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SUMMARY

High-throughput screening and enrichment of antibody-producing cells have
many important applications. Herein, we present a droplet microfluidic approach
for high-throughput screening and sorting of antibody-secreting cells using a För-
ster resonance electron transfer (FRET)-based assay. The FRET signal is mediated
by the specific binding of the secreted antibody to two fluorescently labeled
probes supplied within a droplet. Functional hybridoma cells expressing either
membrane-bound or secreted monoclonal antibodies (mAbs), or both, were effi-
ciently differentiated in less than 30 min. The antibody secretion rate by individ-
ual hybridoma cells was recorded in the range of 14,000 Abs/min, while the
density of membrane-bound fraction was approximately 100 Abs/mm2.
Combining the FRET assay with droplet-based single-cell sorting, an 800-fold
enrichment of antigen-specific cells was achieved after one round of sorting.
The presented system overcomes several key limitations observed in conven-
tional FACS-based screening methods and should be applicable to assaying
various other secreted proteins.

INTRODUCTION

Since the first discovery of B-cells approximately 50 years ago by Max Cooper and Robert Good, mono-

clonal antibodies (mAbs) remain one of the most utilized biomolecules in cancer therapy (‘‘biologics’’)

and diagnostics (Chan and Chan, 2017; Cooper et al., 1965; Gitlin et al., 2015). Owing to their wide appli-

cation in biomedicine, the market for mAbs has grown steadily from $39 billion in 2008 to $115.2 billion in

2018 (Lu et al., 2020). However, despite this growing demand, techniques for high-throughput discovery of

monoclonal antibodies (mAbs) with novel specificities and properties have lagged behind, partly due to

the limited sensitivity of antibody-binding assays, and partly due to technical difficulties associated with

efficient isolation of positive, mAb-producing cells. Consequently, new technological solutions enabling

the rapid identification of mAbs against a target of interest remain highly desirable.

Although individual cells expressingmAbs can be successfully isolated into 96- or 384-well microtiter plates

using fluorescence-activated cell sorting (FACS), harvesting FACS-sorted cells ex vivo is problematic due to

poor survival rates and typically low levels of secreted mAbs (Auner et al., 2010; Cocco et al., 2012; Nojima

et al., 2011). As a result, mAb discovery often relies on the formation of hybridoma cells (i.e., fusion of IgG-

expressing B cells with myeloma cells to generate an immortalized antibody-producing cell) followed by a

limiting dilution step, to isolate and clonally expand individual antibody-secreting cells (ASCs) (Frenzel

et al., 2017; Liu, 2014; Pasqualini and Arap, 2004). Screening of a few thousand cells in this fashion is

feasible, however, at a cost of significant labor, extended screening times, and excessive reagent consump-

tion (Seah et al., 2018). Significantly higher throughput can be achieved using antibody phage display

(Smith, 1985) or ribosome display (Azizi et al., 2012) methods. Unfortunately, these approaches do not pre-

serve the native heavy and light chain pairing, and fail to produce post-translational modifications neces-

sary for antibody folding and/or activity (Chan et al., 2014; Drabek et al., 2016; Frenzel et al., 2013).

In recent years, microfluidic methods have emerged as a powerful alternative to the conventional mAb dis-

covery techniques (Akbari and Pirbodaghi, 2014; Debs et al., 2012; Ding et al., 2020; Fitzgerald et al., 2015;

Love et al., 2006; Mazutis et al., 2013; Singhal et al., 2010). Early examples of single-cell antibody assays,
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with cells isolated using on-chip valves (Singhal et al., 2010), nano-wells (Love et al., 2006), or microcapillary

arrays (Chen et al., 2016) demonstrated the high potential of microfluidic technologies. However, even

when using these approaches, screening remains limited to between 103 and 104 cells, while recovery of

positive clones remains a technological challenge. In the context of the human immune system, which is

expected to comprise over 1011 B cells, significantly higher throughput methodologies, such as those

based on droplet-based microfluidics, are required (Fischer, 2011). Here, millions of highly monodisperse

droplets can be produced at high throughput (over 1000 droplets per second), where each droplet repre-

sents an independent reaction vessel, isolated by an immiscible carrier fluid. In addition, droplets can be

precisely manipulated utilizing a whole host of unit operations, such as merging, splitting, and sorting (Guo

et al., 2012; Mazutis et al., 2013; Rakszewska et al., 2014; Shembekar et al., 2016). Cells can therefore be

efficiently isolated from one another, and cells of interest can be sorted and recovered at high throughput

(Shembekar et al., 2016). Importantly, as all biomolecules produced by the encapsulated cells remain within

the droplets, a direct linkage between the phenotype (e.g., protein-binding activity) and genotype (encod-

ing DNA or RNA) can be established (Bounab et al., 2020; Guo et al., 2012; Mazutis et al., 2013; Rakszewska

et al., 2014; Shembekar et al., 2016). Furthermore, because droplet volumes in microfluidic devices are

more than 1000 times lower than the well volumes of microtiter plates, detectable molecule concentrations

are reached within short periods of time (Dressler et al., 2014; Eyer et al., 2017; Mazutis et al., 2013; Raks-

zewska et al., 2014; Shembekar et al., 2016). This not only allows high-throughput sample processing but

also greatly reduces reagent costs compared to conventional assays.

While droplet-based microfluidic methods have vastly accelerated biological research, as well as signifi-

cantly reducing development cost, the detection of antibody-binding activity has remained a challenging

task, with only a few notable approaches described to date (Akbari and Pirbodaghi, 2014; Bounab et al.,

2020; Debs et al., 2012; Ding et al., 2020; Gérard et al., 2020; Mazutis et al., 2013). For example, Debs

et al. reported an integrated droplet-based microfluidic system for cell screening and sorting based on

a mAb’s capability to inhibit the enzymatic activity of a co-encapsulated drug target (Debs et al., 2012).

More recently, simplified sandwich-ELISA protocols in picoliter-volume droplets were implemented for sin-

gle-cell isolation of mAbs based on antigen-binding activity (Ding et al., 2020) and for single-cell activity-

based screening and sequencing (Gérard et al., 2020). Commercial platforms such as Cyto-Mine (Jose-

phides et al., 2020) and CelliGOTM (Gérard et al., 2020) are now offering integrated solutions for screening

Ab-producing cells. However, despite these exciting developments, a high-throughput single-cell plat-

form enabling simultaneous quantification of functional activities and production rates of both cell-surface

and secreted proteins of individual cells has been lacking.

