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Cellular effector function assays traditionally rely on bulk cell populations that mask complex heterogeneity and rare
subpopulations. The Xdrop® droplet technology facilitates high-throughput compartmentalization of viable single
cells or single-cell pairs in double-emulsion droplets, enabling the study of single cells or cellecell interactions at an
individual level. Effector cell molecule secretion and target cell killing can be evaluated independently or in
combination. Compatibility with a wide range of commercial assay reagents allows for single-cell level readouts
using common laboratory techniques such as flow cytometry or microscopy. Moreover, individual cells of interest
can be viably isolated for further investigation or expansion. Here we demonstrate the application of the double-
emulsion droplet technology with a range of cell types commonly utilized for adoptive cell therapy of cancer:
natural killer cells, blood-derived T cells, tumor-infiltrating lymphocytes, and chimeric antigen receptor T cells.
Single-cell compartmentalization offers unparalleled resolution, serving as a valuable tool for advancing the
development and understanding of cellular therapy products.
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BACKGROUND

Adoptive cell therapies (ACT) have demonstrated impres-
sive curative effects against specific cancer types, as illus-
trated by the success of chimeric antigen receptor (CAR) T
cells for hematological malignancies1,2 and expanded
tumor-infiltrating lymphocytes (TILs) for advanced mela-
noma.3,4 Natural killer (NK) and gd T cells are now also
being extensively explored as potential immunotherapies.5,6

While both the utilization and impact of cellular therapies
are expected to increase in the future, challenges persist in
predicting their potency and improving treatment efficacy.
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Our understanding of what drives clinical responses to
ACT has evolved over time, in TILs progressing from initial
studies highlighting increased numbers of CD8þ T cells in
infusion products7 to more nuanced recent studies
emphasizing the importance of neoantigen-specific8 and
stem-like9 CD8þ T cells instead. Together with the incred-
ible success of CAR-T cell clinical trials,10,11 where much
fewer cells are administered, these findings suggest that
small subpopulations of ACT products drive the antitumor
effects.

Given that ACT products are comprised of effector cells
considered to be primary mediators of direct tumor killing, a
logical assumption is that highly potent cells will react
strongly against their targets and could form an effective ACT
product on their own. Such potential is often measured via
functional responses to target cells e.g. cytokine secretion or
cytotoxic ability. These efforts are dominated by bulk popu-
lation assays which can often obscure these critical pop-
ulations of interest. Single-cell RNA sequencing has alleviated
this issue to some degree; however, its utility is limited by
cost, frequent lack of RNA-to-protein-to-function trans-
latability,12 and inability to select cells of interest for further
assays or clinical use. Selection of viable effector cells for
further applications is currently achievable via fluorescence
and magnetic-activated cell sorting (FACS/MACS). These
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methodologies are limited to using surface molecules as
surrogates of cellular activation and function or secretome-
capture methods affected by cytokine crosstalk or requiring
complex custom experimental equipment. Accurate identifi-
cation and selection of rare, potent, and viable effector cells
is therefore currently challenging, restricting their subse-
quent downstream study and potential generation of selec-
tively expanded ACT products.

The Xdrop double-emulsion droplet technology high-
lighted here offers a solution by providing a standardized
and user-friendly high-throughput platform for single-cell
study of effector cell functions, such as direct tumor
killing or cytokine secretion. The technology is compatible
with downstream analysis and selective expansion of viable
cells after assay.

