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Abstract

Most common methods of cellular analysis employ the top-down approach (interrogating
proteomics or genomics directly), thereby destroying the cell, which does not allow the
possibility of using the same cell to correlate genomics with functional assays. Herein we
describe an approach for single-cell tools that serve as a bottom-up approach. Our technology
allows to conduct functional phenotyping by observing cytotoxicity of cells and then probe the
underlying biology. We have developed a droplet microfluidic device capable of trapping
droplets in the array and release the droplet of interest selectively using microvalves. Each
droplet in the array encapsulates natural killer cells (NK cells) and tumour cells for real-time
monitoring of burst kinetics and spatial coordination during killing by single NK cells. Finally,
we use the microvalve actuation to selectively release droplets with desired functional
phenotype such as fast and serial killing of target tumour cells by NK cells. In this perspective,
our device allows for interrogating first interactions and real-time monitoring of kinetics and
later cell recovery on demand for single-cell omic analysis such as single-cell RNA sequencing
(scRNA), which to date, is primarily based on in-depth analyses of the entire transcriptome of

a relatively low number of cells.
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1 Introduction

Adoptive cell transfer-based immunotherapies rely on administering highly cytotoxic
immune cells, particularly T cells and natural killer (NK) cells!?. Immune cells are highly
heterogeneous and highly dynamic during adaptive response. It has been suggested that
patients' inherent sensitivity or response to therapy is influenced by molecular heterogeneity
and polymorphic characteristics of immune effector cells>*. Ensuring isolation and expansion
of immune cells with high anti-tumour activity presents a considerable challenge®>. NK and T
cells often interact with targets transiently, forming short-lived dynamic immunological
synapses®’, which cannot be detected by end-point assays but require a dynamic, time-
resolved, analytical method. It has been hypothesized that the duration of synaptic contact
between immune and cancer cells is a key factor in regulating downstream effector function.
In other words, the efficiency of cell regulation and later target cytotoxicity could be modified

by mechanisms that enhance or decrease the intercellular synaptic contact periods. This

necessitates functional phenotyping in a non-destructive manner to recover immune cells for
downstream analysis. Current experimental paradigms either track individual cells functionally
or measure genetic/protein levels of cell populations, which may not provide accurate results

due to the lack of direct correlation between genetic and physiological states®. This severely

limits our understanding of interactive and secretion dynamics from single cells and small
cohorts of heterogeneous cells at single-cell resolution. Currently, there are no single-cell
systems that address all of the above-described biology. However, there are various in vitro
tools for single immune cell analysis available; these existing technologies have inherent
limitations that affect cell retention, mobility, interactions and long-term real-time monitoring
of kinetics and cell recovery on demand®!1%-1%-11-18,

Droplet microfluidics has shown the ability to encapsulate single cells?*-?4, hence well
suited for studying single-cell interactions. Droplet microfluidic uses device geometries like T-
junction®, flow-focusing?® and co-flow?’ to generate droplets containing cells. However, it is
essential to manipulate these droplets using splitting?39, sorting3!33, trapping®*#3¢ and
merging37-38. Selectivity in generation®, splitting*’, merging*!' and sorting®” is available in the
literature, but selectively releasing the trapped droplet from an array is missing to best of our
knowledge. Most of the applications that involve interaction between two different kinds of
cells require incubation time that may vary from 2 to 24 hours. Such applications must trap the
droplet containing interacting cells for time duration and selectively release the droplet of

interest. The microfluidic device with hundreds of docking sites has been demonstrated to hold
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the droplet for hours**#*4; however, the ability to selectively release the droplet of interest has
not been shown. Researchers have used passive methods, active methods, and a combination
of both approaches to bring selectivity in droplet manipulation. However, active methods that
use electrical, thermal, and magnetic actuation can have biocompatibility issues. Use of single-
layer*46 or multilayer valves*”*8 combined with passive methods can solve this issue.

Of note, each droplet serves as an individual bioreactor that allows cell pairs to contact
each other and form immunological complexes and retains all secreted molecules that promote
paracrine signalling. Our novel integrated platform has several advantages over bulk co-culture
and other microfluidic approaches: (a) observations of immune cell motility, (b) quantification
of single as well as serial interactions between the same cell pair; and (c) characterization of
‘one-to-one’ interactions between two types of cells (e.g., NK and T cells) as well as ‘one-to-
many’ interactions, which can be studied in the same experiment by simply adjusting the initial
cell density. Unlike traditional methods, we can visually identify droplets containing the
precise E:T ratios of interest for analysis and can observe multiple ratios in a single chip.