Herein, we present a droplet-based microfluidic approach for high-throughput screening of antibody-

secreting single-cells using a Förster resonance electron transfer (FRET)-based detection assay. To show-

case the applicability of this approach, we encapsulated amixture of 7R2/A4 and 9E10 hybridoma cells in 40

pl volume droplets, along with a fluorescently labeled secondary antibody (detection antibody) and a fluo-

rescently labeled antigen (c-myc peptide). Antibodies released by cells of interest interact with the

co-encapsulated detection antibodies and antigens, forming a ternary structure. Presence of these com-

plexes is detected through FRET between the two fluorescently labeled molecules upon excitation of

the donor fluorophore (detection antibody). Importantly, the FRET reaction only occurs in the presence

of the secreted antibody, since only then will the probe molecules (donor and acceptor) bind and be

brought into proximal contact. Droplets are analyzed using a microfluidic droplet-based screening plat-

form, and cells of interest sorted based on the intensity of the detected FRET signal. Because all compo-

nents necessary for the FRET-based assay are distributed homogeneously throughout all droplets, all cells

in a population can be analyzed, in contrast to bead-based assays that rely on rare, bead and cell co-encap-

sulation events. In addition to the high selectivity of the FRET process, the inherently low background fluo-

rescence levels associated with the FRET reaction ensure high sensitivity, without the need for complex

multi-step operations, or washing steps required in conventional protocols.
RESULTS

Development of the FRET-based antibody detection assay

For an antibody-secretion assay to be broadly applicable, it must fulfill two general criteria. First, it needs to

ensure unbiased detection of every cell within a heterogeneous population. Second, it should be quanti-

tative, highly specific, and compatible with high-throughput screening approaches. A binding assay based

on FRET fulfills both the aforementioned requirements and enables identification of different types of cells;
2 iScience 25, 104515, July 15, 2022
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Figure 1. Evaluation of FRET-based antibody binding signals

(A) Comparison of the fluorescence emission spectra associated with positive, negative, and reference samples upon

excitation at 488 nm. The positive sample comprises Alexa Fluor 488-labeled secondary antibody (FRET donor), Alexa

Fluor 647-labeled c-myc peptide (FRET acceptor), and anti-c-myc antibody. These components form a ternary complex,

bringing the donor and acceptor molecules into closeness, proximity. This results in FRET excitation of the Alexa Fluor

647 dye, and an emission peak at 668nm. The negative and reference samples contain the same FRET donor/acceptor pair

and either a negative control primary antibody (directed against IFN-g) or no primary antibody, respectively. These

samples display no discernible emission of Alexa Fluor 647. Hence, the FRET reaction only occurs in the presence of the

antigen-specific antibody. CPS – counts per second.

(B) Schematics of droplets containing different combinations of assay reagents.
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(1) secretors—cells for which secreted antibodies constitute the majority of their Ab pool, (2) producers—

cells for which membrane-associated antibodies constitute the main fraction of the entire Ab pool, and (3)

non-producers—cells that do not produce antibodies in detectable quantities.

We selected two fluorophores, Alexa Fluor 488 and Alexa Fluor 647 as the FRET donor/acceptor pair, con-

jugated to an anti-mouse F(ab’)2-specific polyclonal antibody and a c-myc peptide, respectively. In the

presence of the antigen-specific mAb, both the anti-mouse F(ab’)2 antibody and the c-myc peptide bind

to the secreted antibody forming a ternary structure, with both fluorophores being within the Förster dis-

tance (<10 nm) of each other. In the presence of non-specific antibodies, the detection antibodies remain

free and therefore no FRET signal is recorded (Figure 1).

We first evaluated the efficiency and selectivity of the FRET assay in microtiter plates using three different

sample mixtures: (1) a mix of both FRET reaction probe molecules and the mouse anti-c-myc mAb (primary

Ab) secreted by 9E10 hybridoma cells (positive sample), (2) a mix of both FRET reaction probe molecules

and the mouse anti-human IFN-g mAb (non-specific Ab) secreted by 7R2/A4 hybridoma cells (negative

sample), and (3) a mix of both probe molecules without mAbs (reference sample). Emission spectra were

recorded on a spectrofluorometer using an excitation wavelength at 488 nm. As expected, only in the pres-

ence of the anti-c-myc antibody, an FRET signal is detected (with peak emission at 668 nm; Figure 1), hence

confirming that the antibody-binding assay is highly specific.

Cells remain viable and functional in droplets over extended period of time

Once the selectivity of the FRET assay was established, we evaluated the viability of individual hybridoma

cells in 40 pl volume microfluidic droplets. Owing to the finite amount of nutrients available in each droplet

and the gradual accumulation of waste products, the encapsulated cells will terminate their metabolic func-

tions after a period of time defined by the droplet volume. To determine whether or not the hybridoma cells

remain viable during both the on-chip and off-chip procedures necessary for completing the screening

process, we first encapsulated 9E10 cells in 40 pl droplets containing RPMI-1640 growth media supple-

mented with 10% FBS and 16% (v/v) Optiprep using a cell encapsulation device (Figure S1A and Data

S2). The emulsion was then incubated at 37�C/5% CO2 and at selected time points during the incubation

period, cells were released from the droplets by chemically breaking the emulsion, and then stained with

0.5% (w/v) trypan blue dye to evaluate their viability and integrity. Although most of the encapsulated cells

died after overnight incubation, approximately 90% of all cells remained viable during the first 9 h (Fig-

ure S2). This represents a sufficiently long period of time for performing all required microfluidic opera-

tions, and largely agrees with previous cell viability studies in microdroplets (Periyannan Rajeswari et al.,

2017). In addition, we confirmed that encapsulated cells released from the droplets after 3 h of incubation
iScience 25, 104515, July 15, 2022 3
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could be cultured in a 96-well microtiter plate for 7 days, demonstrating excellent recovery, with �92% of

released cells proliferating in vitro (see STARMethods). Based on these results, we concluded that the func-

tional hybridoma cell assay could be conducted in 40 pl droplets within a 3–9 h time-window, without

adverse effects on cell viability.

Next, we evaluated antibody secretion by individual 9E10 hybridoma cells. We encapsulated cells with

culture media and the FRET reaction probes and measured Ab levels by recording fluorescence emission

at wavelengths above 655 nm. As expected, the FRET signal of ‘‘positive’’ droplets such as those contain-

ing a cell, increased over time, with the signal from droplets containing no cells remaining at background

levels (Figure 2). We used a custom-written image analysis script in Matlab to quantify the secreted and

membrane-bound antibody fractions produced by individual cells (Figure S3 and Data S1). By recording

FRET signal over a 60-min period, we observed secretion kinetics which are best described by a two-step

process: a 3-fold increase in secreted antibody levels was observed from 0 to 15 min, at a rate of 1.18 nM/

min, followed by a 1.6-fold increase in secreted antibody levels observed from 15 to 60 min, at a rate of

0.38 nM/min (Figure 2C). These results suggest that in our droplet-based assay a significant fraction of

intracellular antibody is released rather quickly, presumably due to the sudden temperature shift, since

the cells were collected at 4�C and assayed at 37�C. Incubation for periods longer than 1 h did not in-

crease (or diminish) the overall number of secreting cells or the number of positive droplets. By titrating

the soluble Ab levels in droplets (Figure S4), we estimated that a single encapsulated 9E10 hybridoma cell

secretes �8000000 Ab molecules, on average, in a 60-min interval, at a rate of �140000 Abs/min (Tables S1

and S2). Therefore, nanomolar concentrations of secreted Abs are achieved in just 15 min. Given the

observed Ab secretion rates and picoliter-volumes of the droplets used, the FRET assay appears well

suited for high-throughput screening and evaluation of secretion events. Interestingly, the average

amount of membrane-bound antibody remained constant over the course of the experiment, at approx-

imately 780000 G 230000 mAb molecules per cell, or roughly 100 IgG/mm2 (Figure 2D), implying that the

fluorescence signal emanating from the cell surface does not provide a straightforward proxy for Ab

secretion levels. It is worth noting, however, that our assay format does not differentiate whether mem-

brane-associated Abs are being continuously recycled, or remain stably associated with the membrane.

