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6 In-droplet cell separation based on bipolar dielectrophoretic
7 response to facilitate cellular droplet assays
1 Received 00th January 20xx,
2 Accepted 00th January 20xx 8 Song-l Han;*a Can Huang,fa and Arum Han*a
3 DOI: 10.1039/x0xx00000 9  Precise manipulation of cells within water-in-oil emulsion droplets has the potential to vastly expand the type of cellular
4 10 assays that can be conducted in droplet-based microfluidic systems. However, achieving such manipulation remains
11 challenging. Here, we present an in-droplet label-free cell separation technology by utilizing different dielectrophoretic
12 responses of two different cell types. Two pairs of angled planar electrodes were utilized to generate positive or negative
13 dielectrophoretic force acting on each cell type, which results in selective in-droplet movement of only one specific cell
14 type at a time. A downstream asymmetric Y-shaped microfluidic junction splits the mother droplet into two daughter
15 droplets, each of which contains only one cell type. The capability of this platform was successfully demonstrated by
16 conducting in-droplet separation from a mixture of Salmonella cells and macrophages, two cell types commonly used as a
17 bacterial pathogenicity infection model. This technology can enable the precise manipulation of cells within droplets,
18 which can be exploited as a critical function in implementing broader ranges of droplet microfluidics-based cellular assays.
42 droplet cell separation capabilities, of which one large
19 Introduction 43 application area being studying cellular interaction. For
20 In recent years, water-in-oil emulsion droplet-basé‘él example, in broad ranges of microbiological studies, cellular
21 microfluidics systems have demonstrated great potentials fé‘r5 interaction is one of the key topic area for obtaining insights
. . . A 46 into cellular mechanisms that drive cell-cell communication,®
22 broad ranges of biological assays and investigations. Due to its
. . . .47 pathogenicity based on host-pathogen interaction,®® immune
23 capability of handling extremely small volume of biologica
24 samples and liquid at very high-throughput droplet-basé‘z? responses,® to name a few. In conventional bulk-scale cellular
25 microfluidics technology has become an ideal and powerf%? interaction studies, different types of cells of interest are
26 tool in facilitating cellular studies, and so far has been W%p typl'callyffl'rst mlxe”d tog:ther and co—c:ltuljed”f(?r a certaln
27 established and widely utilized in high-throughput, single celil' period of time to allow the occurrence of cell-cell interactions,
; . . . . 5{; followed by analyzing the result and then ideally separating
28 resolution assays, aiming to substitute time-consuming an .
) . . . 53 out the different cell types for further downstream
29 labor-intensive  conventional  biotechnology laboratofy o
30 methods.>* Up until now, in order to transfer the convention5311 investigation. Many researchers have successfully developed
31 laboratory sample handling practices into a dropléfr) continuous-flow-based microfluidics platforms to achieve
32 microfluidics format, many different droplet microﬂuidi%s6 microfluidic pathogenicity studies, covering applications in
33 functions have been realized such as cell encapsulati05n7 studying cell-cell interactions, cytoadhesion, cytotoxicity, and
’ ; ; 10-14 ;
34 technology for creating isolated nano/pico-liter-sca e8 |mmunc?log|cal respc?nses. o Performlng. the'se types. of
) . - 59 assays in droplet microfluidics platforms is highly desired,
35 bioreactors, droplet merging technology for mixing sampl&s ; .
. . 60 especially when large number of diverse heterogeneous cell
36 and reagents, droplet detection and sorting technology for ;
37 analyzing assay results and retrieving samples 61 samples have to be screened and tested, such as screening
38 Despite the fact that most liquid-handling technologies a?ez environmental or synthetic microbial libraries. For example, in
39 now readily available in droplet microfluidics format, it sfff host-pathogen adhte.r(?nce assay, In ctrder to ct'Jetermlne the
. . . . . 64 degree of pathogenicity caused by microorganisms, bacterial
40 remains challenging to achieve in-droplet cell separation. ) . .
a1 65 cells are co-incubated with host cells, then free-floating

There are many different applications that can benefit from |8-6
67
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bacterial cells are rinsed off to recover only microbes that
adhere to the host cells.!>17 Failure of effectively separating
bacterial cells from host cells will lead to high false-positive
rates as the degree of attachment will be misread when non-
adherent microbes are remained during post analysis. Another
example that requires in-droplet cell separation could be in
drug screening applications, where in-droplet cell separation
can lead to obtaining only pure cell samples of interest.



74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

e clab onca Chip = il

ARTICLE

Overall, in the context of droplet microfluidics systems,1ih0
droplet content manipulation technologies developed so ¥ad
have been challenging to achieve selective cell separatldr
and/or targeted content removal from within droplets. THLE3
in -droplet cell separation techniques have the potentiall il
further widen the bandwidth of droplet-based microfluiditS
technologies and extent broader ranges of cellular assays tdld®
implemented in such format. 117

