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5 ABSTRACT: The ability to generate chemical and mechanical
6 gradients on chips is important for either creating biomimetic
7 designs or enabling high-throughput assays. However, there is still a
8 significant knowledge gap in the generation of mechanical and
9 chemical gradients in a single device. In this study, we developed
10 gradient-generating microfluidic circuits with integrated micro-
11 chambers to allow cell culture and to introduce chemical and
12 mechanical gradients to cultured cells. A chemical gradient is
13 generated across the microchambers, exposing cells to a uniform
14 concentration of drugs. The embedded microchamber also produces
15 a mechanical gradient in the form of varied shear stresses induced
16 upon cells among different chambers as well as within the same
17 chamber. Cells seeded within the chambers remain viable and show a normal morphology throughout the culture time. To validate
18 the effect of different drug concentrations and shear stresses, doxorubicin is flowed into chambers seeded with skin cancer cells at
19 different flow rates (from 0 to 0.2 μL/min). The experimental results show that increasing doxorubicin concentration (from 0 to 30
20 μg/mL) within chambers not only prohibits cell growth but also induces cell death. In addition, the increased shear stress (0.005 Pa)
21 at high flow rates poses a synergistic effect on cell viability by inducing cell damage and detachment. Moreover, the ability of the
22 device to seed cells in a 3D microenvironment was also examined and confirmed. Collectively, the study demonstrates the potential
23 of microchamber-embedded microfluidic gradient generators in 3D cell culture and high-throughput drug screening.
24 KEYWORDS: gradient generation, drug screening, shear stress, cell coculture, high-throughput assay

1. INTRODUCTION

25 The length scale of microfluidic devices and the availability of
26 many user-defined designs, combined with microfluidic
27 handling capabilities, make them ideal platforms for drug
28 screening1,2 and microfluidic bioassays.3 Generation of spatial
29 and temporal chemical gradients in microfluidic devices has
30 been widely reported to study the efficacy and toxicity of
31 drugs4 and examine their effects on cellular behaviors, such as
32 cell−substrate adhesion,5 cancer metastasis,6 angiogenesis,7

33 and stem cell differentiation.8 In addition, versatile gradient
34 generation methods also provide a convenient solution for
35 various immunoassays.9,10 Moreover, they have been widely
36 adopted in studying bacterial chemotaxis activities.11−15

37 Mixing solutions and generating chemical gradients is an
38 important area that has triggered numerous research activities
39 in microfluidic device design and development. The most
40 common method for generating chemical gradients in
41 microfluidics is by mixing inlet streams containing controlled
42 concentrations of chemicals in microchannels,16 and one of the
43 common approaches arranges the microchannels in a
44 serpentine shape.17 By varying the concentration and flow
45 rate of each microchannel inlet, these so-called “Christmas-

46tree-like” microfluidic networks can generate a profile of
47chemical gradients at the outlet region.18,19 This outlet region
48is normally populated with different types of cells to receive the
49chemical gradients and to observe the response.20 These types
50of devices have been used to study the proliferation and
51differentiation of neural stem cells,21 migration of breast cancer
52cells,22 colon cancer cells,23 and toxicity effect of air pollutants
53on lung cancer cells.24 Nevertheless, this design has only one
54culture compartment that can be used to investigate the
55response of the cultures to chemical gradients. Further,
56microfluidic devices have been extensively used as high-
57throughput systems in a way that cellular responses to several
58conditions can be tested on a single chip.25,26 However, these
59high-throughput systems cannot produce different conditions
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60 automatically and rely on a secondary system for the
61 preparation of the culturing environment.27

62 Microfluidic devices have also emerged as a robust tool for
63 applying mechanical cues to cell cultures.28 Combining the
64 advances in the fabrication of microfluidic systems and the
65 possibility of incorporation of organoids and tissuelike cultures
66 in a biomimetic environment helped with the realization of
67 organ-on-a-chip and body-on-a-chip platforms. These devices
68 enable studying the effect of drugs, physical, and chemical cues
69 on the viability and functions of cultured cells, tissues, and
70 organoids. For instance, in the study of cancer cells’ response
71 to epidermal growth factor (EGF), it has been shown that
72 breast cancer cells respond to mechanical stimuli more
73 evidently than chemical gradients.29,30 Particularly, the effects
74 of mechanical cues have been reported to exhibit in the form of
75 increased cell mortality and decreased cell adhesion due to
76 increased shear stress. These effects have been shown in
77 prostate cancer cells,31 breast cancer cells,32−34 and epithelial
78 ovarian cancer cells.35 In addition, the effect of shear stress on
79 inducing drug resistance in breast cancer cells has also been
80 demonstrated.36,37 Thus, it is highly desirable to develop
81 microfluidic chips that can effectively examine the effect of
82 mechanical and chemical stimuli in one single platform.27,38

83 Despite the importance of mechanical stimuli in directing cell
84 behavior as discussed above, to date, no robust platform for
85 studying the combined role of chemical and mechanical stimuli
86 on cultured cells has been reported.
87 In the current study, we extended microfluidic gradient
88 generators to create platforms that can simultaneously generate
89 gradients of mechanical and chemical stresses in a single
90 device. In addition, this chip design utilizes microchambers
91 embedded within channels to provide space for cell culture and
92 exposes these cells to gradients of mechanical shear stress and a
93 chemical treatment. We have effectively proven the efficacy of
94 an anticancer reagent in cancer cells in a dosage-dependent
95 fashion within the microchambers of the device, and more
96 importantly in a synergistic manner with both chemical and
97 mechanical gradients. Finally, this result was confirmed in a
98 viability study in regular dishes. Furthermore, we have
99 demonstrated that this platform can potentially be used for
100 creating cocultures of cells with various ratios. Collectively, this
101 platform will pave the way for drug screening with different
102 stimuli in a controlled 3D microenvironment.