THE XDROP TECHNOLOGY

Few technologies can accommodate single-cell assessment
of cytotoxicity or cytokine secretion,13-17 often requiring
extensive microfluidics know-how and specialized equip-
ment. The Xdrop instrument addresses these issues. The
double-emulsion droplet technology facilitates high
throughput compartmentalization of viable single cells or
cell pairs in droplets, allowing the study of individual cells or
cellecell interactions over time (Figure 1). The technology
uses the same droplet encapsulation technology previously
employed for microbes and DNA,18,19 instead utilizing a
larger 50 mm diameter double-emulsion droplet (DE50) to
accommodate eukaryotic cells.
Figure 1. Overview of DE50 droplet generation and characteristics. (A) Workflow for
loaded with oil, outer phase mix, and cells, covered with a gasket, and placed into th
with a run time ofw8 min.When using two different cell types, the Xdrop Well Insert
Additional assay reagents are added to the cell suspension according to the user’s ex
as necessary whilst the functional assay of choice occurs individually within each drop
potential readouts. (B) Microscopy image of DE50 droplets containing cells. (C) Sche
molecules to sustain viability and the retention of the secretome and cell/cells w
PBS, phosphate-buffered saline.
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Before encapsulation, cells are stained with fluorescent
cell-labelling dyes to facilitate deconvolution during anal-
ysis. During the production process, DE50 droplets can also
be loaded with standard cell culture media, varied cell
types, and supplementary reagents (e.g. viability stains and
stimulatory molecules) tailored to specific readout re-
quirements. The droplets are stable after production and
can be transferred to common cell culturing plastic con-
tainers by pipetting. Droplets are kept in standard CO2 in-
cubators to maintain viability, and we have observed as high
as w80% viability 24 h after encapsulation. Decreases in
viability over time are observable, although the extent of
this is highly cell type-dependent. Assay optimization and
monitoring of cell viability in samples is recommended to
minimize background signals.

Analysis of droplets can be conducted at specific time
points of interest using conventional cell analysis methods
such as microscopy and flow cytometry. Continued culturing
of cells after assay is possible by treating droplets with a
break reagent (Figure 1D), similar to the Xdrop DE20 tar-
geted enrichment procedure for recovery of DNA.18,19 The
current droplet break procedure results in cell recovery of
up to 60% with a viability >95%.

DETECTION AND ENRICHMENT OF POTENT CYTOKINE
SECRETORS

Cytokine secretion upon stimulation is commonly detected
within culture medium through singleplex [e.g. enzyme-
linked immunosorbent assay (ELISA), enzyme-linked
DE50 droplet generation and potential analyses. Microfluidic DE50 cartridges are
e Xdrop instrument. Up to eight productions can be run in parallel per cartridge,
ensures separation of effector and target cells until DE50 droplet encapsulation.

perimental needs. DE50 droplets are harvested from the cartridge and incubated
let. Downstream analysis can be conducted at various time points with a range of
matic diagram of DE50 droplet structure, including passive diffusion of smaller
ithin the droplet. (D) Procedure for droplet breakage and recovery of cells.
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immunosorbent spot (ELISpot)] or elaborate multiplexed
approaches (e.g. bead-based immunoassays). These assays,
however, do not permit single-cell deconvolution. An
alternative is intracellular cytokine staining which provides
single-cell resolution, yet by nature measures intracellular
accumulation of cytokines rather than actual secretion.
Importantly, none of these approaches allow the viable
isolation of specific cells.

Contemporary detection technologies have evolved to
capture secreted cytokines on the surface of the secreting
cell without impacting viability, potentially providing a so-
lution to the described challenges.20 Such approaches are
vulnerable to cytokine crosstalk, however, where an excess
of produced cytokine or premature saturation of capture
reagents can cause false-positive and high background sig-
nals. It has previously been demonstrated that these pitfalls
can be avoided by encapsulating assay reagents in micro-
fluidic droplets,15,17 and cytokine secretion assays can
similarly be carried out within DE50 droplets by loading
detection reagents and single cells with capture antibody.
For example, the increased resolution reveals a distinct high
tumor necrosis factor-a (TNF-a)-producing subpopulation of
T cells previously masked in a parallel bulk assay21