Several studies have been reported aiming to enable sitdi8
in-droplet content manipulation technology. Aside from sob®
passive methods,820 active methods of in-droplet particle/t210
manipulation require external force to be applied but can dli2d
achieve more precise manipulation. Several acfiv®
manipulation methods have been realized by using magndd
beads,?1"23 acoustophoresis,?*2 and dielectrophoresis (DEP)24
Magnetic bead-based manipulation was exploited for tark2b
molecule separation such as human serum albumin,2 mRNAZ2B
and prostate-specific antigens in droplets to achieve didg
analysis,?> molecular detection, and immunoassays. Howel&t8
since labelling step is essential in this method, this cannotl28
used when tagging cannot be performed at the beginningl 30
the assay, or when the downstream assay is not compatibdd
with magnetic beads. In addition, this extra labelling step lird@2
its compatibility and makes it cumbersome to 133
implemented. 134

Acoustophoresis, a label-free particle/cell manipulatl3b
technique, has been used for in-droplet particle or 186
manipulation. Fornell et al.2%26 have demonstrated th3¥
particles and cells can be focused to the center of a droplel38
to both sides of a droplet using first or second harmdm38
standing acoustic wave generated by bulk acoustic wid®
(BAW) due to their intrinsic positive acoustic contrast factdd
compared to carrying media. As all particles or all cells wké2
moved to a particular location within the droplet, in-drodié8
particle/cell concentration was achieved with relatively highl
throughput (4 droplets s1) and high focusing efficiency (90245

® Mammalian cell

Journal Name

In a follow-up study, they have further developed this into in-
droplet particle separation based on different acoustic
contrast factors (polystyrene vs polydimethyl siloxane (PDMS)
particles).?” However, this technology is somewhat limited
when separating two different population of cells. Since all
cells suspended in regular culture media have positive acoustic
contrast factors, applying acoustic manipulation will result in
all cells to move towards the same position within a droplet.
Thus, these approaches are not suitable for selective
manipulation of cells of interest from a cell
Additionally, BAW device fabrication requires the use of hard
materials, such as glass or silicon, to achieve acoustic wave
propagation with low attenuation. An alternative approach in
acoustophoresis is the use of surface acoustic wave (SAW).
Park et al. have demonstrated in-droplet particle separation
using travelling SAW based on different acoustic radiation
force factors depending on the particle size.2®8 Additionally,
they have further demonstrated in-droplet particle washing by
handling both droplets and particles using SAW,
simultaneously.?® However, so far SAW-based in-droplet
separation has not been demonstrated with real biological
samples such as cells. Thus, the feasibility of separating cells
based on their different acoustic properties within droplets
remains untested.

Dielectrophoresis (DEP) is an electrical field-based label-
free cell manipulation method, which can be readily integrated
in a microfluidic format, since only a simple patterned
electrode placed on the bottom of a microfluidic channel is
needed. Thus, DEP microfluidic technologies have been
extensively used in particle and cell manipulation in free-flow
microfluidics.3134 In DEP-based manipulation, cell experiences
positive DEP force (pDEP, i.e., attracted to the electrode),
negative DEP force (nDEP, i.e., repelled away from the
electrode), or neutral response, depending on the frequency
applied as well as the dielectric properties of cells and their
surrounding media. Previously, we have successfully

mixture.

lectrode 2

Fig. 1 Schematic illustration of the in-droplet cell separation platform composed of: (a) A first DEP electrode pair that tilts upwards for
bacterial cell manipulation using pDEP force, resulting in accumulation of all bacterial cells to the upper part of the droplet; (b) A second
downward-tilted DEP electrode pair for mammalian cell manipulation using nDEP force, resulting in concentration of all mammalian cells
to the lower half of the droplet, while bacterial cells are unaffected and thus remain circulating within the upper half of the droplet by
the internal circulation flow; (c) An asymmetric droplet splitter that divides the mother droplet into two daughter droplets, the upper
split droplet (daughter droplet #1) containing only bacterial cells and the lower split droplet (daughter droplet #2) containing only

mammalian cells.

2 | J. Name., 2012, 00, 1-3
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demonstrated in-droplet particle and cell manipulation udid®
nDEP, where particles/cells could be accumulated to one sldé&
of the droplets and thus enriched into one of the daughter
droplets.39 However, in this case, all cells, regardless of the cell
types, were concentrated towards the same side of the
droplet. Therefore, this design could not be used to specifically
manipulate a target cell population from mixing sample, thdd
in-droplet cell separation based on the cellular properties Wwé8
not feasible under such setting. 179
In this paper, we exploited, for the first time,
differences in DEP responses of different cell types unfgﬁ_
specific frequencies to achieve precise in-droplet ¢glp
separation of two different populations. Here, two sequent}
DEP electrode arrays were utilized so that one cell t¢84
experiences pDEP force and another cell type experient8S
nDEP force, resulting in the two different cell types tol8&
moved to opposite sides within a given droplet. By splittingllgg
droplet into two daughter droplets after the in-droplet
manipulation of cells, the different cell types could
separated into each of the two daughter droplets, respectivi
Here, to better elucidate the capability as well as
applications of the proposed DEP-based in-droplet fglé
separation platform, mammalian host cells and bacterial cetg
were chosen to be used to mimic a common model systpg%
when studying host-pathogen interaction. 196
197
198
199
200
201

Two pairs of planar parallel DEP electrodes were used2€2
generate a high-gradient non-uniform electric field at 203

204

Results
Working principle

(a) Salmonella cells (b) 1%t electrode pair

100 um

Circulating
Salmonella cells

electrode pair

(c) End of stage 1

ARTICLE

edges of the electrodes. The time-averaged X-direction DEP
force can be described by Equation 1.3°

oI’
Fax= ZnemrgcRe[fCM]_ 1
dx
According to this equation, the DEP force here is determined
by &€m, the permittivity of the surrounding solution, 7, the cell

& () — em(w)
radius, Relfem] (Fem=— 5~

& (@) + 2e0(0)C
the Clausius-Mossotti factor, and the applied voltage.
Specifically, the DEP force is proportional to the real part of
the Clausius-Mossotti factor, by which the magnitude of DEP
force and DEP polarity are determined.

