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6 In-droplet cell separation based on bipolar dielectrophoretic 
7 response to facilitate cellular droplet assays
8 Song-I Han,†a Can Huang,†a and Arum Han*ab

9 Precise manipulation of cells within water-in-oil emulsion droplets has the potential to vastly expand the type of cellular 
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. 

19 Introduction
20 In recent years, water-in-oil emulsion droplet-based 
21 microfluidics systems have demonstrated great potentials for 
22 broad ranges of biological assays and investigations. Due to its 
23 capability of handling extremely small volume of biological 
24 samples and liquid at very high-throughput, droplet-based 
25 microfluidics technology has become an ideal and powerful 
26 tool in facilitating cellular studies, and so far has been well 
27 established and widely utilized in high-throughput, single cell 
28 resolution assays, aiming to substitute time-consuming and 
29 labor-intensive conventional biotechnology laboratory 
30 methods.1-4 Up until now, in order to transfer the conventional 
31 laboratory sample handling practices into a droplet 
32 microfluidics format, many different droplet microfluidics 
33 functions have been realized, such as cell encapsulation 
34 technology for creating isolated nano/pico-liter-scale 
35 bioreactors, droplet merging technology for mixing samples 
36 and reagents, droplet detection and sorting technology for 
37 analyzing assay results and retrieving samples. 
38 Despite the fact that most liquid-handling technologies are 
39 now readily available in droplet microfluidics format, it still 
40 remains challenging to achieve in-droplet cell separation. 
41 There are many different applications that can benefit from in-

42 droplet cell separation capabilities, of which one large 
43 application area being studying cellular interaction. For 
44 example, in broad ranges of microbiological studies, cellular 
45 interaction is one of the key topic area for obtaining insights 
46 into cellular mechanisms that drive cell-cell communication,5 
47 pathogenicity based on host-pathogen interaction,6-8 immune 
48 responses,9 to name a few. In conventional bulk-scale cellular 
49 interaction studies, different types of cells of interest are 
50 typically first mixed together and co-cultured for a certain 
51 period of time to allow the occurrence of cell-cell interactions, 
52 followed by analyzing the result and then ideally separating 
53 out the different cell types for further downstream 
54 investigation. Many researchers have successfully developed 
55 continuous-flow-based microfluidics platforms to achieve 
56 microfluidic pathogenicity studies, covering applications in 
57 studying cell-cell interactions, cytoadhesion, cytotoxicity, and 
58 immunological responses.10-14 Performing these types of 
59 assays in droplet microfluidics platforms is highly desired, 
60 especially when large number of diverse heterogeneous cell 
61 samples have to be screened and tested, such as screening 
62 environmental or synthetic microbial libraries. For example, in 
63 host-pathogen adherence assay, in order to determine the 
64 degree of pathogenicity caused by microorganisms, bacterial 
65 cells are co-incubated with host cells, then free-floating 
66 bacterial cells are rinsed off to recover only microbes that 
67 adhere to the host cells.15-17 Failure of effectively separating 
68 bacterial cells from host cells will lead to high false-positive 
69 rates as the degree of attachment will be misread when non-
70 adherent microbes are remained during post analysis. Another 
71 example that requires in-droplet cell separation could be in 
72 drug screening applications, where in-droplet cell separation 
73 can lead to obtaining only pure cell samples of interest. 
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74 Overall, in the context of droplet microfluidics systems, in-
75 droplet content manipulation technologies developed so far 
76 have been challenging to achieve selective cell separation 
77 and/or targeted content removal from within droplets. Thus, 
78 in -droplet cell separation techniques have the potential to 
79 further widen the bandwidth of droplet-based microfluidics 
80 technologies and extent broader ranges of cellular assays to be 
81 implemented in such format. 
82 Several studies have been reported aiming to enable such 
83 in-droplet content manipulation technology. Aside from some 
84 passive methods,18-20 active methods of in-droplet particle/cell 
85 manipulation require external force to be applied but can also 
86 achieve more precise manipulation. Several active 
87 manipulation methods have been realized by using magnetic 
88 beads,21-23 acoustophoresis,24-29 and dielectrophoresis (DEP).30 
89 Magnetic bead-based manipulation was exploited for target 
90 molecule separation such as human serum albumin,21 mRNA,22 
91 and prostate-specific antigens in droplets to achieve drug 
92 analysis,23 molecular detection, and immunoassays. However, 
93 since labelling step is essential in this method, this cannot be 
94 used when tagging cannot be performed at the beginning of 
95 the assay, or when the downstream assay is not compatible 
96 with magnetic beads. In addition, this extra labelling step limits 
97 its compatibility and makes it cumbersome to be 
98 implemented.
99 Acoustophoresis, a label-free particle/cell manipulation 

100 technique, has been used for in-droplet particle or cell 
101 manipulation. Fornell et al.24-26 have demonstrated that 
102 particles and cells can be focused to the center of a droplet or 
103 to both sides of a droplet using first or second harmonic 
104 standing acoustic wave generated by bulk acoustic wave 
105 (BAW) due to their intrinsic positive acoustic contrast factor 
106 compared to carrying media. As all particles or all cells were 
107 moved to a particular location within the droplet, in-droplet 
108 particle/cell concentration was achieved with relatively high 
109 throughput (4 droplets s-1) and high focusing efficiency (90%). 

