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Here, we present a platform to detect cytokine (IL-2, IFN-γ,

TNF-α) secretion of single, activated T-cells in droplets over time.

We use a novel droplet-based microfluidic approach to encapsu-

late cells in monodisperse agarose droplets together with func-

tionalized cytokine-capture beads for subsequent binding and

detection of secreted cytokines from single cells. This method

allows high-throughput detection of cellular heterogeneity and

maps subsets within cell populations with specific functions.

Our current understanding of cellular responses to external
stimuli has generally been obtained using bulk assays on
populations of cells. These studies hide the response of
individual cells, which do not necessarily reflect the bulk
behavior.1,2 This lack of insight into cellular behavior at the
single-cell level is particularly important in immunology.
This notion was recently supported by Shalek et al. who
demonstrated a widespread bimodality in the individual
transcriptional response of murine dendritic cells to LPS
stimulation.3 Another study demonstrated that the activation
of NF-κB is heterogeneous and is a digital process at the single-
cell level,4 in contrast to what was found in bulk assays.5 Our
immune system comprises a wide variety of cells all with their
specific function; among these are the CD8+ cytotoxic T cells,
regarded as the ‘soldiers’ of our immune system that lead
the charge against tumors and viruses. It has been shown that
the killer T cell responses and disease control depend on the
quality rather than on the quantity of these killer T cells.6
The quality of killer T cells is defined by multiple functions:
killing, proliferation, migration and cytokine release. This
implies that out of the complete population of activated killer
T cells, only designated subsets may actually be important
for immunity. Understanding how these multifunctional
responses are induced and exerted by individual cells will
provide pivotal information on how vaccines based on killer
T cells can be tuned and improved to facilitate superior
immune protection. Therefore, we need new technologies to
identify, quantify and probe these cellular sub-populations.

In recent years, microfluidic tools have emerged that allow
the study of hundreds to a few thousands of individual cells
under precisely defined conditions.7–9 These techniques have
contributed greatly to our quantitative understanding of
cellular heterogeneity and temporal variations in cellular
behaviour. However, the study of individual cells in fluidic
devices also presents a number of challenges, as i) many cells
cannot be cultured easily on-chip,10 ii) the total number of
cells is limited by the size of the chip,11 iii) cellular behaviour
might be different from other culture platforms,12 and iv)
the technology often requires a large investment in
infrastructure. For our studies in immunology, the most
important drawback is the difficulty of studying the secretion
of molecules from individual cells using these advanced flu-
idic tools.13 Flow cytometry is the standard tool in immunol-
ogy for high-throughput detection, sorting and collection of
cells, but it is less well suited to studying secreted molecules.
Cytokine secretion is inferred from intracellular staining of
fixed individual cells, which merely indicates intracellular
pools of cytokines but not actual secretion. Furthermore, the
technique does not allow data collection over time at the
individual cell level, precluding dynamic monitoring of
individual cell functions. Droplet microfluidics enables the
manipulation of discrete fluidic packets in the form of
picolitre droplets and addresses the need for lower costs,
higher throughput and higher sensitivities at which the assays
can be performed. The technique is well adapted to perform
yal Society of Chemistry 2013
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operations and manipulations in series, like encapsulation
and screening.14,15 Water-in-oil droplets have been used to
compartmentalize individual cells and to study antibody pro-
duction by single cells dating back to the 1950s,16 and recent
advances in droplet microfluidics have greatly expanded their
potential for single cell studies.7,14,17–21 Indeed, these picolitre
droplets can be considered ‘nanolabs’ that accommodate
both single cells and all factors secreted by that cell.7,22–24 In
this paper, we present a droplet-based microfluidic strategy to
encapsulate cells and cytokine-capture beads in monodisperse
agarose droplets for detecting cytokine secretion, phenotypical
maturation and proliferation of single, activated Jurkat T cells
in droplets over time.

Fig. 1 shows the schematic overview of our high-
throughput microfluidic single-cell cytokine detection method.
Two streams of dispersed aqueous phases of 1.8 w/v% ultra-
low temperature gelling agarose (type IX-A, Sigma Aldrich)
are mixed prior to the droplet formation junction using a
PDMS chip (see the ESI† for device fabrication). One stream
contains Jurkat T cells (4·× 106 mL-1) in culture medium and
stimulated with ionomycin (0.2 μg ml-1) and phorbol myristate
acetate (PMA; 1 μg ml-1). The other stream delivers polystyrene
capture beads (500 nm, 2.422·× 1010 microspheres per mL,
Bang Labs) functionalized with biotinylated mAbs specific
for IL-2, TNF-α, or IFN-γ. Automated syringe pumps (Cetoni
GmbH) controlled the flow rates inside the microfluidic device
which was maintained above room temperature for a steady
and uniform droplet production at the flow-focusing region
of the device25 (69 pL; variance < 1%) at a production
frequency of 450 droplets per s (Fig. 1 and S1, ESI†).
Droplets are stabilized using a biocompatible Krytox®-based
tri-block copolymer surfactant.26 Thereafter, the emulsion
Fig. 1 Schematic overview of the work flow of the droplet-based microfluidic method

