Showcasing research from Professor Ashis Kumar Sen's
laboratory, Micro Nano Bio -Fluidics Unit,

Department of Mechanical Engineering, Indian Institute of
Technology, India.

An optomicrofluidic device for the detection and isolation of
drop-encapsulated target cells in single-cell format

Our technique detects and selectively isolates microdroplets
containing target cells from those containing the background
cells in a single-cell format. The cells present in the droplets
are detected based on laser-induced fluorescence. The
fluorescence signal received only from the target cells
triggers an electro-coalescence module to selectively divert
the droplets containing the target cells. The sorted target
cells were found to be viable and showed good proliferation
when cultured, which showed the potential of the proposed
sorting technigue for downstream analysis.
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Single-cell analysis has emerged as a powerful method for genomics, transcriptomics, proteomics, and
metabolomics characterisation at the individual cell level. Here, we demonstrate a technique for the
detection and selective isolation of target cells encapsulated in microdroplets in single-cell format. A
sample containing a mixed population of cells with fluorescently labelled target cells can be focused
using a sheath fluid to direct cells in single file toward a droplet junction, wherein the cells are encapsu-
lated inside droplets. The droplets containing the cells migrate toward the centre of the channel owing to
non-inertial lift force. The cells present in the droplets are studied and characterised based on forward
scatter (FSC), side scatter (SSC), and fluorescence (FL) signals. The FL signals from the target cells can be
used to activate a selective isolation module based on electro-coalescence, using suitable electronics
and a program to sort droplets containing the target cells in single-cell format from droplets containing
background cells. We demonstrated the detection and isolation of target cells (cancer cells: Hela and
DU145) from mixed populations of cells, peripheral blood mononuclear cells (PBMC) + cervical cancer
cells (HeLa) and PBMC + human prostate cancer cells (DU145), at a concentration range of 10*-10° m(™*
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at 300 cells per s. The performance of the device is characterised in terms of sorting efficiency (>97%),
enrichment (>1800Xx), purity (>98%), and recovery (>95%). The sorted target cells were found to be viable
(>95% viability) and showed good proliferation when cultured, showing the potential of the proposed
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1. Introduction

In recent years, single-cell analysis has received immense
attention mainly due to its ability to overcome the limitations
of conventional cell analysis methods, which are only capable
of providing average information about a population of
cells." The average information from the analysis of a popu-
lation of cells fails to present detailed biological characteristics
relating to individual cells. The detection, isolation, and ana-
lysis of biological cells in single-cell format could provide
answers to critical questions relating to cancer cells* and other
rare cells,” stem cell biology,” and immunology,” and could
facilitate the development of new drugs and therapies.”® Rare
cells, such as cancer cells, fetal cells, and stem cells in the
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sorting technique for downstream analysis.

blood, hold significant opportunities for disease diagnostics
and prognostics.” Thus, it is important to detect and isolate
rare cells for downstream analysis.

Single-cell analysis techniques involve the separation and
compartmentalisation of cells of interest from large cell popu-
lations in single-cell format. The cells of interest are isolated
either based on physical properties, such as size,® density,’
and deformability,'® or depending on biological properties,
such as cell adhesion, via protein expression.” There are
several conventional techniques available for the selective iso-
lation of target cells, which include immunomagnetic separ-
ation,"" filtration,"” centrifugation,"® and flow cytometry.” Flow
cytometry is a widely used technique for single-cell analysis
due to its improved accuracy and higher sensitivity compared
to other techniques. It is a vital technique for various clinical
applications, such as immunology,"* cancer biology,"® and
haematology."®'”

Flow cytometers based on optical,"” magnetic,'® and electri-
cal (impedance)*® techniques have been developed. However,
optofluidics-based flow cytometry is the most widely used tech-
nique due to its unique advantages in terms of speed
(throughput), sensitivity, and specificity."”'® In opto-flow cyto-
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metry, cells present in a sample are focused two-dimension-
ally, typically at the centre of a capillary or channel, using a
sheath fluid so that the cells flow in single-file with an ade-
quate distance between them to prevent cell-cell interactions.
The focused cells are made to pass through an optical interrog-
ation window, created by a laser beam intersecting the flow
path, giving rise to scattering signals. The forward scatter
(FSC) signal represents the size of the cells, whereas the side
scatter (SSC) signal represents the internal structure of the
cells.?! If the cells are labelled with fluorescent molecules, the
fluorescent (FL) signals emitted by the cells can be used for
the detection of specific types of cells."

A microfabricated fluorescence-activated cell sorter (FACS)
analyses a small volume of fluid to detect and sort the biologi-
cal cells present in the sample fluid.>* However, conventional
FACS systems are very expensive and thus are available only in
centralised research facilities and major healthcare centres.”®
Similarly, due to their complexity, regular maintenance and
skilled expertise are required to operate the machine, analyse
data, and make reports. Besides, skilled technicians are
needed to fix any functional failures and for troubleshooting.
These factors add considerable cost to the maintenance of the
machines and thus increase the cost per test during diagnosis.
In the last few years, owing to advancements in microfluidics
technology, research focus has shifted towards developing
cost-effective and portable micro-FACS devices.