Nonetheless, our results are consistent with previous reports showing that mouse hybridoma cells simul-

taneously express both the membrane-bound and secreted forms of immunoglobulins. The ratio be-

tween the two fractions may depend on alternative RNA splicing (Helman et al., 2014; Liu et al., 2015;

Pogson et al., 2016), physiological cell state (Charlet et al., 1995; Corrêa et al., 2016; Listek et al.,

2020), transcriptional variability (Price et al., 2009; Shi et al., 2015), and cell cycle (Charlet et al., 1995; Kro-

menaker and Srienc, 1991).
Cell sorting and enrichment

Having confirmed that individual hybridoma cells isolated in 40 pl volume droplets produce sufficient quan-

tities of antibodies for detection by FRET, we next sought to enrich the highest mAb producers from a het-

erogeneous mixture using a microfluidic FRET-activated droplet sorter (Figures 3, S1B, and Data S3). The

droplet sorting platform was loosely based on our previous work (Mazutis et al., 2013) and optical compo-

nents are detailed in Figure S3E. We first spiked 9E10 cells (0.1%) into a population of 7R2/A4 hybridoma

cells, with the resulting heterogeneous mixture then being encapsulated along with cell growth medium

and both FRET detection probes. To enable visual differentiation between the two cell types, the 7R2/

A4 cells were stained with Hoechst 33,342 dye, the emission of which does not interfere with our FRET

assay. Single-cell encapsulation was performed using a 30 mm deep flow-focusing geometry at an average

rate of 600 cells s�1 (Figure S1A and Video S1). The encapsulated cells were incubated off-chip for 30 min to

allow Ab secretion to occur and then sorted for 2 h using a microfluidic sorter at a rate of approximately 500

events s�1 (Figure S1B and Video S2). The fluorescence profiles of each droplet passing the interrogation

point were recorded using photomultiplier tubes and analyzed using a custom-built LabVIEW program. In

the event that the recorded FRET signal crosses a predefined sorting threshold, an electric pulse is gener-

ated, inducing a dipole moment within the passing aqueous droplet and pulling it into the sorting channel

(Video S2). Droplets containing no cell or cells producing a non-specific antibody were not sorted and

passively collected into the waste channel (Video S2). As expected, most droplets containing a cell did

not produce an FRET signal due to lack of the specific antibody required for FRET to occur (Figure 3B).

Only a small fraction of droplets (�0.01%–0.03%) showed distinguishable FRET acceptor emission indi-

cating the presence of anti-c-myc-secreted antibodies and specific binding events (Figure 4A).
4 iScience 25, 104515, July 15, 2022
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Figure 2. Single-cell antibody secretion assay in droplets using FRET

(A) The schematics of the FRET-based assay. The assay mix containing cell growth medium, Alexa Fluor 488-labeled secondary antibody (FRET donor), Alexa

Fluor 647-labeled c-myc peptide (FRET acceptor) are encapsulated in 40 pl droplets along with anti-c-myc antibody-secreting 9E10 hybridoma cells (blue).

Following incubation off-chip at 37�C, the secreted and membrane-bound antibody fractions are recorded using FRET (emission from Alexa Fluor 647). In

the presence of the antibody, the two labeled probe molecules form a ternary complex enabling the FRET reaction to occur.

(B) Images of droplets acquired during 60 min of incubation using a widefield fluorescence microscope. The fluorescence intensity is color-coded, with red

color pixels indicating the highest fluorescence intensity and blue the lowest. Scale bar, 50 mm.

(C) FRET acceptor fluorescence intensity of droplets as a function of time. A clear increase in droplet fluorescence intensity (with a slope of 1.18 nM/min - red

dashed line, and with a slope of 0.38 nM/min - blue dashed line) over time is observed, indicating the accumulation of the secreted antibody of interest.

(D) The FRET acceptor fluorescence intensity of encapsulated cells. Cell fluorescence emanating from antibodies displayed at the cell membrane remains

relatively stable over time. In panels C and D, the Y axes indicate the integrated FRET intensity subtracted by the average background FRET signal of

droplets having no cells. Boxplots in C and D show the median (red lines) with upper and lower quartiles (blue lines), bars indicate the extremes of the

distribution and crosses indicate outliers. See also Figures S3 and S4.
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The droplets with the highest FRET signal were sorted into the collection tube and inspected through both

bright-field and fluorescence microscopy. Analysis revealed that prior to sorting only 0.12% of all produc-

tive-droplets contained a target cell, while after sorting the fraction containing a cell of interest increased to

99.12% (Figure 3B). Repeating the microfluidic sorting procedure with a fresh mixture of cells produced
iScience 25, 104515, July 15, 2022 5
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Figure 3. Sorting of FRET-positive droplets to isolate cells secreting target-reactive antibodies

(A) The schematics of the cell sorting based on antibody secretion. The assay mix containing cell growth medium, Alexa Fluor 488-labeled secondary

antibody (FRET donor), and Alexa Fluor 647-labeled c-myc peptide (FRET acceptor) is encapsulated together with a mixture of hybridoma cells. The anti-c-

myc antibody-secreting 9E10 cells are marked in blue, and the non-specific, anti-IFN-g antibody-secreting 7R2/A4 cells are marked in dark red. The collected

droplets are incubated off-chip at 37�C to induce antibody secretion and then re-introduced into themicrofluidic droplet-sorting device for sorting based on

the red FRET acceptor fluorescence signal (emission from Alexa Fluor 647). In the absence of the antigen-specific antibody, the acceptor molecule is not

bound and therefore not excited upon illumination with the 488 nm laser. Thus, only emission from the green FRET donor is observed. In the presence of the

desired antibody (blue), the two labeled probe molecules form a ternary complex and the FRET donor and acceptor molecules are brought in closeness,

proximity, enabling the FRET reaction to occur. In this case, in addition to the green FRET donor emission, red light is emitted by the FRET acceptor

molecule.

