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Abstract

Adoptive T cell transfer, in particular TCR T cell therapy, holds great promise for cancer 

immunotherapy with encouraging clinical results. However, finding the right TCR T cell clone is a 

tedious, time-consuming, and costly process. Thus, there is a critical need for single cell 

technologies to conduct fast and multiplexed functional analyses followed by recovery of the clone 

of interest. Here, we use droplet microfluidics for functional screening and real-time monitoring of 

single TCR T cell activation upon recognition of target tumor cells. Notably, our platform includes 

a tracking system for each clone as well as a sorting procedure with 100% specificity validated by 
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downstream single cell reverse-transcription PCR and sequencing of TCR chains. Our TCR 

screening prototype will facilitate immunotherapeutic screening and development of T cell 

therapies.

Graphical Abstract

Introduction

There have been an estimated 1,735,350 new cancer cases diagnosed and 609,640 cancer 

deaths in the United States in 2018, as reported by The American Cancer Society. Most 

cancers, in particular at advanced stages, remain untreatable. Recent advances in 

immunotherapy that focus on re-boosting a patient’s own immune system brought new 

hopes for cancer patients, with promising results against leukemia, lymphoma and advanced 

melanoma1. One of the most powerful therapeutic strategies used in cancer immunotherapy 

is adoptive T cell transfer. There are three types of adoptive T cell therapy: Tumor 

Infiltrating Lymphocytes (TILs), T cells expressing Chimeric Antigen Receptor (CAR T) 

and T cells expressing engineered T Cell Receptor (TCR T). These strategies generally 

involve isolating a patient’s own T cells, activating or engineering them to be “armed” 

against cancer ex vivo, expanding those cells and finally re-injecting them into the 

patient2, 3. TILs require a fresh tumor biopsy to isolate a few reactive T cells leading to an 

anti-tumor response, whereas CAR T4 or TCR T5 cells are engineered from the patient’s 

peripheral blood mononuclear cell. While both CAR T and TCR T cells are compatible with 

universal cell therapy and able to induce potent anti-tumor response, TCR T cells display 

several unique properties that make them particularly appealing in treating challenging solid 

tumors. First, while CAR T cells target surface tumor antigens, TCR T cells can also target 

the intracellular proteome through human leukocyte antigen (HLA) presentation, meaning 

TCR T cells can recognize a wide range of tumor antigens that are not restricted to 

membrane expression, including neo-antigens. In addition, TCR T cells match patient HLA 

alleles, which avoids rejection following transplantation. TCR used to engineer T cells also 

have adjustable affinity compared to the native TCR6, allowing fine-tuning between potency 

and self-reactivity. Finally, TCR T cells have a better tumor penetrance and distribution 

within the tumor, whereas CAR T cells tend to stick at the tumor periphery due to the 

recognition of surface antigens, making TCR T cells more efficient in treating solid 

tumors7, 8.

However, the current methods to develop adoptive T cell therapies are inefficient, time-

consuming and expensive (resulting in costly T cell products: as an example, one infusion of 

engineered T cells can cost half a million dollars)8. In particular, the highly complex T cell 
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repertoire poses a unique challenge in quickly and reliably identifying the rare T cells of 

interest that are able to both recognize tumor antigens and display a functional anti-tumor 

response9. There are billions of different TCR clonotypes, but only a few are specific for 

certain antigens10, 11. The conventional bulk and population-based T cell analysis only gives 

an averaged and overall outcome, which mask molecular details such as variations in T cell 

activation12, 13, as well as interesting properties of a single clone, in particular when it is a 

rare one14–16. A major bottleneck of TCR T cell therapy discovery resides in TCR cell 

cloning, which takes weeks of work and several limited dilutions. As a result, single cell 

technologies are needed to dissect complex heterogeneity of T cells and to recover the 

clones or sequences of interest in order to facilitate discovery of adoptive T cell 

therapies2, 10, 17, 18. Unfortunately, conventional single cell analysis methods19–21 relying on 

fluorescence-activated cell sorting (FACS) combined with single cell PCR and Sanger 

sequencing, for example, are typically not comparable with real-time, functional monitoring 

of single cells (for e.g. T cell activation, tumor cell killing, cytokine release), and are 

associated with a loss of diversity (only a few hundreds of clones identified over a million of 

potential clones)19–22.

The rapid expansion of the microfluidics field has provided new tools to study single cell 

biology in high throughput23, 24 with features including in situ PCR25–27, sequencing28–33, 

secretome analysis34–37, cell-cell interactions38–42, multiplexed biological responses43, 

screening of displayed libraries44, protein engineering45, and therapeutic screening (for 

drugs46, antigen specific T cells14, 47–49, CAR-T cell products50 and antibodies51–60). In 

particular, droplet microfluidics separates individual cells into oil droplets with tiny volume 

(picoliter to nanoliter range), thus making a potent platform to precisely dissect complex 

immune cell response at the single cell level that could not be obtained otherwise from 

population-based assays23. Droplet based-assays possess multiple advantages: they are 

readily available, easy to use, and amenable for high-throughput cell screening and sorting 

(thousands of droplets per second) while protecting cells from the shear forces24. Since it 

requires very little cell input and the whole sample is encapsulated with minimal loss, 

precious and limited samples such as blood or tumor biopsies could be effectively screened. 

In addition, droplet chemistries are compatible with mammalian cell biology, keeping cells 

viable in droplets for up to four days61. Moreover, the very small volume of the droplet 

increases the sensitivity thus decreasing the time for analysis (e.g. for the detection of 

secreted proteins), but also improving the signal/noise ratio of various assays. In addition, 

multi-functional screening can be performed on single cells in droplets, with the 

measurement of multiple parameters at once, such as cell surface protein expression or 

secreted molecules. In addition, this type of phenotypic screening can be done in real time 

with a precise spatio-temporal control over cell partners and other environmental factors. 

Therefore, droplet microfluidics is a versatile technology that has been applied for 

immunotherapy discovery. For instance, primary B cells from immunized mice were 

functionally screened using droplets in real-time, with a fast detection of antibody secretion 

and high-throughput59. This eliminates the need to first go clonal and expand each clone for 

downstream functional assays that results in the loss of precious clones associated with 

conventional methods such as hybridoma or yeast display22, 62. Moreover, droplets have also 

helped to gain more insight in the biology of immune cells such as T cells, natural killer 
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cells or antigen presenting cells by multiplexing different parameters that are simultaneously 

assessed in droplets. For instance, Konry et al. adopted droplet systems to characterize a 

variety of immune cells with respect to their dynamic activation, cytokine production, cell-

cell interaction and target cell killing34, 38–40, 48. Chokkalingam, et al. used droplet 

technology combined with flow-cytometry to sort single activated T cells secreting IL-2, 

IFN-γ and TNF-α37. McDaniel et al. also demonstrated high-throughput sequencing in less 

than 12 hours on millions of single T cells while keeping the pairing of both TCR chains (α/

β or γ/δ)63, which is usually lost in bulk sequencing where all the chain sequences are 

obtained individually10, 11.

