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ABSTRACT: Natural killer (NK) cells are key players of the
innate immune system. Due to their rapid cytotoxicity against
infectious pathogens, hematologic malignancies, and solid tumors,
NK cells represent solid candidates for cell-based immunotherapy.
Despite the progress made in recent years, the heterogeneity in
their cytotoxic behavior represents a drawback. With the goal of
screening the intrinsic diversity of NK cells, droplet-based microfluidic technology is exploited to develop a single-cell time-efficient
cytotoxicity assay. Toward this end, NK-92 cells are coencapsulated with hematological tumor cell lines in water-in-oil droplets of
different sizes and their cytotoxic activity is evaluated. The effect of droplet-based confinement on NK cytotoxicity is investigated by
controlling the droplet volume. The successful optimization of the droplet size allows for time efficiency compared to cytotoxicity
assays based on flow cytometry. Additionally, the ability of individual NK-92 cells to kill multiple target cells in series is explored,
expanding the knowledge about the serial killing process dynamics. The developed droplet-based microfluidic assay does not require
the labeling of NK cells and represents a step toward developing of a forthcoming process for the selection of NK cells with the
highest cytotoxicity against specific targets.

■ INTRODUCTION
Natural killer (NK) cells represent fundamental members of
the innate immune system. These highly cytotoxic immune
effectors mediate rapid and broad cytotoxicity against
infectious pathogens, hematologic malignancies, and a number
of different solid tumors without prior target recognition.1 Due
to their characteristics, they have recently become of interest as
potential substitutes for autologous T lymphocytes in cancer
immunotherapy,2 exhibiting the potential to overcome some of
the drawbacks related to T-cell-based immunotherapy. NK
cells exert low cytotoxicity and have a shorter lifespan2 than T
cells, along with a lower risk of causing an on-target/off-tumor
effect upon injection. Moreover, NK cells could represent an
“off-the-shelf” allogeneic product3−5 for transfer therapies, thus
marking a pivotal breakthrough for cancer immunotherapy.
Despite its great potential, NK-cell-based immunotherapy

still holds some challenges. One drawback consists in the lack
of screening and sorting techniques for rapid and accurate ex
vivo preselection of highly cytotoxic immune cells (i.e., cells
with the ability to kill one or more target cells) among a
heterogeneous population. Notably, concerning natural killer
cells, approximately half of the population does not kill any
target cells at all. In contrast, approximately 7−10% of NK cells
exhibit the ability to kill repeatedly, up to seven times in a row
having been observed.6−8 Current cytotoxicity assays are
carried out in bulk and are based on the evaluation of
radioactive9 or fluorescent10 labels released or changing within
targeted cancer cells lysed by cytotoxic immune cells,
respectively. These bulk assays deliver averaged results for an
entire batch of cells, effectively camouflaging molecular-level

differences between individual NK cells. Moreover, time-lapse
monitoring of individual NK cells interacting with their
respective targets in bulk is challenging and time-consuming
due to the consistent motility of immune cells. Fluorescence-
activated cell sorting (FACS) is commonly employed to
differentiate between individual NK cytotoxic subsets, but it
has the limitation of requiring labeling procedures.11−13

Staining immune cells helps in recognition but, nevertheless,
can affect cell behavior and thereby compromise the potential
clinical use. Towards this end, the development of single-cell,
high-throughput ex vivo screening methodologies is funda-
mental to both investigate and fine-tune the immunological
process.
Droplet-based microfluidic technology has emerged as a

powerful tool for handling and investigating single-cell genetics
and behavior in a high-throughput manner.14 Surfactant-
stabilized, microsized droplets of water-in-oil emulsion
generated in microfluidic devices have been tested and recently
used as picoliter biocompatible three-dimensional (3D)
confinements for short- (i.e., few hours) and long-time (i.e.,
few days) spatiotemporal screening of mammalian cells.14−22

Besides its high-throughput screening capabilities, this
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technology permits the integration of multiple functional
modules into one single microfabricated chip, including
picoinjection,23 droplet content manipulation,24 and sorting.25

Moreover, droplet-based microfluidics requires minimal
manual user intervention and minimal sample consumption.
The flexible design of microfluidic devices allows for the
formation and manipulation of monodisperse droplets with
easily varied diameters ranging upward from 10 μm, hence
allowing for the production of well-defined confinements
necessary for long-term monitoring of specific cell−cell
interactions. Due to its versatility, this technology has already
been applied for the investigation of basic immunological
behaviors of T, NK, and antigen-presenting cells,26 such as
activation mechanisms,27 cytokine release,15,17,19 T-cell
receptor (TCR) screening,28 and cytotoxicity.21,29 In the case
of droplet-based cytotoxicity assessment, the studies have
focused mainly on the dynamics of effector and target cell
interactions leading to cytotoxic events and provided general
statistics behind the cytolytic activity of immune cells.
However, no information regarding the effect of different
confinement sizes on the cytolytic activity of NK cells and the
“serial killing” behavior of NK cells has been provided. In this
study, we exploit droplet-based microfluidic technology to
develop a time-efficient single and serial NK cell cytotoxicity
assay. By tuning droplet dimensions, we aimed to characterize
the effect of different confinements on the cytolytic activity of
NK cells, leading to the identification of highly cytotoxic
natural killer cells among a heterogeneous population. Toward
these goals, NK-92 cells were coencapsulated with different
hematological cancer cell types (i.e., K562, Jurkat, and KG1a)
inside droplet-based confinements of different sizes (ddroplets =
∼105, 85, and 67 μm). Following coencapsulation, both single
and serial cytotoxic events caused by NK-92 cells were
recorded and dynamically analyzed over a period of 12 h. We
demonstrated how the impact of droplet confinement is
capable of boosting the dynamics of NK-92 cytotoxicity against
several target cell types in the early stage of the assay time in
comparison to flow cytometry methods. Moreover, in contrast
to current flow cytometry approaches, we determine the
cytolytic dynamics of individual label-free NK-92 cells against
multiple targets with higher spatiotemporal resolution. We
envision that the developed technology represents a
fundamental step toward future selection processes in which
highly cytotoxic NK cells and/or T lymphocytes for cancer
immunotherapy have to be identified.