(B) Digital micrographs of droplets before and after FRET-based sorting. Before sorting, the desired cells (red) are rare, such that no strong FRET signal is

observed with the majority of encapsulated cells displaying the Hoechst 33,342 stain (blue), identifying these cells as undesired 7R2/A4 cells. After sorting, a

significant enrichment of desired cells is observed. The discarded fraction mostly consists of droplets containing the undesired cell type, or no cell. Scale

bars, 50 mm. See also Figures S3 and S5.
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similar results: the fraction of droplets with a positive cell after one round of sorting increased from 0.11% to

95.79%. These results in turn correspond to 827 G 15-fold enrichment of cells secreting the desired anti-

gen-specific antibody, with the main source of false positives being random co-encapsulation of negative

and positive cells within the same droplet, or occasional splitting of droplets at the sorting junction. As ex-

pected, the droplets collected in the waste channel showed FRET signal at the background level

(Figures 3B and S5). Hence, any cell that does not produce specific antibody is efficiently discarded by

the FRET-based droplet sorting process.

Importantly, a unique feature of the developeddroplet-based FRET assay is that the fluorescence profile of each

droplet provides a footprint of the functional phenotypic state of the compartmentalized cell. When a cell se-

cretesantibodymolecules into thedropletmilieu (e.g., a cell is anefficientmAbsecretor), the fluorescenceprofile

of a droplet shows an elevated FRET signal over the entire droplet volume (Figure 4B). On the other hand, if the

cell happens to be a poor secretor with most Ab remaining associated with the membrane, the FRET signal will

generate a characteristic, narrow fluorescence peak (Figure 4C). Accordingly, cells expressing eithermembrane-

bound or secreted antibody fractions, or both, can be efficiently differentiated and sorted (Figures 4B–4D). Cells

that secrete an irrelevant antibody displayed low fluorescence (Figure 4E).
6 iScience 25, 104515, July 15, 2022
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Figure 4. Time traces and scatterplot of FRET signal during microfluidic sorting

(A) Relative maximum donor/acceptor fluorescence signals recorded during the sorting process. The red dashed line represents the chosen sorting

threshold, with sorted droplets indicated by red dots. Color bar indicates droplet number in log scale.

(B–E) Representative fluorescence time traces recorded throughout the sorting experiment. Both FRET donor fluorescence (green) and FRET acceptor

fluorescence (red) are recorded. All droplets show strong donor fluorescence, allowing direct detection of each droplet. The FRET acceptor fluorescence

intensity originating from positive droplets depends on Ab expression by individual cells. Droplets containing cells that secrete a large amount of target-

reactive Ab display an elevated fluorescence pedestal (B), while those bearing cells with primarily membrane-bound target-reactive Ab are characterized by

a narrow fluorescence peak (C). Cells that produce both secreted and membrane-bound forms of target-reactive Ab are characterized by an elevated

fluorescence pedestal with a narrow fluorescence peak (D). Empty droplets and those containing cells that secrete an irrelevant Ab display low fluorescence

in the red channel (E).

(F–I) Selected examples of color-coded droplets containing: a cell secreting large quantities of target-reactive Ab and producing only a small amount of

membrane-associated Ab (F); a cell producing high levels of membrane-bound Ab (G); a cell producing high quantities of both, secreted and membrane-

bound Ab fractions (H); and a cell showing reduced levels of Ab expression and/or cell producing unreactive (non-functional) Ab (I).
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Finally, to confirm that sorted cells indeed maintain physiological and antibody secretion functions, we

sorted and collected 624 droplets based on FRET intensity. The sorted cells were released into a 24-well

cell culture plate, and after 12 days of culturing, the IgG levels in the supernatant were evaluated through

a standard ELISA assay. Prior to sorting, the artificial mix of hybridoma cells produced a large amount of

anti-IFN-g antibody (97.05% of all antibodies), and only a small fraction of the desired anti c-myc antibody

(2.95%). However, after sorting, anti c-myc antibody production became dominant (98.85% of all anti-

bodies, Figure 5). These results confirm that the developed FRET-based single-cell antibody secretion

assay provides excellent specificity, and in combination with microfluidic sorting, enables high-throughput

enrichment for rare cells of interest while maintaining their viability and physiological functions.
DISCUSSION

Conventional approaches for high-throughput screening of single cells for functional activity often rely on

FACS. Although successful in certain experimental settings, FACS-based approaches are largely restricted

to sorting of individual cells based on intracellular or membrane-bound epitope staining. Screening of
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Columns represent themeasured antibody fraction from the heterogeneous cell population before and after FRET-based

sorting. Prior to sorting, a mixture of 7R2/A4 and 9E10 cells was incubated for 24 h and the supernatant was collected.

ELISA was performed to determine the reactivity of the antibody mixture against c-myc peptide and IFN-g. Themixture of

cells was then washed in fresh media and encapsulated, and droplets showing high anti-c-myc FRET signal were sorted.

Collected cells (n = 624) were released from droplets, cultured for 12 days, and the supernatant tested for reactivity

against c-myc and IFN-g. The undesired anti IFN-g antibodies secreted by 7R2/A4 cells (violet) accounted for most of the ll

secreted antibodies. However, after one round of sorting, the majority of antibodies were the desired anti-c-myc antibody

(coral), secreted by 9E10 cells, indicating efficient sorting and specificity of the presented FRET-assay. Data shown as

absolute value.
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individual cells based on the activity of secreted proteins is a much more challenging task, as the secreted

biomolecules (e.g., antibodies) do not remain physically associated with the cell producing them; hence,

the genotype-phenotype linkage is lost. Single-cell compartmentalization using microfluidics provides

an appealing option for capturing and quantifying the secreted antibodies (Debs et al., 2012; Dressler

et al., 2014; Eyer et al., 2017; Fitzgerald et al., 2015; Jin et al., 2009; Love et al., 2006; Mazutis et al.,

2013; Rakszewska et al., 2014; Shembekar et al., 2016; Singhal et al., 2010), and for establishing a link be-

tween the cellular phenotype and genotype (An et al., 2017; Bounab et al., 2020; Chen et al., 2016; Ding

et al., 2020; Gérard et al., 2020; Lu et al., 2015; Zhou et al., 2020).

In this work, we report a droplet-based microfluidic platform for screening and sorting antibody-secreting

cells based on FRET signal. One of the distinctive characteristics of the single-cell FRET assay described

here is the ability to simultaneously differentiate the secreted and membrane-bound antibody fractions

produced by individual droplet-encapsulated cells. Such analytical capabilities are lacking in most current

microfluidic systems, despite being critically important for identification and selection of the cells that effi-

ciently produce and secrete proteins. For example, the industrial production of therapeutic proteins such

as antibodies relies on isolation of the individual clones that efficiently secrete the desired protein versus

clones that display it on the membrane. The microfluidic platform based on FRET assay may facilitate the

generation of functional cell lines that secrete high levels of functional protein of interest and may find

many uses in biotechnology that require quantitative analysis and screening of heterogeneous cell

populations.