110 In a follow-up study, they have further developed this into in-
111 droplet particle separation based on different acoustic 
112 contrast factors (polystyrene vs polydimethyl siloxane (PDMS) 
113 particles).27 However, this technology is somewhat limited 
114 when separating two different population of cells. Since all 
115 cells suspended in regular culture media have positive acoustic 
116 contrast factors, applying acoustic manipulation will result in 
117 all cells to move towards the same position within a droplet. 
118 Thus, these approaches are not suitable for selective 
119 manipulation of cells of interest from a cell mixture. 
120 Additionally, BAW device fabrication requires the use of hard 
121 materials, such as glass or silicon, to achieve acoustic wave 
122 propagation with low attenuation. An alternative approach in 
123 acoustophoresis is the use of surface acoustic wave (SAW). 
124 Park et al. have demonstrated in-droplet particle separation 
125 using travelling SAW based on different acoustic radiation 
126 force factors depending on the particle size.28 Additionally, 
127 they have further demonstrated in-droplet particle washing by 
128 handling both droplets and particles using SAW, 
129 simultaneously.29 However, so far SAW-based in-droplet 
130 separation has not been demonstrated with real biological 
131 samples such as cells. Thus, the feasibility of separating cells 
132 based on their different acoustic properties within droplets 
133 remains untested.  
134 Dielectrophoresis (DEP) is an electrical field-based label-
135 free cell manipulation method, which can be readily integrated 
136 in a microfluidic format, since only a simple patterned 
137 electrode placed on the bottom of a microfluidic channel is 
138 needed. Thus, DEP microfluidic technologies have been 
139 extensively used in particle and cell manipulation in free-flow 
140 microfluidics.31-34 In DEP-based manipulation, cell experiences 
141 positive DEP force (pDEP, i.e., attracted to the electrode), 
142 negative DEP force (nDEP, i.e., repelled away from the 
143 electrode), or neutral response, depending on the frequency 
144 applied as well as the dielectric properties of cells and their 
145 surrounding media. Previously, we have successfully 

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.
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146 demonstrated in-droplet particle and cell manipulation using 
147 nDEP, where particles/cells could be accumulated to one side 
148 of the droplets and thus enriched into one of the daughter 
149 droplets.30 However, in this case, all cells, regardless of the cell 
150 types, were concentrated towards the same side of the 
151 droplet. Therefore, this design could not be used to specifically 
152 manipulate a target cell population from mixing sample, thus 
153 in-droplet cell separation based on the cellular properties was 
154 not feasible under such setting.  
155 In this paper, we exploited, for the first time, the 
156 differences in DEP responses of different cell types under 
157 specific frequencies to achieve precise in-droplet cell 
158 separation of two different populations. Here, two sequential 
159 DEP electrode arrays were utilized so that one cell type 
160 experiences pDEP force and another cell type experiences 
161 nDEP force, resulting in the two different cell types to be 
162 moved to opposite sides within a given droplet. By splitting the 
163 droplet into two daughter droplets after the in-droplet DEP 
164 manipulation of cells, the different cell types could be 
165 separated into each of the two daughter droplets, respectively. 
166 Here, to better elucidate the capability as well as the 
167 applications of the proposed DEP-based in-droplet cell 
168 separation platform, mammalian host cells and bacterial cells 
169 were chosen to be used to mimic a common model system 
170 when studying host-pathogen interaction.

171 Results
172 Working principle 

173 Two pairs of planar parallel DEP electrodes were used to 
174 generate a high-gradient non-uniform electric field at the 

175 edges of the electrodes. The time-averaged -direction DEP 𝑥
176 force can be described by Equation 1.35

𝐹𝑑𝑥 = 2𝜋𝜀𝑚𝑟3
𝑐𝑅𝑒[𝑓𝐶𝑀]

∂|𝐸|2

∂𝑥
(1)

177 According to this equation, the DEP force here is determined 
178 by , the permittivity of the surrounding solution, , the cell 𝜀𝑚 𝑟

179 radius, , real part of 𝑅𝑒[𝑓𝐶𝑀] (𝑓𝐶𝑀 =
𝜀 ∗

𝑐 (𝜔) ― 𝜀 ∗
𝑚(𝜔)

𝜀 ∗
𝑐 (𝜔) + 2𝜀 ∗

𝑚(𝜔)
,𝜀 ∗ =  𝜀 ― 𝑗

𝜎
𝜔)

180 the Clausius-Mossotti factor, and the applied voltage. 
181 Specifically, the DEP force is proportional to the real part of 
182 the Clausius-Mossotti factor, by which the magnitude of DEP 
183 force and DEP polarity are determined.
184 In this study, mammalian cells (J774A.1 macrophages) and 
185 bacterial cells (Salmonella Typhimurium) were used as a model 
186 system of bacterial cell – mammalian host cell interaction to 
187 demonstrate the feasibility of separating two different types of 
188 cells from a mixture depending on their different DEP 
189 responses inside a droplet. An in-droplet DEP cell separation 
190 system consists of a first DEP manipulation region for bacterial 
191 cells concentration (Fig. 1(a)), a second DEP manipulation 
192 region for mammalian cells concentration (Fig. 1(b)), and a 
193 droplet splitter (Fig. 1(c)). In front of the DEP separation units, 
194 a flow-focusing design droplet generator was placed to 
195 encapsulate bacterial cells and mammalian cells into a droplet 
196 (Fig. S1). Mammalian cell suspension and bacterial cell 
197 suspension were injected from two separate inlets, mixed at 
198 the first crossing, then went into the flow-focusing structure 
199 where droplets containing the cell mixture were generated. All 
200 generated droplets were flown through the DEP separation 
201 units having two sets of an angled DEP electrode pair placed at 
202 the bottom of a microfluidic channel.   
203 Before reaching the DEP separation regions of the 
204 microfluidic channel, all cells in droplets have random 