■ RESULTS AND DISCUSSION
NK-92 Cytotoxicity Assay inside Droplet-Based

Confinements. By developing a single-cell cytotoxicity assay
inside droplet-based confinements we aimed to overcome the
spatial- and temporal-related issues that affect standard bulk
live imaging (see the Supporting Information, Video S1) and
flow cytometry assays, respectively. Moreover, by investigating
the effect of different confinement sizes on NK-92 single and
serial cytotoxicity, against three different hematological
malignant cell lines (K562, Jurkat, and KG1a), we intended
to assess whereas confinement will enhance the dynamics of
NK-92 cytolytic activity, thereby accelerating the integrated
assay. When choosing droplet diameters, we considered several
conditions such as close proximity between effector and target
cells, preserved immune cell motility, and overall cell viability.
Figure 1 represents a theoretical evaluation of the expected
fitting of different ratios of effector and target cells

coencapsulated within droplets of different diameters. We
expected that upon encapsulation, effector (red) and target
cells (gray) would sediment at the bottom of the droplets.
Therefore, the available volume for the effector−target cell
complexes (1:1, 1:2, and 1:3, effector-to-target cell ratio) is
reduced in comparison with the full volume of the droplets.
Based on the theoretical estimation of available space, we
assumed that the smallest confinements (∼67 and 85 μm)
would provide a higher probability for effector/target cell
encounters and interactions in comparison to bigger droplets
(∼105 μm) and other cytotoxicity assays.30 In addition to the
close proximity, some effector cells require enough space to
engage in “on−off conjugation” or “transient scanning”
interactions with their targets.21,29,31,32 Notably, in previously
published studies,21,29,32 it was reported that, instead of
forming a stable immunological synapse, some of the effector
cells transiently perform a “scansion” on target cells by
engaging in multiple (i.e., 2−10) contacts and dissociations
before releasing the cytolytic hit.21 Additionally, we considered
that activated effector cells undergo morphological changes
and alternate high and low phases of motility, as shown in the
studies of Sarkar and Khorshidi.21,29,31 Therefore, if either
proximity, motility, or “screening” (i.e., on−off conjugation) is
restricted, the cytotoxic behavior of the effector cells could be
potentially compromised. Finally, sufficient supply with
nutrients to maintain cell viability and functionality during
the entire assay time is another important factor.33,34

Altogether, we selected three confinement sizes (∼67, 85,
and 105 μm) to find an optimal balance between cell viability,
effector−target proximity, and immune cell motility through
physical confinement. We expected that, for droplet diameters
smaller than 50 μm, aspects such as immune cellular motility
and transient “scanning” would have started to compromise
the gain in boosting the dynamics of NK cell cytotoxicity.
The droplet size was controlled by tuning the pressure of the

aqueous and oil phase inlets (Table 1) of the microfluidic
device (Figure 2A,C), reaching, on average, droplet diameters
of ∼105, 85, and 67 μm (for further information concerning

Figure 1. Defining the droplet diameters for single and serial NK-92
cytotoxicity assays. The table depicts the schematic drawings of the
lateral view of the three droplet sizes (∼105, 85, and 67 μm), each
containing one effector cell (NK-92 in red) and one, two, or three
target tumor cells (gray). Each drawing is accompanied by a
corresponding representative merged fluorescence and bright-field
images of a droplet matching in size and content. Target cells are
labeled with Cell Tracker Green. Upon encapsulation, cells precipitate
at the bottom of the droplets. The dashed double-sided arrow delimits
the potential space available for interactions between effector and
target cells in different-sized droplet confinements.
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the measured diameters for all of the different coencapsulated
target cells, see the Supporting Information, Figure S1). To
investigate the dynamics of NK-92 cell cytotoxicity, we began
by examining droplets containing a single NK-92 effector cell
confined with a single or several same-type target cells (K562,
Jurkat, or KG1a) (Figure 2D). Therefore, we investigated the
cell-to-cell interaction of two, three, and four cells (i.e., one
NK-92 and one, two, or three target cells) within ∼105, 85,
and 67 μm droplets. To be able to distinguish between the
effector and target cells inside the droplets, we labeled only the
target cells using Cell Tracker Green. Droplets containing only
NK-92 or only target cells were used as controls to evaluate
cellular viability (see the Supporting Information, Figure S2).
Cell counts within droplets followed the Poisson distribution
(see the Supporting Information, Figure S3). By adjusting the
cell density in the aqueous phase prior to coencapsulation, we
were able to control, on average, cell counts in the different
droplet populations (Table 1).
Following droplet generation and coencapsulation of