In this study, mammalian cells (J774A.1 macrophages) and
bacterial cells (Salmonella Typhimurium) were used as a model
system of bacterial cell — mammalian host cell interaction to
demonstrate the feasibility of separating two different types of
cells from a mixture depending on their different DEP
responses inside a droplet. An in-droplet DEP cell separation
system consists of a first DEP manipulation region for bacterial
cells concentration (Fig. 1(a)), a second DEP manipulation
region for mammalian cells concentration (Fig. 1(b)), and a
droplet splitter (Fig. 1(c)). In front of the DEP separation units,
a flow-focusing design droplet generator was placed to
encapsulate bacterial cells and mammalian cells into a droplet
(Fig. S1). Mammalian cell suspension and bacterial cell
suspension were injected from two separate inlets, mixed at
the first crossing, then went into the flow-focusing structure
where droplets containing the cell mixture were generated. All
generated droplets were flown through the DEP separation
units having two sets of an angled DEP electrode pair placed at
the bottom of a microfluidic channel.

Before reaching the DEP separation

microfluidic channel, all cells

*

o
= &£—J_), real part of
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Fig. 2 Movement of Salmonella cells within a droplet as the droplet travels through the electrodes. (a) A droplet containing 17 Salmonella
cells was generated and randomly distributed within the droplet. (b-c) As the droplet passes through the first DEP electrode pair,
Salmonella cells were attracted to the angled electrodes due to pDEP force once they were close to the electrode, accumulating at the
upper half of the droplet. (d) Even though Salmonella cells were not affected by any DEP force while passing through the second DEP
electrode pair, they remain within the upper half of the droplet by the internal circulation flow. (e) The droplet was split into two daughter
droplets, with the upper daughter droplet containing all the Salmonella cells. (f) Salmonella cell separation efficiencies into daughter
droplet #2 at different flow rates and voltages tested. Flow rates were set to be 27, 33 and 39 pl h'l, each with three applied voltages
varying from 9, 12, to 15 V.. At 27 pl h and 15 V,, the Salmonella cell separation efficiency reached 98%.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Movement of macrophages within a droplet as the droplet travels through the DEP electrodes. (a) A droplet containing three
macrophages is shown, randomly distributed. (b-c) The macrophages are not affected by the DEP force and remain randomly distributed
while passing through the first DEP electrode pair. (d) As the droplet passed through the second DEP electrode pair, macrophages were
repelled away from the electrode edges, resulting in all macrophages to be pushed towards the lower side of the droplet. (e) The droplet
was split into two daughter droplets, with the lower daughter droplet containing all three macrophages. (f) Macrophage separation
efficiencies into daughter droplet #1 at different flow rates and voltages tested. Flow rate was set to be 27, 33 and 39 pl h'%, each with
three applied voltages varying from 6, 7, to 8 V,,. At 33 pl h't and 8 V,,, the macrophage separation efficiency was 100%.

distribution. As the droplets pass through the first pair of 286
electrodes, the upward-tilted electrodes function as a guidldg
track as bacterial cells affected by pDEP force are attracted® 88
the electrode gap. Based on this simulation result of 288
Clausius-Mossotti factor (Fig. S2), by choosing a frequenc 4
MHz) where mammalian cells receive no DEP force, oty
bacterial cells are accumulated to the upper half of the droRlé42
by pDEP force, while leaving the mammalian cells randogh3
distributed within the droplet (Fig. 1(a)). Then, as the dropR44
pass through the second pair of DEP electrodes, since 24&
bacterial cells have been already accumulated to the uppé4b
half of the droplet, by choosing a frequency (100 kHz) wh24&
bacterial cells have no DEP response, the bacterial cells rem2d8
within the upper half of the droplet due to the inte2v®
circulation flow in each half of the droplet. Meanwhl2)
mammalian cells experience nDEP force and are pushed a@5l
from the downward-tilted electrodes, always staying be@2
the electrodes and thus gradually accumulating to the lo@b3
part of the droplet (Fig. 1(b)). Once the droplet reaches 265}
asymmetric droplet splitting region, the mother droplet is sphib
into two daughter droplets, where bacterial cells that remi®
in the upper half splits into a bacterial cell-only droplet, wRf&/
mammalian cells that remain in the lower part of the dro@lb8

splits into a mammalian cell-only droplet (Fig. 1(c)). 259
260
Characterization of in-droplet bacterial cell manipulation 261

Droplets containing only Salmonella cells were generated &632
concentration of approximately 20 cells per droplet, and
Salmonella cells in the droplet show random distribution (fig.
2(a)). The droplets flow through the DEP cell separation re
of the platform at a flow rate of 33 ul hl. As the drop