are encapsulated in agarose-gel droplets together with functionalized capture beads. A

capture beads confined within the same droplet. The droplets are gelled and washed

detection antibodies that bind to the cytokines. Subsequently, the secretion of cytokines b

This journal is © The Royal Society of Chemistry 2013
was collected at the outlet of the channel and incubated
for 18–24 h at 37 °C in a humidified atmosphere (Fig. 1).
During incubation, single activated Jurkat T cells secreted
cytokines that bind to functionalized capture beads confined
within the same droplet. After incubation, the emulsion
was cooled to 4 °C. Cooling the ultra-low gelling agarose
containing droplets induces the formation of strong
spherical gel beads which were stable and remained solid at
room temperature. They were separated from oil by breaking
the emulsion and subsequently carefully washed (see the ESI†
for details). The mechanical strength of the agarose beads
allows centrifugation during the washing process which
helped flexible downstream processes. After solidification
and removal of the oil phase, the beads were incubated with
fluorescently labelled antibodies against IL-2, TNF-α, and
IFN-γ, and the intensity of staining of the beads was measured
by flow cytometry.

In accordance with previous studies, the process of encap-
sulating cells inside droplets is random and follows a Poisson
distribution.7,9,27 To obtain the highest single-cell encapsula-
tion efficiency, we used 2·× 106 and 4·× 106 cells per ml at the
droplet production junction. Analysis revealed an encapsula-
tion efficiency of approximately 11 and 19%, respectively
(Poisson: λ = 0.11 and 0.23) (Fig. S2A, ESI†). The fraction of
double- and triple-cell encapsulation depends on starting cell
concentration and was tolerable and generally less than 1.5%
and 0.5%. Analysis of all steps from production to analysis
revealed that there is no specific loss of cell-containing drop-
lets (Fig. S2B, ESI†). Next, we assessed the ability of Jurkat T
cells to proliferate in picolitre droplets up to 48 hours
after production. After production, the large majority of cell-
containing droplets contained one cell (80%) and only less
for single-cell encapsulation and detection of secreted cytokines. Single Jurkat T cells

fter collection and during incubation, Jurkat cells secrete cytokines that bind to the

to break the emulsion. The agarose beads are incubated with fluorescently labeled

y single cells and the signal intensity in the beads are quantified by flow cytometry.
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Fig. 2 A) Cell survival during incubation in droplets: an increase in fraction of droplets

containing two cells or more can be measured after 24 hours. Up to 48 hours of

incubation, further expansion of this fraction can be found. B) Different stages in the

proliferation of Jurkat cells were observed with the droplets: i) single cells, ii) late

anaphase, iii) telophase, iv) two cells. C) Detection of T cell co-receptor CD3 molecules

expressed on the cell membrane: a) Empty agarose beads are not fluorescent.

b) Encapsulated Jurkat cells show auto fluorescence at low intensity (16.5%).

c) Incubation of agarose beads with isotype antibodies leads to weak staining of the

empty and occupied agarose beads (2.93%). d) Treatment with anti-CD3 antibodies

leads to specific staining of Jurkat cells expressing TCR co-receptor CD3 (15.4%).
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than 20% contained two or more cells (Fig. 2A). The percentage
of one-cell containing droplets significantly decreased after
24 hours of incubation, and at the same time, we observed a
significant increase in the number of droplets containing
Fig. 3 A) Secretion of IL-2: stimulated Jurkat cells in droplets showed more secretion th

resulting from single-cell secretion of cytokines IL-2, TNFα, IFNγ by stimulated cells comp

tested cytokines in the Jurkat cell population considered. Only 15% of the cells did not sec

within the cell population.

4742 | Lab Chip, 2013, 13, 4740–4744
two cells (Fig. 2A). These data demonstrate that picolitre
droplets contain sufficient nutrients and space for Jurkat T
cells to divide in. This notion is underscored by the observa-
tion that various stages of cell division of Jurkat T cells are
present in droplets (Fig. 2B). Bio-compatibility was achieved
using fluorinated oil (HFE 7500, 3M) that has good solubility
for gases28,29 together with a custom-made biocompatible
surfactant26,30 (further described in the ESI†). The proliferation
of Jurkat T cells provides evidence for cell viability and biocom-
patibility of the surfactant and shows that the encapsulated
cells are not negatively impacted by compartmentalization-
specific factors such as the oil and surfactant.