2. RESULTS AND DISCUSSION
103 2.1. Microchamber-Embedded Gradient Generation
104 Device Design. Considering that microfluidic channels and
105 chambers can also facilitate cell culture and growth, in this
106 study we proposed an innovative design that integrates
107 chemical gradient generation and cell culture in one platform.
108 To this end, microchambers for seeding cells and for drug
109 testing on cultured cells were designed and placed after each
110 serpentine channel of the Christmas-tree-like design. In
111 another design, micropillars were also built into chambers to
112 produce a gradient within the chambers. This integration of
113 microchambers enables the screening of chemical gradients in
114 controlled individual chambers and thus provides a potential
115 method for high-throughput screening of chemical com-
116 pounds. In addition, this design also allows for the coculture
117 of different cell types at controlled ratios.

f1 118 Figure 1a,b shows the integrated platform with the
119 microchambers placed after the serpentine microchannels,
120 referred to as a microchamber-embedded Christmas tree

121(MECT). As illustrated in Figure 1a, each microchamber has
122different chemical concentrations with the combination of two
123different media solutions at the two inlets; in the meantime,
124the concentrations within each microchamber are uniform. To
125produce a gradient within a microchamber, micropillars are
126built within each chamber to create a mixing effect and a
127nonuniform chemical concentration, as illustrated in Figure 1c.
128In this design, so-called micropillar-embedded microchambers
129(MPEMs), the micropillar arrays form a network of flow
130resistors to generate gradients. The microchambers for both
131devices are designed to be 1 mm in diameter to accommodate
132about 1000 cells. These dimensions are also tailored to
133generate shear stresses on the order of 2−10 Pa at the bottom
134of the chamber as a mechanical stimulus for live cells (to be
135discussed in the following sections). Figure 1b,d shows the
136SEM images of the PDMS chips fabricated by soft lithography
137for the MECT and the MPEM designs, respectively. In
138addition, the inset for Figure 1b shows the dimension of the
139serpentine channel, and the inset of Figure 1d shows the
140dimension of the micropillar array (with a diameter of ∼80 μm
141for each pillar). It is worth mentioning that the diameter of the
142micropillar may have an impact on fluid mixing and gradient
143generation within the chamber. The current design is mostly
144determined by the limitations of features aspect ratio on the
145ease-of-peel-off of PDMS microfluidic chips from the silicon
146mold.
1472.2. Chemical Gradient Generation with Embedded
148Microchambers. We next investigated the capability of the
149microchamber-integrated microfluidic devices in generating
150tunable chemical gradients across chambers and within
151chambers in MECT and MPEM designs, respectively. This
152was demonstrated both experimentally and computationally
153with three different flow rate combinations at the two inlets

Figure 1. Designs of a microchamber-embedded microfluidic device
for gradient generation and drug screening. (a) COMSOL simulation
of a microchannel-embedded Christmas tree (MECT) design in
which microchambers are embedded after each serpentine micro-
channel. The gradient is generated across chambers, and uniform
concentration is achieved for each chamber. The chambers’ number
based on their position is demonstrated on each microchamber. (b)
SEM images of the entire chip with insets showing the serpentine
channel and the microchamber. (c) COMSOL simulation of the
micropillar-embedded microchamber (MPEM) design. An overall
gradient across chambers as well as a local gradient within each
chamber are generated. (d) SEM images of the entire chip with inset
showing the chamber and the micropillars. Scale bars: (b) 1000 μm;
(b inset) 500 μm; (d) 1000 μm; (d inset) 500 μm.
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154 from top to bottom: 20 and 10 μL/min (column i), 20 and 5
155 μL/min (column ii), and 30 and 5 μL/min (column iii). The
156 color gradients for other flow rate combinations where one
157 inlet flow rate was controlled to be constant are shown in
158 Figures S1 and S2 of the Supporting Information.

f2 159 For the MECT design shown in Figure 2a (i1, i2, ii1, ii2, iii1,
160 iii2), experimentally, solutions with yellow and blue colors
161 were flowed into the inlets at the designated flow rates above.
162 Chemical gradients across all chambers in the four columns,
163 denoted by the difference in color balance, were evident for all
164 three flow rate combinations. In the COMSOL simulation
165 shown in Figure S3a (i−iii), one chemical solution containing
166 1 mol/m3 of a chemical species serves as the input to one of
167 the inlets and zero concentration was delivered to the other
168 inlet at the same designated flow rate combinations. A gradient
169 of concentrations was evident for each flow rate combination.
170 Moreover, images of the last six chambers were captured and
171 processed to produce a blue color profile across the center line
172 of the chamber. This color profile was normalized and plotted
173 against the COMSOL simulation data in Figure 2b. An
174 excellent agreement was observed for three flow rate
175 combinations, and different ranges of chemical concentration
176 can be realized with the three flow rate combinations [0.2−1