However, one of the main hindrances in the development
of micro-FACS devices is that complicated techniques are used
for two-dimensional focusing and controlling the distance
between biological cells in an optical window in a microchan-
nel.>® various active®*® and passive®’ ' techniques exist for
focusing particles inside microchannels, such as multilayer
sheath flow, inertial microfluidics, acoustophoresis, magneto-
phoresis, and elasto-inertial microfluidics. In multilayer
sheath flow, hydrodynamic forces govern particle focusing.*?
In the case of one-dimensional flow focusing, the sample fluid
is focused using a co-flowing sheath fluid on both sides of the
central sample stream (in the horizontal plane).>® Here, since
the particles are not focused in the vertical plane, two particles
present inside the sample fluid can have different velocities
and hence arrive at the detection zone at the same time; this
can generate erroneous results. On the contrary, in two-dimen-
sional focusing, the sample fluid is focused using a sheath
fluid in both the horizontal and vertical planes.>® However,
here, the requirements for complicated fabrication procedures
and multiple inlets are challenges that need to be addressed.
Inertial and viscoelastic flow focusing techniques exclude the
use of a sheath fluid.*® Inertial focusing requires longer chan-
nels for focusing; this can be addressed by using spiral chan-
nels, but it further introduces an additional force known as
Dean drag.® Viscoelastic focusing demands a viscoelastic fluid
as the medium for suspending particles and uses viscoelastic
forces to focus the particles.?” Various active techniques, such
as acoustic, magnetic, optical, and DEP methods, incorporate
external stimuli to focus the particles inside microchannels;
however, such techniques require additional equipment, thus
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leading to complicated setups.*® In the proposed technique,
the cells are focused in single file using a sheath fluid and are
subsequently encapsulated inside droplets at a flow focusing
junction. The droplets encapsulating the cells self-align toward
the centre of the channel due to non-inertial lift force and
move into the detection window in single file, thus overcoming
the challenges stated above.

Another critical challenge in the development of micro-
FACS systems is the isolation of target cells after detection, pre-
ferably in single-cell format for downstream single-cell ana-
lysis. In the literature, various techniques have been reported
to achieve the isolation of target cells, such as hydrodynamic,*”
dielectrophoresis,’® optical,! and piezoelectric>> methods.
However, such techniques either require high voltages or high
shear forces, thus affecting cell viability and properties,
offering low throughput, and/or requiring complicated instru-
mentation; thus, they are not amenable to the development of
a microfluidic sorter. Also, none of these techniques allow for
the extraction and isolation of the target cells in single-cell
format. Here, we report a method wherein, upon the detec-
tion of the droplet-encapsulated target cells, selective
electro-coalescence is used to isolate droplets containing
target cells for downstream analysis. In the literature, elec-
tric fields have been employed for the coalescence of dro-
plets for microparticle extraction and droplet sorting.**™**
The coalescence of droplets in an emulsion along the direc-
tion of flow has been explored.”> The coalescence of
aqueous droplets parallel to an aqueous phase stream in a
direction normal to the flow direction has also been
investigated.”**® However, the latter device requires very
high voltage (~thousands of volts) and a large electric field
(107 V. m™"); therefore, it is not suitable for biological appli-
cations due to cell viability issues.”®> In the proposed
method, the aqueous droplets containing cells are in micro-
scopic contact with an aqueous-oil co-flow interface in the
electric field region, thus requiring a significantly lower
voltage and smaller electric field for coalescence. Our
approach thus enables the rapid extraction of the target
cells in single-cell format without causing cell damage.

Here, we demonstrate the optical detection and electro-
coalescence-based isolation of target cells encapsulated in
microdroplets in single-cell format for downstream analysis. A
sample containing a mixture of target and background cells is
first focused into a single-file stream using a sheath fluid, and
individual cells are encapsulated inside droplets. Further, the
droplet-encapsulated cells are analysed via measuring the FSC,
SSC, and FL signals. Upon the detection of a target cell, an
electro-coalescence-based selective isolation module is acti-
vated using suitable software and electronics so that the dro-
plets containing the target cells are sorted from those contain-
ing the background cells. The performance of the system is
evaluated in terms of sorting efficiency, enrichment, purity,
and recovery. The viability of the target cells was verified using
trypan blue assays, and cells could be cultured, indicating that
the isolated target cells could be used for downstream
analysis.

This journal is © The Royal Society of Chemistry 2021
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2. Experiments
2.1 Device geometry and fabrication

Fig. 1a shows a schematic diagram of the experimental device,
which consists of three working modules with a depth of
130 pum throughout. First is the particle focusing and encapsu-
lation module (Fig. 1b), which has a channel width of 70 um
in the focusing region and a throat width of 25 pm in the
droplet generation region. Second is the optical detection
module (Fig. 1c), which consists of four grooves that contain
optical fibres that are placed at a distance of 100 pm from the
channel walls. Groove I, which is perpendicular to the fluid
channel, is used as an excitation fibre (incident beam); groove
II is placed at an angle of 45° to groove I and is used for fluo-
rescence (FL) detection; and groove III is placed at an angle of
135° to groove I and is used for the detection of the side scat-
tered (SSC) signal. The forward scattered (FSC) signal fibre
(groove 1V) is placed at a 5° angle to the incident beam to
avoid the direct exposure of the optical detector to the incident
beam. The grooves each have a width and depth of 130 um
and are designed to hold standard single-mode (10 pm ID and
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125 pm OD) and multimode (62.5 pm ID and 125 um OD)
optical fibres in place. Third is the electro-coalescence (EC)
module (Fig. 1e), which consists of a pair of electrodes placed
at the bottom of the channel to execute EC. The electrodes
have a width of 50 um and are placed with a gap of 50 um
between them. Device fabrication was carried out in two steps.
First, standard photolithography was used to fabricate the
silicon master, which was further used to fabricate the PDMS
microchannel layer via soft lithography. The details of the
master fabrication and soft lithography processes are dis-
cussed elsewhere.”” Second, the electrode layer was fabricated
via the deposition of silver onto a glass slide using thermal
evaporation and then electrode patterning was carried out
using photolithography and etching. The detailed process for
the fabrication of the electrodes is explained elsewhere."®