(Figure 2A), highlighting the importance of such single-cell
resolution for identification of rare subpopulations.
Figure 2. Detection and viable isolation of potent cytokine secreting effector cells
split into four groups: bulk samples (þ/� PMA/ionomycin) and DE50 encapsulated sa
detection reagent was added during encapsulation whereas for bulk samples the det
droplets were released using droplet break reagent and all samples were stained wi
DE50 encapsulation reveals a high TNF-a-producing T-cell subpopulation not detecta
cells were stimulated with IL-2 and labelled with IFN-g capture reagent before being e
incubation all droplets were broken as for (A) and high IFN-g-secreting cells were en
non-stimulated cells cultured in parallel. IFN-g secretion following þ/� IL-2 stimulatio
populations. The pre-selected population retained their enhanced IFN-g-secreting
isolation and subsequent expansion of effectors with an indicated increased potenc
FACS, fluorescence-activated cell sorter; FSC-H, forward scatter height; IFN, interfer
tumor necrosis factor.
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The translation of such increased resolution into down-
stream applications, such as deeper analysis or preferential
expansion of the most potent secretors during ACT product
generation, is often limited by technical constraints. The
ability to break DE50 droplets and successfully recover
viable cells helps bridge this gap, as demonstrated with
cytokine-stimulated NK cells22 (Figure 2B). Following a
DE50 interferon-g (IFN-g) assay, NK cells were released
from droplets and a potent IFN-g-secreting subpopulation
of NK cells was sorted by fluorescence-activated cell sorter
(FACS) and cultured in vitro for an additional 2 weeks.
Subsequent analysis revealed that potent IFN-g secretors
retained their superior secretory abilities upon re-
stimulation.22
DETECTION OF EFFECTIVE TARGET CELL KILLERS

Cytotoxicity assays are rational markers of effector cell po-
tency that reflect the in vivo mode of action, a crucial
feature for ACT product potency assays as noted in recent
proposed Food and Drug Administration guidance docu-
mentation.23 Isotopic chromium release, bioluminescence,
impedance, and flow cytometry-based assays are all
commonly employed; however, the observed effect cannot
be linked to specific individual cells. The observed cytotoxic
using DE50 droplets. (A) T cells were labelled with TNF-a capture reagents and
mples (þ/� PMA/ionomycin) and incubated for 4 h. For DE50 samples the TNF-a
ection reagent was added after the incubation. After incubation, cells from DE50
th a-CD3-PerCP and assessed by flow cytometry. The added resolution from the
ble when performing the assay in bulk21 (>3500 cells analyzed per plot). (B) NK
ncapsulated in DE50 droplets together with IFN-g detection reagent. After 4 h of
riched (FACS). Cells were then cultured for an additional 2 weeks, with control
n in the DE50 assay was then measured for both the non-enriched and enriched
abilities in comparison to the non-enriched control, confirming the successful
y22 (>14 000 cells analyzed per plot).
on; IL-2, interleukin 2; NK, natural killer; PMA, phorbol myristate acetate; TNF,
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abilities may therefore be due to confounding factors such
as highly potent serially killing effectors16,24 masking a lack
of cytotoxicity in the bulk of the population. Instead, DE50
droplets provide the single-cell resolution required to
appropriately assess the cytotoxic potential of ACT products
and potentially isolate this population.

To quantify and identify effective killers, target and
effector cells are labelled with distinct dyes and dead cell-
staining propidium iodide (PI) is added immediately
Figure 3. Cross-cell type compatibility of DE50 droplets with propidium-iodide-base
before encapsulation in DE50 droplets allows deconvolution of droplet composition: e
(B) Addition of propidium iodide (PI) to the encapsulation process allows detection
unique droplet sub-population (those defined in A) during analysis to determine b
sentative plots of effector cell-mediated killing of target cells in the described cytoto
cells þ/� IL-15 versus K562 target cells.25 (D) Expanded (rapid expansion process) CD
(B2M�) TCL (E) CD19-specific CAR-T31 (98% CARþ) or non-transduced T cells versus CD
at each time point was calculated by normalizing the observed death in co-encaps
(minus background cell death): percentage of cytotoxic effector cells at time t(x) ¼
background death is a measure for the death occurring inside co-encapsulated target
causes occurring within droplets or before encapsulation. The background death is e
cells only at all analysis time points. Background deatht(x) ¼ [1 � (1 � death ratio i
100 ¼ [1 � (1 � %TCDt(x)/100) � (1 � %ECDt(x)/100)] � 100, where % TCD and EC
effector-cell-only droplets, respectively. Original cell death values for each individual
doi.org/10.1016/j.iotech.2024.100738.
CAR-T cell, chimeric antigen receptor T-cell; IL-15, interleukin 15; MHCI, major histoco

