to different spin speeds and timings and baking steps were 

kept at the same temperature but with different lengths of time. Table 1 shows the 

changes in these steps: 
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Process Step Initial Design Developed Steps 

Photoresist Thickness 50 µm 100 µm 

Exposure Time 23 seconds 10 seconds 

Post-Exposure Bake 5 minutes at 65°C 

20 minutes at 95°C 

5 minutes at 65°C 

30 minutes at 95°C 

Hard Bake 10 minutes at 150°C Ramp to 150°C and hold 
for 10 minutes and then 

allow to cool to room 
temperature 

Table 1: Photolithography Method Changes 

The exposure timing required more testing than the other steps as the 

manufacturer specifications do not consider the user’s lab equipment. Figure 5 shows 

different exposure times (10-20 secs) and resulting photoresist deposition following 

development. Each deposition is viewed at the junction of the microfluidics under 

microscopy. 
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Figure 5: Wafer Photoresist Deposition 

Micrograph of photoresist deposition viewed at 10x magnification after development with 

varying exposure times: (A) 10 secs, (B) 15 secs, (C) 20 secs. Each deposition viewed 

at the “junction site” of the photolithographic pattern deposition.  

 

Droplet Production Consistency 

An important aspect of the droplet production in the microfluidic devices was their 

size consistency. As each droplet acts as a reaction vessel, it is important to keep their 

size and volume consistent. Figure 6 shows an image still from three droplet formation 

videos with bead encapsulation with measurements recorded from the Digimizer 

software. Each with a varied oil flow rate and a constant bead and “cell” aqueous flow 

rate. 
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Figure 6: Microfluidic Droplet Measurement 

Micrograph of junction outlet in a variety of bead encapsulation experiments measuring 

droplet size. Each with a constant flow rate of aqueous phase at 4 mL/hr and varied oil 

flow rate of (A) 10mL/hr, (B) 12 mL/hr, and (C) 15 mL/hr. Each picture used to measure 

the size of an equivalent number of droplets using Digimizer software using the outlet 

channel as a standard measure of 113 µm. 

 

Table 2 shows the calculations of droplet volume based on the measurements in 

Figure 6. The calculations of their volume assume that the droplets are perfect spheres, 

giving a general idea of the volume of each droplet reaction vessel. (For example video 

of droplet production with 15 mL/hr oil flow rate, see supplementary video 2) 
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Oil Flow rate 10 mL/hr 12 mL/hr 15 mL/hr 

Avg. Measure 1.57 1.50 1.35 

Equivalent 
Diameter 

175 µm 170 µm 150 µm 

Droplet Volume 2.81 nL 2.57 nL 1.77 nL 

Table 2: Microfluidic Droplet Measurement Calculations 

Calculated droplet volumes from measurements taken in Figure 6 at varied oil flow rates. 

Equivalent diameter calculated by multiplying average measurement by 113 µm standard 

channel outlet measurement. Droplet volume calculated assuming perfect sphere volume 

of droplets based on equivalent diameter. 

 

Cell Encapsulation 

An initial issue that arose when attempting to encapsulate cells was their lack of 

flow from the inlet to the junction of the microfluidic chip. The addition of BSA to the PBS 

that the cells were suspended in improved the flow of cells through the microfluidic chip. 

Figure 7 shows the fraction (percentage) of cell encapsulations at varied BSA 

concentrations with a constant cell concentration. Fraction of cell encapsulation is defined 
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as the percentage of droplets encapsulating a cell. As shown in Figure 7, with a cell 

concentration of 300 cells/µL suspended in only PBS (0% BSA), the fraction of single and 

multiple cells encapsulated was 5.64 ± 0.46% and 0.35 ± 0.21%, respectively. With the 

addition of 0.01%, there is an improvement of single and multiple cells encapsulation 

percentage to 12.18 ± 1.03% and 0.26% ± 0.17%, respectively. Further increasing the 

concentration of BSA to 0.1%, improved single cell and multiple cell encapsulation rate 

to 16.81 ± 0.68% and 1.91 ± 0.41% respectively.  

 

Figure 7: Cell Encapsulation with Varied BSA Concentration 

Encapsulation of cells with a constant concentration of 300 cells/µL with varied BSA 

concentrations of 0%, 0.01% and 0.1%. Fraction of droplets encapsulating a cell with 

single or multiple cells shown with a mean ± standard deviation.  
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Bead and Cell Single and Co-encapsulation 

Bead and cell counts were taken separately during co-encapsulation experiments 

to determine the number of encapsulation events. The bead counts consisted of 100 

beads/µL, 300 beads/µL, and 450 beads/µL. Figure 8a shows encapsulation percentages 

of beads at respective concentrations. Initial tests with 100 beads/µL resulted in an 

encapsulation fraction of 9.63 ± 0.97% and a multiple bead encapsulation fraction of 0.38 

± 0.15%. Increasing the bead concentration to 300 beads/µL improved bead 

encapsulation to 21.13 ± 2.63% and increased multiple bead encapsulation fraction to 

1.26 ± 0.53%. Further increasing the bead concentration to 450 beads/µL resulted in a 

single and multiple bead encapsulation fraction of 29.28 ± 2.05% and 4.87 ± 1.62%, 

respectively. 