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 µl h-1, each with three applied voltages 
varying from 9, 12, to 15 Vpp. At 27 µl h-1 and 15 Vpp, the Salmonella cell separation efficiency reached 98%.
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205 distribution. As the droplets pass through the first pair of DEP 
206 electrodes, the upward-tilted electrodes function as a guiding 
207 track as bacterial cells affected by pDEP force are attracted to 
208 the electrode gap. Based on this simulation result of the 
209 Clausius-Mossotti factor (Fig. S2), by choosing a frequency (3 
210 MHz) where mammalian cells receive no DEP force, only 
211 bacterial cells are accumulated to the upper half of the droplet 
212 by pDEP force, while leaving the mammalian cells randomly 
213 distributed within the droplet (Fig. 1(a)). Then, as the droplets 
214 pass through the second pair of DEP electrodes, since the 
215 bacterial cells have been already accumulated to the upper 
216 half of the droplet, by choosing a frequency (100 kHz) where 
217 bacterial cells have no DEP response, the bacterial cells remain 
218 within the upper half of the droplet due to the internal 
219 circulation flow in each half of the droplet. Meanwhile, 
220 mammalian cells experience nDEP force and are pushed away 
221 from the downward-tilted electrodes, always staying below 
222 the electrodes and thus gradually accumulating to the lower 
223 part of the droplet (Fig. 1(b)). Once the droplet reaches the 
224 asymmetric droplet splitting region, the mother droplet is split 
225 into two daughter droplets, where bacterial cells that remain 
226 in the upper half splits into a bacterial cell-only droplet, while 
227 mammalian cells that remain in the lower part of the droplet 
228 splits into a mammalian cell-only droplet (Fig. 1(c)). 
229
230 Characterization of in-droplet bacterial cell manipulation

231 Droplets containing only Salmonella cells were generated at a 
232 concentration of approximately 20 cells per droplet, and all 
233 Salmonella cells in the droplet show random distribution (Fig. 
234 2(a)). The droplets flow through the DEP cell separation region 
235 of the platform at a flow rate of 33 µl h-1. As the droplets 

236 containing Salmonella cells travel through the first pair of DEP 
237 electrodes (3 MHz, 15 V peak-to-peak (Vpp)), the Salmonella 
238 cells that came close to the tilted electrodes experienced pDEP 
239 force, resulting in attraction towards the electrodes (Fig. 2(b)). 
240 Since this electrode starts from the bottom side of the droplet, 
241 Salmonella cells circulating in the lower part of the droplet can 
242 be gradually moved to the upper part of the droplet by 
243 accumulating along the upward-tilted electrode. At the end of 
244 the first DEP electrode pair, all Salmonella cells were confined 
245 to the upper side of the droplet (Fig. 2(c)). As the droplet 
246 travelled through the second pair of DEP electrodes (100 kHz, 
247 8 Vpp), the accumulated Salmonella cells were released from 
248 the electrodes since bacterial cells experience no DEP force at 
249 this frequency. However, the Salmonella cells remained 
250 circulating within the upper half of the droplet due to the 
251 internal circulation of flow within the upper half of the droplet 
252 (Fig. 2(d)). When reaching the droplet splitting region, these 
253 accumulated Salmonella cells were split into the daughter 
254 droplet #2 (Fig. 2(e)). Comparison of the daughter droplets 
255 collected in the downstream chambers shows the successful 
256 concentration of Salmonella cells into the upper chamber (Fig. 
257 S3(a)). In this analysis, Salmonella cells, separated into 
258 daughter droplet #1 and #2, respectively, were manually 
259 counted under GFP filter condition (ex/em 495/519 nm), and 
260 then used to calculate the separation efficiency.   
261 Next, further device characterization was conducted under 
262 three different DEP voltages applied (9, 12 and 15 Vpp) and at 
263 three different flow rates (27 µl h-1 = 1.2 droplets s-1, 33 µl h-1 = 
264 1.5 droplets s-1, and 39 µl h-1 = 1.8 droplets s-1) while keeping 
265 the droplet size the same. As expected, higher voltage and 
266 lower flow rate separate cells more efficiently, thus providing a 