2.2 Working principle

In the particle focusing and encapsulation (PFE) module, par-
ticles/cells present in the sample are focused using an
aqueous sheath fluid so that particles/cells move in single file
when approaching the droplet generation junction. The width
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Fig. 1 (a) Schematic diagrams of the experimental device showing the three different modules used for the detection and isolation of cells, (b) the
particle focusing and encapsulation module, (c) the optical detection module, and (d) the electro-coalescence module.
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of the focused stream (w;) and the distance between the par-
ticles/cells (g,) can be controlled via adjusting the sheath-to-
sample flow-rate ratio (r = Qs./Qs).*® During droplet generation,
particles/cells get encapsulated inside droplets. The flow rates
(discrete Qq and continuous Q.) are adjusted to establish
stable droplet generation/encapsulation.>® Biocompatible oil is
used as the continuous phase. In the focusing region, an ade-
quate distance between adjacent particles/cells is maintained
so that each droplet contains no more than one cell. The cells
can be labelled with fluorescent antibodies that are specific to
the target cells (T) or with suitable fluorescent dyes. As the dro-
plets encapsulating the particles/cells pass through the laser
beam, FSC, SSC, and FL signals (Fig. 1d) are measured. The
droplet generation frequency is controlled via adjusting the
flow rate ratio (r) so that the droplets cross the laser beam in
single file. Once a target cell is detected, an optoelectronic
circuit sends a signal to the electrodes to selectively isolate the
target droplet from background droplets (B) (Fig. 1d).

To maintain stable droplets, a surfactant is added to the
continuous phase (oil). The flow rate of the aqueous co-flow
stream (Q,) is adjusted to ensure that the width of the continu-
ous phase in the electro-coalescence region is less than the
droplet size so that the droplets are in microscopic contact
with the oil-aqueous interface. In the absence of an electric
field, surfactant molecules covering the drop-oil and water
stream-oil interfaces exhibit tail-tail repulsion (known as dis-
joining pressure) and therefore prevent the coalescence of
water drops with the water stream. Upon the application of an
electric field, there is a reorientation of the surfactant mole-
cules, allowing the aqueous phases across the thin oil-layer
(aqueous drops and stream) to merge or electro-coalesce with
each other.”® In our case, we only need the voltage/electric
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field to overcome the disjoining pressure due to the surfactant
molecules. However, in electro-coalescence systems reported in
the literature,"*' typically, electro-coalescence is a two-step
process: first, the aqueous drops are brought into contact with
other aqueous drops or an aqueous interface due to coulombic
force acting on the drops; and second, the electric field/voltage
overcomes the disjoining pressure, leading to electro-coalesc-
ence. The first step requires a considerably higher voltage,
which is not required in the present case; therefore, in our
case, electro-coalescence can be achieved at a lower voltage
and with a smaller electric field.

Two sorting schemes are employed (Fig. 1d). In the positive
sorting scheme, under default conditions, the electrodes are
kept energised and background droplets continuously coalesce
with the aqueous stream; thus, background particles/cells are
extracted into the aqueous stream. Upon the detection of a
target droplet and the arrival of the particular droplet at the
electrodes, the electrodes are de-energised; thus, the target
droplet does not coalesce with the aqueous stream and is
directed toward outlet 1. In the negative sorting scheme, under
default conditions, the electrodes are de-energised and the
background droplets are collected at outlet 1. Upon the detec-
tion of a target drop, the electrodes are energised, the target
drop coalesces with the aqueous stream, and the target par-
ticle/cell is extracted into the aqueous stream and collected at
outlet 2.

2.3 Experimental setup: fluidics and optoelectronics

A schematic diagram and a photograph of the experimental
setup are depicted in Fig. 2a and b, respectively. Syringe
pumps (neMESYS Pump, Cetoni, Germany) are used for infus-
ing liquid samples. Polyethylene tubing is used to establish a
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Fig. 2 (a) A schematic diagram of the experimental setup, (b) a photograph of the experimental setup, and the time evolution of the detection and
electro-coalescence-based sorting of target cells from background cells in (c) positive and (d) negative sorting modes.
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fluidic connection between the syringe pumps and device
inlets. The optics setup consists of an excitation laser source
and optical detectors. The excitation laser source is a 532 nm
continuous wave laser (Wave Form Systems, Inc., USA). The
beam generated from the laser is coupled with a standard
single-mode optical fibre (10/125 pm), which is inserted into
the excitation fibre groove in the device to focus the laser
beam inside the channel. When the droplets pass through the
incident beam, different optical signals are generated, and
these are collected with the help of multimode optical fibres
(62.5/125 pm) placed inside the collection grooves. To mini-
mise reflection losses, the fibre grooves are filled with an index
matching fluid (Fiber Instruments Sales Inc., USA) before
inserting the optical fibres. For the detection of FSC, SSC, and
FL signals, a fibre-coupled photodiode (PD) (Thorlabs Inc.
USA), an avalanche photodiode (APD) (Hamamaatsu
Photonics, Japan), and a single photon counting module
(SPCM) (Thorlabs Inc. USA), respectively, are used. The FSC
signal is collected in the forward direction of the incident
beam, hence the signal strength is adequate for detection with
a PD. The SSC signal is weaker than the FSC signal, hence it
requires a highly sensitive APD detector to detect the signal.
The FL signal is weaker compared to the FSC and SSC signals,
and thus a SPCM, which has higher sensitivity compared to an
APD, is used. Further, the weak FL signal suggests that a par-
ticular range of light wavelengths should be allowed into the
detector. Hence, a bandpass filter (ET575/50m, Chroma
Technology Corp. USA) is mounted onto the SPCM detector for
coupling the SPCM with the optical fibre. Additionally, a
microscope system (Axiovert A1, Carl Zeiss, Germany) coupled
with a high-speed camera (Photron Inc., USA) and a fluo-
rescence lamp is also used to trace the droplets. A data acqui-
sition (DAQ) system (NI USB-6251, National Instruments, USA)
is used to acquire data using the Labview program. The APD
and PD modules are connected to the analog input pins of the
DAQ system and data acquisition is done at a sampling rate of
a thousand samples per second. In the feedback system, a
high voltage amplifier (Amp-Line Corp., USA) is used to
amplify the signal (sinusoidal waveform, 0-5 V, 15 kHz)
coming from the function generator, and the amplified signal
(0-25 V) is further amplified using a transformer. A maximum
AC voltage of 60 V is used in our experiments, although our
setup is capable of delivering AC voltages in the range of 25 V
to 150 V. The output of the transformer is applied to the elec-
trodes through a solid-state relay (capacity: input, 4-32 V DC;
output, 240 V AC), which acts as a switch to modulate the
signal applied to the electrodes and is controlled by the
Arduino board (Uno R3) via the Labview platform. The acqui-
sition and post-processing of optical signals are carried out
using computer programs developed on the Labview platform,
and the details are presented in section S1.f The signal to the
relay for the deactivation of the electrode during positive
sorting or its activation during negative sorting is triggered
~3 ms before a target cell arrives at the electrodes (i.e., at ¢ =
ts), taking into account the response time of the electronics.
Time evolution plots of the detection and electro-coalescence-
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based sorting of target cells from background cells in positive
and negative sorting modes are presented in Fig. 2c¢ and d,
respectively.