177mol/m3 in Figure 2b (i), 0.5−1 mol/m3 in Figure 2b (ii), 0.6−
1781 mol/m3 in Figure 2b (iii)].
179For the MPEM design shown in Figure 2c, with the same
180experimental process, a chemical gradient can be produced
181across different chambers as well as within the individual
182chambers. These results also agree with the COMSOL
183simulation data for all flow rate combinations, with the blue
184color profile from experiments plotted against the concen-
185trations from the simulation for the last six chambers.
186Specifically, the chemical gradient within each chamber is in
187a narrower range as compared to the gradients across different
188chambers. The zoom-in images for the last chamber are shown
189in Figure 2a,c (i2, ii2, iii2). It is worth mentioning that both
190devices were designed to be symmetric and were demonstrated
191as such.
1922.3. Mechanical Gradient Generation with Embedded
193Microchambers. Our COMSOL simulation of the MECT
194device showed that the amount of shear stress at the bottom of
195the microchambers, which led to morphological and
196physiological changes, correlates with the flow rate at the
197inlets of the microfluidic channel, as demonstrated by the
198increase of flow velocity and shear stress from a flow rate of 0.1
199 f3to 0.2 μL/min (Figure 3a−c to 3d−f). In addition, shear stress

Figure 2. Gradient generation with the MECT and MPEM microfluidic channels. (a) Testing and modeling of the MECT device in generating
gradients with different ratios of flow rates at the inlets. The inlets were perfused with media of two different colors, yellow and blue. Three different
velocity ratios were shown: 20/10 μL/min (shown in column i), 20/5 μL/min (shown in column ii), 30/5 μL/min (shown in column iii). For each
flow rate, the device with the gradient is shown in 1; a zoom-in image of a representative chamber (14) is shown in 2. It is evident that variation in
flow rate ratios modifies the chemical gradient produced. (b) The comparison of the experimental data and the simulation data for gradient
generation is shown at three flow rate combinations in i−iii. The gradient is captured with the RGB coloration of each chamber. The plot shows the
blue color index for the center line of the last column of the device (chambers 13−18) normalized within 0 and 1. (c) Similar to part a, the
experiments were conducted for the MPEM device at three different flow rate combinations: i−iii. (d) A comparison of the MPEM device in
gradient generation from the experiments and the simulation is shown. Gradient was produced across chambers and within chambers. Scale bars:
500 μm.
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200 decreased significantly from the chambers in the columns close
201 to the inlets (1, 2, and 3) to the chambers close to the outlet
202 (13, 14, 15, 16, 17, and 18) due to changes in the frontal cross-
203 sectional area per column and the flow rate per column of
204 chambers. Further, shear stress within the chamber was higher
205 closer to the inlet and outlet of the chamber, as shown by the
206 cross-section of the shear stress distribution within chamber 2
207 for both flow rates (Figure 3c,f). Note that the amplitude of
208 the shear stress produced by the selected flow rates is captured
209 5 μm above the bottom surface of the chamber. This is about
210 the thickness of a cell, and the values represent the shear stress
211 exerted on cell surfaces. With an average of 0.005 Pa for the 0.2
212 μL/min flow rate, the shear stress amplitudes fall within the
213 normal physiological conditions.39,40 It is worth mentioning
214 that the relative flow rate ratio at the two inlets determines the
215 chemical gradients within the microchambers as demonstrated
216 in Figure 2, while the absolute values of flow rates determine
217 the amplitude of the shear stress as shown here in Figure 3.
218 2.4. Effect of Chemical and Mechanical Gradient on
219 Cell Viability. We next examined the effect of drug
220 concentration and flow-induced shear stress on cells seeded
221 within the microchambers. We initially cultured cancer
222 epithelial cells A431 at the concentration of approximately
223 580 cells/well. The cultures were then treated with
224 doxorubicin (Dox), a commonly known chemotherapy drug
225 blocking the topoisomerase 2 enzyme in cancer cells to stop
226 cancer cell growth.41 We examined the difference in cell
227 viability for different dosages of Dox across microchambers in
228 the device. These data were later compared with studies
229 conducted in Petri dishes for confirmation. Considering the
230 effect of flow-induced shear stress exerted upon cells from the
231 microfluidic flow, we further examined the efficacy of Dox in
232 combination with shear stress.
233 Taking advantage of the ability of the MECT device in
234 generating a uniform gradient within each chamber, we
235 performed a drug screening study with A431 cells adminis-