In this study, we have adopted and further developed droplet microfluidics for functional 

screening and real-time monitoring of activation of TCR T cells upon recognition of target 

tumor cells with the goal of quickly identifying candidate T cell therapeutics for future 

cancer treatments, and recover their TCR sequence. Notably, our platform includes a 

tracking system for each individual clone and a sorting procedure to recover the clones of 

interest for downstream analysis. By co-encapsulating in droplets TCR T cells together with 

target cells expressing the complex HLA/NY-ESO-1 antigen peptide as a model system64–66 

(Fig.1A, B), we demonstrated that we could 1) visualize the dynamic of TCR T cell 

interaction with target cells over time, 2) perform real-time analysis of TCR T cell activation 

kinetics, 3) dissect TCR T cell heterogeneity among the population of interest, 4) sort the 

TCR T clone of interest using laser-based cavitation, and finally 5) perform downstream 

molecular analysis using single cell RT-PCR and sequencing TCR sequences to confirm they 

indeed match with target antigens with a specificity of 100% (absence of false positives).

Experimental

Reagents

Fetal bovine serum (FBS) was purchased from Atlanta Biologicals. 7.5% sterile bovine 

serum albumin solution (BSA), 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

(HEPES), 1H,1H,2H,2H-perfluoro-1-octanol, OPTIPREP and β-mercaptoethanol were 

purchased from Sigma-aldrich. RPMI 1640, IMDM (GlutaMAX Supplement), MEM Non-

Essential Amino Acids (NEAA), sodium pyruvate, 200g/L glucose solution, Penicillin 

Streptomycin solution and cell tracking fluorescent dyes were purchased from Fisher 

Scientific. Assorted Food Color (red, green and blue) was obtained from McCormick. L-

glutamine was purchased from Genesse. RNAsin Plus RNase Inhibitor was obtained from 

Promega.

Cell lines

Jurkat E6.1 and K562 cells were purchased from the American Type Culture Collection, and 

were respectively cultured in RPMI 1640 medium supplemented with 10% (v/v) FBS, 

10mM HEPES, 50μM β-mercaptoethanol, 1X NEAA and 1mM sodium pyruvate, and 

IMDM medium supplemented with 10% (v/v) FBS. All cells were cultured at 37°C with 5% 

atmospheric CO2. MART-1 and NY-ESO-1 TCR T reporter cells were generated by 

transducing Jurkat E6.1 T cells with a retroviral vector encoding the MART-1 (F5)- or NY-

ESO-1 (1G4)- TCR gene and a lentiviral vector encoding NFAT-GFP reporter gene. NY-

Segaliny et al. Page 4

Lab Chip. Author manuscript; available in PMC 2019 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ESO-1+ target cells were generated by transducing K562 cells with a lentiviral vector 

encoding the relevant single-chain trimer, composed of a single polypeptide chain with a 

linear composition of antigenic peptide (NY-ESO-1157–165(C165V)), β2-microglobulin, and 

HLA-A2 domains via flexible GS linkers. Cells expressing the transgenes were selected 

using puromycin and sorted by flow-cytometry.

Flow-cytometry

50,000 TCR T cells were plated with varying ratios of target cells (5:1, 1:1 and 1:5 TCR T 

cell:Target cell), and cells were collected at different time-points to analyze the percent of 

activated TCR T cells (eGFP+) using flow-cytometry. Following collection, cells were 

washed and read in PBS on an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, 

USA). The percent of eGFP+ cells was gated in the FL-1 channel after gating for single cells 

(FSC-A/FSC-H) within the cell population (FSC-A/SSC-A), and gating out the target cells 

to quantify the percent of TCR T cells that get activated. 20,000 events were collected from 

the single cell gate for analysis.

Fluorescence plate reader assay

50,000 TCR T cells were plated with varying ratios of target cells (5:1, 1:1 and 1:5 TCR T 

cell:Target cell). The fluorescence signal emitted from the eGFP was collected from a plate 

reader (Synergy HT, Biotek, Winooski, VT, USA) using a gain of 50, a reading from the top 

and 485 ±20nm excitation and 528 ±20nm emission filters. The plate reader was set at 37°C, 

and one reading was done every 2 hours over a total of 12 hours.

Microscope imaging

Imaging was performed using an Eclipse Ti epifluorescent microscope with a 10X objective 

(Nikon, JPN). Nikon DS-Ri2 color camera (13W) and Lumencor Spectra X light engine 

with an Andor Zyla 5.5 sCMOS camera (60W) were used for brightfield imaging and 

fluorescent imaging, respectively. Filters were set as the following: DAPI (excitation 358nm/

emission 461nm), FITC (excitation 490nm/emission 525nm) and Cy5 (excitation 649nm/

emission 665nm) were used. The exposure time and % of intensity for LED sources were set 

as the following: DAPI (10ms/5%), FITC (150ms/10%) and CY5 (50ms/5%). The exposure 

time for brightfield imaging was 100 ms, and the voltage was set at 5V.

Microfluidic chip design and fabrication

Microfluidic chips were made from polydimethylsiloxane (PDMS) polymer (Sylgard 184 

elastomer kit; Dow Corning Corp) using the standard soft lithography technique67. The 

fabrication process included three steps: (1) A mask design was made using AutoCAD and 

printed out from CAD/Art Services, Inc. (CA, USA); (2) A master mold was fabricated on a 

4” silicon wafer (IDB Technologies, Wiltshire, UK); All the master molds were fabricated in 

UC Irvine clean room. The master mold fabrication process can be found here68. PDMS 

with base/curing agent ratio 10:1 was poured onto the master for making microfluidic chips. 

In details, after fully mixing of the base and curing agent, PDMS was put into a vacuum 

chamber for degassing. Then, the degassed PDMS was poured onto the silicon wafer in an 

aluminum foil pan followed by degassing again. After that, the aluminum pan was put in an 
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oven to bake for at least 2 hours at 95°C. Once the PDMS mold was cured, it was peeled off 

and cut into the desired shape. Reservoirs were punched into the PDMS by a 1.5mm sized 

biopsy punch (Kay Industries Co., Tokyo, Japan). Tape was used to remove any dust and 

particles on the PDMS mold. Then, the PDMS mold was bonded to a glass slide after air 

plasma treatment in a plasma cleaner (Harrick Plasma, USA). The PDMS channel becomes 

hydrophilic after plasma treatment. In order to make it hydrophobic for generating aqueous 

droplets, the PDMS microfluidic chip was put into a 95°C oven for at least 24 hours to bake 

before use.

Droplet generation

TCR T cells and target cells were resuspended in RPMI 1640 medium supplemented with 

20% (v/v) FBS, 1% P/S, 10% OPTIPREP and additional glucose and amino acids. A flow-

focusing generator (width=65μm, height=100μm and orifice width=45μm) was used to 

encapsulate individual TCR T cells and target cancer cells into single droplet. HFE7500 

fluorocarbon oil (Novec™, 3M, USA) containing 2.2% by weight fluoro-surfactant (PFPE 

5000-PEG900, Creative PEGWorks, USA) was used as the continuous phase. The two cell 

suspensions (TCR T cells and target cells) co-flowing into the microchannel from two 

separate reservoirs were used as the disperse phase. The flow rates of TCR T cell 

suspension, target cell suspension, and oil were set as 10μL/min, 10μL/min, 40μL/min 

respectively to generate D=120μm sized droplets. The flow ratio between the dispersed 

phase and the continuous phase was slightly adjusted to obtain the desired droplet size.

Cell labeling and distribution in droplets

Cell distribution in droplet and co-encapsulation efficiency were evaluated by fluorescent 

imaging after labeling NY-ESO-1 TCR T cells, MART-1 TCR T cells and NY-ESO-1+ target 

cells using spectrally distinct cell tracking dyes with the following excitation/emission peak 

values: 405/450nm, 495/515nm and 630/661nm.