effector and target cells, droplets were trapped in a microfluidic
observation chamber (Figure 2B) for the cytotoxicity assess-
ment. Pulled by gravity, cells settled at the bottom of the

droplets only minutes after encapsulation, irrespective of the
droplet size (Figure 2D).
Gravity-driven sedimentation of cells toward the bottom of

the droplets enhanced the probability of cell−cell interactions,
underscoring the importance of the confinement size. Upon
sedimentation, NK-92 cells showed normal motility behavior
around target cells as described previously.21,29,31 Briefly, even
though no quantitative assessment has been made, NK-92 cells
showed behavior such as migration toward the target cells and
alternation of high, low, and no motility while changing their
morphology and transiently scanning the target cells (see the
Supporting Information, Figure S4).
To fully understand the cytotoxic behavior of single NK-92

cells against target cells, we attempted to individually assess the
impact of time, confinement space, and target cell type. First,
we examined the cytotoxic behavior of individual NK-92
against single target cells in droplets containing only these two
cells (Figure 3A−C). For each conditiontarget cell type
(K562, Jurkat, and KG1a) and different diameterson
average, 100 droplets have been analyzed. Cytotoxic events
were detected as a change of fluorescence caused by the
internalization of fluorescent intercalating agent propidium
iodide (PI) into the target cells. Figure 3D−F shows NK-92
cytotoxicity following 12 h of coencapsulation. Regardless of
the droplet diameter, after a certain time of culture, the
percentage of target cell deaths within a specific population
reached a plateau at the values of 57, 37, and 14% for K562,
Jurkat, and KG1a cells, respectively. Remarkably, in the case of
the smallest droplets (∼67 μm in diameter), the plateau values
were, on average, reached within 6 h of coencapsulation of NK-
92 with the K562 and Jurkat target cells. This outcome
highlighted the impact of confinement size on the cytotoxic
behavior of NK-92 cells. A closer look revealed that, regardless
of the target cell line, roughly half of the killing events in 67
μm sized droplets happened within the first hours of

Table 1. Microfluidic Settings for the Formation of
Surfactant-Stabilized Water-in-Oil Droplets of Different
Sizesa

droplet
diameter
(μm)

pressure oil
phase (bar)

pressure
aqueous phase

(bar)
number of NK/tumor cells

(106 cells/mL)

105 ± 2 ∼0.55 ∼0.5 ∼1.5−2/1.5−2
85 ± 2 ∼1.5 ∼1.4 ∼2−2.5/2−2.5
67 ± 2 ∼2 ∼1.75 ∼2.5−3/2.5−3

aThe table lists the combinations of settings (aqueous and oil phase
pressures, NK-92 cell/tumor cell concentration) employed for droplet
generation and cell encapsulation.

Figure 2. Construction of a cytotoxicity assay utilizing droplet-based microfluidics. (A) Representative QCAD design of the microfluidic device
including a unit for the generation of cell-laden water-in-oil droplets and a unit for time-lapse analysis of droplets. For visualization purposes, the
inlets of the water and oil channels are shown in blue and orange, respectively. (B) Representative bright-field image of the trapped droplets inside
the drop-spot chamber. The scale bar is 120 μm. (C) Representative bright-field images of the flow-focusing junction used for the production of
cell-laden droplets of different sizes. The scale bar is 80 μm. The ability to tune the pressures applied to the oil and aqueous inlet channels makes it
possible to form droplets of different diameters (∼105, 85, and 67 μm). (D) Representative confocal fluorescence images of coencapsulated NK-92
effector and K562 target cellsin different effector/target cell ratiosinside droplets of different diameters. Target cells are labeled with Cell
Tracker Green. The scale bars are 50 μm.
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incubation. The robustness of the developed assay lays in the
fact that independently from the droplet size, after 12 h, we are
able to quantify the number of NK-92 cells that killed their
targets. Moreover, since the dynamics of the cytolytic activity
of NK-92 cells is enhanced within the smaller confinement, by
running the assay in droplets of ∼67−85 μm in diameter, we
are able to determine the overall amount of cytotoxic NK cells
in half of the assay time6 h. Altogether, by investigating the
effect of different droplet confinements on NK-92 cell
cytotoxicity, we were able to optimize the assay, hence
performing a time-efficient screening of cytolytic NK-92 cells.
Notably, NK-92 cells and target cells coencapsulated alone
showed low cell mortality throughout the entire assay (see the
Supporting Information, Figure S2), thus excluding the risk of
cell toxicity due to insufficient nutrition and exposure to
cellular metabolic waste.
We also examined the influence of droplet confinement on

the cytotoxic behavior of individual NK-92 cells against two
and three target cells (see the Supporting Information, Figure
S5). As expected, we observed slightly better performance in
cytotoxicity dynamics for the confinements of ∼85 μm in size.
This confinement size seems to provide a better balance
between the amount of space necessary for cellular motility
while ensuring killer-to-target proximity as well as transient
scanning of the NK cell across the surface of the target