4| J. Name., 2012, 00, 1-3

containing Salmonella cells travel through the first pair of DEP
electrodes (3 MHz, 15 V peak-to-peak (V,p)), the Salmonella
cells that came close to the tilted electrodes experienced pDEP
force, resulting in attraction towards the electrodes (Fig. 2(b)).
Since this electrode starts from the bottom side of the droplet,
Salmonella cells circulating in the lower part of the droplet can
be gradually moved to the upper part of the droplet by
accumulating along the upward-tilted electrode. At the end of
the first DEP electrode pair, all Salmonella cells were confined
to the upper side of the droplet (Fig. 2(c)). As the droplet
travelled through the second pair of DEP electrodes (100 kHz,
8 Vpp), the accumulated Salmonella cells were released from
the electrodes since bacterial cells experience no DEP force at
this frequency. However, the Salmonella cells remained
circulating within the upper half of the droplet due to the
internal circulation of flow within the upper half of the droplet
(Fig. 2(d)). When reaching the droplet splitting region, these
accumulated Salmonella cells were split into the daughter
droplet #2 (Fig. 2(e)). Comparison of the daughter droplets
collected in the downstream chambers shows the successful
concentration of Salmonella cells into the upper chamber (Fig.
S3(a)). In this analysis, Salmonella cells, separated into
daughter droplet #1 and #2, respectively, were manually
counted under GFP filter condition (ex/em 495/519 nm), and
then used to calculate the separation efficiency.

Next, further device characterization was conducted under
three different DEP voltages applied (9, 12 and 15 V,;) and at
three different flow rates (27 pul h1 = 1.2 droplets s, 33 pul h'l1 =
1.5 droplets s, and 39 pl h'l = 1.8 droplets s1) while keeping
the droplet size the same. As expected, higher voltage and
lower flow rate separate cells more efficiently, thus providing a

This journal is © The Royal Society of Chemistry 20xx
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higher separation efficiency (Fig. 2(f)). The optimal operation
condition was found to be at 27 pl h! at 15 V,, and the
maximum separation efficiency for Salmonella cells could
reach 98 £ 3%. However, even at 33 pl hl, the separation
efficiency was still relatively high (97 * 4%), while the overall
system throughput could be increased by 20%. The separation
efficiency dropped to 92 £ 9% at 39 ul hl. Thus, considering
the overall trade-off, the flow rate of 33 ul h' and applied
voltage of 15 V,, was selected to be the ideal condition (ESI
video #1) for the remainder of the experiments.

Characterization of in-droplet mammalian cell manipulation

The number of macrophages encapsulated per droplet was
around 4 as in most bacterial infection models the number of
bacterial cells typically outnumber that of mammalian host
cells. All conditions used here such as the DEP frequency and
amplitude of voltage, as well as flow rate, were identical to
those used for the in-droplet Salmonella cell manipulation
characterization steps. Before the droplets reached the first
pair of DEP electrodes, all macrophages were randomly
distributed within the droplet (Fig. 3(a)). When passing
through the first electrode pair, macrophages received no DEP
force (Fig. 3(b)) and remain randomly distributed (Fig. 3(c)). As
they pass through the second pair of DEP electrodes,
macrophages experienced nDEP force and were repelled away
from the electrode, therefore gradually confined below the
electrode and into the lower half of the droplet (Fig. 3(d)).
After droplet splitting, all macrophages were separated into
the daughter droplet #1, while no macrophages were seen in
the daughter droplet #2 (Fig. 3(e)). Comparison of the
daughter droplets collected in the downstream chamt?zg
shows the successful concentration of macrophages into§
lower chamber (Fig. S3(d)). The separation efficiency WL
analyzed using bright filed microscopy images. 326
Further device characterization was conducted under th
different DEP voltages (6, 7 and 8 V,p) and three different f
rates (total flow rate: 27, 33, and 39 ul hl). In the case‘;,’ﬁf3
macrophages (Fig. 3(f)), the overall separation efﬁcieggb
increased as the flow rate decreased or when the appl‘j’
voltage increased. Even though the separation efficiency at§
flow rate of 33 ul h' was somewhat higher than that at 27 %?3
1, the separation efficiency with standard deviation
comparable to each other under the same applied voltg
condition. When 8 V, was applied, the separation efficien §
at flow rates of 27 and 33 pl h! were 93 + 8% and 10‘9"?]
respectively, demonstrating very efficient macroph
manipulation. However, a higher flow rate (39 pl h) caus
increase of the internal circulation flow force, thus
separation efficiency was about 60+ 7% among all voltg
conditions tested, indicating that an even stronger DEP volt
is required to achieve sufficient force for in-droplet gg{lé
manipulation. Overall, by varying the voltage as well as §|2ﬁ
flow rate, an optimal condition was found to be at an apph
voltage of 8 VV,, and at a flow rate of 33 pl h'! (ESI video #2)'346

347
348

In-droplet cell separation

This journal is © The Royal Society of Chemistry 20xx
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(@) Macrophage (b) 1%t Electrode (c) 2m Electrode