Droplet trapping, incubation and imaging

Generated droplets were directed into an improved version of our inverted floating droplet 

array (iFDA)68 through a micro-tubing (Inner Diameter ID = 0.5mm, Outer Diameter OD = 

1.5mm, Tygon® Microbore Tubing, USA). The iFDA chip contains 10,368 trapping wells, 

and each trapping well has a diameter of Dwell=140μm and a height of Hwell=130μm to 

ensure that only one droplet is trapped in each well. The gap length between two adjacent 

trapping wells is Lgap=100μm to maximize the number of wells. The channel height (first 

layer) Hchannel=150μm is set slightly larger than the droplet diameter to allow single layer of 

droplets to pass through the chamber. The iFDA chip is a two layers fabrication; the entire 

chip is divided into 8 sections to reduce the dead zone, with each section contains 162 by 8 

wells (1,296 wells). Once all of the trapping wells were filled with droplets, the iFDA chip 

was disconnected from the droplet generator, and extra droplets inside the iFDA chamber 

were removed by injecting fluorinated oil (HFE7500) with a flow rate of 200μL/min. 

Theoretically, the majority of droplets (>90%) injected into the iFDA chip can be trapped by 

tilting the chip back and forth. Next, the iFDA chip was placed inside a live cell chamber 

(H301-NIKON-TI-S-ER, OKO-LAB, Italy) set with 95% humidity, 5% CO2 and 37.5°C. 

The iFDA chip was held using a single slide 1”x3” chamber slide, 1xGS-M (OKO-LAB, 
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Italy) on the Nikon microscope stage for incubation over 9 hours. Imaging was 

automatically performed every 3 hours on 20 fields of view each containing 30 droplets, 

randomly selected and evenly distributed across the iFDA chip to limit photobleaching in the 

selected areas. In addition, although most cells sunk to the bottom of the droplets, images 

were captured using 5 z-stacks (from −10μm to +10μm with 5μm for each step) to make sure 

cells were captured in the best focal plane with the maximum intensity.

Cell viability in droplets

To test cell viability in droplets at the different time-points, droplets were merged and 

broken using 1H,1H,2H,2H–perfluoro-1-octanol (PFO; Sigma-Aldrich,USA) in order to 

recover the cells trapped inside droplets. Briefly, 5μL of PFO was added to 10μL of droplets 

as a demulsifier for 5minutes, then 50μL of cell culture media (RPMI 1640). Once most 

droplets were merged with culture media and the cell suspension separated from the oil 

phase, 10μL of Trypan Blue (Corning, USA) was added to 10μL of cell suspension to count 

the number of viable cells.

Droplet sorting

A UV-laser microdissection microscope (Zeiss PALM MicroBeam, Germany) was used for 

sorting out droplets from iFDA chip under brightfield (5X magnification) through heat-

induced cavitation. The microscope was kept at 27°C while a heating lamp (43W, Halogen 

lamp, Sylvania) was added above the iFDA chip to heat the oil for bubble generation. The 

355nm UV-laser was focused on the edge of the target trapping well to heat up the carrier oil 

while avoiding damage to the cells inside the droplet, and was set at the following 

parameters: focused beam diameter ~0.6μm, pulse energy above 90 μJ and pulse duration 

below 2 nanoseconds after passing the objective. A bubble was then created inside the 

trapping well due to heat-induced cavitation, expelling the droplet out of the trapping well. 

After that step, additional carrier oil was injected inside the iFDA chip with a flow rate of 

400 μL/min to flush the droplet into a recovery chamber. Meanwhile, the created bubble 

vanished due to the refreshment of cooling carrier oil, thus allowing another droplet to be 

sorted.

Droplet dispensing

The recovery chamber dimensions (40 mm × 15 mm, length × width) made it possible to 

slow down the speed of the flowing droplet and trap it. The droplet inside the chamber was 

visualized under a large field of view (12.9mm × 17.1mm) microscope (Industrial Inspection 

Zoom Monocular Microscope, Amscope), and then slowly pushed into the outlet of the 

recovery chamber to be pipetted out. After double-checking that the single cell was sucked 

into the pipette under the large field of view microscope, the single cell was transferred into 

a PCR tube.

Droplet lysis and RNA extraction.

After droplets were dispensed into PCR tube containing 5 μL of ice-cold lysis buffer (PBS 

containing 2% BSA and 200U RNAsin/mL), the PCR tube was centrifuged 20 seconds in 
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order to merge the droplet with lysis buffer. After centrifugation, the PCR tube was double 

checked under the microscope to ensure that the cell was released from the droplet.

Single cell RT-PCR of TCR

Single cells were lysed by freeze-thaw in the presence of RNase inhibitor, and were then 

immediately flash frozen and stored at−80 °C until use. Upon thawing, the cell lysate from 

each cell was processed directly into PCR for both α and β chain genes using a OneStep RT-

PCR kit (QIAGEN), following the manufacturer’s instructions and using the TCR gene-

specific primers: 5’-atggcgacgggttcaagaacttc-3’(FW primer targeting TCR leading sequence) 

and 5’-agattaaacccggccactttcagg-3’(BW primer targeting TCR constant regions). The PCR 

product was amplified for two additional rounds using the same TCR gene-specific primers. 

The PCR reactions were purified using the DNA Clean& Concentrator-5 Kit (Zymo 

Research, Irvine, California), following the manufacturer’s protocol.

Sequencing analysis

To verify amplified TCR sequences, sequencing was performed by Retrogen (La Jolla, CA) 

using the following primers: 5’-attgggtttcacagataactccgttcc-3’(targeting MART-1 TCR) and 

5’-atacggatgaacaataaggctggttcc-3’(targeting NY-ESO-1 TCR).

Software, image processing and statistical analysis

The AutoCad (AutoDesk, USA) software was used to design the mask for lithography. 

Image processing and analysis were done using the NIS Elements Advanced Research 

package (Nikon, JPN). Fold-changes in eGFP signal were measured for each TCR T cell by 

normalizing the maximum intensity signal in FITC channel at each time point to the 

maximum intensity signal at t=0 hour. R (programming language, R Core Team, USA) was 

used to generate the T cell activation heatmap. GraphPad Prism (GraphPad Software, Inc, 

USA) was used for plotting graphs and for statistical analysis. Each experiment was 

performed independently at least in duplicate, with replicates for each condition.

Results & Discussion

Models of TCR T cells and target cells expressing cognate antigens.

As a model in our proof of concept for screening specific TCR T cells that recognize tumor 

antigens, we used NFAT-eGFP reporter Jurkat cells69 that expressed either MART-1 or NY-

ESO-1 specific TCR (F5-TCR and 1G4-TCR, further designated as “MART-1 TCR T cells” 

and “NY-ESO-1 TCR T cells” in the study), as well as K562 cells that expressed peptides 

from the NY-ESO-1 antigen with MHCI complex (designated here as “target cells”). We first 

generated Jurkat T cells containing an eGFP gene expressed under the control of the NFAT/

AP-1 response elements, which plays a major role in TCR signaling13, 69. These T cells 

were then transduced either with a retroviral vector that delivered the HLA-A2/

MART-126–35-specific TCR5, 70 or with a HLA-A2/NYESO1157–165-specific TCR6. In 

parallel, K562 cells were transduced with a lentiviral vector that delivered a single-chain 

trimer of HLA-A2/NYESO-1157–165(C165V)
6. When NY-ESO-1 TCR T cells come in contact 
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with target cells and recognize their cognate antigen, the TCR signaling pathway become 

activated thus inducing eGFP expression inside the cells, both in the nucleus and cytoplasm 

(as conceptually illustrated in Fig.1A). In contrast, MART-1 TCR T cells do not get 

activated upon contact with NY-ESO-1+ target cells.