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 µl h-1, each with 
three applied voltages varying from 6, 7, to 8 Vpp. At 33 µl h-1 and 8 Vpp, the macrophage separation efficiency was 100%.
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267 higher separation efficiency (Fig. 2(f)). The optimal operation 
268 condition was found to be at 27 µl h-1 at 15 Vpp, and the 
269 maximum separation efficiency for Salmonella cells could 
270 reach 98 3%. However, even at 33 µl h-1, the separation ±
271 efficiency was still relatively high (97 4%), while the overall ±
272 system throughput could be increased by 20%. The separation 
273 efficiency dropped to 92 9% at 39 µl h-1. Thus, considering ±
274 the overall trade-off, the flow rate of 33 µl h-1 and applied 
275 voltage of 15 Vpp was selected to be the ideal condition (ESI 
276 video #1) for the remainder of the experiments. 
277
278 Characterization of in-droplet mammalian cell manipulation

279 The number of macrophages encapsulated per droplet was 
280 around 4 as in most bacterial infection models the number of 
281 bacterial cells typically outnumber that of mammalian host 
282 cells. All conditions used here such as the DEP frequency and 
283 amplitude of voltage, as well as flow rate, were identical to 
284 those used for the in-droplet Salmonella cell manipulation 
285 characterization steps. Before the droplets reached the first 
286 pair of DEP electrodes, all macrophages were randomly 
287 distributed within the droplet (Fig. 3(a)). When passing 
288 through the first electrode pair, macrophages received no DEP 
289 force (Fig. 3(b)) and remain randomly distributed (Fig. 3(c)). As 
290 they pass through the second pair of DEP electrodes, 
291 macrophages experienced nDEP force and were repelled away 
292 from the electrode, therefore gradually confined below the 
293 electrode and into the lower half of the droplet (Fig. 3(d)). 
294 After droplet splitting, all macrophages were separated into 
295 the daughter droplet #1, while no macrophages were seen in 
296 the daughter droplet #2 (Fig. 3(e)). Comparison of the 
297 daughter droplets collected in the downstream chambers 
298 shows the successful concentration of macrophages into the 
299 lower chamber (Fig. S3(d)). The separation efficiency was 
300 analyzed using bright filed microscopy images.
301 Further device characterization was conducted under three 
302 different DEP voltages (6, 7 and 8 Vpp) and three different flow 
303 rates (total flow rate: 27, 33, and 39 µl h-1). In the case of 
304 macrophages (Fig. 3(f)), the overall separation efficiency 
305 increased as the flow rate decreased or when the applied 
306 voltage increased. Even though the separation efficiency at the 
307 flow rate of 33 µl h-1 was somewhat higher than that at 27 µl h-

308 1, the separation efficiency with standard deviation was 
309 comparable to each other under the same applied voltage 
310 condition. When 8 Vpp was applied, the separation efficiencies 
311 at flow rates of 27 and 33 µl h-1 were 93 8% and 100%, ±
312 respectively, demonstrating very efficient macrophage 
313 manipulation. However, a higher flow rate (39 µl h-1) caused 
314 increase of the internal circulation flow force, thus the 
315 separation efficiency was about 60 7% among all voltage ±
316 conditions tested, indicating that an even stronger DEP voltage 
317 is required to achieve sufficient force for in-droplet cell 
318 manipulation. Overall, by varying the voltage as well as the 
319 flow rate, an optimal condition was found to be at an applied 
320 voltage of 8 Vpp and at a flow rate of 33 µl h-1 (ESI video #2). 
321
322 In-droplet cell separation

323 To characterize the in-droplet separation efficiency between 
324 macrophage and Salmonella, a mixture of Salmonella cells and 
325 macrophages was encapsulated into droplets. After droplet 
326 generation containing this cell mixture (Salmonella cells vs. 
327 macrophage = 10 to 1 ratio), a macrophage and Salmonella 
328 cells can be seen randomly distributed within the droplets (Fig. 
329 4(a)). As the droplets traveled through the first pair of DEP 
330 electrodes, Salmonella cells receiving pDEP force were 
331 attracted towards the electrode and accumulated along the 
332 tilted electrode, gradually moving to the upper half of the 
333 droplet, while the macrophage experiencing no DEP force 
334 remained randomly distributed (Fig. 4(b)). As the droplets 
335 traveled through the second pair of DEP electrodes, the cluster 
336 of Salmonella cells were released but remained circulating 
337 within the upper half of the droplet driven by the internal 
338 circulation flow force, while the macrophages receiving nDEP 
339 force gradually migrated to the lower portion of the droplet 
340 (Fig. 4(c-d)). At the droplet splitting region, majority of the 
341 Salmonella cells were separated into the daughter droplet #2, 
342 while the macrophages were separated into the daughter 
343 droplet #1 (Fig. 4(e-f)). When comparing the resulting 
344 daughter droplets, most of the host cells were successfully 
345 collected in the lower chamber, while most of the bacterial 
346 cells were successfully collected in the upper chamber, proving 
347 that the developed separation method can indeed be used in 
348 such cell mixture applications (Fig. S3(e-f)). Under the DEP 

Fig. 4 Movement of Salmonella cells and a macrophage inside a 
droplet. The operation conditions were set to 100 kHz, 8 Vpp at the 
first DEP electrode pair and 3 MHz, 15 Vpp at the second DEP 
electrode pair. Flow rate was 33 µl h-1. (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.
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349 voltage of 15 Vpp / 8 Vpp and flow rate of 33 µl h-1, 74 8% of ±
350 macrophages were successfully separated into the daughter 
351 droplet #1 (lower droplets), while 84 5% of Salmonella cells ±
352 were successfully separated into the daughter droplet #2 
353 (upper droplets) (ESI videos #3 and #4). 