Cell counts consisted of 300 cells/µL, 500 cells/µL, and 700 cells/µL. Figure 8b 

shows encapsulation percentages of cells at respective concentrations. Starting tests with 

300 cells/µL with the 0.1% BSA resulted in 16.10 ± 0.41% single cell encapsulation 

fraction and 2.05 ± 0.62% multiple cell encapsulation. Increasing the concentration of 

cells to 500 cells/µL resulted in a single cell and multiple cell encapsulation fraction of 

11.78 ± 0.46% and 2.43 ± 0.38%, respectively. Additionally, increasing the cell 

concentration to 700 cells/µL resulted in a single cell encapsulation fraction of 13.10 ± 

0.61% and a multiple cell encapsulation fraction of 2.00 ± 0.22%.  

For co-encapsulation experimentation, concentrations of 300-700 cells/µL were 

used with a bead concentration of 300-450 beads/µL. Figure 8c shows co-encapsulation 

percentages at respective bead and cell concentration combinations. Initial concentration 
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of 300 cells/µL and 300 beads/µL resulted in a co-encapsulation fraction of 2.72 ± 0.31%. 

Increasing the concentration of beads to 450 beads/µL improved co-encapsulation rate 

to 4.38 ± 0.31%. Increasing the concentration of cells to 500 cells/µL and 700 cells/µL 

resulted in a co-encapsulation rate of 4.28 ± 0.46% and 4.10 ± 0.37%, respectively. (For 

example video of co-encapsulation at 300 cells/µL and 300 beads/µL, see supplementary 

video 3.) 

 

Figure 8: Bead and Cell Encapsulation and Co-encapsulation 

(A) Fraction of droplets encapsulating a bead and multiple beads at varying 

concentrations of beads. (B) Fraction of droplets encapsulating a cell and multiple cells 

at varying concentrations of cells. (C) Fraction of droplets co-encapsulating beads and 
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cells. Significance shown by *, p>0.05, **, p>0.01, ***, p>0.001, ****, p>0.0001. (D) 

Micrograph of droplets in the outlet chamber encapsulating beads and cells. Droplets 

encapsulating a bead and a cell highlighted in red.

Droplet Breakage Panel 

After beads underwent encapsulation, a process to retrieve them from outlet flow 

was required. Figure 9 shows a varied panel of chemical and physical de-emulsification 

methods used with our bead encapsulation methodology. Each de-emulsification method 

was performed on droplets with and without 1% tween in the aqueous phase. For the 

chloroform method of breaking the droplets, droplets with 1% tween were noticeably 

broken apart. For droplets without tween, the chloroform broke apart a portion of the 

droplets but failed to break all the droplets. For the perfluorooctanol (PFO) method, there 

was consistent breakage for both the tween and “non-tween” droplets. However, in both 

the chloroform and PFO breakage method tests, there was a noticeable white precipitate 

that formed. This precipitation seemed to be exacerbated by the tween making it thicker 

and difficult to pipette. This was dissolved using proteinase K and SDS in order to attempt 

to recover the encapsulated beads (Figure 9a and 9b). For the freeze-thaw process, no 

precipitate was formed, but only the sample with tween was completely devoid of droplets 

(Figure 9c). For the sonication method, both samples with and without tween were 

completely free of droplets and the beads were able to be recovered (Figure 9d).   
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Figure 9: Droplet Breakage Panel 

Series of micrographs showing different droplet breakage using a variety of methods in 

droplets with and without tween-20. Methods A and B were performed using chemical de-

emulsifiers (A) chloroform, and (B) perfluorooctanol (PFO). Methods C and D were 

performed using physical/mechanical methods (C) freeze-thaw and (D) sonication. 

Microfluidic-based Droplet PCR 

Plain beads and functionalized beads underwent a RT reaction with and without 

RNA respectively. These beads then underwent a bulk solution PCR for 35 cycles in the 

presence of PCR primers. Microfluidic encapsulation of plain beads and functionalized 

beads was then performed in a microfluidic chip with a concentration of 100 beads/µL 

and a total volume of 300 µL. Encapsulated beads were then removed from the 

microfluidic chip and transferred to a thermal cycler and underwent 10 more cycles of 
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PCR and droplets were broken using sonication. Aqueous phase containing amplicons 

was then run on an agarose gel. 