While this is already of substantial interest, a breakthrough feature in the field would
be to correlate functional traits with molecular signatures at single-cell resolution. This will
allow us to better understand drug effects and mechanisms of action and identify genetic
markers and target proteins modulating increased immune cell activity to be leveraged in future
drug development. This will be possible by integrating novel technical features like a layer of
pressure-actuated microvalves to the ScanDrop platform for selective collection of droplets
containing the desired cells, after functional analysis, that is compatible with scRNA analyses
and provides higher control on the detection parameters of immune cell activity. Thus, we will
utilize a visual representation of cellular activity, such killing kinetics, interactions or various
others observed via time-lapse imaging to extract droplets of interest. Unlike flow-cytometry
based sorting and other methods with no visual component, we can select cells based on highly
precise criteria for release and analysis. With time-lapse microscopy, we can observe a wide
variety of cell behaviours that might warrant further biological analysis to uncover underlying
mechanisms. With techniques such as sequencing and mass spec, -omic differences can be
observed using populations only tens of cells per condition**->2. In immunotherapy, uncovering
the biological mechanisms involved in effective versus ineffective immune cells can be utilized
to greatly enhance the quality of therapy by selective cell screening or treatment to upregulate
certain factors.

In this work, we designed a microfluidic device that can selectively release the droplet

containing NK92 cells and K562 leukemia cell line with the help of a multilayer valve
3
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(schematic of the workflow is shown in figure 1). The NK92 cell line was chosen for their high
cytotoxicity and ease of culturing. K562 was chosen as a target cell due to their high
susceptibility to NK cells and standard use as markers of NK cell cytotoxic potential’3-33. The
device consists of three layers: flow layer, control layer and deformable membrane. When the
valve is off, droplets are trapped in the docking sites; when the valve is turned on, droplets are
selectively released. For these experiments, the time required for NK cells to kill target cells
was utilized as a simple but effective indicator of NK cell cytotoxic potential. The NK cells are
allowed to interact with tumour cells and are imaged every 15 minutes, keeping the valve off.
The NK cells that show fast killing ability are then selectively released from the docking sites
with the actuation of the valve. While not in the scope of this study, the cells recollected could
be subjected to single-cell sequencing or mass spectrometry to uncover the underlying
physiologic producing the observed characteristics. In future, the microcontroller-based control
system (e.g. Arduino) will be assembled to allow easy and user-friendly valve actuation control
and scaled up design to allow a significant number of cells to be isolated. We believe that
selective droplet release will allow us to uncover novel genomic and proteomic correlations to
observable cell phenotypes. This will improve the biological understanding of what causes
certain cell behaviours, which in turn can be utilized to improve the quality of many immune

therapies.
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Figure 1: Schematic workflow for selective release of fast killing NK cells, consisting of 1) Generating
droplets encapsulated with NK cells and tumour cells. 2) Trapping these droplets in docking sites. 3)
Imaging the trapped droplets for determining the killing activity of NK cells. 4) Selectively releasing
fast killing NK cells. 5) Collecting cells of interest.

2 Device design and operation

The schematic of a microfluidic device is shown in figure 2. The device consists of the flow
layer (layer 1), control layer (layer 2), and deformable thin membrane. The flow layer consists
of droplet generation and trapping section. The droplet generation section uses flow-focusing
geometry; interaction between oil and aqueous phase consisting of NK cells and target cells
generates droplets with a diameter ranging from 150 um to 200 pm. The droplet trapping
section consists of docking sites, and each docking site has a diameter of 200 pm. The control
layer consists of valves, having four rows and twenty-three columns; the air inlets control each
column. By opening or closing the extraction outlets, each valve is controlled precisely. Finally,

these two layers are separated by a thin deformable membrane of 40 um.
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Figure 2: Schematic of the multilayered droplet microfluidic device for droplet trap and selective
release of droplets (a) Layer 1 of the microfluidic device with a droplet generation section capable of
encapsulating NK cells and Tumour cells. Moreover, the droplet trapping section consists of 4 rows,
each row having two extraction outlets and capable of holding 92 droplets with the help of docking
sites. (b) Layer 2 of the microfluidic device having microfluidic valves that can control droplet docking
sites of layer 1. (¢) Combination of layer 1, layer 2 and a deformable PDMS membrane separating them.