354 Discussion
355 The developed in-droplet cell separation system enables the 
356 manipulation and separation of two different cell types within 
357 a droplet by utilizing their different DEP responses at different 
358 applied DEP frequencies. The proposed in-droplet cell 
359 manipulation platform was characterized using a bacterial-host 
360 cell interaction model with macrophage (representing 
361 mammalian host cell) and Salmonella cell (representing 
362 pathogenic bacterial cell). When encapsulated individually 
363 within droplets, macrophages and Salmonella cells were 
364 separated into daughter droplets #1 and #2 at 100% and 98% 
365 efficiency, respectively. However, when the two cell types 
366 were mixed, 74% of macrophages and 84% of Salmonella cells 
367 were successfully collected into the corresponding daughter 
368 droplets. This drop in separation efficiency is due to the fact 
369 that as macrophages move from the top portion of the droplet 
370 to the lower portion of the droplet, it was observed that these 
371 macrophages physically knock out some Salmonella cells 
372 accumulated along the DEP electrode, as well as some of these 
373 Salmonella cells hider the clean movement of macrophages to 
374 the lower part of the droplet.  
375 Compared to our previous work of DEP-based in-droplet 
376 cell concentration,30 there are several advancements, both 
377 from technological perspective as well as from application 
378 perspective. In continuous-flow microfluidics, cell separation 
379 using a single DEP electrode (either pDEP or nDEP) is possible 
380 since cells can be selectively trapped or separated based on 
381 their flow trajectory differences. This is not possible in droplet 
382 format due to the internal circulation flow, thus the use of a 
383 single DEP electrode and single polarity DEP force as shown 
384 previously30 cannot achieve in-droplet separation. In this work, 
385 both pDEP and nDEP were utilized using an up-sloped and 
386 down-sloped electrodes to manipulate each cell type in a 
387 sequential manner, overcoming the complications streaming 
388 from the internal recirculation flow. From application 
389 perspective, this novel design resulted in the first 
390 demonstration of in-droplet cell separation, whereas our prior 
391 work demonstrated in-droplet cell concentration, essentially a 
392 centrifugation step in droplet format. Other technologies, such 
393 as BAW or SAW, have demonstrated in-droplet cell 
394 manipulation, but no cell separation. There are many 
395 biological applications where in-droplet cell separation is 
396 needed, such as for host-pathogen interaction studies or drug 
397 screening applications. Overall, the new droplet application 
398 demonstrated here can benefit broad ranges of biological 
399 studies and enable more applications to be realized in droplet-
400 based microfluidics platform.
401 In general, low conductivity media is used in order to 
402 manipulate particles or cells in DEP-based microfluidic 
403 systems. Since the magnitude of DEP force is proportional to 