4 https://doi.org/10.1016/j.iotech.2024.100738
before encapsulation in DE50 droplets. The use of these
dyes enables clear identification of droplet contents and the
real-time labelling of newly dead cells throughout the in-
cubation (Figure 3A and B). Calculation of true target cell
killing utilizes the observed death in single-cell encapsula-
tions (effector-only and target-only) to account for ‘back-
ground cell death’. This single-cell level cytotoxicity assay is
compatible with a wide range of ACT-relevant cell types,
including NK cells,25 TILs, and CAR-T cells (Figure 3C-E and
d cytotoxicity assays. (A) Distinct fluorescent labelling of effector and target cells
ffector� target�, effector� targetþ, effectorþ target�, and targetþ effectorþ.
of cell death as it occurs within droplets, which can be quantified within each
ackground cell death and true effector-induced target cell death. (C-E) Repre-
xicity assay, adjusted for non-cytotoxicity-related background cell death. (C) NK
8þ TILs versus autologous tumor cell line (TCL), allogenic TCL, or MHCI-deficient
19þ Daudi target cells. All analyses conducted with flow cytometry. Cytotoxicity

ulating droplets (minus background cell death) to all co-encapsulating droplets
[observed deatht(x) � background deatht(x)]/[100 � background deatht(x)]. Here
and effector cells droplets not because of killing but rather resulting from other
stimated by measuring cell death in droplets with target cells only and effector
n target-cell-only-droplets) � (1 � death ratio in effector-cell-only-droplets)] �
D denote the % cell death measured at time x in target-cell-only droplets and
droplet population are plotted in Supplementary Figure S1, available at https://

mpatibility complex class I; NK, natural killer; TILs, tumor-infiltrating lymphocytes.
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Figure 4. Identification of potent effector cells via detection of granzyme B secretion. (A and B) The addition of a fluorescent-tagged granzyme B (GzmB) substrate,
which fluoresces upon cleavage of the substrate, during the encapsulation process allows detection of GzmB secretion within DE50 droplets,29 as demonstrated with
CD19-specific CAR-T31 (98% CARþ) and non-transduced (NTD) T cells versus CD19þ Daudi target cells. (C) Representative microscopy images of CAR-Tþ Daudiþ DE50
droplets demonstrating the presence or lack of GzmB production. (D-F) Combination of the GzmB assay with the PI-based cytotoxicity assay29 described in Figure 3
provides additional functional information regarding the cell-killing ability of effector cells, as shown with CAR-T/Daudi pairs. (E) Highlights the likely cell killing
mechanics at play. GzmB secretion occurs early (lower right quadrant) and precedes death resulting from cell killing (upper right quadrant). The change in the number
of cells dead before encapsulation or dying from other causes than GzmB-induced killing throughput the assay is negligible and remains constant (upper left quadrant).
A, B, E, and F analyzed via flow cytometry. More than 6.1 � 103 droplets were analyzed per plot. (F) Quantitation of NTDþ Daudi�, NTDþ Daudiþ, CAR-Tþ Daudi�
and CAR-Tþ Daudiþ co-encapsulating droplets with both GzmB and cell death (GzmBþ PIþ).
BF, bright-field; CAR-T, chimeric antigen receptor T-cell; PhL, phase contrast (Nikon Eclipse Ts2R); PI, propidium iodide.
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Figure 5. Isolation and expansion of functionally active cytotoxic NK cells. (A) NK cells were co-encapsulated with K562 cells using the same procedure as in Figure 3.
After 5 h the PIþ fraction of NKþ K562þ droplets was FACS sorted and the recovered cells were expanded for >3 weeks. CD56þ cells were purified (MACS-based
separation), expanded for an additional 10 days, and then restimulated with K562 cells and þ/� IL-15 in a co-encapsulation assay. (B) Cytotoxicity measurement of
sorted and expanded NK cells, carried out as in (A), demonstrating cytotoxic ability of sorted cells.
FACS, fluorescence-activated cell sorter; IL-15, interleukin 15; MACS, magnetic activated cell sorting; NK, natural killer; PI, propidium iodide.
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Supplementary Figure S1, available at https://doi.org/10.1
016/j.iotech.2024.100738).