Figure 3 shows the overall device design, hydrodynamic resistive network, and device
operation. Figure 3a shows the microscopic image of the entire device with a valve on each
docking site. The trapping and releasing of droplets from each docking site are governed by
the hydrodynamic resistance from the docking site to the extraction outlet. The entire
microfluidic system can be considered similar to the electric resistive network, where flow rate
(Q) 1s analogous to the current, electric resistance is analogous to the hydrodynamic resistance
(R), and pressure drop (AP) is equivalent to the potential difference. The hydrodynamic
resistance in each branch is calculated using the equation below,

12ul

wh3[1 — 0.63(h/w)]

R =

(1)

Where w, h, [, and y represents the width, height, length, and viscosity of continuous phase,
respectively. Figure 3b shows hydrodynamic resistance in each part of the docking site. Ry,
Ry, and Ry;3 represent hydrodynamic resistance of entry channel, docking site and exit channel

of the first docking site, respectively. The overall resistance of the first docking site is Ry = Ry;
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+ Ry, + Ry3, similarly for the second (R;), third (R3), fourth (R4) docking sites. In the same way,
Q1, Qz, Qs ... represent the flow rate entering the first, second, and third docking sites. Figure
3¢ shows the resistive network of the half row (11 docking sites). Here we considered only half
of the row because there are two extraction outlets in each row. Each half has similar
hydrodynamic resistance to the other half; hence we can consider half row as symmetric to the
other half. The effective resistance between the entry point of the docking site to the extraction
channel is R= R;+R,, similarly for the second docking site R= R;+R,;+R,,. As effective
resistance of the first docking site is always lesser than another docking site, hence flow rate

entering the first docking site is always more than the other docking site (Q; > Q, > Q3

Using the resistive network explained above, trapping and releasing a droplet can be
explained. For trapping the droplet, effective resistance from the entry of the docking site to
the extraction outlet is the most critical parameter. The droplet takes the path that offers the
least hydrodynamic resistance. Hence, the droplet occupies/gets trapped in the first docking
site with the least effective hydrodynamic resistance (R;+R,;). Once the first docking site is
filled with the droplet, its resistance increases rapidly due to blocking by the droplet; hence the
least resistant path for the next droplet becomes from the second docking site (R;+R,;+R,»).
Overall, docking sites closer to the extraction outlets get filled first with droplets, while docking
sites away from the extraction outlets get filled last. Once all the docking sites are filled,

droplets go to the waste outlet provided on the chip.

Similarly, for selectively releasing the trapped droplet from a docking site, it is essential
to reduce the hydrodynamic resistance locally and thereby increase the flow rate (Q) entering
the particular docking site. Figures 3 d and e show the valve precisely located over one of the
docking sites, side view of the device when the valve is not actuated/actuated and
corresponding hydrodynamic resistance. In the case of valve actuation, the thin membrane is
deformed. The suction effect causes a deformation of the thin membrane, which causes a
localized increase in the channel volume. The localized increase in the volume reduces the
hydrodynamic resistance of the docking site. The corresponding decrease in hydrodynamic
resistance is given by (R;-Rx), where R+ is the reduction in hydrodynamic resistance due to an
increase in volume. Hence effective resistance for trapping/releasing the droplet from the first
docking site becomes R= (R;-Rx) + R,;. The reduction in hydrodynamic resistance causes a
localized flow rate increase in the docking site, given as Q;+Q+, where Q«represents an increase

in flow rate.
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Figure 3: (a) Top view of the overall device with valves located precisely over docking site and each
row having two extraction outlets. (b) The resistive network of the first two docking sites, with each
branch's hydrodynamic resistance as R;;, Ry, and R;;. The overall resistance of each docking site is
represented as Ry and R,. (¢) The resistive network of the first half of the row (11 docking sites) along
with all hydrodynamic resistances and corresponding flow rates. (d) The top view of the docking site,
the side view of the multilayered device, flow rate and hydrodynamic resistance when the valve is not
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actuated. There is no change in the control channel and flow channel volume in this case. (e) The top
view of the docking site, the side view of the device, changes in flow rate and hydrodynamic resistance
when the valve is actuated. It shows a localized increase in flow channel volume caused due to
deformation of the thin membrane, which reduces the resistance and increases the flow rate locally.