f4 236 trated with control media and Dox. We studied four conditions

237 f4in Figure 4: (1) Cells were stained with a live/dead assay 24 h
238after seeding without any media flow. This serves as the
239control. (2) Cells were perfused by Dulbecco’s modified
240Eagle’s medium (DMEM) from both inlets for 12 h before
241live/dead staining at a flow rate of 0.1 μL/min. This
242experimental condition examined the effect of shear stress on
243cell viability. (3, 4) Cells were perfused for 12 h with Dox in
244DMEM solution (at a concentration of 30 μg/mL) from the
245bottom inlet and DMEM only from the top inlet at flow rates
246of 0.1 μL/min (3) and 0.2 μL/min (4) for both inlets.
247Representative images for the studies of conditions 1−4 are
248shown in Figure 4a−d. These studies were performed after the
249cells had been seeded within the microchambers for 24 h. In
250addition, cells were perfused with the same condition as 3 and
2514 but at the flow rate of 0.05 μL/min, and the representative
252images of this condition are shown in Figure S4.
253Live/dead assay staining without fluid flow showed that cells
254were attached with well-spread morphology across chambers
255(zoom-in images for individual chambers in Figure S5 in the
256Supporting Information) (Figure S6), with high viability of an
257average of 95% for all chambers as shown in Figure 4a (i) (live
258cells in green) and Figure 4a (ii) (dead cells in red). This
259provided clear evidence that cells within each chamber were
260viable, and the device works properly. The effect of shear stress
261was then examined by perfusion of both inlets with a control
262media, DMEM, at a flow rate of 0.1 μL/min. Overall, slightly
263lower cell viability, at an average of 88%, was observed due to
264shear-induced cell death [Figure 4b (i) and 4b (ii)]. In
265addition, the cell viability increased from the columns closest
266to the inlet of the device to the columns closest to the outlets
267[Figure 4b (i)], in agreement with the COMSOL simulation
268where the shear stress is higher in the columns close to the
269inlets (Figure 3).
270Flowing Dox in combination with DMEM at the inlets
271produced a chemical gradient of Dox across chambers as
272expected, and this concentration gradient clearly induced
273different cell viability across chambers. For both flow rates of

Figure 3. Shear stress analysis of the microchip at two flow rates. (a) Velocity magnitude of the microchip at 0.1 μL/min flow rate shows a
symmetric distribution with higher magnitudes within the channels and corners compared to the chambers. (b) Shear stress values of the microchip
at 0.1 μL/min flow rate 5 μm from the surface show the same trend as the velocity magnitude. The distribution of shear stress is symmetric. (c)
Shear stress distribution inside a representative chamber 2 along the drawn line shows that the shear stress is at its maximum near the entrance and
exit of the chamber and is at its minimum in the center of the chamber. (d) Velocity magnitude for 0.2 μL/min also shows the same trend as 0.1
μL/min flow rate. (e) Shear stress distribution along the center line of the chamber for 0.2 μL/min compared to 0.1 μL/min shows higher values of
shear stress with the same distribution. (f) Shear stress values along the symmetry line in chamber 2 are shown.
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274 0.1 and 0.2 μL/min, cell viability decreased significantly from

275 the top chamber of each column, where the Dox concentration

276 is the lowest, to the bottom chamber of each column, where

277 the Dox concentration is the highest (Figure 4c,d). In

278 particular, representative images in Figure 4e show a group

279 of zoom-in images of the live/dead staining for chambers 13−
280 18 in condition 3 (0.1 μL/min DMEM/Dox), clearly

281demonstrating an increase in the number of dead cells from

28213 to 18 with an increase of Dox concentration. A quantitative

283data set summarizing all four conditions in five replicates in

284Figure 4g shows the overall decline of cell viability from

285chambers 13 to 18 for the two flow rates with DMEM/Dox

286combination (conditions 3 and 4), significantly different from
287the controls, while the cell viability remains stable for control