cells.21,31,32 Low cell mortality was observed (see the
Supporting Information, Figure S2) for effector and target
cells encapsulated alone, precluding the risk of cell death due
to prolonged confinement within the droplet.
Our experiments showed that close proximity as well as

adequate physical space available for effector and target cell
interactions are very important factors to be considered when
designing confinement for NK-92 cell cytotoxicity assays.
Another determinant of cytotoxic behavior is the ability of the
effector cell to recognize a target, which greatly impacts the
percentage of killing events observed within a 12 h period. To
better understand the impact of recognition, we worked with
three different target cell lines. Our data confirm that K562
cells, which proved to be a very effective target in NK-92
cytotoxicity assays,13,35 are around 10−15% more susceptible
to NK-92 cytotoxicity than Jurkat cells (Figure 3E). KG1a
cells, in comparison, are even less susceptible than Jurkat cells,
with a maximum of only 14% killing events during
coencapsulation with NK-92 cells (Figure 3F). Moreover, no
impact of the confinement size on NK-92 cytotoxicity against
KG1a target cells was observed. We assume that low
cytotoxicity against KG1a cells is related to the fact that a
subpopulation of these CD34+, CD38−, and CD54+ cells may
be more resistant, similarly to leukemia stem cells (LSCs),
which are the major cause of relapse in acute myeloid

Figure 3. Effect of confinement size on the dynamics of individual NK-92 cell cytotoxicity against one target cell. (A−C) Representative confocal
images of the cytotoxic dynamics of NK-92 cells (contoured) against the coencapsulated (A) K562 (green), (B) Jurkat (blue), or (C) KG1a target
cells (turquoise) in droplets of different sizes. White arrows mark target cell death, as determined by changes in PI fluorescence. For ∼105 and 85
μm droplets, the scale bars are 70 μm; for ∼67 μm droplets, the scale bar is 60 μm. The time point 0* indicates the beginning of the microscopy
acquisition, corresponding roughly to 30 min after cell encapsulation and droplet entrapment within the microfluidic device. (D)−(F) Graphs
summarizing the results of individual NK-92 cytotoxicity assays against single K562, Jurkat, or KG1a cells employing differently sized droplets. The
time point 0* indicates the beginning of the microscopy acquisition, corresponding roughly to 30 min after cell encapsulation and droplet
entrapment within the microfluidic device. Error bars display standard error of the mean (SEM). (G−I) Comparison of flow cytometry (white
bars) and droplet-based (black bars) cytotoxic assays against K562, Jurkat, or KG1a target cells. White bars represent the mean ± standard
deviation (SD) of three technical replicates. For black bars, errors depict SEM. The analyzed droplets (∼67 μm) contained just one NK-92 and one
target cell each, and in the case of the flow cytometry assay, the target cells and NK-92 cells were co-cultured at a ratio of 1:1 inside a 96-well plate.
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leukemia.35,36 It is important to mention here that in order to
obtain mechanistic information regarding regulation pathways
and ligands involved in triggering or eluding NK cell
cytotoxicity (e.g., killer cell immunoglobulin-like receptors or
human leukocyte antigens), the developed droplet-based assay
must be merged with phenotype and cytokine secretome
analyses of both effector and target cells.
Flow Cytometry NK-92 Cytotoxicity Assay. To evaluate

the strength and sensitivity of our droplet-based cytotoxicity
assay, we compared the assays performed in ∼67 μm droplets
to flow cytometry measurements of bulk interactions between
NK-92 and target cells (see the Supporting Information, Figure
S6, for summarized data). Figure 3G−I depicts the percentage
of droplet-based killing events (black bars) in comparison to
the percentage of dead target cells recorded with a flow
cytometry setup (white bars). Note that a 1:1 ratio of effector/
target cells for the bulk assay was evaluated. For all three target
cell lines, the percentage of killing events after 3 h of
incubation in droplets is higher than in bulk flow cytometry
measurements. In the case of K562 and Jurkat target cells,
these values converge and, on average, level off over time. Only
in the case of KG1a target cells, after 12 h, the number of
killing events in bulk exceeds that in droplets. The obtained
results revealed faster cytotoxicity dynamics inside the droplets
in the early stage of the assay: the necessary assay time for
revealing cytolytic activity in optimized confinements could be
potentially halved compared to standard flow cytometry.
Moreover, the ability to spatiotemporally investigate the
behavior of unlabeled NK cells highlights another advantage
of the droplet-based assay in comparison to flow cytometry.
Assessment of Early-Stage Serial Killing Behavior of