Specific activation of NY-ESO-1 TCR T cells in the presence of NY-ESO-1+ target cells in a 
time and target cell concentration dependent fashion in bulk.

We first plated MART-1 TCR or NY-ESO-1 T cells at different ratios together with the target 

cells (5:1, 1:1, or 1:5 TCR T cells for target cells) and measured eGFP+ cells using flow-

cytometry to determine the percent of cells that got activated. When co-cultured with target 

cells expressing the NY-ESO-1 antigen, negative control MART-1 TCR cells did not get 

activated, even when plated with 5 times more target cells than TCR T cells (Fig.2A). By 

contrast, NY-ESO-1 TCR cells got activated in a time and target cell concentration 

dependent fashion. More than 80% of the NY-ESO-1 TCR cell population got activated after 

24 hours in all tested cell ratios between TCR T cells and target cells, and when NY-ESO-1 

TCR T cells were plated at a ratio 1:1 to 1:5 with NY-ESO-1+ target cells, almost 80% of the 

cells got activated after 6 hours (Fig.2B). This time-dependent T cell activation is most 

evident at TCR T cell:Target cell ratio of 5:1 where target tumor cell is scarce and T cells 

take time to move around to encounter a tumor cell to be activated. Indeed, at TCR T 

cell:Target cell ratios of 1:1 and 1:5 where tumors cells are in excess, the percentage of T 

cells got activated are less dependent on cell ratios, especially at 6 hour incubation time or 

longer. Then, using the same plating ratio, we measured the fluorescence intensity of the 

eGFP over time using a plate reader (485±20nm excitation and 528±20nm emission filters) 

to evaluate the activation kinetics of the bulk population. As expected, we did not detect any 

eGFP expression using MART-1 TCR T cells, as they do not recognize the target cells (Fig.

2C). We even observed a small decrease of the overall level of background fluorescence, 

which is likely due to the photobleaching of the residual eGFP, due to promoter leakiness. 

Despite this photobleaching effect, we observed an increase of the eGFP expression over 

time using the NY-ESO-1 TCR T cells which started plateauing at 12 hours (Fig.2D), 

consistent with similar Jurkat reporter lines69. The more NY-ESO-1+ target cells plated with 

NY-ESO-1 TCR T cells, the stronger the total observed fluorescence was, likely due to that 

more target cells lead to both increased number of activated NY-ESO-1 TCR T cells and 

stronger, more sustained activation of intracellular signaling for a particular TCR T cell (Fig.

1A). While this bulk assay functionally validated our cell line pairs, important information 

regarding cell heterogeneity and TCR activation at the single cell level cannot be revealed.

Co-encapsulation of TCR T cells and target cells using droplet microfluidics.

To study TCR activation upon antigen recognition at the single cell level, we compartmented 

one TCR T cell together with target cell(s) using droplet microfluidics. A flow-focusing 

droplet generator was used to encapsulate individual TCR T cells and target cells into single 

droplets (Fig.3A–B). HFE7500 fluorocarbon oil containing 2.2% by weight fluoro-

surfactant (PFPE 5000-PEG900), which helps mammalian cells remain healthy61, was used 

as the continuous phase, which is designated as “oil” hereafter for simplicity. Two cell 

suspensions co-flowing into the microchannel from two separate reservoirs were used as the 

disperse phase, with one containing NY-ESO-1 TCR T cell (cells of interest) spiked with 
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another type of TCR T cells against MART-1 antigen (unwanted cells) at a 1:1 ratio, and the 

other containing NY-ESO-1+ target cancer cells (Fig.3A). The two cell suspensions were 

separated before being injected into the flow-focusing device in order to prevent cell-cell 

interaction (cell activation) prior to droplet generation. To better visualize the two cell 

suspensions and confirm the 1:1 distribution within the channel when mixing at the T-

junction, TCR T cells suspension was dyed in blue and target cells in red for the initial set of 

experiments. The channel dimensions of the flow focusing geometry were designed with 

width=65μm, height=100μm, and orifice width=45μm for generating droplets with diameter 

of D=120μm, which corresponds to about 1nL volume (904.8pL). Droplet diameter was very 

consistent over 48 droplets randomly measured, with a mean of 119.42±1.67μm (see Fig.4C, 

below, for a representative image). This droplet size was chosen since it contained sufficient 

nutrients to maintain good cell viability over an incubation of 9 hours (Suppl. Fig.1). 

Specifically, we separately encapsulated each cell type in droplet (MART-1 TCR T cells, 

NY-ESO-1 TCR T cells, NY-ESO-1+ target cells), and we also encapsulated the NY-ESO-1 

TCR T cell/NY-ESO-1+ target cell pairs to measure cell viability over time. After 3, 6 and 9 

hours, the cells were recovered by breaking the droplets using 1H,1H,2H,2H-perfluoro-1-

octanol, and the percent of viable cells was counted. In each condition, the cell viability 

remained above 90% over 9 hours (Suppl. Fig.1).

Single cell (co)encapsulation efficiency

To screen for single TCR T cells, we had to minimize the number of droplets containing 

more than one TCR T cell. In randomly dispersed aqueous cell suspensions, the probability 

that a droplet contains k cells follows Poisson statistics, i.e., Pk, λ = λke−λ

k! , where λ is the 

average number of cells per droplet. The average number of TCR T cells per droplet is λ1=1 

(cell concentration 1.1 × 106 cells/mL) in order to maximize the single cell encapsulation 

rate, while the average number of target cells per droplet is λ2=1.5 (cell concentration 1.66 × 

106 cells/mL) to ensure that most of the droplets contain one or multiple target cells, because 

a single droplet containing one NY-ESO-1 (or MART-1 TCR T cell) and multiple target 

cancer cells is acceptable for T-cell activation. Indeed, bulk data confirmed that having more 

than one target cell for one TCR T cell led to a better activation compared to a 1:1 ratio (Fig.