Figure 4. Drug screening treatment on A431 cells using the microfluidic device. Four testing conditions were shown: (a) Cells were stained with a
live/dead assay 24 h after seeding as control. (b) Cells were subject to 12 h of flow of DMEM from both inlets before live/dead staining. (c, d)
Cells were subject to 12 h of flow of DMEM/Dox (at a concentration of 30 μg/mL) (DMEM for the top inlet, DMEM/Dox for the bottom inlet)
at flow rates of 0.1 μL/min (c) and 0.2 μL/min (d) for both inlets. For each condition, composite images for live/dead cells (green and red) are
shown in i, and the dead cells (red) are shown in ii. (e) Zoom-in image from the fluorescent image of the dead cells of the first column (chambers
1−3) for the 0.1 μL/min DMEM/Dox condition, showing the increase in the number of dead cells. (f) Zoom-in images from chambers 3, 7, 12,
and 18 for the 0.1 μL/min DMEM/Dox condition, showing the increase in the number of dead cells. (g) Cell viabilities in the last column of the
chambers in the microfluidic device are shown for no flow, 0.1 μL/min DMEM/DMEM, 0.1 μL/min DMEM/Dox, and 0.2 μL/min DMEM/Dox.
(h) Illustration of chemical gradient and shear stress gradient across different chambers of the four columns. (i) Cell viability from the chamber 3,
7, 12, and 18 in DMEM/Dox 0.1 μL/min condition. Scale bars: (a−d) 1000 μm, (e) 200 μm, (f) 100 μm. *: p < 0.05 compared with chamber 13
in the same conditions.
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288 with no flow and for DMEM only at 0.1 μL/min (both inlets)
289 flow rate (condition 1 and 2). Some of the larger error bars in
290 Figure 4i plots may be due to the difference in cell confluency
291 before the drug test experiments due to the difference in the
292 number of cells seeded in the chambers throughout different
293 trials. Dox is not affecting cellular secretome, and the used cells
294 are not known to use secretomes for signaling; therefore, it is
295 expected that cells will not be affected by the upstream culture,
296 but for the sensitive cells and processes, cells can be cultured in
297 one column of the chambers to avoid the upstream secretome
298 interferences.
299 Flow-induced shear stress gradient alone induced a non-
300 significant change in cell viability, comparing the viability data
301 from condition 2 to condition 1 (Figure 4g). However, we
302 observed a synergistic effect between the drug treatment and
303 shear stress from the overall cell viability and the patterns of
304 cells attached within individual chambers after drug treatment.
305 First, due to the higher shear stress produced from a higher
306 flow rate in condition 4 (0.2 μL/min DMEM/Dox), the overall
307 cell viability in condition 4 is clearly lower than that in
308 condition 3 (0.1 μL/min DMEM/Dox), shown in the
309 representative images in Figure 4c,d as well as the quantitative
310 data in Figure 4g. Second, within a single testing chip, as
311 illustrated in Figure 4h, shear stress increases in columns of
312 chambers close to the inlet, while Dox concentration increases
313 in each column from the top chamber to the bottom chamber.
314 Significant cell death induced by a combined effect of shear
315 stress and drug treatment can be observed in chambers with
316 higher Dox concentration and with higher shear stress, for
317 instance, comparing chambers 3, 7, 12, and 18 in condition 3
318 (Figure 4i), also shown in the representative images in Figure
319 4f. It is worth mentioning that the viability number of those
320 chambers in condition 4 may have been skewed by the high
321 detachment rate due to the higher levels of flow-induced shear
322 stress. Lastly, there is a clear pattern of flow-induced cell
323 detachment, in chambers 4−7 in Figure 4c (i) and chambers
324 13−18 in Figure 4d (i), and the pattern shows an agreement

325with the simulation data in Figure 3c, where regions of higher
326shear stress have fewer attached and living cells. It is also worth
327mentioning that the cell study was carried out on the MECT
328chips, given the similar shear stress profile (Figure S8); we
329expect a similar outcome using the MPEM chips. In addition,
330the small concentration gradient within the chamber of MPEM
331can be useful in studies involving sensitive biological assays,
332such as growth factor stimulation.
3332.5. Comparison between the Microfluidic Devices
334with a Petri Dish in a Drug Study. The effect of the Dox
335concentration on cell viability across different chambers was
336confirmed by a comparative study with drug tests in a Petri
337dish. Viability data with DMEM/Dox at the inlets at a flow rate
338of 0.05 μL/min were compared with the Dox treatment of
339A431 cells in static culture. A lower flow rate was chosen to
340minimize the effect of the shear stress on cell detachment and
341cell death. Representative images of live/dead staining after
342DMEM/Dox flow for the last column (chambers 13−18) are
343 f5shown in Figure 5a. Cell viability data were collected by
344counting cells stained green and red from these chambers.
345According to simulation data, the concentration of Dox in
346chambers 13−18 are 0, 6, 12, 18, 24, and 30 μg/mL. These
347concentrations were applied in static culture, and the viability
348data were collected. Representative images of static culture
349treated with Dox of different concentrations are shown in
350Figure 5b and Figure S7 of the Supporting Information. The
351quantitative data presented in Figure 5c for both studies
352showed reasonable agreement, verifying the effectiveness of the
353device in drug screening.
354The proposed chip provides a platform where not only
355screening of drug dosages can be performed in high
356throughput on small microchambers, but also the synergistic
357effect between mechanical stimulants and chemical compounds
358can be explored in a dosage-dependent manner. The chemical
359gradients, produced in chambers in the same column, and the
360shear stress gradient, generated due to microfluidic flow across
361different columns from the inlet to the outlet, create a matrix of