The developed platform also offers several other advantages. In contrast to a fluorescent bead-based assay

(Mazutis et al., 2013), where cell screening is limited by the bead (carrying a ligand) and target cell co-

encapsulation events, the approach reported here circumvents the fundamental constraints imposed by

Poisson encapsulation. Because the FRET-assay reagents are uniformly distributed in all droplets, each

compartmentalized cell can be interrogated and sorted in a high-throughput manner according to the
8 iScience 25, 104515, July 15, 2022
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phenotypic state. As with many other miniaturized assays (Guo et al., 2012), compartmentalization of single

cells in microdroplets significantly reduces the assay time. For instance, we determined that the immuno-

globulin secretion rate of individual mouse hybridoma 9E10 cells is�200 IgG/sec, suggesting that a detect-

able (nanomolar-range) concentration of secreted antibodies in a picoliter-volume droplet will be reached

within a 1-h window. Indeed, we found that by isolating hybridoma cells in 40 pl droplets, a sufficiently high

FRET signal of immunoassay is reached in only 15 to 30 min; in contrast, an analogous assay in microtiter-

plate would take 1–3 days.

Performing the antibody secretion assay over the course of 1 h, we found that the Ab secretion levels varied

broadly between individual cells (�1900000 G 800000 molecules), while the membrane-associated Ab fraction

quickly saturated at �780000 G 230000 Abs per single cell. Intracellular Ab staining by the detection probes

can be ruled out due to the relatively high molecular weight of the FRET assay components that would need

to be engulfed by live cells. Our results, in corroboration with those of others (Debs et al., 2012; Eyer et al.,

2017), suggest that despite being derived from a single clone, the expansion of hybridoma cells in culture leads

to a phenotypically diverse population composed of cell-secretors that secrete a significant part of their total Ab

fraction, cell-producers whose secreted Ab fraction is substantially smaller compared to the membrane-bound

fraction, and inactive or suppressed cells for which Ab synthesis remains negligible.

Finally, to expand the scope of applications, we performed FRET-based microfluidic sorting to enrich cells

producing the highest levels of functional antibody and showed that the developed platform offers sorting

efficiencies of up to 97.5% at a rate of 200 cells s�1, and achieved an 800-fold enrichment of antigen-specific

antibody-secreting cells in only one round of sorting. Sorted cells were retrieved from the droplets and suc-

cessfully expanded in cell culture, indicating that all the microfluidic processing steps are compatible with

live-cell screening and enrichment. Overall, we anticipate that the presented FRET-based assay in combi-

nation with droplet microfluidics offers a broad application potential and will add to the collection of

microfluidic tools for the detection of secreted cellular proteins, as well as the screening and sorting of anti-

body-secreting primary B cells, or large recombinant ASC libraries.
Limitations of the study

Besides providing clear analytical advantages for identifying the functional cell phenotypes, the FRET tech-

nique reported here is not without limitations. The assay is built on fluorescence readout and multiple fac-

tors are known to affect the quality of signal (Lichtman and Conchello, 2005). The FRET signal is mediated

by the binding of target antibody to donor and acceptor probes, and since the excited donor either fluo-

resces or transfers energy to the acceptor dye, the FRET efficiency is inherently sensitive to inter-dye dis-

tance (Roy et al., 2008). Consequently, obtaining the fluorescently labeled antigen of interest, which upon

binding the Ab would be brought into closeness, proximity (Förster distance) to a fluorescently labeled

secondary antibody, may be a nontrivial task. On the other hand, combining two fluorescently labeled

secondary antibodies recognizing different epitopes on the same target, the individual cells secreting cy-

tokines, chemokines, or other proteins of interest could be efficiently interrogated and their real-time

secretion dynamics evaluated.

Conducting protein secretion assay in water-in-oil droplets reduces the assay time significantly. However,

given the finite amount of nutrients available inside the microdroplets, the cell viability over longer periods

of time (>9h) deteriorates and should be carefully considered when working with primary cells that may

exhibit slower secretion kinetics. Another limitation is sorting throughput. Cell sorting speed of the micro-

fluidic system reported here is at least an order of magnitude slower than a conventional FACS instrument,

at the trade-off of lower shear forces applied to the cells, and high sorting purity. However, as the scope of

single-cell methods continues to grow, the analytical benefits offered by the FRET-based single-cell

screening platform should outweigh these few constraints and enable the quantitative high-throughput

characterization and enrichment of desirable phenotypes.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-mouse (Alexa Fluor�-488) Jackson ImmunoResearch Laboratories, Inc.,

USA

Cat#115-545-006; RRID: AB_2338841

Anti-c-Myc antibody, clone 9E10 Millipore Cat#MABE282; RRID: AB_11213164

Goat polyclonal anti-mouse (HRP) BioLegend Cat#405306; RRID: AB_315009

Chemicals, peptides, and recombinant proteins

SU-8 3025 Kayaku Advanced Materials (formerly Micro-

Chem)

Cat#NC0057282

Chlorotrimethylsilane Sigma-Aldrich Cat#92360; CAS: 75-77-4

SYLGARD� 184 Silicone Elastomer Kit Dow Corning Cat#101697

(Tridecafluoro-1,1,2,2-tetrahydrooctyl)

trichlorosilane, 97%

abcr GmbH Cat#AB111444; CAS: 78560-45-9

3M� Novec� 7500 Engineered Fluid 3M Cat#051243; CAS: 297730-93-9

5 wt % 008-FluoroSurfactant in HFE7500 RAN Biotechnologies Cat#008-FluoroSurfactant-5wtH-20G

1H,1H,2H,2H-Perfluorooctan-1-ol FluoroChem Cat#007128; CAS: 647-42-7

TWEEN� 20 Sigma-Aldrich Cat#P1379; CAS: 9005-64-5

Carbonate-Bicarbonate Buffer Sigma-Aldrich Cat#C3041

Non-fat-Dried Milk bovine Sigma-Aldrich Cat#M7409

3,30,5,50-Tetramethylbenzidine (TMB) Liquid

Substrate System for ELISA

Sigma-Aldrich Cat#T0440

Sulfuric Acid 10% pure Panreac AppliChem Cat#145882; CAS: 7664-93-9

RPMI 1640 Medium, no glutamine, no phenol

red

Gibco Cat#32404-014

Fetal bovine serum (FBS) Gibco Cat#26140-079

GlutaMAX� Supplement Gibco Cat#35050-061

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140-122

DPBS Gibco Cat#14190-144

Trypan Blue Solution, 0.4% Gibco Cat#15250-061;

OptiPrep� Density Gradient Medium Sigma-Aldrich Cat#D1556; CAS: 92339-11-2

NucBlue�Live ReadyProbes� Reagent

(Hoechst 33342)

Invitrogen Cat#R37605

Human c-myc peptide (Alexa Fluor�-647) JPT Peptide Technologies GmbH EQKLISEEDL-Ttds–Cys(Alexa 647)