2.4 Materials and methods

DI water (resistivity: 18.2 MQ cm, DI purification system,
ELGA, UK) is used for suspending microparticles, and this sus-
pension is then used as the discrete aqueous phase for gener-
ating droplets. Non-fluorescent microbeads (size: 10 pm) and
fluorescent microbeads (size: 15 pm) (microParticles GmbH,
Germany) are suspended in a mixture of DI water and glycerol.
To avoid the sedimentation and agglomeration of particles,
23% (wt/wt) glycerol (Sigma Aldrich Bangalore, India) and
0.5% (wt/wt) Tween 80 (Sigma Aldrich Bangalore, India) are
added to the deionised (DI) water. The resulting suspension
was sonicated for 5 min in an ultrasonic cleaner (Maxsell,
India). Mineral oil (Sigma Aldrich, Bangalore, India) is used as
the continuous phase. A mixture of DI water with 23% (wt/wt)
glycerol is used as the sheath fluid to focus the microparticles.
Mineral oil was filtered using PTFE filters (0.2 pm) to avoid the
presence of any dust particles, which may cause channel clog-
ging. To improve droplet stability, 5% (wt/wt) Span 85 (Sigma
Aldrich, Bangalore, India) is added to the mineral oil.
Peripheral blood mononuclear cells (PBMCs) are isolated from
whole blood samples using a density gradient method.’ The
experiments were performed after obtaining ethical clearance
from our institute. Cancer cell lines (CTCs; HeLa and DU145)
were procured from the National Centre for Cell Science
(NCCS, Pune, India) and cultured using a standard protocol.’
The cultured cells are tagged with either anti-EpCAM-FITC
antibodies or rhodamine 6G dye for separate experiments. For
tagging cells with dye, the cells were labelled with rhodamine
6G (R6G) (TCI Chemicals (India) Pvt. Ltd) and then suspended
in 100 pl of phosphate buffered saline (PBS). 5 ul of rhoda-
mine 6G was added to the cell suspension and this was incu-
bated at a temperature of 37 °C for 1 h. After incubation, cells
were washed thrice with 1.0 ml of PBS under centrifugation
(1500 rpm for 10 min) before use. For antibody tagging, the
cells were labelled with anti-EpCAM-FITC antibodies (Sigma
Aldrich, Bangalore, India). Cell pellets with a maximum con-
centration of 10° were suspended in 100 uL of PBS. 20 uL of
reagent was added to the cell suspension and the mixture was
then incubated on ice in the dark for 30 min. After incubation,
the cells were washed thrice with 1.0 ml of PBS under centrifu-
gation at 1500 rpm for 10 min before use. The concentrations
of cells (PBMCs + CTCs) used in our experiments range from
10° to 10" per mL with 10° to 10* CTCs per mL.

3. Results and discussion
3.1 Particle focusing and drop encapsulation

The focusing of particles (15 pm, 3.6 x 10 per ml) in an
aqueous sample at a flow rate of 1 pul min™" using a sheath
fluid (a mixture of DI water and glycerol, 23% wt/wt) at a flow
rate of 7 pl min™"' in the focusing region is presented in
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Fig. Sla in section S2 (see Video S1t). The variation of the
width of the focused stream, wy, with the ratio of the sheath to
sample flow rates, r = (Qsn/Qs), is shown in Fig. S1b.} As
observed, wy decreases with an increase in r. w; is correlated
with r as follows: w; = 34.87 %° (R* = 0.98). For the complete
focusing of particles at the sidewall, w¢ should be equal to or
smaller than the particle/cell size. In the case of samples con-
taining differently sized particles or cells, the r value required
for the focusing of the smallest particle/cell needs to be used
to ensure the focusing of particles of all sizes. The spacing
between two adjacent particles in the focused region, g,, was
studied upon varying the sample concentration, cs;, which
affects the average spacing between particles before focusing,
g1, and the results are presented in Fig. Slc.t As observed, at a
fixed value of ¢, the spacing ratio, G = (g»/gi), linearly
increases with an increase in r. If r remains fixed, g, decreases
with ¢..** Based on g, and the velocity of the particles, Uy, the
frequency of the arrival of particles at the droplet generation
junction could be calculated, and it was found to be a function
of the particle concentration, ¢, and the total flow rate.