Figure 5. Comparison of cell viability with multiwell dish study and microfluidic device study. (a) Fluorescent images of the stained dead cells in
the 0.05 μL/min DMEM/Dox condition from the last column of chambers, from chamber 13 to 18, are placed left to right in this panel. (b)
Fluorescent images from the multiwell Dox study on A431 cells with different concentrations of the Dox: 0, 6, 12, 18, 24, 30 μg/mL, matching the
concentration in microchambers 13−18. (c) Cell viabilities within the chamber of the last column of the microfluidic device in the 0.05 μL/min
DMEM/Dox condition are compared with cell viability of the multiwell study with the same concentrations. Scale bars: (a) 200 μm; (b) 100 μm.
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362 chambers where the effect of different combinations of
363 chemical and mechanical treatments can be examined. This
364 concept is illustrated in Figure 4h, where arrows point in the
365 direction of increasing shear stress and chemical concentration,
366 and our anticancer studies clearly demonstrated that the
367 increase in dosage and in shear stress synergistically enhanced
368 higher cell death rate. This capability can be considered a step
369 forward as compared with devices that only test the effect of
370 chemical gradients on organoids and cell cultures42,43 or
371 studies that only examine the effect of shear stress on cancer
372 cells.36,37 It should be noted that the number of chambers can
373 be expanded to include more concentrations, while the shape
374 of the microchamber can be modified to produce different
375 shear stress profiles. Further, the microchambers can be
376 tethered at the bottom onto additional PDMS layers separated
377 by a thin porous membrane to introduce additional stimulants,
378 such as other chemical compounds or oxygen.44−46 This
379 transparent system is compatible with microscopes for on-line
380 imaging from the individual chambers, in which immunostain-
381 ing of the cultured cells can be used for biological assays. In
382 addition, the size of the chambers allows electrochemical
383 sensors to be embedded for monitoring the environment and
384 functionality of the cultured cells.
385 2.6. 3D Cell Seeding and Cell Culture within
386 Embedded Chambers. In newly developed microfluidic
387 devices, the traditional 2D cell culture practices have given way
388 to 3D cell culture schemes to closely recapitulate the
389 microenvironment in vivo.47 3D cell culture platforms allow
390 for omnidirectional cellular growth with biomimetic cell−cell
391 and cell−extracellular matrix (ECM) interactions.48 The 3D
392 cell culture using hydrogels,49 fibrous scaffolds,50 and droplet
393 suspensions51 within microfluidic devices has demonstrated
394 different drug responses, cell morphologies, and proliferation
395 patterns than static 2D cell cultures.52 Microfluidic systems
396 have also been utilized for creating cellular patterns in 2D and
397 3D environments.53−55 These devices have shown great
398 promise for depositing cells in a highly defined fashion and
399 over a scale of several centimeters. Despite this progress, the
400 capability of such systems for engineering coculture of different
401 cells is not well-explored, especially considering the potential of
402 cocultures exposed to different drug compounds.
403 In this study, we explored the capability of the micro-
404 chamber-based device in 3D cell culture. In drug screening,
405 current microfluidic devices allow only one controlled area for
406 cell seeding and interaction with the chemicals. Our goal was
407 to introduce spaces within the channels which serve as reaction
408 chambers, and cells seeded within each chamber receive
409 different dosages of the chemicals, paving the way for high-
410 throughput drug screening. Furthermore, this design provides a
411 means to seed different cell types for coculture, affording new
412 potentials of screening cell−cell interactions. To this end, two
413 types of cells were encapsulated in 7% (w/v) gelatin
414 methacryloyl (GelMA) solution, a widely used hydrogel for
415 encapsulating the cells, containing photoinitiator (PI) at a
416 concentration of 0.1% (v/v) that could be cross-linked in situ
417 to provide a 3D microenvironment. This particular concen-
418 tration is optimized as shown in Figure S9. This concentration
419 of GelMA has been successfully used for long-term 3D culture
420 of various cells.56 The GelMA solution was then flowed into
421 the inlets of the MECT and MPEM devices at controlled flow
422 rates. Once a steady flow condition was achieved, the solution
423 flow was stopped, and a UV light was applied onto the
424 microchambers through a mask to cross-link GelMA. Cross-

425linked GelMA encapsulated cells in a 3D environment within
426 f6each microchamber. This process is illustrated in Figure 6a.

427Figure 6b shows the 3D-cell encapsulation of two types of
428cells (mutants of cancerous epithelial cells, A431) colored with
429blue and green inside the microfluidic device, and a clear
430gradient of cell ratios can be discerned across chambers in the
431same column. Since the flow rate of the cell mixture from both
432inlets was the same, microchambers had a symmetric
433distribution of both types of cells across the center line. As
434the zoom-in images of Figure 6c,d show, the distribution of the
435cells within chambers were uniform as compared with
436experiments carried out in MECT devices (Figure S10b,c), a
437proof that the micropillars spread the cells evenly within
438chambers. A clear division of two cell types was visualized from
439the zoom-in images, as the majority of the cells in green were
440seeded in the bottom half of chamber 10 (Figure 6c). The
441distribution of the cells is determined by the velocity profile
442within the microchambers of each design (Figure S11). A
443quantitative evaluation of the cell ratios for the last two
444columns of the device provided clear evidence of the gradient

Figure 6. Gradient of 3D-cell encapsulation in hydrogel within the
microfluidic device embedded with a micropillar gradient generator.
(a) Schematic illustration of the experimental process. (b)
Fluorescent image of the gradient of stained cells with 2 different
colors of Hoechst and green cell tracker. (c, d) Zoom-in image from
the representative chambers 10 and 11, respectively. The empty
regions in the circular shape represent the micropillar embedded in
the chambers. (e, f) Cell ratio analysis in the third and fourth columns
of the chambers of the microfluidic device, respectively. Scale bars:
(b) 1000 μm; (c, d) 100 μm.
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445 effect as the ratio of blue/green cells drops from 1 to 0 (Figure
446 6e,f). The MPEM device produces a line contact between two
447 regions of cells. This can be useful in studying the
448 spatiotemporal distribution of cells at the cell−cell contact in
449 different physiological conditions.57

450 This study provides a potential support for coculture
451 systems supplied with chemical gradients. In this capacity,
452 cells can be encapsulated in 3D microenvironments with
453 hydrogels and flowed into the microchambers with a gradient
454 effect. Once cross-linked within the microchambers, cocultures
455 of different cell types and ratios can be used in a wide spectrum
456 of drug screening studies. Microfluidics-based coculture
457 systems have been used to study different cell types, including
458 epithelial and stromal cells for mimicking prostate cancer
459 behavior,58 breast cancer cells with lung cells,59 as well as
460 intestine and liver cells.60 The majority of these studies were
461 focused on 2D coculture of cells. The introduction of 3D
462 coculture with our microchamber system can create a
463 microenvironment that is more physiologically relevant. In
464 addition, the microchambers with the 3D coculture can be
465 peeled off from the top PDMS layer after cell seeding and gel
466 cross-linking. This creates open microchambers where various
467 biological assays can be performed on the coculture of different
468 cell types and ratios. Furthermore, our MPEM and MECT
469 devices could control different ratios of cell concentrations to
470 create cocultures of different numbers of cells.