Human c-myc Peptide Sigma-Aldrich Cat#M2435

Human IFN-g Sigma-Aldrich Cat#SRP3058

Deposited data

Unprocessed data Mendeley Data https://doi.org/10.17632/k4sjbkcgt7.1

Experimental models: Cell lines

Mouse: MYC 1-9E10.2 [9E10] hybridoma cells ATCC Cat#CRL-1729; RRID: CVCL_G671

Mouse: 7R2/A4 hybridoma cells ECACC Cat#92030601; RRID: CVCL_J052

Software and algorithms

ImageJ Schneider et al. (2012) https://imagej.nih.gov/ij/

Droplet analysis algorithm Supplementary Material n/a

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LabView droplet sorter program (custom) National Instruments n/a

Adobe illustrator https://www.adobe.com/ Version 25.0.1

MATLAB https://ch.mathworks.com/products/matlab.

html

R2019b

Other

Silicon wafers Siegert Wafer Si-Wafer 4P0/>1/525 G 25/SSP/TTV<10

High-resolution film mask Micro Lithography Services Limited n/a

UV exposure system OAI Model 30

Hole puncher Syneo Cat#CR0500355N18R4

Microscope coverslips Thermo Scientific Cat#11911998

Low-melting-temperature solder wire The Indium Corporation of America Cat#wirebn-53307

Wire Alpha Wire Cat#1560 RD005

Epoxy adhesives Araldite Cat#50635-00000

1 mL syringes Omnifix Cat#612-2899

PTFE Microtubing, 0.56 3 1.07 mm Fischer Scientific Cat#NC1729627

Syringe pump: Pump 11 Pico Plus Elite Harvard Apparatus Cat#70-4511

Aladdin SyringeONE Programmable Syringe

Pumps

World Precision Instruments, Inc. AL-1000

High-speed camera Vision Research Phantom Miro M310

Inverted microscope Nikon Nikon Ti-E

488 nm diode laser Omicron-laserage Laserprodukte GmbH PhoxX+ 488-100

Photomultiplier tubes (PMTs) Hamamatsu Photonics Cat# H10722-20

20x objective Nikon CFI S Plan Fluor ELWD ADM 20X

Field-programmable gate array (FPGA) National Instruments n/a

High voltage amplifier Trek Inc. Model 2201

Brightfield light source CoolLED pW-100

Fluorescence light source Omicron LedHUB� with up to 6 wavelengths

Fluorescence light source Lumencor Inc. Spectra-X LED Light Engine

Cylindrical lense Thorlabs Cat#LJ1558RM

Dichroic mirror, 505 AHF Analysentechnik Cat#F33-505A

Dichroic mirror, 640 AHF Analysentechnik Cat#F48-642

Notch filter, 491 AHF Analysentechnik Cat#F57-640

Bandpass filter, 535/40 AHF Analysentechnik Cat#F32-535A

Longpass filter, 655 AHF Analysentechnik Cat#F47-655

Beam expander lens 1 Thorlabs Cat#LA1509-A

Beam expander lens 2 Thorlabs Cat#LA1805-A

Pinhole Thorlabs Cat#P40H

Fluorescence camera PCO AG pco.edge 5.5

sCMOS camera Photometrics Prime 95B

Spectrofluorometer Horiba FluoroMax-4

Nunc� Cell-Culture Treated Multidishes Thermo Scientific� Cat#142485

Counting chamber, Fast Read� 102 | Kova International Cat#BVS100H

SecureSeal� Hybridization Chambers Grace Bio-Labs Cat#621505

Thermo Scientific� Nunc Micro-Well 96-Well

Microplates, non-treated

Thermo Fisher Scientific Cat#269620

Corning� 96 Well Half-Area Microplate Sigma-Aldrich/Merck Cat#CLS3694-100EA

Plate reader Tecan Infinite 200Pro
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Ph.D.,

Prof. Linas Mazutis (linas.mazutis@bti.vu.lt).
Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw data reported in this paper is available at Mendeley Data: https://doi.org/10.17632/k4sjbkcgt7.1.

The code for the droplet fluorescence analysis is provided with this paper. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Mouse MYC 1-9E10.2 [9E10] hybridoma cells (ATCC: CRL-1729�; RRID: CVCL_G671), were obtained from

the American Type Culture Collection. Sex of cells is not indicated by the provider. Cells were grown in Ros-

well Park Memorial Institute (RPMI) 1640 Medium, supplemented with 10% (v/v) fetal bovine serum (FBS),

2 mM GlutaMax, 100 units/mL penicillin, 100 mg/mL of streptomycin. Cells were cultured at 37�C, at 5%
CO2 in the air atmosphere. Cell concentration was maintained in a range of 1 3 105 and 1 3 106 cells/

mL. Fresh, pre-warmed, complete RPMI-1640 growth medium was added 12 h before cell encapsulation.

Mouse 7R2/A4 hybridoma cells were purchased from the European Collection of Authenticated Cell Cul-

tures (ECACC 92030601; RRID: CVCL_J052). Sex of cells is not indicated by the provider. Cell culture con-

ditions as described above.
METHOD DETAILS

Device fabrication

Microfluidic devices were fabricated using standard photolithography and soft lithography techniques as

described previously (Mazutis et al., 2013). The masters for both cell encapsulation and droplet sorting de-

vices (see Data S2 and Data S3, and Figure S1) were fabricated on a silicon wafer (4P0/>1/525 G 25/SSP/

TTV<10, Siegert Wafer) using SU-8 3025 negative photoresist (Kayaku AdvancedMaterials (formerly Micro-

Chem)) yielding a 30 mm thick layer. Following spin coating, the SU-8 was baked and patterned by UV expo-

sure (OAI) through a high-resolution photomask (Micro Lithography Services Limited). The wafers were

baked, developed, and hard-baked at 200�C for 10 min. All materials were processed according to the

manufacturer’s recommendations. To prevent adhesion of the PDMS during the following soft-lithography

steps, the wafers were treated for 2 h with chlorotrimethylsilane (Sigma Aldrich) in a vacuum desiccator

(Taccola et al., 2015). The microfluidic chips were fabricated by pouring polydimethylsiloxane (PDMS, Syl-

gard 184, ratio 10:1/A:B) onto themaster to reach approximately 7 mm thick layer, and cured for 3 h at 70�C.
The cured PDMSwas carefully peeled off themaster mold, and access holes were punched using a 1.02 mm

hole-puncher (Syneo). The PDMS slab was then cleaned using pressurized air and scotch tape, and plasma

bonded to a glass substrate (Thermo Scientific). For the droplet sorting device, metal electrodes were

fabricated by filling the electrode channels with a low temperature solder (Indium Corporation) (Mazutis

et al., 2013). Electrical connections were made using a short piece of wire (Alpha Wire), which was fixed

to the chip using epoxy glue (Araldite). Prior to use, the microfluidic chips were treated with a filtered

5% solution of 1H,1H,2H,2H-Perfluorooctyltrichlorosilane (abcr GmbH) in isopropanol (van Swaay et al.,

2015). The channels were filled with the solution and incubated for 5 min. The remaining liquid was

removed using vacuum. This treatment ensured a hydrophobic PDMS surface.
Cell preparation and encapsulation