[RT-PCR and dPCR performed by Elgin Paul Quebral] 

 

Figure 10: dPCR Agarose Gel 

An ethidium bromide-stained agarose gel showing HIV-specific cDNA fragments 

produced by PCR amplification within droplets. Beads underwent RT followed by PCR for 

35 cycles then, RT-PCR product was encapsulated in a droplet and dPCR was performed 

for 10 cycles. Lane 1: plain beads in droplets, and Lane 2: functionalized beads in 

droplets. 
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Discussion 

Principal Findings 

The objective of this study was to develop the methodology for the microfluidics 

portion of the HIV-Seek protocol on two fronts, the fabrication of the microfluidic chips 

and their function and application for HIV-Seek. For the fabrication of the microfluidic 

chips, the focus was to develop an “in-house” methodology using available lab capabilities 

and instrumentation. For the function and application of the microfluidics the focus was to 

develop conditions for the co-encapsulation of beads and cells, along with integrating the 

molecular biology with the microfluidics. 

The first stage of development for the microfluidics was the design of the 

microfluidic chip. As mentioned previously a change in size of the beads led to consistent 

clogging of the spiral portion of the microfluidic chip. As such this required a design 

change away from the spiral design to a more direct, straight channel approach. This 

proved to be a more effective design for the increase in bead size from 20-30 µm to 30-

40 µm. Alongside this design change, the increase in channel thickness from 50 µm to 

100 µm also proved to eliminate clogging.  With these changes, the process for fabrication 

involving the master wafer required adjustments. 

Initially following manufacturer specifications for the photolithography process of a 

100 µm thickness of SU8 resulted in wafers with slight issues. The process required 

tailoring to the laboratory equipment used in the POST building cleanroom. As shown 

different exposure times were the main issue and a variety of times were tested. The 10 
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second exposure time proved to create the most consistent photoresist depositions 

without creating issues on the edges of the photoresist from overexposure. Other 

adjustments were made to the baking times to provide better bonding of the photoresist 

to the silicon wafer. The fabrication process involving the PDMS was largely unchanged 

from the initial protocol. 

For the initial basic function tests of the microfluidics, the focus was on creating 

consistent droplet sizes and single encapsulations. Droplet size remained consistent as 

long as the flow rate was consistent but determining the necessary droplet size was 

important. To make sure the dPCR would be functional, the droplet volume had to be 

adequate for the reaction to occur. In comparison to the BioRad ddPCR [7], the droplet 

volume according to manufacturer specifications is around 1 nL. To compare the dPCR 

performed using microfluidics the droplet size aimed to be similar in scope to that. With 

the flow rate of oil at 15 mL/hr and the aqueous phases at 4 mL/hr (both “bead” and “cell” 

flow rate) the droplets measured approximately 1.57 nL which provided droplets similar 

in size. Other measured flow rates provided inadequate droplet volumes or created other 

issues with the microfluidics. 

For encapsulation of beads and cells individually, both were calculated from 

experiments involving co-encapsulation, to provide an accurate representation of the 

eventual HIV-Seek protocol. While both beads and cells were being used in the 

microfluidics, the data was parsed to look at beads and cells individually. An initial issue 

with the cell encapsulation rate was a lack of cells traveling to the junction of the 

microfluidic chip. This was most likely due to settling of cells once they entered the 
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microfluidic chip as they were no longer being stirred. As noted by Macosko et al. the 

addition of BSA to the cell solution would provide an increase in density so that the cells 

would not settle out of solution [3]. However, with the changes in our protocol to using J-

lat cells, it required more BSA than the recommended 0.01%. An increase to 0.1% BSA 

improved the flow of cells to the junction with an encapsulation percentage of 16.81 ± 

0.68% at 300 cells/µL. 

As expected, an increase in the concentration of beads proved to increase the 

percentage of droplets encapsulating a bead but also increased the fraction of droplets 

containing more than one bead (Figure 8a). Further increases in bead concentrations 

may provide better encapsulation rates, however, are currently limited due to the size 

selection process. A concentration of 450 beads/µL provided an adequate encapsulation 

rate of beads without causing a substantial number of multiple bead encapsulation events 

with an encapsulation percentage of 29.28 ± 2.05%. 

For the encapsulation of cells, an increase in cell concentration did not prove to 

increase the number of cell encapsulation events. Even with the improvement of the 0.1% 

BSA, the number of cell encapsulations remained stagnant with varied cell concentrations 

(Figure 8b). Using 300 cells/µL proved to be an adequate concentration of cells with an 

encapsulation percentage of 16.10 ± 0.41%. The lack of encapsulation events may be 

due to an increase in the number of cells found in multiple cell encapsulations but would 

require more analysis.  