Alternative readouts of cytotoxicity can also be employed
in the DE50 droplet setup. Cytotoxic T, CAR-T, and NK cells
all utilize rapid release of pre-formed cytotoxic effector
proteins (chiefly perforin and granzymes) as their primary
target killing mechanism.26 In bulk cytotoxicity assays,
target recognition-dependent secretion of granzyme B
(GzmB) is utilized as a reliable measure of effector cell
reactivity and as a surrogate of cytotoxic ability.27,28 The
addition of a cleavage-triggered fluorescent GzmB substrate
to the encapsulation process facilitates the rapid detection
of its release,29 as exemplified here with CAR-T cells
(Figure 4A-C). The granularity of this assay, and subsequent
identification of highly potent effectors, can be achieved via
combination with the PI-based cytotoxicity assay described
above.29 Using CAR-T cells (>98% CARþ), we demonstrate
the simultaneous detection of GzmB secretion and cell
killing in DE50 droplets (Figure 4D-F). This combination re-
veals that not all GzmBþ encapsulations result in rapid
target-cell killing, emphasizing the value of integrating
multiple parameters for enhanced single-cell insights.

Isolation and expansion of cells with indicated killing
ability is of great interest for improving ACT products. Our
preliminary studies with DE50 NK/K562 cell co-
encapsulations demonstrate the potential feasibility of
applying the Xdrop technology to this context (Figure 5).
Intact PIþ droplets were FACS sorted and the recovered NK
cells cultured in vitro. Cytotoxic ability was then retested in
another DE50 droplet cytotoxicity assay where the sorted
NK cells clearly demonstrated their retained cell-killing
ability. The experiment applied adjusted sorting conditions
which typically yield sorting efficiencies of 40%-60% and
purity >95%; however, sorting can be further optimized to
obtain 80%-90% efficiency.
CONCLUSION AND FUTURE PERSPECTIVES

The double-emulsion droplet technology presented here is
a robust single-cell level platform that overcomes many
6 https://doi.org/10.1016/j.iotech.2024.100738
current limitations in detecting highly potent effector cells
within ACT products and demonstrates significant potential
for their isolation and continued expansion.

The highly customizable nature of the assay promotes
flexibility across many cell types and potency parameters,
and the ability to isolate viable truly potent effectors allows
a wide range of downstream in-depth characterizations
concerning general phenotype, proliferative ability,
response to repeated stimulation, functional profiles, and
other such attributes. Findings resulting from these kinds of
studies are likely to inform the future development of
improved ACT by guiding the production of highly potent
infusion products. Revealing the true functional profiles of
individual cells in ACT products may also produce advances
in linking clinical responses to these traits, and in the future,
there is substantial potential for direct downstream thera-
peutic ACT applications. In particular, the technology pre-
sents an exciting prospect for the generation of selective
ACT products.

Although promising, the described technology has certain
limitations. Droplets with more than two cells can occur and
confound analyses, but this can be mitigated by optimizing
loading ratios and concentrations as cell encapsulation fol-
lows a Poisson distribution.30 Genuine cell-pair interaction
assays form a minority of the total droplet population, but
this still represents a substantial number due to the high
number of generated droplets (750 000 per sample).
Importantly, the singlet encapsulating droplets facilitated by
the Poisson distribution function are valuable assay controls
avoiding the need for multiple parallel assay control
productions.

Background cell death does occur throughout the assay,
but this can be accounted for when calculating target cell
killing and can be significantly reduced by optimizing pre-
assay cell handling procedures for each cell type. The
cytotoxicity assays presented here cannot definitively
confirm which cell of the pair within the droplet has died
when analyzed using flow cytometry; however, comple-
mentary imaging analyses can confirm the observed/ex-
pected trends, as demonstrated in Figure 4D. Alternatively,
Volume 24 - Issue C - 2024
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target cell lines engineered to express specific fluorescent
markers (e.g. GFP/YFP/RFP) upon death are likely an effec-
tive strategy for clarifying any ambiguity. Continued
expansion after assay may be affected by potential cytotoxic
effects of the droplet break reagent, although suitable re-
covery is still possible as demonstrated. This issue may be
especially problematic in the case of extremely rare pop-
ulations, although effector cell expansion protocols often
result in significant fold expansions from even minimal
starting material. While the data presented here highlight
the feasibility of direct sorting of droplets of interest, we
believe the effectiveness may be improved through addi-
tional optimization.

In conclusion, the double-emulsion droplet technology
has the potential to play a sizable role in properly under-
standing and harnessing highly potent effector cells in an
ACT context.
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