Prior to encapsulation, 7R2/A4 cells were stained with NucBlue� Live ReadyProbes� Reagent (Hoechst

33342) (Invitrogen) according to the manufacturer’s recommendations. Stained cells were washed two

times with 5 mL DPBS (Gibco). Subsequently, stained 7R2/A4 cells were mixed with unlabeled 9e10 cells

at a ratio of 100:1 or 1000:1, centrifuged at 300 x g for 5 min and washed twice with 5 mL of ice-cold
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DPBS. Washed cells were re-suspended in complete, ice-cold RPMI-1640 growth medium containing

16 vol % OptiPrep (Sigma-Aldrich). The assay mix contained complete, ice-cold RPMI-1640 growth me-

dium, 16 mg/mL polyclonal goat anti-mouse (Alexa Fluor�-488) antibody (Jackson ImmunoResearch) and

8 mg/mL Alexa Fluor�-647 labeled c-myc peptide (JPT Peptide Technologies GmbH). Prior to encapsula-

tion, the cells were concentrated to obtain 153 106 cells/mL, which according to Poisson distribution leads

to a final average droplet occupancy of �0.3 cells per 40 pl droplet.

Following preparation, the cell suspension and the assay mix were loaded into separate sterile 1 mL sy-

ringes (Omnifix), cooled with ice jackets, and injected into the microfluidic chip using PTFE tubing

(0.56 3 1.07 mm, Thermo Fisher Scientific). Droplets were generated at the flow-focusing junction using

3M� Novec� 7500 Engineered Fluid (3M) as a carrier oil, supplemented with 1.5% (w/v)

008-FluoroSurfactant (RAN Biotechnologies). Fluids were infused into the microfluidic chip by syringe

pumps (Pump 11 Pico Plus Elite, Harvard Apparatus), at flow rates of 2 mL/min for the cell suspension,

2 mL/min for the reaction solution and 6 mL/min for the continuous phase. On average, droplet generation

frequency was �2 kHz (Video S1). The cell encapsulation process was monitored using a high-speed cam-

era (Phantom Miro M310, Vision Research) mounted onto an inverted microscope (Nikon Ti-E, Nikon). The

generated droplets were collected in a 1.5 mL micro-centrifuge tube (Thermo Fisher Scientific) on ice.
Cell recovery, viability, and proliferation

To evaluate compartmentalized hybridoma viability, 9e10 cells were encapsulated in 40 pl droplets and

incubated overnight for 28 h at 37�C/5%CO2. At selected time points, a small fraction of encapsulated cells

was released from the droplets by breaking the emulsion with 10% of 1H,1H,2H,2H-perfluoro-1-octanol

(FluoroChem). Released cells were mixed with 0.2% (w/v) Trypan Blue solution (Gibco), incubated for

5 min at room temperature and the ratio of dead and live cells recorded using a bright field microscope

and hemocytometer (Figure S2).

To evaluate proliferation capacity, 9e10 cells were encapsulated in 40 pl droplets and incubated for 3 h at

37�C/5% CO2. Following incubation, the cells were released from droplets and transferred into pre-

warmed RPMI-1640 growth media supplemented with 20% FBS, 2 mM GlutaMAX, 100 U/mL Penicillin-

Streptomycin (PS), and 30% of conditioned medium (collected from 24 h 9e10 cell culture and filtered

through a 0.2 mm size membrane). Cells were counted and transferred into a 96-well microtiter plate

(Nunc, Thermo Fisher Scientific) by limiting dilution. Wells containing a single cell were observed over a

period of 7 days.
Bulk FRET assay validation

Both desired and non-desired antibodies were harvested through centrifugation of 9e10 and 7R2/A4 hy-

bridoma cultures respectively. Supernatant rich in antibodies was filtered through 0.2 mm size membrane

and mixed with 16 mg/mL polyclonal goat anti-mouse (Alexa Fluor�-488) antibody (Jackson

ImmunoResearch) and 8 mg/mL Alexa Fluor�-647 labeled c-myc peptide (JPT Peptide Technologies

GmbH), resulting in the positive and negative sample mix. The control sample was prepared by mixing

both detection antibody and peptide with a fresh complete RPMI-1640 cell growth medium. All samples

were then analyzed on a spectrofluorometer (Horiba), using an excitation wavelength of 488 nm, recording

the emission spectrum of both FRET donor and acceptor from 550 to 750 nm (Figure 1).
Antibody secretion over time

9e10 hybridoma cells were encapsulated while cooling into 40 pl droplets, along with Alexa Fluor-488

labeled polyclonal goat anti-mouse antibody, and Alexa Fluor-647 labeled c-myc peptide at 16 mg/mL

and 8 mg/mL concentrations accordingly. At selected time points the FRET signal of droplets and cells

was recorded under fluorescence microscope. The first time point corresponding to time 0 min was ac-

quired immediately after finishing droplet collection off-chip on-ice (which took �20 min). Subsequent

time points were acquired at 15min intervals during incubation at 37�C/5%CO2. At each time-point images

of the droplets were acquired using a widefield fluorescence microscope and analyzed in a semi-auto-

mated manner using a custom built MATLAB script (Figures 2 and S3A–S3D).
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Antibody titration curve in droplets

A calibration curve was generated in order to determine the concentration of the secreted antibodies in-

side the 40 pl droplets. For this, four different reaction mixtures were generated, containing 5 to 250 nM

of anti-c-myc antibody (Millipore). These reaction mixtures were then encapsulated into 40 pl droplets,

together with 16 mg/mL polyclonal goat anti-mouse (Alexa Fluor�-488) antibody (Jackson

ImmunoResearch) and 8 mg/mL Alexa Fluor�-647 labeled c-myc peptide (JPT Peptide Technologies

GmbH). After a 30 min incubation at 37�C/5%CO2, the emulsions were transferred into hybridization cham-

bers (Grace Bio-Labs) mounted on a coverslip, and images of each sample were acquired on an inverted

microscope (Nikon), equipped with a bright field lamp (CoolLED), fluorescence light source (Omicron)

and sCMOS camera (Photometrics).

Digital Images of recorded droplets were analyzed using a custom-built MATLAB script (Figures S3A–S3D

and Data S1), which identifies droplets in the bright-field channel using a circular Hugh transformation

(CHT) followed by binarization. The generated binary mask is then applied to the original fluorescence im-

age, and the sum fluorescence intensity of each droplet is calculated as the sum of all pixel values. Back-

ground correction is applied by subtracting the sum fluorescence intensity of droplets not containing

any desired Ab from the droplets at each assessed Ab concentration value.