3 Results and Discussion

3.1 Regimes of Droplet Trap and Release without valve actuation

Once droplets are trapped in docking sites, only a continuous phase (oil) is allowed to flow,
stopping the droplet generation. The continuous phase flow rate is then systematically
increased from 0 to 900 pl per hour to investigate regimes of droplet trap and release without
actuation of the valve. Furthermore, only extraction outlets in a row of interest and main outlet
are kept open to the atmosphere while other extraction outlets are closed. We observed that
under this condition, each row behaves similarly. Finally, we observed that droplets trapped in
a docking site closer to the extraction outlet are easier to release with an increase in oil flow
rate than the droplets trapped in docking sites away from the extraction outlet. Hence, we
classified each row into three sections: section 1, section 2 and section 3, section 1 being closest
to the extraction outlet on both sides while section 3 being farthest. We observed that for section
1, once the flow rate of oil exceeds 300 ul per hour, the droplet is released without actuation
of the valve. Similarly, for sections 2 and 3, this value is 400 and 600 pl per hour, respectively,
as shown in figure 4. The dotted line in figure 4 separates the regime of droplet trap and release
by plotting each section against the continuous phase flow rate. The regime map is helpful in
the operation of the system. The continuous phase flow rate must be lower than 300 ul per hour

to keep all the droplets in docking sites.
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Regimes of droplet trap and release without valve actuation
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Figure 4: The regime map showing trap and release of each section against continuous phase flow rate
(ul per hour). Classification of a row based on the location of docking sites is shown in the top part of
the figure. The dotted line separates the regime of trap and release. Insets on the right and left sides of
the figure show a visualization of a droplet trap and release in a particular section against the given flow
rate of the continuous phase.

3.2 Selective Droplet Release with valve actuation

In the next step, we fully actuated the valve in the regime of trap to characterize the microfluidic
system. We plotted (Lp/Lc) ratio against the time required for droplet release when the valve is
actuated for each section while keeping the continuous phase flow rate constant at 250 pl/hour.
Lp represents the droplet length entering a connecting exit channel, and L is the length of the
connecting exit channel shown in figure Sa. The ratio of (Lp/L¢) represents a process of droplet
release once the valve is actuated. The value (Lp/L¢c) = 1 represents the droplet released from
the docking site, and not stuck in the exit channel while the value between 0 to 1 represents the
droplet still trapped in a docking site. We observed that for section 1, the droplet gets released
quickly than section 2 and section 3, as shown in figure Sh.

After characterization of the system for droplet release, we demonstrate the selective
release of a droplet from a docking site. The droplet is trapped in a docking site of section 1 in
the first row to demonstrate selective droplet release. The continuous phase flow rate is kept
constant at 250 pul per hour, which keeps the droplet trapped in a docking site. The image
sequence of selective droplet release is shown in figure 5c¢ with a scale bar. Figure S¢ shows

two droplets trapped in two adjoining docking sites. Both the docking sites have the valve
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precisely placed just over it. Initially, both the valves are off, keeping droplets trapped in
docking sites. When the valve on the right side is turned on, there is a localized increase in
volume at the docking site, which causes the droplet to start moving in connecting channel exit,
increasing the ratio of (Lp/L¢) with time shown in figure 5d. At 24.4 s, the droplet comes out
of the docking site into a channel that connects with the extraction outlet. Later (time 28 s), the
droplet moves towards the extraction outlet.

The docking site with the valve does not affect the adjoining docking site, visible in
image sequences from figure Sc. We have also plotted (Lp/Lc¢) of the droplet trapped in the
docking site without valve actuation in figure 5d. There is no change in (Lp/L¢) of the droplet
trapped in the docking site without a valve actuation with time. Hence, we demonstrate the
selective release of the droplet with valve actuation, proving that the valve has a very localized

effect.
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Characterisation of droplet release in all sections at 250 pL/hour with valve actuation
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Figure 5: (a) Zoomed-in view of the docking site when the valve is actuated, showing Lp and Lc. (b)
Characterization of the microfluidic system when the valve is fully actuated by plotting (Lp/Lc) ratio at
constant (250 pl per hour) flow rate of the continuous phase plotted against the time required for release.
The value of 1 represents droplet release while the ratio between 0 to 1 represents droplet still trapped.
(c) Image sequence showing selective droplet release from a docking site. Droplet gets trapped in a
docking site when the valve is off. When the valve is actuated, the droplet starts getting out of the
docking site through the connecting exit channel, and finally, the droplet comes out of the docking site.
The neighbouring droplet trapped in the docking site is not released, showing how the valve can have
selective release. See supplementary video (S1.avi) (d) (Lp/Lc¢) of two droplets trapped in docking sites
plotted against time, the first docking site is with the actuated valve, and the second docking site is

without valve actuation.
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3.3 Isolating Droplets with Cytotoxic NK Cells