NK-92 Cells inside Droplet-Based Confinements. To
further investigate the effect of confinement on the dynamics
of cytolytic activity of NK-92 cells toward multiple target cells,
we evaluated droplets with diameters of ∼85 and 105 μm
containing a single effector cell in addition to two or three
target cells. We estimated that droplets of ∼85 μm diameter
provide a better environment with sufficient space for the
interaction of at least three cells (Figures 1 and S5). In
accordance with our observations concerning the restricted
ability of NK-92 to effectively recognize KG1a cells as a target
for killing, we did not observe any serial killing behavior against
KG1a cells. Note that since NK cells can kill up to seven target
cells in a row, in this study, we focused our investigation on the
early commencement of the serial killing behavior of NK-92
cells, hence evaluating their capability to serially kill up to two
or three target cells.
The heat maps in Figure 4A−H visualize the data compiled

from the observation of serial killing events inside individual
droplets of different sizes. Per condition, at least 75 and 21
droplets have been analyzed for 1:2 and 1:3 effector-to-target
ratios, respectively. Note that the disparity in the analyzed
number of droplets (n ≥ 21 and ≥75) is attributed to the
Poisson distribution of cells within droplets, leading to a higher
number of droplets containing three cells (i.e., one NK-92 cell
and two targets) in comparison to droplets containing four
cells (i.e., one NK-92 cell and three targets).
We formatted the color scale according to the number of

killing events per droplet: the darker the color, the more the
killing events observed. Each row represents the timeline of the
NK-92 cell killing events recorded in a single droplet. Columns
correspond to time points during coencapsulation. Reducing
the droplet diameter from ∼105 to 85 μm for droplets

containing a 1:2 effector/target cell ratio led to an increase in
the percentage of two consecutive killing events. This increase
was from 37 to 55% (Figure 4A,B) and from 5 to 37% for
K562 and Jurkat cells (Figure 4C,D), respectively. In droplets
containing three target cells, confinement size reduction
boosted the number of consecutive killing events from 28 to
37% in the case of K562 target cells (Figure 4E,F) and from 3
to 14% in the case of Jurkat target cells (Figure 4G,H). These
results again underscored the significance of confinement on
NK-92 serial killing behavior against both K562 and Jurkat
target cells (see Figure 4I,J for summarized data).
To further advance our method of classifying NK-92 cells

according to their killing efficiency, we also looked at the speed
with which the NK-92 cells kill their target (for the purpose of
this analysis, only droplets containing one serial killer NK-92
cell and two target cells were considered). With regard to
killing speed, we differentiated between “fast serial killers” that
kill two target cells in ≥1 h, “mediocre serial killers” referring
to cells that can achieve this in ≥3 h, and “slow serial killer”
that take longer than 6 h (Figure 4K,L). We then assessed how
droplet size (i.e., ∼105 μm compared to 85 μm diameter)
affects the speed with which serial killer cells are able to kill
K562 or Jurkat target cells in droplets with two target cells.
Our results show that in droplets containing two K562 target
cells, around 13% of serial killer cells act fast and 54% are slow
to kill the two targets in droplets of ∼105 μm diameter. The
percentage of fast serial killer cells is higher in ∼85 μm sized
droplets, where 50% of effector cells kill the two target cells in
less than 3 h and only 16% take longer than 6 h to achieve this.
All of the while, the percentage of mediocre serial killer cells is
stable at around 30%; in other words, their level of killing
activity is almost unaffected by the droplet size. In contrast,
confinement has a different effect on the killing speed that NK-
92 cells can achieve when interacting with Jurkat cells. In this
case, an average of 22−25% fast serial killer cells were detected
irrespective of the droplet diameter, whereas the percentage of
mild and slow serial killer cells was affected by droplet size.
However, the overall number of NK-92 serial killer cells
increased from ∼105 to 85 μm droplets.
Altogether, we would attribute the increase of “fast” serial

killer cell nor to a change of phenotype of effector cells neither
to the target cell type. Since we are investigating the same cell
types coencapsulated together within different volumes, we
believe that the major force driving this phenomenon is the
physical confinement. The appropriate confinement (roughly
85 μm) that balanced the closest proximity possible between
effector and target cells while providing enough space for
cellular motility enhanced the dynamics of the serial killing.

■ SUMMARY AND CONCLUSIONS
In this study, we developed a droplet-based microfluidic assay
for time-efficient evaluation of NK cell cytotoxic heterogeneity
against hematological cancer cells. Toward this end, we
generated cell-laden water-in-oil droplet compartments of
different sizes with the goal of optimizing the identification of
NK cells that have the ability to kill one or multiple targets. We
demonstrated that the confinement size has an effect on the
cytotoxic behavior of individual NK-92 cells against both K562
and Jurkat target cells. We, in fact, showed that to fastly
observe NK cell cytolytic activity toward target cells, the
optimal droplet size should provide a balance between the
amount of space necessary for transient conjugation as a part of
the cellular recognition process and ensuring killer-to-target

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03264
ACS Omega 2020, 5, 24674−24683