For the co-encapsulation of cells and beads, combining the bead and cell 

concentrations found when performing the individual encapsulation analysis provided the 



63 

best co-encapsulation percentages as expected. The percentage of droplets with a co-

encapsulation follow the same trends as the bead and cell individual encapsulations 

(Figure 8c). With an increase in bead concentration with the same cell concentration there 

was a significant increase in co-encapsulation percentage from 2.72 ± 0.31% to 4.38 ± 

0.31%. With the same bead concentration and increasing cell concentration, the co-

encapsulation percentage fell within the range of 4.10 ± 0.37% and 4.38 ± 0.31%.  

       After determining co-encapsulation conditions, developing a method to release the 

beads from the droplets was the next step. A variety of methods are mentioned in 

literature using PFO [3] and chloroform [8]. However, these methods proved to be 

inadequate at breaking the droplets made from the reagents planned for HIV-Seek. When 

using PFO or chloroform, white precipitate would form as a result of the chemical de-

emulsifiers. It is believed this is due to excess protein in the solution [6]. Further testing 

using sonication proved to adequately break the droplets and allow for recovery of the 

beads after encapsulation. The sonication method also does not require chemical 

reagents, which may affect the beads or the RNA or cDNA present on the beads. 

       For the initial integration of microfluidics and molecular biology, the second use of 

the microfluidics in the HIV-Seek protocol was tested. In this step, the beads will be re-

encapsulated after performing a RT reaction. To test this, both plain beads and 

functionalized oligo-dT conjugated beads underwent a RT-PCR to simulate the 

attachment of the RNA and subsequent RT process of the HIV-Seek protocol. As seen in 

Figure 10, the gel shows the presence of HIV specific cDNA fragments in the droplets 

containing functionalized beads. The faint band present in the gel can be traced to the 
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limited number of beads used in the reaction. While 300 µL of 100 beads/µL were used 

for the reaction, only 50 µL of droplets are used in the PCR following encapsulation of the 

beads. A higher bead concentration was not used due to limited reagents. The positive 

band does prove the method of the dPCR using the microfluidics can create the HIV 

specific cDNA that HIV-Seek aims to analyze. 

Comparison of HIV-Seek to Methods found in Literature 

 HIV-Seek differs from other Drop-Seq based platforms found in literature in both 

microfluidic chip design and bead and cell encapsulation. For microfluidic chip design, Li 

et al. and Moon et al. describe spiral designs for their microfluidic chip to provide inertial 

ordering/focusing for their beads [6, 9]. As mentioned previously, the spiral design caused 

clogging due to the change in the size of beads for improved functionalization. The HIV-

Seek microfluidic chip uses a direct flow channel for the beads. 

 For co-encapsulation rate, Macosko et al. does not indicate their co-encapsulation 

rate [3] but in tests performed by Li et al. using the Drop-Seq platform, they achieve 1.63 

± 0.19% with the original Drop-Seq device [9]. Li et al., was able to achieve 2.93 ± 0.29% 

co-encapsulation using double focusing channels with 900 beads/µL and 300 cells/µL [9]. 

In comparison, HIV-Seek achieved 4.38 ± 0.19% with 450 beads/uL and 300 cells/uL, 

most likely due to differences in chip design.   
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Conclusion 

The objective of this study was to develop the microfluidics portion of the HIV-Seek 

protocol involving fabrication of microfluidic chips and their basic function. The fabrication 

conditions were developed for both the creation of the master wafer and the microfluidic 

chip from PDMS. For the function, the development of consistent droplet volumes and co-

encapsulation of beads and cells was achieved. Downstream processes including the 

droplet breakage were also developed to further improve the methodology. Further 

experimentation with the integration of the molecular biology with the microfluidics is 

required but shows promise as shown with the dPCR.    

Future Directions 

       A future experiment to be performed are “spike-in” experiments, to determine the 

functionality of the overall HIV-Seek protocol. This experiment would focus on the 

capability of the HIV-Seek protocol to separate out the J-lat cells used as a model from 

other cells. Multiple ratios of cells could be used to determine the sensitivity of the 

protocol. This experiment would require further integration of the microfluidics with the 

molecular biology.  

With the change in design of the microfluidics to the direct flow of beads, the 

encapsulation percentage of beads was improved by eliminating the clogging issue. 

However, the spiral design may provide an improvement in lowering the multiple bead 

encapsulation and may be revisited as a change to the microfluidics. The spiral design 
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may also be incorporated into the cell channel to allow for similar improvements in the 

multiple cell encapsulation rate. 

       Further development of the microfluidic chip function may also include the addition 

of running multiple microfluidic chips in parallel. With the necessity of potentially running 

millions of cells, only using one microfluidic chip may require hours of processing time. 

By running multiple microfluidic chips in parallel at the same time, processing time can be 

significantly reduced allowing for better turnaround time for results. 
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