At the flow-focusing junction, three different regimes,
namely squeezing, dripping, and jetting, can be used for gen-
erating droplets®® (Fig. S2a in section S2t). The squeezing
regime was observed at a very low capillary number, Ca < 0.02,
whereas the dripping regime was observed for Ca values in the
range of 0.02 < Ca < 0.1. The jetting regime is observed for
much higher Ca values >0.1. Of the above regimes, the drip-
ping regime is the most stable and results in a homogenous
size distribution; hence, it was used in our experiments. A
comparison of the sizes of particle/cell-encapsulating and
empty droplets at a continuous to discrete phase flow rate ratio
of r¢ is shown in Fig. S2b.f As observed, the droplet diameter
decreases with an increase® in ry, as dq = 281r¢ %°. Thus, while
operating in the dripping regime, the sizes of the particle/cell-
encapsulating droplets and the empty droplets are the same
when the ratio of the particle size to droplet diameter is less
than 0.6. The distance between the droplets can be controlled
via varying the continuous to droplet phase flow rate ratio, as
shown in Fig. S2c.t The distance between droplets should be
greater than the width of the optical detection zone (~100 pm)
so that droplets move in single file through the detection zone.
It is observed that the droplet separation distance increases (or
the frequency decreases) with an increase in the flow rate
ratio, following the relationship sq = 237:>.

The frequency of the arrival of particles should match the
frequency of droplet generation to ensure that each droplet
encapsulates only one particle. If the frequency of the arrival
of particles is higher than the droplet generation frequency,
some of the droplets will encapsulate more than one particle
(see Fig. S2df). On the other hand, if the frequency of the
arrival of particles is lower than the droplet generation fre-
quency, some of the droplets will not contain any particles,
resulting in empty droplets (see Fig. S2dt). The encapsulation
rate of single cells in droplets is studied at a droplet frequency
of 300 drops per s, and the results are presented in Fig. S2e.t
It is observed that the single-cell encapsulation rate increases
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with an increase in cell concentration (in the concentration
range of 10°-10°), which can be attributed to better matching
between the droplet generation rate and the arrival rate of par-
ticles at the droplet generation junction at higher particle con-
centrations. With a particle concentration of 10°, we could
achieve a single-cell encapsulation efficiency of 85%. Also, it is
ensured that the minimum spacing between adjacent droplets
(120 pm) is greater than the width of the optical window
(100 pm).

The droplets encapsulating particles/cells migrate to the
centre of the channel due to non-inertial lift force; thus, the
proposed technique eliminates the need for complicated 2D
particle/cell focusing. Simulation results (using the level set
method in COMSOL, see the simulation model details in
section S37) show that an aqueous droplet in an oil medium is
positioned at the centre of the channel cross-section, indicat-
ing the self-focusing of droplets (see Fig. S37).

3.2 The optical detection of particles/cells

The self-focused droplets pass through the optical detection
zone in single file, generating different optical signals. The
signals are detected by different optical detectors, acquired
with the help of NI-DAQ and Labview, and processed using
Python programs, as mentioned above. The FSC, SSC, and FL
signals from droplets with a size of 68 pm encapsulating fluo-
rescent (R6G-tagged and anti-EpCAM-FITC-tagged) and non-
fluorescent HeLa cells with an average size of 20 pm and from
empty droplets of the same size are shown in Fig. 3. The cells
labelled with R6G and anti-Ep-CAM-FITC have excitation wave-
lengths of 530 nm and 488 nm, and emission wavelengths of
560 nm and 520 nm, respectively. The FSC, SSC, and FL
signals from the droplets (size: 60 um) encapsulating fluo-
rescent and non-fluorescent microbeads with an average size
of 15 um and from empty droplets of the same size are shown
in Fig. S4.+ When a droplet passes through the optical detec-
tion zone it obstructs the laser beam, which results in a
sudden reduction in the FSC signal. The height and width of
the FSC signal will depend on the droplet size and residence
time (i.e., the time spent by a droplet in the detection zone),
respectively. The sizes of the droplets containing FL- and non-
FL cells are equal, and they travel at the same velocity, hence
their FSC signals are identical. However, as particle-encapsu-
lating droplets obstruct more light compared to empty dro-
plets, the heights of the FSC signals from particle-encapsulat-
ing droplets are higher compared to those from empty dro-
plets. The SSC signal will depend on the internal structure of
the droplet and it generally occurs because of the reflection
and refraction of light at an interface where there is a change
in the refractive index. The presence of solid particles inside
droplets results in a solid-liquid interface inside the drop,
thus resulting in higher reflection. Therefore, the SSC signals
from particle-encapsulating droplets are higher than those
from empty droplets. The tagged cells show the same FSC and
SSC signals as untagged cells. The FL signals from cells tagged
with anti-EpCAM-FITC antibodies are much lower compared to
those from cells tagged with rhodamine 6G. The intensities of
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Fig. 3 The FSC, SSC, and FL signals collected from 68 pm droplets encapsulating (a) non-fluorescent, and fluorescent (b) R6G-tagged and (c) anti-

Ep-CAM-FITC-tagged Hela cells.

the FL signals collected off-chip from cells tagged with anti-
EpCAM-FITC antibodies and rhodamine 6G are compared in
Fig. S5,7 which further confirms this. In the present case, the
tagged cells are encapsulated inside aqueous droplets that are
present in an oil medium, so the FL signals will be attenuated.
Therefore, we proceed with rhodamine 6G tagging in sub-
sequent experiments.