24678

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03264/suppl_file/ao0c03264_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03264/suppl_file/ao0c03264_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03264/suppl_file/ao0c03264_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03264?ref=pdf


proximity. The developed droplet-based cytotoxic assay
enables us to assess the dynamics behind repeated cell killing
behavior. Again, the size of the confinement had an important
effect on the speed with which NK-92 cells can kill multiple
targets in series. Overall, the assay time of the developed
droplet-based cytotoxicity assay in optimized confinement
conditions (∼67 and 85 μm) could potentially be halved in
comparison with the flow cytometry-based cytotoxic assay.
Notably, droplets with a diameter of ∼105 μm would, in

principle, be capable of carrying the assessment. However,
when evaluating the one-to-one or one-to-many interaction
between effector and target cells, the droplet diameter can be
tuned accordingly to complete the screening in a time-efficient
manner. Time is decisive in cell-based screening technology
and represents a certain advantage. Toward this end, we
believe that properly optimized platforms (correct droplets size
depending on the amount of encapsulated cells) may represent
a starting point for the efficient assessment of interesting
biological phenomena related to the investigated cell-to-cell(s)
interaction. In this direction, recent clinical trials have

demonstrated that potent antitumor activity can be generated
through the infusion of small numbers of efficient cytotoxic
cells, suggesting the importance of quality over quantity to
achieve the efficient antitumor activity. Therefore, we envision
that the successful implementation of the presented droplet-
based cytotoxicity assay is essential for screening. It is
important to mention here that to achieve the adaptation of
the current approach toward clinical high-value applications
with increased throughput, this technology must be integrated
with script-based image analysis algorithms and state-of-the-art
microfluidic manipulation and sorting techniques. In that
direction, possible potential applications are adoptive cell-
based immunotherapy and numerous other biological and
medical research settings, including all cell analyses where
collective cell behavior vs. single-cell phenomena are critical for
a macroscopic read out.

■ MATERIALS AND METHODS

Materials. Heat-inactivated fetal bovine serum (h.i. FBS),
heat-inactivated horse serum (h.i. HS), penicillin/streptomycin

Figure 4. Evaluation of the dynamics of NK-92 serial killing behavior via droplet-based microfluidics. (A, B) Heat maps summarizing the killing
events by one NK-92 effector cell against two K562 target cells inside ∼105 and 85 μm sized droplets (n ≥ 75) over time (12 h). (C, D) Heat maps
summarizing the killing events by one NK-92 effector cell against two Jurkat target cells inside ∼105 and 85 μm sized droplets (n ≥ 75) over time
(12 h). (E, F) Heat maps summarizing the killing events by one NK-92 effector cell against three K562 target cells inside ∼105 and 85 μm sized
droplets (n ≥ 21) over time (12 h). (G, H) Heat maps summarizing the killing events by one NK-92 cell against three Jurkat target cells inside
∼105 and 85 μm sized droplets (n ≥ 21) over time (12 h). Each row represents the timeline of cell killing events recorded in a single droplet over
12 h of coencapsulation. (I, J) Summary of the effect of confinement size on the ability of NK-92 effector cells to kill two (1:2) and three (1:3)
K562 (I) or two (1:2) and three (1:3) Jurkat target cells (J) in series following 12 h of coencapsulation. (K, L) Summarized data of the effect of
confinement size on the dynamics of NK-92 serial killing behavior against two K562 or two Jurkat target cells. NK-92 cells with the ability to kill
their targets in a row were classified according to their killing speed and termed as fast serial killers (two targets in ≥1 h), mediocre serial killers
(two targets in ≥3 h), or slow serial killers (two targets in ≥6 h).
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solution, Gibco GlutaMAX (100x), Gibco 2-Mercaptoethanol,
sodium pyruvate (100 mM), Molecular Probes Cell Tracker
Green CMFDA dye, RPMI 1640 medium, CO2-independent
medium, propidium iodide (PI), interleukin-15 (IL-15), and
human recombinant were purchased from Thermo Fisher
Scientific (Germany). Interleukin-2, human recombinant
(hrIL-2), and minimum essential medium eagle-α modification
(α-MEM) were purchased from Merck (Germany). Iscove’s
modified Dulbecco’s medium (IMDM) was purchased from
ATCC (Germany).
Cell Lines. NK-92 cells were purchased from Deutsche

Sammlung von Mikroorganismen und Zellkulturen GmbH
(Germany) and cultured in α-MEM medium enriched with
10% (v/v) h.i. FBS, 10% (v/v) h.i. HS, 2 mM L-glutamate, 1
mM sodium pyruvate, 100 μM 2-mercaptoethanol, and IL-2
(10 ng/mL). Chronic myelogenous leukemia cells K562 were
purchased from ATCC and cultured in IMDM supplemented
with 10% (v/v) FBS. Acute T-cell leukemia Jurkat E6.1 and
acute myelogenous leukemia KG1a cells were purchased from
Cell Line Services (Germany) and cultured in RPMI 1640
medium supplemented with 10% (v/v) FBS and in IMDM
enriched with 10%(v/v) FBS and 2 mM L-glutamate,
respectively. All cell lines used in this study were maintained
in a suspension culture following the manufacturer’s
recommendations in a controlled environment of 37 °C and
5% CO2. NK-92 cells were used as effector cells, whereas
K562, Jurkat, and KG1a were used as target cells. Prior to cell
encapsulation, the effector and target cells were resuspended in
the CO2-independent medium containing 10% (v/v) h.i. FBS,
10% (v/v) h.i. HS, 2 mM L-glutamate, 1 mM sodium pyruvate,
100 μM 2-mercaptoethanol, IL-2 (10 ng/mL), IL-15 (30 ng/
mL), and PI (1 μg/mL).
Microfluidic Chip Design and Fabrication. Droplet-