To determine the standard kinetics for NK92 to kill K562 cancer cells on this platform, we
monitored droplet co-encapsulations over the course of 15 hours. Calcein AM (green) and
ethidium homodimer (red) were included to help determine target cell death. Cell deaths are
discernible by an abrupt morphological change, accompanied by abrupt secretion of calcein
from the cell and later an accumulation of ethidium in the nucleus. A loss of green fluorescence
of > 80% mean fluorescent intensity from time 0 is used to quantifiably determine cell death,
confirmed by the observation of a morphological change. A total of 89 co-encapsulations were
observed, and of those, 65 results in the killing of target K562 cells. Based on the average times
of target cell death, we split NK cells into three groups: fast killing, average killing and slow
killing (Figure 6a). Fast killing NK cells (20% of observed cells) were able to kill their targets
within 4 hours, while slow killing NK cells (43% of observed cells) took more than 10 hours
to kill or did not kill at all during the 15-hour experiment. The remaining NK (37% of observed
cells) killed their targets at some point between 4 and 12 hours of co-encapsulation

Figure 6b shows an image sequence showing a droplet containing a single NK92 and
K562 cell. The K562 cell is still intact and viable at 9 hours; hence, it is a slow killing NK92.
Similarly, figure 6¢ and 6d shows image sequence showing killing activity of average and fast
killing NK92. For average killing NK92, cell death starts at 6 hours, and before 9 hours, K562
died. A loss of green fluorescence accompanied by a morphological change of the K562,
indicating cell death, is observed. In the case of fast killing NK92, cell death is observed at 3
hours, where a considerable change in fluorescence is observed compared to 0 hours, as shown
in figure 6d. Finally, we show the serial killing ability of NK92, where one NK92 kills two or
more K562 cells. Figure 6e shows an image sequence showing one NK92 encapsulated with
two K562 cells, and both the K562 cells die at 15 hours.

Based on these criteria, we sought to identify and recollect NK cells that could kill
within 4 hours or less. Shortly after this killing event was observed, the droplet was selectively
released from the device, and the NK cell was recollected (Figure 6f). Notably, this allowed
us to recollect the NK cells while it was still alive and active. This demonstrates the ability of
this platform to identify effector cells of interest and quickly collect them while the cells are
still intact and viable. While not necessary for single-cell downstream analytical techniques,
isolation of viable cells may be valuable for subsequent analysis or expansion. For methods
such as sequencing, droplets are directly collected into lysis buffer to preserve integrity of

nucleic acids. To validate cell survival of the droplet selection process, we observed cell
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viability for one hour after droplet isolation in the collection channel. Using calcein-AM, we
confirmed the collection process did not appear to negatively impact the viability of NK92
(supplementary videos S2 and S3) or K562 (supplementary videos S3 and S4).

(a) Time of cell death

- a9
Slow Killing NG s
* *®
Average Killing ::-?}.‘-}l—i’
s
L] .
FastKiling| oftf
b

. 3 hours

(d) Fast killing NK cell

9 hours

(e) Serial killing NK cell

” 1 i
ghours [l 15 hours
[ ]

(f) On demand release of fast killing NK cell
Valve Valve Valve
0 sec 78ec 23i8ec 34 sec

Figure 6: (a) Observed death time of individual K562 targets cells in droplets over 15 hours, divided
into fast (less than 4 hours) average (4 — 12 hours) and slow (greater than 12 hours). N values are; fast
killing: 18 cells, average killing: 40 cells, slow killing: 7 cells (target cells that survived the 15 hours
not represented). (b) Image sequence displaying a single droplet containing one live slow killing NK92
and K562 cell. K562 tumour cell is labelled green, and the NK92 is unlabelled. The K562 is alive at 9
hours. (¢) Image sequence displaying a single droplet containing one live average killing NK92 and
K562 cell. The process of cell death starts after 6 hours. (d) Image sequence displaying a single droplet
containing one live NK92 and K562 cell. K562 cell dies after 3 hours. (e) Image sequence displaying
a single droplet containing one live NK92 and two K562 cells. Both the cells die at 15 hours. (f) Image
sequence displaying the selective release of the droplet of interest (fast killing NK cell) shortly after
target cell death.
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4 Conclusions