404 the difference of dielectric properties between a cell and the 
405 surrounding solution, very weak DEP force is generated if cells 
406 are suspended in a normal culture media or Phosphate 
407 Buffered Saline (PBS) due to their similar dielectric properties 
408 with cells. To ensure that the use of low-conductivity medium 
409 do not affect the viability as well as functionality of cells, off-
410 chip verification experiments were conducted using PBS as 
411 control. The result showed that more than 85% of the cells 
412 were viable over four hours of culture, which is in line with 
413 many other previous reports on DEP-based microfluidic 
414 system.30-32, 34 Considering that generally 1 to 3 h are required 
415 for most cell-cell interaction assays depending on multiplicity 
416 of infection (MOI),36, 37 we concluded that the use of low-
417 conductivity media does not pose a great challenge to the 
418 viability of cells during the entire assay. In addition, we have 
419 conducted a cellular pathogenicity assay (adherence of 
420 bacterial cells to host cells) with cells in low-conductivity 
421 medium, and no differences were observed. Nevertheless, the 
422 fact that low conductivity solution is essentially needed in this 
423 DEP-based cell manipulation method is indeed a limitation in 
424 DEP-based cell manipulation applications. 
425 After droplet splitting, the daughter droplets were 
426 collected and employed to examine cell viability (further 
427 details are described in the Experimental section). In-droplet 
428 Salmonella cells concentration was carried out under the 
429 conditions of 33 µl h-1 at 15 Vpp, and the collected daughter 
430 droplets #2 were used for the viability test with live/dead 
431 staining. The result showed that 93 0.5% of the cells after ±
432 DEP manipulation were viable, compared to 94 2% viability ±
433 before DEP manipulation. Next, the viability of macrophages 
434 was analyzed after in-droplet macrophage manipulation under 
435 the conditions of 33 µl h-1 at 8 Vpp. The daughter droplets #1 
436 were collected and the viability was conducted with Evans blue 
437 staining. Compared to 95 1% viability before DEP ±
438 manipulation, 90 3% of the cells were viable after DEP ±
439 manipulation. Thus, it is clearly demonstrated that the cell 
440 viability was not drastically influenced by the applied voltage 
441 and the DEP force.
442 The sorting efficiency is sensitive to the channel height due 
443 to the planar DEP electrode layout. Only cells that are close to 
444 the bottom side of the droplet are relatively close to the DEP 
445 electrode and will experience the maximum DEP force, which 
446 suggests that the channel height has to be carefully 
447 determined to ensure that the generated electric field can 
448 have good coverage over the entire z-axis of the microfluidic 
449 channel. The x-directional electric field across the cell 
450 manipulation microchannel was simulated under different 
451 channel height conditions (Fig. S4). The average electric field 
452 intensity at the ceiling of the channel was 2.6, 2.2, and 1.8 ( ×
453 105 V m-1) where the channel height was 22, 26, and 30 µm, 
454 respectively. With only 4 µm difference in channel height, the 
455 electric field intensity drops by about 20% under the same 
456 voltage condition, which can decrease the separation 
457 efficiency. To minimize the impact stemming from the channel 
458 height, mirrored DEP electrode pairs could be potentially 
459 patterned on the ceiling side of the channel, creating a top-
460 bottom electrode design. Fig. S4(d) shows the electric field 
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461 distribution in the case of a top-bottom electrode pair design 
462 so that the applied electric field can be intensified and be 
463 more uniform throughout the z-direction of the microfluidic 
464 channel. 
465 In order to compare the forces acting on in-droplet 
466 bacterial and mammalian cells while a droplet passing through 
467 the cell concentration regions, COMSOL simulations (COMSOL 
468 Multiphysics® 5.5) of internal circulation flow field as well as 
469 electric field were performed (further details in supplementary 
470 document). The flow inside a droplet (seen in the middle -  𝑥 𝑦
471 plane) shows uniform axisymmetric circulation pattern (Fig. 
472 S5). In addition, the capillary number, Ca, is 0.7×10-3 under the 
473 given conditions used here, indicates that cells within a droplet 
474 would exhibit random distribution,20 which is coherent to our 
475 observation (without DEP in ESI videos #1 and #2). The Stokes 
476 drag force was calculated based on average inertial circulation 
477 flow velocity obtained by the COMSOL simulation results. The 
478 -directional DEP force for each cell type was calculated at the 𝑥
479 middle z plane (z = 13um) based on the simulation result of a 
480 non-uniform electric field. Based on this calculation, the DEP 
481 force on bacterial cells (Fig. S6(a)) increases as bacterial cells 
482 become closer towards the edge of the electrode. Compared 
483 to the received Stokes drag force (12 pN), the pDEP force 
484 acting on bacterial cells can be as high as 39 pN when bacterial 
485 cells are right above the electrodes; therefore, pDEP force 
486 under this circumstance is high enough to overcome the 
487 Stokes drag force, enabling pDEP-based bacterial cell 
488 manipulation within a droplet. Similarly, the nDEP force (65 
489 pN) acting on mammalian cell was greater than the Stokes 
490 drag force (61 pN), therefore can effectively repel cells from 
491 the electrodes. Additionally, we calculated that the Stokes 
492 drag force acting on mammalian cells reaches to 83 pN when 
493 the internal circulation flow field was simulated at total flow 
494 rate of 45 µl h-1, which is larger than the calculated nDEP force 
495 for mammalian cell. Therefore, the Stokes drag force will 
496 dominate the trajectory of mammalian cells, where the DEP 
497 force in this case can no longer effectively manipulate the 
498 mammalian cells. These simulation and calculation results are 
499 indeed comparable to the experimental cell separation results 
500 under the three different flow rates (27, 33, and 39 µL h-1), and 
501 may also explain the significant drop of mammalian cell 
502 separation efficiency that we observed at flow rate of 39 µL h-

503 1. Overall, these simulation and calculation can be utilized to 
504 select appropriate voltage, flow rate and channel dimension 
505 when applying the presented technology to other applications 
506 of interest.  
507 The maximum voltage generated by a conventional low-
508 cost function generator is up to 20 Vpp, so to apply a higher 
509 voltage that may be required for some applications, a voltage 
510 amplifier may be necessary. For example, in the case of 
511 bacterial cell separation as shown here, their size is relatively 
512 small compared to mammalian cells, requiring a higher voltage 
513 applied compared to only mammalian cell manipulation. An 
514 alternative method is to use 3D electrodes38 embedded in the 
515 bottom substrate that can generate stronger electric field than 
516 that generated by the planar electrode under the same voltage 