based microfluidic devices made of poly(dimethylsiloxane)
(Dow Corning) were prepared by photolithography and soft
lithography methods as described previously.37−39 Briefly, the
geometry of the microfluidic device was drawn on QCAD-pro
(Ribbon-Soft, Switzerland) and the respective photomasks
were printed on chrome-coated soda lime glass (JD-Photodata,
U.K.). For photolithography processes, a negative SU8-3050
photoresist (MicroChem) was spin-coated onto a silicon wafer
at 1700 rpm to achieve an 80 μm thin uniform coating.
Following SU8 coating, the wafer was subjected to a soft bake
step at 65 °C on a hot plate for 5 min and another 15 min at
95 °C. Next, the wafer was moved to an MJB4 mask aligner
(SÜSS MicroTec, Germany), aligned to the respective
photomask, and exposed to UV light for 7.5 s. Two
postexposure baking steps were performed, including 1 min
on a hot plate at 65 °C and 5 min at 95 °C. Afterward, the
remaining photoresist was removed using an mr-DEV 600
developer (MicroChemicals, Germany). Finally, the wafers
were placed in the oven at 150 °C for 15 min. To produce
microfluidic chips, poly(dimethylsiloxane) (PDMS) soft
lithography was performed as previously described.38 Briefly,
the PDMS oligomer was mixed with the polymerization
catalyst at a 10:1 (w/w) ratio, degassed, and poured over the
silicon master wafer. The PDMS-covered wafer was cured in an
oven for 2 h at 65 °C. Afterward, the PDMS mold was peeled
off from the wafer and a biopsy puncher with a diameter of
0.75 mm (World Precision Instruments) was used to generate
the inlets and outlets. The PDMS device together with a 24 ×
60 mm #1 coverslip (Carl Roth, Germany) were cleaned with
ethanol and activated for 30 s with TePla 100 oxygen plasma at

0.4 mbar and 200 W (PVA TePla, Germany).40 After
activation, the PDMS device and the coverslip were bonded
together and placed in an oven at 65 °C for 2 h. The
microchannel surfaces were finally rendered hydrophobic
through passivation with Sigmacote (Sigma-Aldrich, Ger-
many).

Surfactant Synthesis. The synthesis of a PFPE (2500 g/
mol)−Jeffamine (600 g/mol)−PFPE (2500 g/mol) triblock
copolymer surfactant was accomplished following a previously
published protocol.20,41 Briefly, the synthesis of the triblock
copolymer was carried out under an argon atmosphere in
flame-dried glassware. First, Krytox 2500 (10 g, 4 mmol, 1.0
equiv; DuPont, Netherlands) was dried under reduced
pressure and afterward dissolved in 30 ml of anhydrous
HFE-7100 (IoLiTecIonic Liquids Technologies GmbH,
Germany). One drop of anhydrous dimethylformamide
(DMF) was added to the Krytox solution, and the mixture
was cooled to 0 °C in an ice bath. Oxalylchloride (3 mL, 35
mM, 8.75 equiv; Sigma-Aldrich) was added to the solution
dropwise over 1 h and stirred for an additional hour at 0 °C.
Under continuous stirring, the solution was slowly heated to
room temperature and stirred overnight. The next day, the
solvent was removed under reduced pressure at 40 °C and the
resulting acid chloride was again dissolved in 30 mL of
anhydrous HFE-7100. In the second flame-dried flask,
Jeffamine 600 (2.4 g, 4 mM, 1.0 equiv; Sigma-Aldrich) was
dissolved in 12 mL of anhydrous HFE-7100 and 24 mL of
anhydrous DCM. Triethylamine (1 mL, 7.2 mM, 1.8 equiv)
was added to this solution, and the mixture was stirred for 30
min. Afterward, the before-prepared acid chloride solution was
added and the resulting mixture was stirred again overnight.
The crude product was obtained by removing the solvent
under reduced pressure at 40 °C. Afterward, the crude product
was again dissolved in 20 mL of HFE-7100 and 2 mL of
Jeffamine 600 and 4 g of PEG 100 000 was added to remove
unreacted Krytox. The mixture was stirred for 2 h and then
centrifuged for 24 h (3000 rpm, 4 °C). After centrifugation,
the product was filtered (0.22 μm syringe filters, TPP,
Switzerland) and the solvent was removed under reduced
pressure at 40 °C. The obtained product was a clear, highly
viscous liquid (5 g, 1.07 mM, 26.8%).

Water-in-Oil Droplet Production. Stable droplets42 were
generated using a medium containing different concentrations
of effector and/or target cells (aqueous phase) and FC-40 oil
(Acros Organics, Germany) containing 10 mM custom-made
triblock PFPE−Jeffamine−PFPE copolymer surfactant (oil
phase). Oil and aqueous phases were injected into the
microfluidic chip via PTFE tubing (0.4−0.9 mm, Bola,
Germany) connected to 1 mL microtube (Eppendorf) at one
end and to the respective inlets of the microfluidic device at
the other end. A flow controller system (ELVEFLOW-OB1
MK3, France) was used to control the flow rates. Droplets of
different diameters were obtained by tuning the flow rates of
the oil and aqueous phase inside the microfluidic device (Table
1). The droplet production quality was monitored with a high-
speed camera (Phantom 7.2, Vision Research).