3. CONCLUSIONS

471 We have designed a novel microfluidic platform integrating
472 chemical gradient generation and cell culture in a single device.
473 This was achieved by integrating microchambers within a
474 network of microchannels, and potentially with micropillars
475 embedded within the chambers. The microchambers provided
476 spaces for cell seeding and growth and offer a reaction zone for
477 drug screening. We have shown the process for gradient
478 generation and demonstrated the gradient effect in a cancer
479 cell model subject to a chemotherapy agent. The results show
480 the effect of a Dox gradient in the induction of cell death with a
481 clear correlation. Further, we observed and analyzed the
482 synergistic effect of Dox concentrations in the context of fluid
483 shear stress. Finally, these data on cell viability induced in
484 separate chambers at different concentrations of Dox were
485 confirmed with experiments in Petri dishes with corresponding
486 concentrations. Moreover, we showed that this device could
487 potentially provide 3D cell coculturing capacity, paving the
488 way for testing in a 3D microenvironment. Furthermore, this
489 device can be combined with 3D-printers, and the dimensions
490 can scale up which can represent a bioreactor61 that is capable
491 of analyzing different conditions on the same device.
492 Collectively, these data demonstrate the effectiveness of the
493 device in potentially conducting high-throughput drug screen-
494 ing with a single chip.

4. EXPERIMENTAL SECTION
495 4.1. Microfluidic Device Fabrication. The fabrication process
496 mainly consists of two steps: the design and fabrication of a silicon
497 mold, and the fabrication of the microfluidic chip. For mold
498 fabrication, a chromium mask coated with a thin layer of SU-8
499 (Kayaku Advanced Materials, Westborough, MA) was etched using a
500 Laser Writer (Heidelberg DWL-66 FS, Torrance, CA) and an AZ-400
501 K developer (Microchemicals GmbH, Ulm, Germany) through a
502 chemical reaction. CR-7 chromium etchant (CYANTEK corporation,
503 Fremont, CA) was subsequently used to remove the chromium layer.