The gelation of agarose droplets into agarose gel beads
upon cooling to 4 °C allowed us to study both the phenotype
and the secretome of individual cells. An agarose droplet
gelation method was developed for single-molecule emulsion
PCR methods.9,31 In our case, gel beads were first incubated
with fluorescently labeled anti-CD3 or control antibodies to
detect molecules expressed on the plasma membrane of cells.
Control samples demonstrated that cell-containing droplets
can readily be detected based on their auto-fluorescence
(Fig. 2C). In accordance with bulk experiments, we found
that all single-encapsulated Jurkat T cells expressed the T cell
co-receptor CD3 (Fig. 2C). Next, cytokine secretion was
studied in gel beads containing stimulated Jurkat T cells
and cytokine-capture beads and compared to gel beads
containing non-stimulated Jurkat T cells. Although Jurkat T
cells are known to constitutively produce low levels of IL-2,
the secretion can be largely enhanced upon stimulation.32
an the unstimulated cells. B) Fluorescence flow cytometry analysis of agarose beads

ared to the unstimulated cells. C) Heterogeneity present in the secretion of different

rete any of the tested cytokines. D) Cross-correlation plot revealing the heterogeneity

This journal is © The Royal Society of Chemistry 2013
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Our data show that stimulated Jurkat T cells secreted signifi-
cantly higher levels of IL-2 compared to unstimulated Jurkat T
cells (Fig. 3A). The concurrent detection of multiple cytokines
is essential for understanding the different functions exerted
by activated T cells. Therefore, the number of tested cytokines
was extended with TNFα and IFNγ, and multidimensional
analysis allowed us to perform cross-correlation on these
secreted cytokines. Analysis of more than 60 000 gel beads,
of which 7415 are cell-containing, revealed the presence of
8 different cellular subpopulations, and that 85% of all
individual Jurkat T cells secreted one or more cytokines
upon overnight in-droplet stimulation with PMA and
ionomycin (Fig. 3B). In the present study, we analyzed up to
8000 cell-containing gel beads; however, the throughput
of our system can easily be scaled up by adjusting the
collection time during droplet production (now 3 minutes).
Furthermore, we show that almost 57% of stimulated
Jurkat T cells secreted all 3 tested cytokines (Fig. 3C). These
findings are in line with recent studies, exploiting nanowells,
that demonstrated that the production and secretion of cyto-
kines by T-cells occurred in a dynamic and heterogeneous
manner.33,34 Furthermore, the observed cellular heterogene-
ity is in accordance with intracellular cytokine staining
performed in bulk assays (data not shown) and might be
attributed to various factors, e.g. differences in cell cycle
stage, genetic perturbations or the transcriptional activity.33

More in-depth analysis revealed that cells that secreted large
amounts of IL-2 (>10 percentile) also secreted significantly
higher levels of TNFα and IFNγ (Fig. 3D). Moreover, we
also observed a population of cells that secreted inter-
mediate levels of IL-2, but significantly higher levels of
TNFα. Generally, these populations and individual responses
would have been masked by the average response of the total
cell population. Therefore, we believe that these findings
underscore the strength of our developed system to probe
cellular heterogeneity and unravel undefined cell popu-
lations with specific functions. Obviously, the secretion
of soluble proteins is only one parameter that cells can
exploit when activated. Cells can also communicate with
other cells in a contact dependent manner, highlighting the
importance of concurrently understanding the cells' pheno-
type. Furthermore, cells often only secrete proteins when
activated; therefore, it is highly interesting to see whether cer-
tain populations of cells can also be defined based on the phe-
notype of a cell, which would allow isolation of cells with
specific features prior to activation and use in cellular vaccines.
The ability to detect the phenotype of immune cells together
with the secretome of a cell provides a high-throughput
systems immunology platform to unravel the functional
properties of individual cells which is virtually impossible
using current conventional methods.

The results from this study validate droplet microfluidics
as a strong and innovative tool to study and manipulate
single-cell behaviour. The impact of rapid expansion of high-
throughput single-cell analysis is evident in its great potential for
numerous applications, including drug discovery, diagnostics,
This journal is © The Royal Society of Chemistry 2013
cancer research, regenerative medicine, system and synthetic
biology, and many others. A better understanding of the
immune response, including the heterogeneity of individual
subpopulations of cells and the activation of killer T cells by
other immune cells, is of particular interest because it may faci-
litate the development of new vaccines and immunotherapies.35
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