Cell Encapsulation and Distribution in Droplets. Prior
to encapsulation, target cells (K562, Jurkat, and KG1a) were
stained using Cell Tracker Green CMFDA dye (CTG;
excitation/emission peak values, 492/517 nm) according to
the manufacturer’s instructions and then resuspended in the
CO2-independent medium supplemented with 10% (v/v) h.i.
FBS, 10% (v/v) h.i. HS, 2 mM L-glutamate, 1 mM sodium
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pyruvate, 100 μM 2-mercaptoethanol, IL-2 (10 ng/mL), IL-15
(30 ng/mL), and PI (1 μg/mL). A spiral inlet channel43

connected to a T-junction (channel width ∼80 μm, see Figure
2A) was used to coencapsulate NK-92 cells and target cancer
cells into droplets (Figure 2D). By adjusting the flow rates of
the oil and aqueous phases as well as the concentration of the
effector and target cells in the aqueous phase, droplets of a
specific size containing NK-92 and target cells were achieved
(Table 1). The efficiency of coencapsulation was assessed by
bright-field and confocal fluorescence microscopy.
Droplet Trapping in the Microfluidic Observation

Chamber. Following droplet generation at the T-junction, the
droplets flowed into the microfluidic observation chamber
(Figure 2A,B). The observation chamber consists of 80
channels, each containing 80 spherical traps with a diameter
of dtrap ∼ 100 μm, thus yielding a total of 6400 observation
traps. By instantly reducing the pressure to 0 bar, no new
droplets were generated at the cross junction and the droplets
flowing into the chamber were trapped inside the spherical
trap. Once the observation chamber is filled with droplets, both
the inlets and the outlet of the microfluidic device are sealed to
avoid any further oil evaporation. Finally, the microfluidic chip
is transferred into the incubation chamber of a laser-scanning
confocal fluorescence microscope (LSM880, Carl Zeiss,
Germany) for time-lapse analysis. The time point 0* (Figure
3) indicates the beginning of the microscopy acquisition,
corresponding roughly to 30 min after cell encapsulation and
droplet entrapment within the microfluidic device. Notably,
both droplets trapped within and outside the observation
chamber were analyzed.
Confocal Fluorescence Microscopy. An LSM880

confocal microscope (Carl Zeiss, Germany) with a 20x/0.8
Plan-APOCHROMAT air objective (∞/0.17 Carl Zeiss,
Germany) was used for droplet analysis with a microfluidic
observation chamber. Upon entrapment of the droplets in the
observation chamber, fluorescence and bright-field microscopy
images were automatically acquired on average every 20−25
min within the first 6 h and every 40−60 min for the following
6 h for a total period of 12 h (resolution of 512 × 512 pixels).
Fluorophores were excited with an argon laser (λex = 488), and
the detection filters chosen accordingly to Cell Tracker Green
emission and propidium iodide (PI) emission.
Cell Viability and Cytotoxicity Assay in Droplets. For

the NK-92 cells cytotoxicity assays inside the droplets, effector
cells and fluorescently labeled target cells were encapsulated
inside droplets containing 1 μg/mL PI. PI is an intercalating
fluorescent agent used to distinguish between apoptotic and
living cells based on membrane integrity.44 The viability of
effector and target cells alone (see the Supporting Information,
Figure S2) and the specific cytotoxicity of the effector cells
inside droplet compartments were quantified by observing the
intensity change in cellular fluorescence caused by PI
accumulation in the cytosol over a period of 12 h.
Flow Cytometry. Fluorescently labeled (CTG stained)

target cells were suspended in α-MEM medium supplemented
with 10% (v/v) h.i. FBS, 10% (v/v) h.i. HS, 2 mM L-glutamate,
1 mM sodium pyruvate, 100 μM 2-mercaptoethanol, IL-2 (10
ng/mL), IL-15 (30 ng/mL), and PI (1 μg/mL) and seeded at
a concentration of roughly 80,000 cells per well in a round-
bottom 96-well plate at different ratios of NK-92/target cells
(1:1, 1:3, 1:5, 3:1, 5:1 and 10:1). After 3, 6, or 12 h incubation
time, 30 000 cells per condition were analyzed using a BD
LSRFortessa X-20 cell analyzer (BD Biosciences) equipped

with an HTS module. The different lasers and filters were used
to record CTG and PI fluorescence: a violet laser with a 525/
50 nm filter for CTG and a yellow/green laser with a 610/20
nm filter for PI. Unstained or single-fluorophore-stained target
cells were used as controls to measure the fluorescence
spillover and determine the thresholds for labeled target cells
and dead target cells. The data were analyzed with FlowJo
software. The gating strategy involved the removal of cell
debris (FSC-A/SSC-A) and the selection of the target cell
population (CTG fluorescence). The percentage of dead target
cells was quantified using PI fluorescence.

Data Analysis. Image processing and analysis were carried
out using the open-source platform ImageJ. Cell viability of
target and effector cells as well as cell cytotoxicity of effector
cells was assessed manually based on the fluorescent signal due
to PI staining. Flow cytometry data were analyzed using the
FlowJo software (TreeStar Software, Ashland, Oregon), and
flow cytometry experiments were performed measuring three
technical replicates for each condition. GraphPad Prism
(GraphPad Software Inc.) was used for the graphical
representation of the results.
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