Salmonella

100 um

Daughter
Droplet #1

Fig. 4 Movement of Salmonella cells and a macrophage inside a
droplet. The operation conditions were set to 100 kHz, 8 V,, at the
first DEP electrode pair and 3 MHz, 15 V, at the second DEP
electrode pair. Flow rate was 33 pl h'. (a) Initially all cells are seen
randomly distributed within the droplet. (b) Salmonella cells were
attracted to the DEP electrodes that are tilted upwards due to the
pDEP force, and eventually accumulated to the upper half of the
droplet as the droplet reached the end of the first DEP electrode
pair. (c-d) The macrophage experiencing nDEP force gradually
migrated towards the bottom side of the droplet as the
downward-tilted electrode position became lower within the
droplet. Most Salmonella cells still remained within the upper half
of the droplet due to the internal circulation flow. (e-f) After
droplet splitting, the daughter droplet #2 contained most of the
Salmonella cells, while the daughter droplet #1 contained the
macrophage and few Salmonella cells that were not completely
separated.

To characterize the in-droplet separation efficiency between
macrophage and Salmonella, a mixture of Salmonella cells and
macrophages was encapsulated into droplets. After droplet
generation containing this cell mixture (Salmonella cells vs.
macrophage = 10 to 1 ratio), a macrophage and Salmonella
cells can be seen randomly distributed within the droplets (Fig.
4(a)). As the droplets traveled through the first pair of DEP
electrodes, Salmonella cells receiving pDEP force were
attracted towards the electrode and accumulated along the
tilted electrode, gradually moving to the upper half of the
droplet, while the macrophage experiencing no DEP force
remained randomly distributed (Fig. 4(b)). As the droplets
traveled through the second pair of DEP electrodes, the cluster
of Salmonella cells were released but remained circulating
within the upper half of the droplet driven by the internal
circulation flow force, while the macrophages receiving nDEP
force gradually migrated to the lower portion of the droplet
(Fig. 4(c-d)). At the droplet splitting region, majority of the
Salmonella cells were separated into the daughter droplet #2,
while the macrophages were separated into the daughter
droplet #1 (Fig. 4(e-f)). When comparing the resulting
daughter droplets, most of the host cells were successfully
collected in the lower chamber, while most of the bacterial
cells were successfully collected in the upper chamber, proving
that the developed separation method can indeed be used in
such cell mixture applications (Fig. S3(e-f)). Under the DEP

J. Name., 2013, 00, 1-3 | 5
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voltage of 15 V,, / 8 V,,, and flow rate of 33 pl h'%, 74 + 89404
macrophages were successfully separated into the daught@b
droplet #1 (lower droplets), while 84 + 5% of Salmonella 06
were successfully separated into the daughter droplet 487

(upper droplets) (ESI videos #3 and #4). 408
409

. . 410
Discussion 411
The developed in-droplet cell separation system enables H2

manipulation and separation of two different cell types withl?
a droplet by utilizing their different DEP responses at differaht
applied DEP frequencies. The proposed in-droplet 4dp
manipulation platform was characterized using a bacterial-HbtP
cell interaction model with macrophage (represenﬂr:lg
mammalian host cell) and Salmonella cell (represenﬂ
pathogenic bacterial cell). When encapsulated individu%
within droplets, macrophages and Salmonella cells watd
separated into daughter droplets #1 and #2 at 100% and de3l
efficiency, respectively. However, when the two cell tyﬂg;
were mixed, 74% of macrophages and 84% of Salmonella &R
were successfully collected into the corresponding daugl*ﬂgfl
droplets. This drop in separation efficiency is due to the
that as macrophages move from the top portion of the droﬁ@@
to the lower portion of the droplet, it was observed that thadd
macrophages physically knock out some Salmonella &8s
accumulated along the DEP electrode, as well as some of th%gl_g
Salmonella cells hider the clean movement of macrophageé‘%p
the lower part of the droplet. 431
Compared to our previous work of DEP-based in-droﬁét2
cell concentration,3® there are several advancements, b%‘?’l'a
from technological perspective as well as from applicaﬁo:rw
perspective. In continuous-flow microfluidics, cell separat‘f@nIS
using a single DEP electrode (either pDEP or nDEP) is possﬂ')$(.5
since cells can be selectively trapped or separated based’
their flow trajectory differences. This is not possible in droﬁég
format due to the internal circulation flow, thus the use
single DEP electrode and single polarity DEP force as sh
previously3° cannot achieve in-droplet separation. In this WM;I-
both pDEP and nDEP were utilized using an up-sloped 444
down-sloped electrodes to manipulate each cell type 43
sequential manner, overcoming the complications strean‘fmfél
from the internal recirculation flow. From applical‘%‘l‘S
perspective, this design the
demonstration of in-droplet cell separation, whereas our pﬁé?
work demonstrated in-droplet cell concentration, essentialﬂA§
centrifugation step in droplet format. Other technologies, (49
as BAW or SAW, have demonstrated in-droplet %510
manipulation, but no cell separation. There are m§|5\1
biological applications where in-droplet cell separatiorAS;
needed, such as for host-pathogen interaction studies or d4§é
screening applications. Overall, the new droplet applicaﬁolw
demonstrated here can benefit broad ranges of biolo
studies and enable more applications to be realized in dropfgls
based microfluidics platform. 457
In general, low conductivity media is used in orde*8d
manipulate particles or cells in DEP-based microflufth®
systems. Since the magnitude of DEP force is proportionaﬂﬁp