The variations in FSC signals with droplet size and flow rate
are depicted in Fig. S6,f which shows that the height of the
FSC signal increases with an increase in droplet size due to
increased forward light scattering, whereas the width of the
FSC signal decreases with an increase in droplet velocity due
to a decrease in the residence time. It is observed that there
are no significant changes to the SSC signal when the particle
size is varied while keeping the droplet size fixed (Fig. S67).
The variations of the FL signal with the ratio of droplet dia-
meter to particle size are shown in Fig. S6;t it is revealed that
as the ratio of the droplet size to the particle size increases,
the FL intensity decreases. This may be attributed to the fact
that as the drop size increases relative to the particle size,
higher attenuation of the FL signal occurs inside the droplet
itself before further attenuation occurs as the emission tries to
arrive at the detector interface. Thus, a smaller ratio of drop-
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to-particle diameter is suggested for achieving a good signal-
to-noise ratio and good sensitivity.

Next, mixtures of fluorescent and non-fluorescent poly-
styrene microbeads with sizes of 15 um and 10 pm, respect-
ively, and mixtures of fluorescent-labelled (rhodamine 6G)
cancer cells (HeLa and DU 145) and peripheral blood mono-
nuclear cells (PBMCs) were analysed based on the FSC and FL
signals in scatter plots (Fig. 4). The areas under the FSC or FL
signal versus time plots are used to obtain the scatter plots.
The bead and cell samples are prepared via following the pro-
tocol described above. Fig. 4a shows the scatter plot from the
polystyrene microbeads, showing two separate clusters for the
fluorescent and non-fluorescent microbeads. The FL signals
(mean values) from the fluorescent microbeads are much
higher (~10> times) than the signals from the non-fluorescent
microbeads. However, the FL signals from the non-fluorescent
microbeads have non-zero values (although small), which can
be attributed to background fluorescence signals (noise). The
FSC signals (mean values) obtained from the 15 pm fluo-
rescent microbeads are higher than those obtained from the
10 pm non-fluorescent microbeads, since FSC is proportional
to particle size. Fig. 4b and c¢ show scatter plots from mixtures
of PBMCs + DU145 and PBMCs + HeLa cell samples, respect-
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ively. The sizes of the PBMCs are in the range of 9 to 20 pm
(average: 10.5 um), the sizes of the HeLa cells are in the range
of 15 to 24 pm (average: 20 um), and the sizes of the DU145
cells are in the range of 12 to 16 um (average: 15 pm). Since
the average sizes of HeLa and DU145 cells are larger than
those of the PBMCs, the FSC signals, which are proportional
to the cell size, are higher for the cancer cells compared to the
PBMCs. Since the cancer cells are fluorescently labelled, the
FL signals (mean values) from the cancer cells are much
higher (~10> times) than the FL signals from the PBMCs. The
non-zero FL signals from the PBMCs can be attributed to back-
ground fluorescence (noise) from the biological cells.

3.3 Coalescence of drops with an aqueous co-flow stream

The coalescence of droplets with an aqueous co-flow stream is
studied. Fig. S7at shows the time evolution of the coalescence
of droplets containing 15 pm microbeads and empty droplets.
The particles/cells are encapsulated in 65 um droplets in an oil
stream. The flow rates of the oil stream and aqueous stream
are maintained at 2 pl min~" and 120 ul min™", respectively, so
that a stable interface is maintained, with the width of the oil
stream being 62 pm. Since the width of the oil stream is
smaller than the droplet size, there is microscopic contact
between the droplets and the interface, which enables electro-
coalescence at a lower voltage, as explained above. The vari-
ations in the width of the oil stream with the oil-to-aqueous
stream flow rate ratio are depicted in Fig. S7b. Via applying
60 V to the electrodes, which offer an electric field of 1.2 x 10°
V m™', adequate to overcome the disjoining pressure,”® the
droplets coalesce with the aqueous stream and the particles/
cells present inside the droplets are extracted into the aqueous
stream. The effects of the size and velocity of the droplets on
the electric field and voltage required for coalescence were
studied (see Fig. S7c and S7dt and their insets). As the droplet
size increases, the electric field required for coalescence
reduces; this may be because of larger non-inertial lift force at
a higher diameter, which requires a smaller electrical force
and, hence, a smaller voltage to overcome the disjoining
pressure. Similarly, as the velocity of the droplets decreases,
the required electric field decreases, which is because at a
smaller droplet velocity the residence time is higher and thus
there is more time available for the electrical stress to over-
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come the disjoining pressure, even with a smaller electric
field.

3.4 Micro-FACS: the integrated optical detection and
isolation of target droplets

The microfluidic fluorescence-activated sorting (micro-FACS)
of droplets encapsulating target microbeads and cells was
demonstrated via integrating the optical detection and iso-
lation modules.** Fig. 5 shows the time evolution of the
optical detection and isolation of droplets containing 15 pm
FL microbeads from 10 pm non-FL microbeads. The beads
were encapsulated inside 65 um droplets with a distance
between droplets of ~100 um, and the droplet speed was main-
tained at ~50 mm s~ '. Therefore, the droplets arrive at the
electro-coalescence region at a rate of ~500 drops per s.
However, the response time of the electronics was found to be
3 ms, Le., a signal needed to be maintained (low or high) for a
duration of at least 3 ms, which is the minimum time required
to write a particular signal on the Arduino board, activate the
relay, and energise the electrodes. Therefore, the proposed
micro-FACS system can sort droplets at a maximum rate of 300
drops per s.