2). We thus decided to maximize droplets containing 1:1 pairs and to include droplets up to 

three target cells but minimize cases where too many cells are encapsulated in one droplet, 

as it would limit the amount of nutrients accessible to each cell and thus decrease the overall 

cell viability. Prior to encapsulation, cells were labeled with distinct cell tracking fluorescent 

dyes. We then encapsulated either one TCR T cell type (NY-ESO-1 TCR) with target cells, 

or a cell mixture of both TCR at a 1:1 ratio with target cells. To ensure that the cell 

distribution was following Poisson statistics, we loaded the generated droplet on the chip 

containing the trapping wells, and imaged the chip. In a field of view containing 128 

droplets, we can see several droplets containing both one NY-ESO-1 TCR cell (green) and 

one or more target cells NY-ESO-1+ (orange) (Suppl. Fig.2A). We then quantified the 

different categories of droplets containing 1:1 NY-ESO-1 TCR cell: target cell, 1 NY-ESO-1 

TCR cell and more than 1 one target cell (1:>1), or the ones not matching those criteria 

(other category: empty droplets, containing NY-ESO-1 TCR cells alone, target cells alone, 

or more than one NY-ESO-1 TCR cell with target cells). Those quantifications were done on 
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three independent experiments, with ~700 droplets analyzed for each of them. The 

distribution was close to the Poisson distribution, although for the % of droplets containing 

one NY-ESO-1 TCR cell and more than one target cell, the experimental data (7%) appeared 

slightly lower than the theoretical one (16.2%) (Suppl. Fig.2B). After on chip mixing of NY-

ESO-1 TCR cells and MART-1 TCR cell at a 1:1 ratio and following encapsulation with 

target cells, we observed on chip the presence of both pairs of interest: the negative ones 

(one MART-1 TCR cell with one or more target cells) and the positive ones (one NY-ESO-1 

TCR cell with one or more target cells) (Suppl. Fig.1C). Despite an acceptable distribution, 

the number of pairs of interest was lower than what was expected according to the Poisson 

statistics (Suppl. Fig.1D). This could be attributed to cell aggregation during droplet 

generation although we used a density medium in the encapsulation medium to match cell 

density and avoid sedimentation.

The inverted floating droplet array (iFDA) allows monitoring of individual droplet and 
single TCR T cells.

To monitor each individual TCR T cell in a droplet over time, we used an inverted floating 

array (iFDA) containing tens of thousands of trapping wells, which was adapted from our 

previous work68 (Fig.4). Despite its limited throughput, this device gave us the unique 

advantage of being able to monitor TCR T cell interaction with target cells at the single cell 

level. Not only did the iFDA allow us to observe T cell activation kinetics of each TCR T 

cell paired with target cells through eGFP expression, but it also allowed us to recover the 

droplet of interest for further downstream analysis. Once confirmed under the microscope 

that droplet size was correct and uniform, droplets were directed from the flow-focusing 

device into the iFDA through a micro-tubing, where they got trapped into microwells due to 

buoyancy (Suppl. Video 1). Compared to our previously published design68, the new chip 

used in this paper was divided into 8 sections to reduce the dead zone so that droplets could 

flow into every trapping well. Each section contained 162×8=10,368 wells. Each trapping 

well of the chip had a diameter of Dwell =140μm, and height of Hwell =130μm to ensure only 

one droplet could be trapped in each well without being flushed out by the carrier oil (Fig.

4A). The gap length between two adjacent trapping wells was Lgap=100μm to maximize the 

number of wells, while considering technical limitation of the fabrication process. The 

channel height (First layer, Fig.4B) was set slightly larger than the droplet diameter 

Hchannel=150μm to allow the single layer of droplets to pass through the chamber. In order to 

track the activated TCR T cells and further sort the droplet of interest out, we labeled the 

trapping wells with specific numbers (for e.g. row E column 24, Fig.4C). As illustrated in 

Fig.4C, droplets of homogenous size occupied all the iFDA wells. Theoretically, tilting the 

chip back and forth could trap more than 90% of droplets injected into the iFDA chip. 

However, since sample loss was not critical for this specific project (unlimited samples and 

larger number of droplets than well number: 300,000 v.s. 10,000), droplets were loaded in 

excess to save time: indeed, it only took about 1 minute to fully load the iFDA. Once all of 

the trapping wells were filled with droplets, the iFDA chip was disconnected from the 

droplet generator, and extra droplets inside the iFDA were removed by injecting oil with a 

flow rate of 200μL/min without disturbing the trapped droplets, which took about 10 

seconds (Suppl. Video 1). As droplets were found to evaporate over time during incubation, 

especially for those trapped in the microwells close to the inlet and outlet, we set the inlet 
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and outlet 5mm away from the microwell array. In addition, the PDMS chip was made with 

a thickness of at least 8mm to reduce droplet evaporation. The diameter of droplets reduced 

from 120μm at the beginning of incubation to around 100μm for most of the droplets, and to 

around 70μm diameter for droplets close to the inlet/outlet and the edge of the iFDA after 9 

hours incubation (data not shown). In addition, since both the inlet and the outlet were 

blocked during incubation, droplet evaporation created some vacuum inside the iFDA, 

leading to air coming into the chamber, which repelled droplets from the microwells. To 

compensate the loss of pressure inside the chamber, a pressure pump was connected to the 

inlet with a pressure of 80 mbar and the tubing filled with carrier oil.

NY-ESO-1 TCR T cells are specifically activated, though to a different extent, in the 
presence of NY-ESO-1+ target cells

To characterize the T cell activation in a droplet, we performed experiments where we 

encapsulated matching NY-ESO-1 TCR cells with NY-ESO-1+ target cells (positive pairs, 

further designated as “positives”), or MART-1 TCR cells with the target cells (negative pairs, 

further designated as “negatives”). Once droplets were loaded in the trapping wells and 

additional droplets were flushed out, the iFDA was incubated over 9 hours in a live cell 

chamber with 95% humidity, 5% CO2 at 37.5°C, and imaged for both bright field and 

fluorescence every three hours. 20 fields of view covering the entire chip were taken at 10X 

magnification with 5 z-stacks of 5μm set around the focal plane at T0 in order to capture all 

cells in droplets at their best focus. Each field of view contained 30 droplets, and was 

randomly selected apart from the other ones to limit photobleaching in the selected areas. 

We noticed that quickly after encapsulation and droplet loading, TCR T cells and target cells 

started interacting, and usually remained in contact during the whole experiment despite the 

stage movement (Suppl. Video 2). In addition, because the density of the encapsulation 

medium was still slightly lower than the cell density, the TCR cell and the target cell sank to 

the bottom of the droplet, facilitating cell-cell interaction (Fig.4C, image on the right for 

example), which is necessary in order to trigger TCR signaling. We confirmed the absence 

of T cell activation for TCR T cells encapsulated alone, and for MART-1 TCR cells 

encapsulated with target cells (Fig.5A, B, C). Furthermore, NY-ESO-1 TCR T cells started 

expressing eGFP 3 hours after being in contact with target cells, thus confirming the TCR T 

cell ability to get activated by matching tumor antigen presented by target cells (Fig.5D). 

Similar to the bulk data (Fig.2), the activation significantly increased after 6 hours. For each 

of the 4 independent experiments, droplets of interest were randomly picked on the criteria 

of containing one TCR cell and one to three target cells; 90 droplets were analyzed in total 

for both negative and positive pairs. To visualize the activation of TCR T cells in each 

analyzed droplet, we plotted the results into a heat map where each row showed one single 

droplet, and the activation level was represented with a green gradient (activation fold 

change compared to t=0 hours ranging from 0.72 to 69.4; pale yellow=lowest activation, 

dark green=strongest activation, Fig.5E). For the majority of activated NY-ESO-1 TCR T 

cells, the activation was generally stronger after 9 hours than that after 3 and 6 hours. 