novel resulted in

6 | J. Name., 2012, 00, 1-3

the difference of dielectric properties between a cell and the
surrounding solution, very weak DEP force is generated if cells
are suspended in a normal culture media or Phosphate
Buffered Saline (PBS) due to their similar dielectric properties
with cells. To ensure that the use of low-conductivity medium
do not affect the viability as well as functionality of cells, off-
chip verification experiments were conducted using PBS as
control. The result showed that more than 85% of the cells
were viable over four hours of culture, which is in line with
many other previous reports on DEP-based microfluidic
system.30-32. 34 Considering that generally 1 to 3 h are required
for most cell-cell interaction assays depending on multiplicity
of infection (MOI),3® 37 we concluded that the use of low-
conductivity media does not pose a great challenge to the
viability of cells during the entire assay. In addition, we have
conducted a cellular pathogenicity assay (adherence of
bacterial cells to host cells) with cells in low-conductivity
medium, and no differences were observed. Nevertheless, the
fact that low conductivity solution is essentially needed in this
DEP-based cell manipulation method is indeed a limitation in
DEP-based cell manipulation applications.

After droplet splitting, the daughter droplets were
collected and employed to examine cell viability (further
details are described in the Experimental section). In-droplet
Salmonella cells concentration was carried out under the
conditions of 33 ul h't at 15 V,, and the collected daughter
droplets #2 were used for the viability test with live/dead
staining. The result showed that 93  0.5% of the cells after
DEP manipulation were viable, compared to 94 £ 2% viability
before DEP manipulation. Next, the viability of macrophages
was analyzed after in-droplet macrophage manipulation under
the conditions of 33 pl h? at 8 V,,. The daughter droplets #1
were collected and the viability was conducted with Evans blue
staining. Compared to 95X 1% viability before DEP
manipulation, 90 3% of the cells were viable after DEP
manipulation. Thus, it is clearly demonstrated that the cell
viability was not drastically influenced by the applied voltage
and the DEP force.

The sorting efficiency is sensitive to the channel height due
to the planar DEP electrode layout. Only cells that are close to
the bottom side of the droplet are relatively close to the DEP
electrode and will experience the maximum DEP force, which
suggests that the channel height has to be carefully
determined to ensure that the generated electric field can
have good coverage over the entire z-axis of the microfluidic
channel. The x-directional electric field across the cell
manipulation microchannel was simulated under different
channel height conditions (Fig. S4). The average electric field
intensity at the ceiling of the channel was 2.6, 2.2, and 1.8 ( X
10° V mt) where the channel height was 22, 26, and 30 um,
respectively. With only 4 um difference in channel height, the
electric field intensity drops by about 20% under the same
voltage condition, which can decrease the separation
efficiency. To minimize the impact stemming from the channel
height, mirrored DEP electrode pairs could be potentially
patterned on the ceiling side of the channel, creating a top-
bottom electrode design. Fig. S4(d) shows the electric field
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distribution in the case of a top-bottom electrode pair deHdr/
so that the applied electric field can be intensified and54&8
more uniform throughout the z-direction of the microflubdi®
channel. 520
In order to compare the forces acting on in-dropl2d
bacterial and mammalian cells while a droplet passing throbg2
the cell concentration regions, COMSOL simulations (COMS$AB3
Multiphysics® 5.5) of internal circulation flow field as welb34
electric field were performed (further details in supplementa2p
document). The flow inside a droplet (seen in the middle 326
plane) shows uniform axisymmetric circulation pattern (57
S5). In addition, the capillary number, Ca, is 0.7x103 under 528
given conditions used here, indicates that cells within a droBi28
would exhibit random distribution,?° which is coherent to b3f
observation (without DEP in ESI videos #1 and #2). The Stokdd
drag force was calculated based on average inertial circulathd2
flow velocity obtained by the COMSOL simulation results. 538
x-directional DEP force for each cell type was calculated at b3l
middle z plane (z = 13um) based on the simulation result &35
non-uniform electric field. Based on this calculation, the BB®
force on bacterial cells (Fig. S6(a)) increases as bacterial @B
become closer towards the edge of the electrode. Compabd8
to the received Stokes drag force (12 pN), the pDEP fd»d9
acting on bacterial cells can be as high as 39 pN when bactesid0
cells are right above the electrodes; therefore, pDEP fdrdd
under this circumstance is high enough to overcome D4
Stokes drag force, enabling pDEP-based bacterial b5diB
manipulation within a droplet. Similarly, the nDEP force %43l
pN) acting on mammalian cell was greater than the Stokd4S
drag force (61 pN), therefore can effectively repel cells froé®
the electrodes. Additionally, we calculated that the Stokdd
drag force acting on mammalian cells reaches to 83 pN wbé8
the internal circulation flow field was simulated at total fiod®
rate of 45 ul ht, which is larger than the calculated nDEP fdvb&)
for mammalian cell. Therefore, the Stokes drag force H5Il
dominate the trajectory of mammalian cells, where the BE&2
force in this case can no longer effectively manipulate 55
mammalian cells. These simulation and calculation results 2bdl
indeed comparable to the experimental cell separation resb&$
under the three different flow rates (27, 33, and 39 uL h!), &b
may also explain the significant drop of mammalian b&I¥
separation efficiency that we observed at flow rate of 39 ub58
1, Overall, these simulation and calculation can be utilizedbb9
select appropriate voltage, flow rate and channel dimension
when applying the presented technology to other applications
of interest. 560
The maximum voltage generated by a conventional Iggq
cost function generator is up to 20 V,, so to apply a hi
voltage that may be required for some applications, a volt
amplifier may be necessary. For example, in the case ?
bacterial cell separation as shown here, their size is relati
small compared to mammalian cells, requiring a higher volt
applied compared to only mammalian cell manipulation.
alternative method is to use 3D electrodes3® embedded in
bottom substrate that can generate stronger electric field t
that generated by the planar electrode under the same voltg%

This journal is © The Royal Society of Chemistry 20xx
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condition, low-cost function
generator.