517 condition, allowing the use a generic low-cost function 
518 generator. 
519 The overall system throughput achieved so far in this work 
520 is 2 droplets per second. Increasing the flow rate to increase 
521 the throughput is a possibility, however, this leads to stronger 
522 internal circulation flow force (as we discussed above), 
523 meaning that a higher DEP voltage is required to achieve a 
524 similar separation efficiency. Considering the potential 
525 functional damage that higher voltage may bring to the more 
526 susceptible mammalian host cells, such approach is less 
527 preferred from biological perspective, but might be useful 
528 when handling more robust cells (such as bacterial cells). 
529 Alternatively, if a higher throughput is needed, a multi-channel 
530 parallel approach can readily achieve higher system-level 
531 throughput.
532 For further applications, DEP based separation is typically 
533 not possible when the Clausius-Mossotti factors of the two 
534 cells of interest are close to each other. However, cell size is 
535 also a main factor affecting DEP force. Thus, if the size of the 
536 two cell types are different enough, a well-optimized voltage 
537 condition should be able to manipulate only one target cell 
538 type with DEP force, which can then be separated from the 
539 mixture using a subsequent droplet splitting structure. Since 
540 there is no DEP force acting on undesired cells, they will be 
541 randomly distributed in the droplet and thus not fully 
542 discarded even after separation. In this case, removal 
543 efficiency is decided by the ratio of the width of Y-shaped 
544 splitting channels. In the device shown here, the width of each 
545 splitting channel is 130 and 70 µm, respectively, so ideally 65% 
546 of undesired cells where no DEP force is exerted on can still be 
547 removed. In such a scenario, the lower channel width can be 
548 adjusted depending on the application to maximize the 
549 separation efficiency. 
550 Since DEP-based systems can be readily integrated into 
551 most microfluidic devices, the use of DEP for in-droplet cell 
552 manipulation opens up large number of possible applications 
553 where this system can be integrated into. These include 
554 integrating impedance and optical analysis systems for in-
555 droplet cell counting and hit discrimination, electric field-
556 based or pneumatic-based droplet sorting systems, and 
557 droplet merging systems for realization of droplet solution 
558 exchange, which is to perform more systematic assays on a 
559 single chip, to name a few. 

560 Experimental section
561 Device design and feature dimension

562 Microfluidic channels here were 200 µm wide and 26 µm high. 
563 For each electrode pair, the electrodes were parallel to each 
564 other, and tilted 0.05° with respect to the microfluidic channel. 
565 The width of each electrode was 15 µm and the gap between 
566 the electrodes was 10 µm. The first pair of DEP electrodes was 
567 tilted upwards, starting at the bottom side of the channel, to 
568 the point at the upper side where a 20 µm wide spacing was 
569 left without electrode coverage of the microfluidic channel. 
570 The second pair of electrodes starts 200 µm behind the first 
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571 electrode pair with a downward tilt. At the splitting region, the 
572 widths of the upper and lower microfluidic channels were 130 
573 µm and 70 µm, respectively.
574
575 Microfabrication

576 Cr/Au (200/1000 Å) layers were deposited by E-beam 
577 evaporation on 0.7 mm of borosilicate glass substrates 
578 (Swiftglass, Co., Inc., NY). After photolithography patterning 
579 with AZ 5214 photoresist (AZ Electronic Material plc, NJ), the 
580 metal layers were etched. Finally, the photoresist was 
581 removed in AZ 400T stripper at 95°C for 5 min. The patterned 
582 master molds for PDMS replication were fabricated by SU-8™ 
583 photoresist (Microchem, Inc., MA) using conventional 
584 photolithography processes. A 26 µm height master mold was 
585 obtained by spin-coating SU-8™ 2025 at a speed of 2800 rpm, 
586 and was then coated with Tridecafluoro-1,1,2,2-
587 Tetrahydrooctyl-1-Trichlorosilan (United Chemical 
588 Technologies, Inc., Bristol PA) to facilitate PDMS replication. 
589 Microfluidic channels were fabricated with PDMS (10:1 
590 mixture, Sylgard 184, Dow Corning, Inc., MI) using 
591 conventional soft lithography techniques. PDMS and 
592 borosilicate substrates with Au patterning were aligned under 
593 a microscope using deionized water (DI water) as a lubricant 
594 layer and bonded right after 90 seconds of oxygen plasma 
595 treatment. The aligned device was placed on a hotplate at 95 
596 °C for overnight baking to completely remove any vapor 
597 residues. Right before the experiment, the microfluidic 
598 channel was rinsed with precious metal surfactant (Aculon 
599 Inc., CA, USA), baked, followed by rinsing with filtered fresh 
600 Aquapel (Pittsburgh Glass Works, LLC., PA) to ensure the 
601 hydrophobicity of the microchannel.
602
603 Preparation of conductivity media

604 In order to have greater relative displacement of cells within 
605 droplets, low conductivity media made of  0.3 mM of 
606 monopotassium phosphate (1551139, Sigma-Aldrich, USA), 
607 0.85 mM of dibasic potassium phosphate (1151128, Sigma-
608 Aldrich, USA), and 280 mM of myo-Inositol (I5125, Sigma-
609 Aldrich, USA) were added into DI water to make the base 
610 media.30, 34 Potassium chloride (2.5 mM, P9333, Sigma-Aldrich, 
611 USA) was added into this base media to achieve a conductivity 
612 of 0.032 S m-1. 
613
614 Cell preparation

615 J774A.1 (ATCC TIB67) macrophages were thawed and grown in 
616 T75 culture flasks with Dulbecco’s Modified Eagle Media 
617 (DMEM, D5648, Sigma-Aldrich, USA) containing 10% Fetal 
618 Bovine Serum (FBS, 16000044, Thermo Fisher Scientific, USA) 
619 in a 37°C, 5% CO2 incubator. Prior to the experiment, cell 
620 culture media was removed, and macrophages were rinsed 
621 with low conductivity media by three times. Cell were then 
622 detached by cell scrapping, and the cell concentration was 
623 adjusted to 1.25 106 cells ml-1, which results in about three ×
624 macrophages encapsulated into each droplet (size: 130 µm 
625 diameter, volume: 1.15 nL). Salmonella Typhimurium (strain 
626 ATCC 14028S) engineered with a GFP plasmid (pCM 18) was 