First, a positive sorting technique is used with droplets con-
taining 15 pm FL microbeads as target droplets (T) and 10 pm
non-FL microbeads (and empty droplets) as background dro-
plets (B) (Fig. 5a). Under default conditions, electrodes are
energised at 60 V, so the background droplets continuously
coalesce with the aqueous stream. In the present design, the
distance between the detection and electro-coalescence zones
is 8 mm. A droplet containing a target particle is detected at ¢
= 0, and this arrives at the electro-coalescence zone at ¢ = (L/uq)
ms = 160 ms. Since the response time of the electronics is
3 ms, the ‘low’ signal is activated at ¢; = [(L/uq) — 3] ms =
157 ms to de-energize the electrodes (Fig. 2c). The target dro-
plets containing 15 pm FL microbeads do not coalesce with
the aqueous stream and collect at outlet 1 (see Video S27).
Experimental results demonstrating the negative sorting of
15 pm FL microbeads from 10 pm non-FL microbeads are pre-
sented in Fig. 5b (see Video S37). The proposed technique can
also be used for the coalescence of droplets in a specific
sequence, for example, the positive/negative sorting of every
alternate droplet, two consecutive droplets, and four consecu-
tive droplets containing target particles, which is depicted in
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Fig. S8 (see Videos S4-S6+). The results clearly show the capa-
bilities of the present system in terms of selective isolation
accuracy, as long as the droplet frequency is <300 drops per s.

Next, experiments are performed using the micro-FACS
system to separate target droplets encapsulating cancer cells
(HeLa and DU145) from background cells (encapsulating
PBMCs or empty drops). In both cases, the background dro-
plets continuously coalesce. Once target droplets containing
the cells are detected, the signal is turned OFF 3 ms before
these target droplets arrive at the electrodes (ie., at t; =
157 ms). Thus, the target droplets containing HeLa and DU145
cells do not coalesce and are collected at outlet 1.
Experimental images showing the sorting of HeLa cells from
PBMCs using the positive sorting technique are shown in
Fig. 6a (see Video S7t). Experimental results demonstrating
the negative sorting of HeLa cells from PBMCs are presented
in Fig. 6b (see Video S87).

The sorting performances® of the technique are studied for
beads and cells separately via estimating various parameters,
such as enrichment, efficiency, recovery, and purity.
Enrichment is defined as the ratio of the number of target
cells/particles to the number of background cells/particles at
the respective outlets to the ratio of the same at the inlet, as
follows:

Enrichment =
(target particles, cells/background particles, cells),,, (1)
(target particles, cells/background particles, cells);,

Efficiency is defined as the ratio of the number of target
cells/particles at a particular outlet (7y.) to the sum of the
number of target cells/particles at the same outlet and the
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number of target cells/particle at the other outlet (ngyse), as
follows:

n
true ( 2)

Efficiency = ———
Nirue + Nalse

Recovery is defined as the ratio of the number of target
cells/particles at the target outlet to the number of target cells/
particles at the inlet, as follows:

(number of target cells), (3)

Recovery =
very (number of target cells);,

Purity is defined as the ratio of the number of target cells/
particles at a particular outlet (72yye) to the sum of the number
of target cells/particles and number of background cells/par-
ticles (ncon) at the same outlet, as follows:

ntrue (4)

Purity = — ¢
ntrue + ncon

The initial concentrations of beads and different cells
(PBMCs, HeLa, and DU145) are estimated before infusing
samples at the device inlet. The concentrations at the respect-
ive outlets are estimated after the sorting of particles and cells.
In positive sorting, target particles/cells are collected at outlet
1 and background particles are collected at outlet 2, while in
negative sorting, target particles/cells are collected at outlet 2
and background particles are collected at outlet 1. The count-
ing of cells and particles is carried out using fluorescence
microscopy with a Neubauer cytometer chamber. Table S1f
and Table 1 delineate the performance parameters from posi-
tive and negative sorting experiments, respectively. For all
sorting experiments, the concentration of target particles and
cells is maintained much lower (~10> times) than the concen-
tration of non-target or background particles and cells. In the
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Table 1 The performance parameters for particle/cell sorting experiments carried out in negative sorting mode

Initial Conc. Enrichment Efficiency (%) Recovery (%) Purity (%)
Fluorescent 3.3x10* 2900x% 98.71 88.18 98.98
Non-fluorescent 10°
HeLa 2.4 x10° 1800x 98.19 97.5 98.56
PBMC 6.4 x 10°
DU145 2.9 x 10* 2300x 97.54 95.17 98.58
PBMC 10°

bead sorting experiments, it is observed that the recovery is
low (~90%) compared to cells (~98%), and the low recovery is
due to difficulties in collecting the fluorescent beads at the
outlet (beads stick to the tubing and channel outlet). A com-
parative study between positive and negative sorting shows
that positive sorting results in better recovery compared to
negative sorting. For both positive and negative sorting, the
system shows very good efficiency (~98%), purity (~98%), and
enrichment (~1000x). The performance of the proposed device
and method, i.e., enrichment, purity, efficiency, etc., may be
affected when using real samples for the isolation of CTCs,
due to their extremely low abundance. In that case, multi-stage
sorting with detection and electro-coalescence modules in
series or the serial processing of cell samples through a single-
stage detection and electro-coalescence module (via re-feeding
the cells collected at the outlets back into the device) may be
adopted as possible solutions to maintain the performance of
the device. The isolation of CTCs at smaller concentrations is
the future scope of this work.
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Cell viability tests were performed using the sorted cells
obtained from positive and negative sorting and unsorted cells
using trypan blue staining assays (see the procedure outlined
in section S67). Fig. 7a(i-iii) shows representative trypan blue
staining images (40x) of HeLa cells sorted using positive and
negative sorting and unsorted HeLa cells. The counting data
detailing the numbers of live and dead cells in each of the
three different cases, i.e., the unsorted case and the sorted
cases with positive and negative sorting techniques (with two
trials for each case), and the % cell viability values are tabu-
lated in section S6.1 We observe that positive sorting results in
~97% cell viability, whereas negative sorting results in ~95%
cell viability. The viability of unsorted cells was used as a
control, and 99% of unsorted cells were found to be viable,
which indicates that the actual cell viability due to the sorting
technique alone is higher than what is stated above.