The overall system throughput achieved so far in this work
is 2 droplets per second. Increasing the flow rate to increase
the throughput is a possibility, however, this leads to stronger
internal circulation flow force (as we discussed above),
meaning that a higher DEP voltage is required to achieve a
similar separation efficiency. Considering the potential
functional damage that higher voltage may bring to the more
susceptible mammalian host cells, such approach is less
preferred from biological perspective, but might be useful
when handling more robust cells (such as bacterial cells).
Alternatively, if a higher throughput is needed, a multi-channel
parallel approach can readily achieve higher system-level
throughput.

For further applications, DEP based separation is typically
not possible when the Clausius-Mossotti factors of the two
cells of interest are close to each other. However, cell size is
also a main factor affecting DEP force. Thus, if the size of the
two cell types are different enough, a well-optimized voltage
condition should be able to manipulate only one target cell
type with DEP force, which can then be separated from the
mixture using a subsequent droplet splitting structure. Since
there is no DEP force acting on undesired cells, they will be
randomly distributed in the droplet and thus not fully
discarded even after separation. In this case, removal
efficiency is decided by the ratio of the width of Y-shaped
splitting channels. In the device shown here, the width of each
splitting channel is 130 and 70 um, respectively, so ideally 65%
of undesired cells where no DEP force is exerted on can still be
removed. In such a scenario, the lower channel width can be
adjusted depending on the application to maximize the
separation efficiency.

Since DEP-based systems can be readily integrated into
most microfluidic devices, the use of DEP for in-droplet cell
manipulation opens up large number of possible applications
where this system can be integrated into. These include
integrating impedance and optical analysis systems for in-
droplet cell counting and hit discrimination, electric field-
based or pneumatic-based droplet sorting systems, and
droplet merging systems for realization of droplet solution
exchange, which is to perform more systematic assays on a
single chip, to name a few.

allowing the use a generic

Experimental section
Device design and feature dimension

Microfluidic channels here were 200 um wide and 26 um high.
For each electrode pair, the electrodes were parallel to each
other, and tilted 0.05° with respect to the microfluidic channel.
The width of each electrode was 15 um and the gap between
the electrodes was 10 um. The first pair of DEP electrodes was
tilted upwards, starting at the bottom side of the channel, to
the point at the upper side where a 20 um wide spacing was
left without electrode coverage of the microfluidic channel.
The second pair of electrodes starts 200 um behind the first

J. Name., 2013, 00, 1-3 | 7
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electrode pair with a downward tilt. At the splitting region, 62¢/
widths of the upper and lower microfluidic channels were 628
pum and 70 pum, respectively. 629

630
Microfabrication 631

Cr/Au (200/1000 A) layers were deposited by E-be%%r‘?
evaporation on 0.7 mm of borosilicate glass substra
(Swiftglass, Co., Inc., NY). After photolithography pattern§§4
with AZ 5214 photoresist (AZ Electronic Material plc, NJ), ?
metal layers were etched. Finally, the photoresist
removed in AZ 400T stripper at 95°C for 5 min. The patterﬁg’c?
master molds for PDMS replication were fabricated by SU-
photoresist (Microchem, Inc., MA) using conventio
photolithography processes. A 26 um height master mold \9&9
obtained by spin-coating SU-8™ 2025 at a speed of 2800 r 1
and was then coated with  Tridecafluoro-1,1, %-2
Tetrahydrooctyl-1-Trichlorosilan (United Chemﬁ;clg
Technologies, Inc., Bristol PA) to facilitate PDMS replicatiofh4
Microfluidic channels were fabricated with PDMS (104b
mixture, Sylgard 184, Dow Corning, Inc., MI) udHdd
conventional soft lithography techniques. PDMS &l
borosilicate substrates with Au patterning were aligned undé8
a microscope using deionized water (DI water) as a lubricadf
layer and bonded right after 90 seconds of oxygen pladpid
treatment. The aligned device was placed on a hotplate atb®5
°C for overnight baking to completely remove any vapb2
residues. Right before the experiment, the microfluabd
channel was rinsed with precious metal surfactant (Acub&rdl
Inc., CA, USA), baked, followed by rinsing with filtered fre&b
Aquapel (Pittsburgh Glass Works, LLC., PA) to ensure O
hydrophobicity of the microchannel. 657
658
659