In the present work, we have developed a droplet-based microfluidic platform with integrated
multilayer microvalves to trap and selectively release a droplet of interest encapsulated with
NK cells and tumour cells. The main aim of the present work is to design a biocompatible
method for selectively releasing droplets of interest from an array of droplets. A flow-focusing
device generates water-in-oil droplets, and the aqueous phase consists of NK cells and tumour
cells. These generated droplets are then allowed to get trapped in 92 docking sites. The
microvalves in a different layer are precisely placed over a docking site; a deformable PDMS
membrane separates these layers. A cytotoxicity-based experiment was chosen for our proof
of concept for identifying and collecting immune cells with unique phenotypic properties. Over
3-4 hours, we visualize each docking site to identify a droplet containing fast killing NK cells
from an array of droplets and collected them in one of the extraction outlets. The
biocompatibility of the present system makes it an ideal candidate for single-cell analysis, drug
screening and interdisciplinary research applications. Upon observing a particular event, the
ability to immediately release droplets of interest allows for recollection of viable effector cells,
which is essential for certain types of downstream analysis such as transcriptomic sequencing.
The present microfluidic system can trap and release a droplet from an array of droplets, and
with further improvement, even thousands of droplets can be trapped and selectively released.
This same system may be applied to a wide range of different phenotypic markers of interest,
including motility, calcium signalling, serial killing, viability, secretions and other observable
features. A more precise correlation between -omics of immune cells and the various
phenotypes observed is an important step towards understanding the factors that contribute to
successful immunotherapy. In future, the microcontroller-based control system and scaled up

design will allow a significant number of cells to be isolated.

5 Methods and Materials

5.1 Device fabrication

The microfluidic device's flow channel (layer 1) and control channel (layer 2) was fabricated
using standard soft lithography. The photomasks required for the flow channel and control
channel were drawn in AutoCAD. Negative photoresist SUS is spin-coated on a 4-inch silicon
wafer and subjected to UV light for preparing the master mould. Polydimethylsiloxane (PDMS)

and curing agent in a ratio of (10:1) were mixed and poured on the master mould of both layers
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to prepare a replica of PDMS. The thin deformable PDMS membrane is prepared by spin
coating PDMS + curing agent (10:1) at 1000 rpm for 2 minutes. Finally, all three layers were
assembled: The control layer was punched for air inlet and bonded to PDMS membrane by
subjecting it to air plasma (Harrick Plasma). The control layer and PDMS membrane are
bonded with the flow channel by precisely aligning valves over docking sites under the
microscope. This entire assembly was then bonded to a glass slide. One-hour baking follows

each bonding process in a convection oven at 70 °C.

5.2 Cell Culture

NKO2 cells and K562 human leukemia cells were acquired from ATCC. NK-92 were cultured
using X-VIVO10 media (Lonza) supplemented with 10% heat-inactivated FBS (Gibco) and
500 IU/mL IL2 (Prospec). K562 were cultured in RPMI1640 media supplemented with 10%
heat-inactivated FBS and 1% antibiotic-antimycotic mixture (Gibco). Cell medias were
combined at a 1:1 ratio for droplet co-encapsulations. Cells were kept at 37°C and 5% COs,.
Both NK92 cells and K562 human leukaemia cells were used in a concentration of 3x10°

cells/mL.

5.3 Droplet Generation

The water-in-oil droplets were generated upstream using a flow-focusing junction. The
aqueous phase consisted of NK cells and tumour cells mixed before reaching a flow-focusing
junction at 250 pl per hour, as shown in figure 2. FC-40 with 2% surfactant Span-80 was used
as a continuous phase at 1000 pl per hour. The oil and aqueous phase were pumped in a
microfluidic device using three syringe pumps. Under the flow-focusing geometry dimensions,
droplets having a diameter in the range of 150 to 200 um were generated. These generated
droplets were trapped in docking sites; all the outlets are kept open during this process. Once
all the docking sites are filled, aqueous phase flow is stopped, while oil is allowed to flow,
resulting in no droplet generation. The droplets encapsulating NK cells and tumour cells
trapped in a docking site were incubated at 37 °C in a microscope chamber for imaging live

experiments to observe the killing activity of NK cells.
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5.4 Microscopy

Devices images and data were acquired using a Zeiss Axio Observer.Z1 with Hamamatsu
C10600 Orca-R2 digital camera. Fluorescence was observed using standard FITC and dsRed
filters. The microscope is equipped with an incubated stage to maintain cells at 37°C and 5%
CO, during experiments. Target cell killing was observed at 20X magnification every 15
minutes over the course of 15 hours. Results were analyzed using Zen Blue software (Zeiss).
Droplet releasing was recorded at 5X magnification using bright field imaging. Images of the
entire device array were taken at 10X magnification and processed using the Zen Blue stitching

feature.
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