627 inoculated on a trypticase soy agar plate containing 50 µg ml-1 
628 erythromycin, followed by incubation at 37°C overnight. The 
629 next day, single colonies were picked and cultured in LB 50 µg 
630 ml-1 erythromycin broth in a shacking incubator at 37 °C for 8 
631 h. The bacteria culture was centrifuged and rinsed with low 
632 conductivity media by three times before the experiment. For 
633 the initial in-droplet Salmonella manipulation experiment, the 
634 concentration of Salmonella culture was adjusted to an OD of 
635 1.0 and then further diluted by 50 times to have around 20 
636 Salmonella cells per microdroplet. For the final macrophage-
637 Salmonella mixed sample separation experiment, the 
638 concentration of macrophages was diluted to 4.2 105 cells ×
639 ml-1, and the Salmonella culture with OD of 1.0 was diluted by 
640 100 times to obtain around one macrophage and 10 
641 Salmonella cells encapsulated in each droplet. 
642
643 In-droplet cell separation operation

644 The droplet microfluidic system was characterized using 
645 Salmonella cell suspension, macrophage suspension, and 
646 macrophage/Salmonella cell mixture, respectively. The total 
647 flow rate was varied from 27, 33 to 39 µl h-1 to find the optimal 
648 operating condition. For every test condition, the flow rate of 
649 carrier oil (Novec 7500, 2.5% Pico-Surf surfactant, 3200278, 
650 Dolomite, USA) was adjusted depending on the cell solution 
651 flow rate so that droplets having a diameter of 130 µm could 
652 be consistently generated. For Salmonella, the first DEP 
653 electrode pair signal was set to 3 MHz, 9, 12, and 15 Vpp, while 
654 the second DEP electrode pair signal was set to a constant 100 
655 kHz, 8 Vpp. For macrophage, a constant sinusoidal signal of 3 
656 MHz, 15 Vpp was applied to the first DEP electrode pair, and 
657 100 kHz, 6, 7 and 8 Vpp were applied to the second DEP 
658 electrode pair. For the mixed cell experiment, droplets were 
659 generated using the flow-focusing structure at a speed of 30 µl 
660 h-1 for the carrier oil and 3 µl h-1 for the cell solution, and then 
661 pushed by 33 µl h-1 of carrier oil into the DEP cell 
662 manipulation/separation region.
663
664 Cell viability assay

665 Cell viability for Salmonella cells was evaluated by calculating 
666 the percentage of dead cells in the population. SYTO 9 dye 
667 (ex/em 485/530 nm) was used to stain viable cells, while 
668 nonviable cells were stained with propidium iodide (PI) (ex/em 
669 485/630 nm) (live/dead baclight bacterial viability kit, L7012, 
670 Invitrogen), both staining solutions were mixed 1:1 ratio 
671 before use. After droplet splitting, the daughter droplet #1 
672 were collected from the lower side outlet and resuspended in 
673 1 ml PBS solution. 6 µl of combined reagent mixture was 
674 added, followed by incubation for 15 min at room 
675 temperature. The fluorescence microscopic (Zeiss AXIO 
676 Observer 7) images, which were acquired before/after in-
677 droplet cell separation experiment, were used for cell viability 
678 analysis. In the case of macrophages, Evans blue dye (E2129, 
679 Sigma Aldrich), which only stains nonviable cells, was used for 
680 cell viability evaluation. The daughter droplet #1 were 
681 collected from the lower side outlet and suspended in PBS 
682 solution. The collected cells were resuspended with 1 ml of 1% 

Page 8 of 10Lab on a Chip



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

683 (w/v) stock solution of Evans blue and incubated for 5 min at 
684 room temperature. The sample was loaded into a 
685 hemocytometer and cell viability was measured using an 
686 inverted microscope. 
687
688 Statistical analysis of separation efficiency

689 To analyze the separation efficiency, a high-speed camera 
690 (Phantom micro lab100, Vision Research, Inc.) was used to 
691 capture the trajectory of cell migration (60 frames per second 
692 (fps) for Salmonella, 200 fps for macrophage). The camera was 
693 set to image at the droplet splitting region, and cells within 
694 each daughter droplet were counted frame by frame 
695 before/after the droplet splitting to calculate the separation 
696 efficiency. For each case, approximately 100 images were 
697 analyzed. Additional statistic microscopic (Zeiss AXIO Observer 
698 7) pictures of daughter droplets were obtained at downstream 
699 collection chambers for the purpose of verification.

700 Associated content
701 Supporting Information

702 ESI video #1: Video showing Salmonella separation into the 
703 upper channel; (mp4)
704 ESI video #2: Video showing macrophage separation into the 
705 lower channel; (mp4)
706 ESI video #3 and #4: Videos showing separation of Salmonella 
707 and macrophages into corresponding channel; (mp4)
708 Supplementary document: Microscopic pictures of generated 
709 cell-encapsulated droplets, simulation results of real part of 
710 cells’ Clausius-Mossotti Factor, microscopic pictures of 
711 collection chambers, comparison of COMSOL simulation 
712 results of generated electric field for DEP manipulation in 
713 bottom-only or bottom-top electrode setting, and calculation 
714 of in-droplet forces acting on cells based on COMSOL 
715 simulation; (doc)
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