In order to have greater relative displacement of cells wit@@rp
droplets, low conductivity media made of 0.3 mM

monopotassium phosphate (1551139, Sigma-Aldrich, U§ 2
0.85 mM of dibasic potassium phosphate (1151128, Sigma=
Aldrich, USA), and 280 mM of myo-Inositol (15125, Sigma-
Aldrich, USA) were added into DI water to make the bG&5
media.3% 34 Potassium chloride (2.5 mM, P9333, Sigma-Aldr@h6
USA) was added into this base media to achieve a conducti6iby’
of 0.032 S m™, 668
669
670

J774A.1 (ATCC TIB67) macrophages were thawed and growﬁm'
T75 culture flasks with Dulbecco’s Modified Eagle Medi
(DMEM, D5648, Sigma-Aldrich, USA) containing 10% Féf?a]s
Bovine Serum (FBS, 16000044, Thermo Fisher Scientific, U

in a 37°C, 5% CO, incubator. Prior to the experiment, [
culture media was removed, and macrophages were rin
with low conductivity media by three times. Cell were t
detached by cell scrapping, and the cell concentration
adjusted to 1.25 X 10° cells ml%, which results in about th@(Zeg
macrophages encapsulated into each droplet (size: 130
diameter, volume: 1.15 nlL). Salmonella Typhimurium (st
ATCC 14028S) engineered with a GFP plasmid (pCM 18) \@§Z

Preparation of conductivity media

Cell preparation

8 | J. Name., 2012, 00, 1-3

inoculated on a trypticase soy agar plate containing 50 pg ml?
erythromycin, followed by incubation at 37°C overnight. The
next day, single colonies were picked and cultured in LB 50 ug
ml erythromycin broth in a shacking incubator at 37 °C for 8
h. The bacteria culture was centrifuged and rinsed with low
conductivity media by three times before the experiment. For
the initial in-droplet Salmonella manipulation experiment, the
concentration of Salmonella culture was adjusted to an OD of
1.0 and then further diluted by 50 times to have around 20
Salmonella cells per microdroplet. For the final macrophage-
Salmonella mixed sample separation experiment, the
concentration of macrophages was diluted to 4.2 X 10° cells
ml, and the Salmonella culture with OD of 1.0 was diluted by
100 times to obtain around one macrophage and 10
Salmonella cells encapsulated in each droplet.

In-droplet cell separation operation

The droplet microfluidic system was characterized using
Salmonella cell suspension, macrophage suspension, and
macrophage/Salmonella cell mixture, respectively. The total
flow rate was varied from 27, 33 to 39 ul h'! to find the optimal
operating condition. For every test condition, the flow rate of
carrier oil (Novec 7500, 2.5% Pico-Surf surfactant, 3200278,
Dolomite, USA) was adjusted depending on the cell solution
flow rate so that droplets having a diameter of 130 um could
be consistently generated. For Salmonella, the first DEP
electrode pair signal was set to 3 MHz, 9, 12, and 15 V,,;,, while
the second DEP electrode pair signal was set to a constant 100
kHz, 8 V,,. For macrophage, a constant sinusoidal signal of 3
MHz, 15 V,, was applied to the first DEP electrode pair, and
100 kHz, 6, 7 and 8 V,, were applied to the second DEP
electrode pair. For the mixed cell experiment, droplets were
generated using the flow-focusing structure at a speed of 30 pl
h1 for the carrier oil and 3 pl h! for the cell solution, and then
pushed by 33 pl h! of carrier oil into the DEP cell
manipulation/separation region.

Cell viability assay

Cell viability for Salmonella cells was evaluated by calculating
the percentage of dead cells in the population. SYTO 9 dye
(ex/em 485/530 nm) was used to stain viable cells, while
nonviable cells were stained with propidium iodide (PI) (ex/em
485/630 nm) (live/dead baclight bacterial viability kit, L7012,
Invitrogen), both staining solutions were mixed 1:1 ratio
before use. After droplet splitting, the daughter droplet #1
were collected from the lower side outlet and resuspended in
1 ml PBS solution. 6 pl of combined reagent mixture was
added, followed by incubation for 15 min at room
temperature. The fluorescence microscopic (Zeiss AXIO
Observer 7) images, which were acquired before/after in-
droplet cell separation experiment, were used for cell viability
analysis. In the case of macrophages, Evans blue dye (E2129,
Sigma Aldrich), which only stains nonviable cells, was used for
cell viability evaluation. The daughter droplet #1 were
collected from the lower side outlet and suspended in PBS
solution. The collected cells were resuspended with 1 ml of 1%
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(w/v) stock solution of Evans blue and incubated for 5 mi/38
room temperature. The sample was loaded into 729
hemocytometer and cell viability was measured using;%?-
inverted microscope.

P 732

733
734
To analyze the separation efficiency, a high-speed camé3d
(Phantom micro lab100, Vision Research, Inc.) was used/ &6
capture the trajectory of cell migration (60 frames per secdid
(fps) for Salmonella, 200 fps for macrophage). The camera

set to image at the droplet splitting region, and cells wi

each daughter droplet were counted frame by fr

before/after the droplet splitting to calculate the separatm
efficiency. For each case, approximately 100 images wepe
analyzed. Additional statistic microscopic (Zeiss AXIO Obserygpn
7) pictures of daughter droplets were obtained at downstreagq

Statistical analysis of separation efficiency

collection chambers for the purpose of verification. 746
747
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