Quantitative droplet image analysis

Images of droplets were analyzed using a custom-built MATLAB script (Figures S3A–S3D and Data S1). Im-

ages were initially loaded from hyperstacks and divided into individual color channels, i.e. brightfield (BF)

and FRET acceptor fluorescence (FL). To compensate for uneven focus throughout the field of view (FOV)

images were divided into several regions, with each region focused individually. Droplets were initially

identified in the brightfield channel through Circle Hough Trans-form (CHT) and subsequently separated

into droplets containing a single cell (Figures S3A and S3B, blue outline) and droplets containing no or mul-

tiple cells (Figure S3A, red outline). CHT specifically identifies round objects within a specified radius range,

therefore only droplets of a desired size were analyzed, with droplets partially reaching out of the field of

view (FOV) excluded from the analysis. Each droplet was cropped from the original image and a binary

mask was generated and applied, separating the inside from the outside of the droplet for further analysis.

Cells within droplets were initially identified using a second round of CHT (Figure S3A and C, green

outline). Individual cell images were cropped following this rough identification and cells precisely identi-

fied using the Canny edge detection method. The binary mask generated by edge detection followed by

dilation and erosion was then applied to the raw images separating the cell from its surroundings. Param-

eters for edge detection as well as dilation and erosion of the mask were chosen manually such that all cells

could be identified as closely as possible. Cell fluorescence intensity was quantified as sum of all nonzero

pixels in the masked image, and likewise the cell area was quantified as the number of nonzero pixels in the

masked image. Droplet fluorescence was quantified in the same manner, with the fluorescence intensity

integral equal to the sum of all nonzero pixels, and the droplet area equal to the number of all nonzero

pixels in the masked droplet image. Fluorescence emanating from the cells was subtracted from the

droplet fluorescence intensity integral for all following analysis steps. Background fluorescence was quan-

tified in all droplets containing no cells, following the same approach as described above and subtracted

from the quantified fluorescence intensity values.

FRET-activated droplet sorting

Droplets prepared as described above were incubated off-chip for 30 min at 37�C/5% CO2 and re-injected

into a second microfluidic device designed for FRET-activated droplet sorting (Figure S1B and Data S3).

The sorting device consisted of a droplet re-injection inlet, two auxiliary oil inlets and a Y-shaped junction

from which the collection and waste channel branch off. The additional oil was used to space and transport

the densely packed droplets coming from the re-injection inlet. This is crucial, as droplets have to be well

separated from one another so that they can be sorted efficiently. Once re-injected, the droplets are car-

ried along a narrow channel, eventually passing through a laser beam aligned to the microfluidic device.

Downstream of this interrogation point the microfluidic channel is divided in two separate channels: one

used to collect droplets of interest and the other leading to waste. The hydrodynamic pressure between

these two channels is carefully tuned such that without any external influence all droplets are carried to

the waste channel. Along the channel, right at the intersection of the collection and waste channel, three

electrodes are positioned. Through these electrodes, a positive dielectrophoretic force is applied on a sin-

gle passing droplet, efficiently sorting droplets of interest from a stream of droplets (see Video S2).
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All sorting experiments were carried out on an inverted microscope equipped with a 488 nm diode laser

(Omicron-laserage Laserprodukte GmbH) and two photomultiplier tubes (PMTs) (Hamamatsu) for fluores-

cence detection (Figures S3E and S3F). The laser beam was expanded and shaped into a line using a

cylindrical lens (Thorlabs) and projected onto the microfluidic device using a 20X objective (Nikon). Fluo-

rescence signals were recorded and processed online using a field-programmable gate array (FPGA)

(National Instruments) and custom LabVIEW program (National Instruments). Both donor and acceptor

fluorescence were recorded simultaneously using both PMTs. In case the detected intensity exceeded a

predefined threshold, a square wave pulse was sent from the FPGA card to a high voltage amplifier

(Trek Inc.), and from the amplifier to the electrodes embedded within the chip, resulting in the displace-

ment of a single droplet to the collection channel. Sorting experiments were generally carried out at fre-

quencies of approximately 500 Hz.
Post-sorting image acquisition

Static images were acquired by injecting a small amount of the emulsion into hybridization chambers

(Grace Bio-Labs) mounted on a coverslip. Three samples were imaged: droplet emulsion right before sort-

ing, sorted droplets, and droplets collected from the waste channel. After loading the samples, the imag-

ing chambers were mounted on an inverted microscope equipped with a fluorescence lamp (Lumencor

Inc.) and camera (PCO AG), and imaged using a 20X objective (Nikon). Fluorescence images of the

FRET-signal and the Hoechst 33342 stain were acquired to verify the sorting results by quantifying the num-

ber of positive hits, false positive events and non-sorted droplets, as well as cells contained within. Images

were analyzed using a customMATLAB script used to automatically count the number of droplets found in

each image. The results were validated manually, and the number of cells, as well as the fluorescence sig-

nals, quantified (Figure S5 and 3B).
Antibody quantification by ELISA

Cell supernatants were analyzed to determine antibody fraction before and after droplet sorting-based

enrichment. First, sorted droplets (n = 624 droplets) were chemically broken to release encapsulated cells,

which were collected and transferred into a 24-well cell culture plate (Thermo Scientific) containing 1 mL of

pre-warmed RPMI-1640 medium supplemented with 20% FBS, 2 mM GlutaMAX and 100 U/mL PS. The

same number of cells from the pre-sorting sample was seeded in another well. Cells in both wells were

cultured for 12 days, after which the supernatants from the expanded cell cultures were collected, filtered

through a 0.2 mm sizemembrane, and analyzed by a standard enzyme-linked immunosorbent assay (ELISA).

For ELISA, 96-well half-area, flat bottom plate (Corning) was coated with two different antigens: the first half

of the plate was coated with 100 ng/mL and 200 ng/mL of IFN-gamma (Sigma Aldrich), and the other half –

with 100 ng/mL and 200 ng/mL c-myc peptide (Sigma Aldrich). Both antigens were suspended in carbon-

ate-bicarbonate buffer (Sigma Aldrich) and distributed at 30 mL/well. Coated plates were incubated while

shaking at 4�C, overnight. After coating, wells were washed three times with 200 mL/well of the wash buffer

(1X PBS with 0.05% Tween 20) and incubated for 1 h with blocking solution (5% non-fat dry milk, Sigma Al-

drich), while shaking at room temperature. After blocking, wells were washed three times with 200 mL/well

of the wash buffer before 50 mL of the supernatants from the sorted and non-sorted cell cultures were

loaded into wells coated with both antigens. Following incubation and three rounds of washing, 30 mL/

well Goat polyclonal anti-mouse (HRP) secondary antibody (1:4000 diluted in 0.5% milk/PBS, Biolegend)

were added and incubated while shaking for 45 min, at room temperature. After this step, the washing pro-

cedure was repeated three times and 30 mL/well of TMB (Sigma Aldrich) substrate was added and incu-

bated until the color of the solution has changed to the expected color. The reaction was then stopped

by adding 15 mL/well of 1M H2SO4 (Panreac AppliChem). Finally, the absorbance was measured at

450 nm (Tecan) (Figure 5).
QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as either absolute values or mean +/� standard deviation, with the sample number n

stated wherever relevant.
ADDITIONAL RESOURCES

Does not apply.
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