Interestingly, approximately 30% of the cells did not get activated as shown by the rows on 

the heat map that remain pale yellow or light green after 6 and 9 hours (Fig.5E), which was 

more than that in bulk (>80% activated TCR T cells after 9 hours, Fig.2A). Indeed, within a 

same area where TCR T cells interacted with target cells in droplets containing positive 
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pairs, we could observe both cases of strong T cell activation or no activation (Suppl. Video 

2). In addition, some cells got strongly activated after 6 hours but the eGFP signal decreased 

at 9 hours, as indicated on the heat map by the red arrow (Fig.5E), which was usually 

associated with a loss of cell viability. The heat map has the advantage of showing the 

heterogeneity at the single cell level. As T cell activation was generally stronger after 9 

hours, we focused on that time-point to analyze the different populations: negatives (TCR 

cells alone or MART-1 TCR T cells + target cells) and positives (NY-ESO-1 TCR T cells + 

target cells). The plotted eGFP fold-change showed a broad variation in T cell activation 

from one TCR T cell to another, ranging from a 2-fold change in eGFP signal up to a 70-

fold change at the end-point for the positive pairs that clearly separated from the negatives 

(Fig.5F). 50% of the TCR T cells from positive pairs showed a fold increase of >5 at 9 

hours. Using the mean eGFP signal of all the negatives, we attempted to determine 

thresholds at 9 hours for sorting the droplet of interest that contain T cells activated by the 

target cells. For clarity, we generated a second plot showing eGFP fold-change at 9 hours for 

negatives and positives including thresholds, with a scale limited to 10 fold-increase instead 

of 80 (Fig.5G, zoom in of Fig.5F). We set up two thresholds, a lower one (Meannegative signal 

+ 2 standard deviations=1.68) and a more stringent one (Meannegative signal + 4 standard 

deviations=2.12) (Fig.5G). The second threshold excluded almost all the negatives, but also 

limited the number of positives to be included for sorting. From the current data, the lower 

threshold gave a false positive rate of 4.2% while the stringent one gave 0.6%, but we also 

missed 1.8% of true positives using that stringent threshold. However, performing kinetics 

analysis rather than only end-point analysis helped avoid the selection of false positives (i.e. 

better specificity) or the exclusion of true positives (i.e. better sensitivity). Indeed, unpaired 

TCR T cells could have an eGFP fold-increase above 1.68 (less stringent threshold) but not 

showing good activation kinetics profile. Similarly, positive samples could have a similar 

level of eGFP expression at the end-point close to the threshold, but actually showed a fairly 

different activation kinetics profile. As an example, we plotted the activation kinetics of two 

NY-ESO-1 TCR and MART-1 TCR T cells from negative and positive groups that exhibited 

similar eGFP level at the 9 hour end-point, but a very strong increase at 6 hours for the TCR 

T cells from the positive pair prior to losing its signal probably due to loss of viability (Fig.

5H). Overall, those data showed TCR T cell activation generally followed the same kinetics 

in bulk and in droplets. However, compartmenting TCR T cells in single droplet revealed 

some key information that are lost in bulk, including variability and heterogeneity in 

activation with respect to activation strength and kinetic, which allowed us to readily 

discriminate high and low activators as well as non-activated cells among the positive pairs. 

Moreover, we demonstrated that using a combination of a less stringent threshold at the end-

point and the activation kinetics profile for cells exhibiting low eGFP signals maximized the 

number of positive droplets to be sorted while avoiding selection of false positives, which 

are all critical parameters for effectively screening for rare, specific and functional TCR T 

cells.

TCR T cell sorting and recovery for downstream molecular analysis.

To sort the droplets containing the TCR T cells of interest, we used a UV laser (wavelength 

355nm) to generate cavitation in the target wells71. The laser beam was focused on the edge 

of the target trapping well to heat up the carrier oil while avoiding damaging the cells inside 
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the droplet. A bubble was created inside the trapping well due to cavitation and expelled the 

droplet out of the well. Then, additional carrier oil was injected into the iFDA chip at a flow 

rate of 400μL/min to flush the droplet of interest into a recovery chamber (Fig.6A, Suppl. 

Video 3). Meanwhile, the created bubble vanished due to the refreshment of cooling carrier 

oil, which allowed robust sorting of another target droplet (Suppl. Video 4). The success rate 

of kicking out target droplets was dependent on the bubble size, which was determined by 

local temperature. Therefore, the laser power and focal plane had to be thoroughly 

calibrated. In our experiments, we got a success rate of >90% by using the lowest possible 

focused beam diameter (~0.6μm), a pulse energy above 90μJ, and a pulse duration below 2 

nanoseconds. The recovery chamber was designed with the following length × width 

dimensions: 40mm × 15mm (Fig.6A), which was able to slow down the moving droplet’s 

speed and trap it. The recovered droplet inside the chamber was tracked under a large field 

of view (12.9mm × 17.1mm) microscope, and then was slowly pushed into the outlet of the 

recovery chamber to be pipetted out. After double-checking that single cells were collected 

into the pipette tip under the microscope, they were dispensed individually into PCR tubes 

for downstream RT-PCR. The whole process of sorting one droplet took about 15 minutes, 

the longest step being the generation of the bubble (almost 10 minutes). To demonstrate that 

we could keep track of the selected droplet along the entire process and that the collected 

droplet was indeed the one selected for sorting, we dyed droplets with different colors using 

food dyes, and then loaded a mix of droplets (empty droplets or droplets containing red, blue 

or green dyes) on the iFDA (Fig.6B). We then sequentially sorted droplets with different 

colors. As shown in Fig.6C and Suppl.Video 3, we could visualize the colored droplet at 

different steps of the sorting process, thus confirming we could sort the desired droplets with 

great confidence.

Determination and confirmation of TCR sequence of target TCR T cells using single cell 
sequencing.

To demonstrate that we can identify a target TCR T cell from a mixture of cells and then 

determine their genetic profiles via downstream molecular analyses, MART-1 and NY-

ESO-1 TCR T cells were mixed at a 1:1 ratio and co-encapsulated with target cells. The 

activation kinetics was analyzed over time, and, as previously described, droplets of interest 

were selected among randomly selected droplets containing 1 TCR T cells and 1–3 target 

cells (good activation kinetics and eGFP fold-increase above the following threshold after 9 

hours: Meannegative signal + 2 standard deviations=1.68). We recorded the positions of the 

droplets of interest then moved the iFDA under the laser-equipped microscope to perform 

the sorting. Droplets were dispensed in pre-filled PCR tubes with 5μL lysis buffer for RNA 

extraction containing RNAse inhibitors, and were kept at 4°C the whole time. The entire 

sorting process was performed in a clean, RNAse free environment. In addition, once a 

droplet was collected in a PCR tube, we made sure the droplet was fully merging with lysis 

buffer before flash-freezing the tube, which was kept at −80°C until next step to avoid RNA 

degradation. We next performed single cell reverse-transcription (RT) and PCR followed by 

Sanger sequencing to validate that the sorted droplet only contained the cognate NY-ESO-1 

TCR T cells (Fig.7A). We performed RT-PCR using universal TCR primers that amplify any 

TCR sequence present (endogenous TCR, NY-ESO-1 TCR and MART-1 TCR). The success 

of the RT-PCR reaction from droplets and the specificity of the primers were verified by 
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testing for the positive controls (droplets containing each TCR cell alone or mixed together) 

and also for the negative controls (empty droplets or droplets containing NY-ESO-1+ target 

cells alone) (Fig.7B). We did not see any amplification from the empty droplets (lane 1) or 

the ones containing the target cell alone (lane 2). By contrast, specific amplification was 

obtained from all droplets containing TCR T cells including MART-1 TCR T cells (lane 3), 

NY-ESO-1 TCR T cells (lane 4) and both NY-ESO-1 and MART-1 TCR T cells (lane 5). 