Further, we performed cell proliferation studies to demon-
strate the suitability of the sorted cells (Fig. 7b(i)) for down-
stream assays. The sorted HeLa cells collected at the device
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Fig. 7 (a) Trypan blue staining test images (40x) for cells obtained via (i) positive sorting and (ii) negative sorting, and (iii) unsorted cells (stain enters
into dead cells, making them appear blue). (b) Images from the cell proliferation study: (i) an image of Hela cells captured at the outlet; (ii—vi)
images of cells during cell growth after 0 h, 24 h, 48 h, 72 h, and 96 h, respectively. (c) The variations of the normalized cell concentrations of

sorted and unsorted cells plotted with time (in h).

outlet were washed twice with PBS, and the cell pellet was
resuspended in 4 ml of DMEM (i.e., culture medium). The con-
centration of the collected cells was measured, which we refer
to as the 0™ h concentration. Further, the cell suspension was
divided into four different parts, and the cells were seeded sep-
arately into four different wells of a 12-well cell culture plate.
The cells were maintained at 37 °C with 5% CO, throughout.
Cell proliferation was studied via counting the cells at different
time points, 0 h, 24 h, 48 h, 72 h, and 96 h, using a Neubauer
hemocytometer and an inverted microscope (see above) with a
10x objective. At each time point, the cell count was performed
five times to calculate the mean cell count and standard devi-
ation. After counting the cells after 24 h, the cell media from
one of the wells was discarded and the cells were cleaned with
0.5 ml of PBS. After cleaning, 0.5 ml of 2x trypsin was added
into the well and the cells were incubated for 5 min at 37 °C
for cell detachment. Once the cells were detached from the
chamber surface, 1.0 ml of pre-warmed DMEM was added and
the mixture was pipetted thoroughly. The suspension was then
taken for determining the cell concentration using a hemocyt-
ometer. The above steps were repeated after 48 h, 72 h, and
96 h. Microscope images of the cells at each time point are
shown in Fig. 7b(ii-vi), which show that the cells are intact
and cell growth is maintained. To further characterise cell pro-
liferation, we compared the growth curves of the sorted and
unsorted cells. In both cases, the normalized cell growth on
the y-axis is obtained via normalising the cell concentration at
a particular time using the corresponding initial cell concen-
tration. The results show that the cell growth curves are identi-
cal and match within 4%, as shown in Fig. 7c. The normalised
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cell concentration correlates with time following the relation-
ship ¢ = K> (with R* = 0.98 and 0.97), where K = 1.52 and
1.54 for sorted and unsorted cells, respectively. Graphs
showing the actual cell concentrations are shown in Fig. S9;
the differences between the growth curves are attributed to
differences in the starting concentrations of sorted and
unsorted cells before culturing and the non-linear cell growth
rate. However, the close match between the normalized curves
in Fig. 7c shows that the growth rates are identical and proves
the non-invasiveness of the sorting system.

4. Conclusions

We demonstrated the optical detection and selective isolation
of target particles and cells encapsulated in microdroplets in
single-cell format. The encapsulation of particles/cells inside
droplets facilitated the auto-focusing of the cells in the optical
interrogation window, thus eliminating the need for compli-
cated two-dimensional focusing. Droplets were generated
using a stable dripping regime to achieve uniform droplets,
and the distance between droplets was adjusted to be larger
than the width of the optical window via adjusting the discrete
to continuous phase flow rate ratio. The particles and cells
encapsulated in droplets were characterised based on FSC,
SSC, and FL signals. The variation of the FL signal with the
ratio of the drop-to-particle size showed that the FL intensity
decreases with an increase in the droplet-to-particle size ratio.
The continuous phase to aqueous stream width was adjusted
via varying the ratio of the flow rates so that the droplets were
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in microscopic contact with the oil-aqueous interface. The
electric field/voltage required for the coalescence of aqueous
droplets with the aqueous stream with respect to droplet size
and velocity showed the requirement for a higher voltage at a
higher droplet velocity or smaller droplet size. The sorting of
15 pm FL microbeads from 10 um non-FL microbeads and of
HeLa and DU145 cancer cells from PBMCs was demonstrated.
The sorting performance was characterised in terms of sorting
efficiency, enrichment, purity, and recovery, and it was shown
that cancer cells (~10* ml™") could be successfully sorted from
PBMCs (10%-10° ml™") with very good efficiency (>97%),
enrichment (>1800x), purity (>98%), and recovery (>95%) at a
throughput of 300 droplets per s. It was found that the sorted
cells remained viable (>95% viability) and showed good pro-
liferation when cultured, which further confirms the potential
application of the proposed technique to downstream analysis.
We note that the FL signals from droplet-encapsulated cells
tagged with anti-EpCAM-FITC antibodies, which are specific to
CTCs, were found to be very low due to relatively weaker
signals from the antibodies compared to from R6G. Anti-
EpCAM-FITC antibodies bound to quantum dots,” which are
capable of providing signals that are significantly enhanced
several-fold compared to antibody-tagging alone and can
address the specificity of the detection system, can be
employed, and this is the future scope of the present work.
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