504To ensure that no photoresist remained, a higher concentration (85%
505water) of AZ-400 K developer was used to dissolve the remaining SU-
5068. To fabricate the designed features on the Si wafer, S1813
507(Microposit, Westborough, MA) positive photoresist was selected for
508soft lithography. The photoresist was spin coated on the wafer. Then,
509masked aligned on the top surface of the wafer and DRIE were
510performed to project the features on the wafer. Then, plasma etching
511was done to remove the photoresist. The chip is made of
512polydimethylsiloxane (PDMS) (Sylgard 184, Corning, NY). PDMS
513was mixed with a curing agent in a 1:10 volume ratio and left in a
514desiccator for 30 min to degas. The wafer was washed with 99%
515isopropanol and dried using nitrogen gas. To avoid PDMS adhesion
516to the wafer, Trichloro (1H,1H,2H,2H-perfluorooctyle, silane 97%)
517(Sigma-Aldrich, St. Louis, MO) was used as the silane agent. The
518degassed PDMS was poured over the entire mold, and it was again
519placed inside a desiccator for 30 min to remove any air bubbles
520formed during pouring. Finally, the wafer was thermally cured inside
521an oven at 65 °C for 2 h. The PDMS fabrication process is illustrated
522in a schematic drawing in Figure S12.
5234.2. SEM Imaging. The PDMS microfluidic chip without the glass
524slide was used for SEM imaging. A thermal treatment was applied to
525the chip in the oven at 50 °C for 30 min before coating to remove
526excessive humidity and enhance the coating process. Then, a
527chromium sputter coater (Denton Desk V Sputter) was used to
528coat a thin layer of chromium on the chip for 15 min. The coated chip
529was fixed to an SEM holder and then inserted into the SEM (Hitachi
530S4700 FE). The low-magnification mode with 15 kV was used to
531image the whole chip for the pillar design and serpentine design with
53220× and 25× magnification, respectively. The high-magnification
533mode with 15 kV was used to image one chamber for the MPEM and
534MECT with 130× and 67×, respectively.
5354.3. Gradient Generation and Analysis. After removing the
536bubbles from the PDMS chip, blue and yellow dyes were mixed with
537deionized (DI) water and flowed into the chip with a syringe pump at
538controlled flow rates and flow rate ratios. After the steady-state is
539reached, the last column of chambers was imaged in a bright-field
540mode. The RGB-colored image for each chamber is analyzed to
541extract the blue color index from the center line of the chamber using
542a customized MATLAB script.
5434.4. COMSOL Simulation. To evaluate the performance of the
544microchip, a computational fluid dynamics (CFD) simulation was
545developed using COMSOL Multiphysics. “Creep flow” and “Trans-
546port of Diluted Species” physics were used to model the fluid flow,
547shear stress, and concentration changes in the microfluidic device. For
548the gradient studies, the inlets have different flow rates to show the
549effect of flow rate and their ratios on the generated gradient. However,
550for the shear stress study, both inlets have the same flow rates to study
551the effect of mechanical stimulation on cell viability. Two flow rates
552were examined to investigate the effect of flow rate on the shear stress.
553Shear stress was calculated by adding the following equation to
554COMSOL analysis: τ = γ × μ, where τ is the shear stress, γ is the shear
555rate, and μ is solution viscosity. Shear rate is calculated by the
556software, and viscosity is the fluid property. We assumed water as the
557fluid for this simulation.
5584.5. Cell Culture. A431 cells (gift from Prof. Kathleen Green,
559Northwestern University) and A431 cells with GFP tagged E-cadherin
560(gift from Prof. James K. Wahl, University of Nebraska Medical
561Center) are cultured in T75 flasks with DMEM-included 10% fetal
562bovine serum (FBS) and 1% penicillin−streptomycin (10 000 Unit/
563mL) for 2 days until cells reach confluency. Before the experiment,
564cell culture media was removed, and the flask was washed with PBS
565two times. Cells were then trypsinized and suspended for use.
5664.6. 3D-Cell Encapsulation. GelMA was used as a hydrogel to
567encapsulate the cells inside the chambers, and two types of cells were
568used to demonstrate the coculturing. GelMA was synthesized by
569following a previous protocol.55,62,63 Methacrylic anhydride (MA)
570(Sigma-Aldrich, St. Louis, MO) was mixed with liquid gelatin in PBS
571at a ratio of 1.25% (v/v). Subsequently, freeze-dried GelMA was
572dissolved in PBS and combined with a solution of Irgacure 2959 (2-
573hydroxy-4′-(2-hydroxyethoxy)-2-methyl-propiophenone) (Sigma-Al-
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574 drich, St. Louis, MO) and PBS. The final ratio of the photoinitiator
575 (PI) was 0.1%, and the final ratio of the GelMA was 7%.56 The
576 optimal ratio of the PI was reached by a live/dead study of the cell
577 encapsulation within 7% GelMA cross-linked by different PI ratios
578 (Figure S9 in the Supporting Information).
579 Mutants of A431 were the cell lines used for 3D coculturing (A431-
580 DPNTP, A431-S2849GDP).64 Cells were stained with either Hoechst
581 or green cell tracker and mixed with the GelMA solution. The final
582 concentration of cells encapsulated in GelMA solution was around 5
583 million cells per mL. The GelMA−cell mixture was filled into the 1
584 mL syringes and flowed into the microchannels with syringe pumps at
585 controlled flow rates. Once a stable condition was reached inside the
586 microchannels, the infusion was stopped, and the GelMA was cured
587 under the UV laser chamber with an intensity of 750 mW for 30 s.
588 4.7. Cell Seeding for Drug Study. PDMS with a ratio of 1:10
589 was used to fabricate the microchannels, and it was bonded to glass
590 slides and cured for 30 min at 80 °C inside an oven. Human
591 fibronectin protein (Thermofisher) with a concentration of 50 μg/mL
592 was used to coat the surface of the glass slide as the bottom layer of
593 the microchannels. Fibronectin was flowed into the microchannels by
594 syringes and incubated for 2 h, and the fibronectin-coated
595 microchannel was washed with PBS. A mixture of the cells and
596 DMEM was flowed into the microchannel with syringe pumps at a
597 flow rate of 30 μL/min. The concentration of the cell mixture was
598 about 10 million cells per mL of media. Cell attachment and
599 proliferation inside the microchannel were reached by placing the
600 microchannel inside an incubator for 24 h.
601 4.8. Drug Testing and Live/Dead Assay. Doxorubicin hydro-
602 chloride 98.0−102.0% (HPLC) (Sigma-Aldrich, St. Louis, MO) with
603 a molecular weight of 579.98 was dissolved in water and was diluted
604 in DMEM media. For A431 cells, the live−dead staining kit was
605 diluted with PBS and was continuously flowed into the chambers with
606 cells for 2 h. The live−dead kit contains calcein-AM which stains
607 green to the cytoskeleton of live cells and ethidium homodimer which
608 stains red to the nuclei of dead cells. Cells were then counted with the
609 ImageJ cell counter module. Viability of the cells was calculated as the
610 ratio of the live cells (stained green) over the total number of the cell,
611 summation of the live (green) and dead (red) cells within each
612 chamber.
613 4.9. Imaging. A ZEISS LSM 800 confocal microscope (4×, 1.4
614 NA, numerical aperture) was used for live and fixed cell imaging. All
615 images were captured with ZEN software (ZEN, 2017, Zeiss). Bright-
616 field images were taken with a Nikon Ti2 instrument using NIS-Ar
617 software. All image reconstruction and channel alignment were
618 performed using ImageJ software.
619 4.10. Statistical Analysis. Statistical analyses were performed
620 using the unpaired t test, and statistical significance was determined at
621 p < 0.05.
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