Next, we purified the DNA from the PCR products in the gel, and confirmed the cell content 

of each droplet through sequencing with primers specific for NY-ESO-1 TCR or for 

MART-1 TCR, respectively (Fig.7C). Our data validated that our RT-PCR and subsequent 

primer-specific sequencing protocols can robustly identify specific TCRs (e.g., 

discriminating between MART-1 and NY-ESO-1 TCRs) on T cells isolated from droplets 

without the need for further purification and separation from target tumor cells. Next, we ran 

the same downstream molecular analysis on laser-sorted, positive droplets that are supposed 

to contain both one NY-ESO-1 TCR T cell and one or more NY-ESO-1+ target cell based on 

T cell activation kinetics. Among five collected droplets in this feasibility demonstration, the 

RT-PCR reaction worked for four droplets (80%) (Fig.7D), which was consistent with the 

typical success rate of single cell PCR72. Single cell RT-PCR failure could be due to 

unsuccessful merging of droplets with the lysis buffer following recovery, or RNA 

degradation because of laser-heat induced damages. The DNA was then purified from the 

gel and sequenced using the specific TCR primers previously described. NY-ESO-1 and 

MART-1 TCRs were confirmed to be positive and negative, respectively, in all four samples 

(Fig.7E). Thus, we confirmed that 1) we were able to successfully run single cell RT-PCR 

and sequencing on a single laser-sorted droplet, and 2) all sorted “positive” droplets as 

determined from the activation kinetics profile contained NY-ESO-1 TCR but not MART-1 

TCR with a 100% specificity, thus confirming correct matching between cognate NY-ESO-1 

TCR T cells/NY-ESO-1+ target cells.

Discussion

In this paper, we devised a droplet-based platform for performing functional screening of T 

cells based on real-time monitoring of cell-cell interactions at a single cell level and for 

downstream identification of their TCR sequences. Microfluidic-based single cell systems 

represent powerful new tools to study immune cell diversity and quickly identify clones of 

interest. Compared to other microfluidic systems including a cell pairing device that shows 

lymphocyte activation at the single cell level with similar throughput (10,000 cells analyzed) 

but higher cell/antigen pairing efficiency (67%)73, droplets offer several advantages: 1) cells 

are protected in droplets from shear stress and laser-induced cavitation44, 71, and remain 

viable for up to several days61, 2) the immune cell secretome (secretion of interferon-γ, 

granzyme B, etc.)34–37 as well as the transcriptome25–33 can be analyzed for the same cells, 

3) the TCR chain pairing is not lost20, 31, 63 and 4) droplets with cells of interest can be 

easily recovered for further molecular analyses and culture expansion and manipulation.

We were able to specifically select NY-ESO-1 TCR T cells based on their activation 

kinetics, using the eGFP reporter expressed downstream of the TCR signaling pathway69. 

Interestingly, we noticed that among all of the positive pairs analyzed (NY-ESO-1 TCR/NY-

ESO-1+ target cells) only about 2/3 were activated, which also happened in bulk (though to a 
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lesser extent, with a maximum of 75% TCR T cells activated after 9 hours). This could 

reflect the heterogeneity of the T cell and/or tumor cell population and might be due to the 

loss of the transgene expression following recombination events in the genome that are well 

described following lentiviral transduction, either of the TCR, the eGFP reporter or the 

HLA/antigen complex. The percent of activated cells is slightly more in bulk compared to in 

droplets probably because the probability for a TCR T cell to meet a target cell expressing 

the antigen is higher. In addition, similar to bulk data, we observed from our droplet data 

that NY-ESO-1 TCR T cells were more strongly activated when they were encapsulated with 

more than one NY-ESO-1+ target cell, particularly at an early time-point (3 hours) (data not 
shown). Having more target cells increased the chances of contact and activation of the 

TCR, especially if target cells lost the HLA/NY-ESO-1 complex. In addition, crosslinking of 

multiple TCR molecules on one T cell leads to stronger intracellular signaling, therefore to 

stronger eGFP expression.

By using a relatively low intensity threshold coupled with kinetics analysis, we increased 

our sensitivity without diminishing the specificity. Our data showed that we missed three 

times more true positives when using a more stringent threshold. This illustrates the 

advantage of kinetics and real time monitoring over end-point analysis in identifying true 

positive cell clones while limiting false positives.

When comparing droplet-based assays to profile T cell functions, multiplexed reporters can 

be used to obtain a more comprehensive picture of T cell response. For instance, 

Steinberger’s team has developed T cell reporters where the activity of key transcription 

factors in T cell activation (NF-κB, NFAT and AP-1) can be simultaneously measured74. 

The use of those reporter cells could be extended to screen for TCR or CAR libraries75, 76 

and to study the response of the CAR/TCR-transgenic reporters to various co-

stimulatory/co-inhibitory signals77. In addition, future work will also consider droplet-based 

assay chemistries that can measure, for example, granzyme B production for CD8+ T cell 

killing activity upon cognate antigen recognition, cytokine release for CD4+ or CD8+ T 

cells, and use Fura-2 to monitor early activation of primary T cells through elevation of 

intracellular calcium concentration.

Despite its high spatiotemporal control and ability to analyze and recover single cells, our 

microfluidic system has several limitations. First, the co-encapsulation efficiency of T cells 

and tumor cells remains low due to Poisson encapsulation statistics; the probability to get 

one TCR T cell and one or more target cell(s) in droplet is approximately 20%. Different 

methods have been developed to increase the co-encapsulation efficiency, including close-

packed or inertial ordering before droplet generation78–81, droplet enrichment by active 

sorting and downstream merging82, 83, and droplet co-encapsulation by pico-injection84, 

which we will explore in the future. During droplet incubation on the iFDA, observed 

evaporation was associated with a decrease in droplet size due to PDMS permeability to the 

vapor of aqueous solutions. To reduce droplet evaporation, humidity was increased within 

the live cell chamber and PDMS chips were made with greater thickness (>8mm) than first 

models. Evaporation can be further prevented in the future by using alternative materials 

such as thermoplastics (PMMA, PC, COC, etc.) to fabricate microfluidic chips85. In 

addition, cell movement in droplets and the fact that cells could be on a different focal plane 
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during the real-time monitoring could affect fluorescence intensity measurement. To 

overcome that issue, we performed z-stack series and did intensity analysis on the image 

with the optimal focus. However, this method is time-consuming and requires large amount 

of storage memory. Thus, strategies to position the cells within the same focal plane59 or 

applying multi-color bead-based normalization60 in droplets is critical for quantifying cell 

functions based on fluorescence measurements and for mitigating issues of photobleaching. 

The total number of trapping wells and the low frequency of the laser-based sorting 

(~0.001Hz) limit the throughput of our system. Indeed, it currently takes about fifteen 

minutes to sort one droplet (two nanoseconds of laser triggering, ten minutes to generate the 

heat-induced cavitation that expels the droplet out of the well, and < 5 minutes to recover the 

droplet into a PCR tube). However, this system allows for robust tracking of individual 

droplets while preserving the cell viability and RNA integrity, as the UV laser is only 

triggered for a few nanoseconds and 100 μm apart from the cell itself. Future work will 

integrate new components such as dielectrophoresis (DEP) based sorting in order to improve 

the throughput to identify rare clones from libraries of million(s) of T cells per run86, 87. 

Finally, an automatic single droplet dispensing system needs to be developed to increase the 

efficiency of single cell recovery for downstream analysis.

Conclusions

Our technology of functional and dynamic screening of single T cells allows to identify rare 

clones masked by a large heterogeneity of broad immune cell repertoire and can facilitate 

and accelerate future TCR discovery and development of T cell therapies. With this 

technique, primary T cells isolated from a primary tumor or engineered using a TCR or 

CAR library can be analyzed to identify the rare clones of interest that support a strong and 

sustained anti-tumor response, potentially in a personalized fashion. Moreover, the ability to 

dissect complex heterogeneity of immune cells and their interactions with other cell types 

can help elucidate the underlying mechanisms of immunity in homeostasis, disease and 

treatment. For example, T cell response to immune checkpoint inhibitors could be visualized 

at the single cell level, which enables to precisely analyze their mechanisms of action and 

understand how tumor heterogeneity contribute to resistance to treatments. Finally, this 

platform technology can be extended to functional analysis of B-cell receptor (BCR) 

repertoire88, 89, stem cells, circulating tumor cells or other rare cell types.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: A droplet based platform allows for the screening of specific TCR T cells that recognize 
target tumor antigens.
A) Non-specific TCR T cells (MART-1 TCR T cells) do not recognize the target cells 

expressing the NY-ESO-1 antigen (negative pair, left panel) whereas specific TCR T cells 

(NY-ESO-1 TCR T cells) get activated upon recognition of their cognate antigen, triggering 

the expression of eGFP (positive pairs, right panel). TCR T cells that interact with multiple 

target cells exhibit stronger activation. B) Schematic of our single cell screening workflow. 

Specific and non specific TCR T cells were mixed and encapsulated in droplets together 

with target cells before being loaded on a device to monitor T cell activation. After analysis, 

droplets containing activated T cells were sorted for downstream molecular analysis (PCR 

and sequencing of the TCR sequence).
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Figure 2: NY-ESO-1 TCR T cells specifically activate in the presence of NY-ESO-1+ target cells 
in a time and target cell concentration dependent fashion in bulk.
A) MART-1 specific TCR cells and B) NY-ESO-1 TCR cells were plated at different TCR T 

cell: target cell ratios (5:1, 1:1 and 1:5) with a fixed number of TCR T cells. The percentage 

of cells that became activated was measured using flow cytometry by counting eGFP+ cells 

at 0, 3, 6, 9 and 24 hours. The activation kinetics was analyzed over 12 hours by measuring 

the total fluorescence emitted from the eGFP every 2 hours on a plate reader for both C) the 

negative pair and D) the positive pair.
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Figure 3: The droplet microfluidic device used to generate 120 μm-diameter droplets containing 
co-encapsulated TCR T cells and target cells.
A) A flow-focusing droplet generator was used to generate aqueous in oil droplets. The two 

symmetric inlets were loaded with cell solutions containing food dyes for better clarity: blue 

for TCR cells and red for target cells, before being mixed at the junction where the aqueous 

phase got pinched by HFE 7500 oil containing 2.2% by weight fluoro-surfactant (PFPE 

5000-PEG900) to generate droplets. B) Mask design of flow-focusing droplet generator.
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Figure 4: Generated droplets are loaded into a floating droplet array (iFDA) containing 10,368 
trapping wells for imaging.
A) Each well has a diameter of Dwell=140μm, and a height of Hwell=130μm to ensure of 

single droplet trapping. The gap length between two adjacent wells is Lgap=100μm to 

maximize the number of wells. The channel height Hchannel=150μm is set slightly larger than 

the droplet diameter to allow single layer of droplets to pass through the chamber. B) Mask 

design of the iFDA chip with a two-layer fabrication. The entire chip was divided into eight 

sections of 1,296 wells to reduce dead zones. C) Droplets occupied all the trapping wells 

after the loading and flushing of the extra droplets. Right image: higher magnification of a 

trapping well containing a 120 μm-diameter droplet with a NY-ESO-1 specific TCR T cell 

interacting with a target cell. Scale bar: 100μm.
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Figure 5: Kinetics of T cell reporter activation is measured in droplets by eGFP expression over 
time.
Representative microscope images of droplets containing A) MART-1 TCR cells alone, B) 

MART-1 TCR cells encapsulated in presence of target cells, C) NY-ESO-1 TCR cells alone 

or D) NY-ESO-1 TCR cells encapsulated in presence of target cells that were imaged over 

time in the iFDA chip 3, 6 and 9h after encapsulation. Orange: target cells, green: eGFP 

expressed by activated TCR T cells. Scale bar: 100μm. E) TCR T cell activation was 

measured by fold increase of eGFP expression compared to T0 for each individual cell. The 

activation profile of each TCR T cell was plotted in a heat map. Each row represents one 
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TCR T cell, and each column a different time-point. For each group, TCR cells were 

organized starting from the strongest activation down to the lowest activation (dark green to 

pale yellow). 90 droplets were analyzed for both the negative and positive pairs, and only 

half droplets were analyzed for NY-ESO-1 TCR T cells alone and MART-1 TCR T cells 

alone. The red arrow points out a TCR T cell that was strongly activated after 6 hours, but 

with signal decreased at 9 hours probably due to a loss of cell viability. (F) Fold increases of 

eGFP expression at 9 hours (end-point). Each dot or cross represents one TCR T cell and the 

short line indicates the median of TCR activation. Negatives: MART-1 TCR T cell + target 

cell(s), positives: NY-ESO-1 TCR T cell + target cell(s). G) Zoom-in of plot F) which shows 

fold increase of eGFP expression at 9 hours in the low range (up to 10-fold increase). A 

black dash line shows a stringent threshold (mean of negatives + 4 standard deviations=2.11 

fold increase) while a full black line shows a less stringent threshold (mean of negatives + 2 

standard deviations=1.89 fold increase). H) Example of activation kinetics for TCR T cells 

from a negative and a positive pair that have the same end-point activation values, but 

different activation kinetics.
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Figure 6: Droplets containing single activated TCR T cell are sorted using laser-based cavitation 
for downstream molecular analysis.
A) Workflow of single droplet sorting and dispensing. B) To validate droplet tracking, 

droplets stained with different food dyes (green, blue, red) and droplets without any dye 

were loaded into iFDA chip and sorted in order of color. Scale bar = 400 μm. C) Example of 

three droplets that were sequentially sorted and collected in the following order: red, green 

and blue. Pictures were taken at each step of the process (from left to right): post laser 

kicking in the iFDA, recovery chamber, pipette tip and PCR tube. The yellow rectangle 
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indicates the initial well that contained the droplet, and the red circle indicates the kicked 

droplet floating in the iFDA. Scale bar = 400μm.
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Figure 7: Single cell RT-PCR and sequencing analyses.
A) Workflow of downstream T cell analyses following sorting. B) Gel electrophoresis of 

various reverse-transcription/PCR products. About 15 droplets were used for each condition. 

C) Subsequent sequencing data of amplified DNA from lanes 3,4 and 5 in B). D) As a proof 

of concept, five droplets randomly sorted based on T cell activation kinetics were collected 

and lysed to extract RNA, then subjected to reverse-transcription and PCR which was 

analyzed using gel electrophoresis. E) The sequencing data obtained from the purified gel 

bands in D) confirmed that the sorted droplets only contained NY-ESO-1 TCR and no 

MART-1 TCR T cells.
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