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ABSTRACT

Breast cancer metastasis involves complex mechanisms, particularly when patients are undergoing chemotherapy. In tissues, tumor cells
encounter cell-cell interactions, cell-microenvironment interactions, complex nutrient, and drug gradients. Currently, two-dimensional cell
culture systems and animal models are challenging to observe and analyze cell responses to microenvironments with various physical and
bio-chemical conditions, and microfluidic technology has been systematically developed to address this dilemma. In this study, we have con-
structed a combined chemotherapy evaluation chip (CCEC) based on microfluidic technology. The chip possesses 192 diamond-shaped
microchambers containing MDA-MB-231-RFP cells, and each microchamber is composed of collagen to mimic breast cancer and its sur-
rounding microenvironment. In addition, by adding medium containing different drugs to the medium channels of CCEC, composite drug
(paclitaxel+gemcitabine+7rh and paclitaxel+fluorouracil+PP2) concentration gradients, and single drug (paclitaxel, gemcitabine, 7rh, fluoro-
uracil, PP2) concentration gradients have been established in the five collagen regions, respectively, so that each localized microchamber in
the regions has a unique drug microenvironment. In this way, we evaluated the composite and single chemotherapy efficacy on the same
chip by statistically analyzing their effects on the numbers and migration of the cell. The quantitative results in CCECs reveal that the inhibi-
tion effects on the numbers and migration of MDA-MB-231-RFP cell under the composite drug gradients are more optimal than those of
the single drugs. Besides, the cancer cell inhibition effect between the groups composed of two drugs has also been compared, that is the
paclitaxel+gemcitabine, paclitaxel+fluorouracil, and paclitaxel+PP2 have better cell numbers and migration inhibition effects than paclitaxel
+7rh. The results indicate that the bio-mimetic and high-throughput combined chemotherapy evaluation platform can serve as a more effi-
cient and accurate tool for preclinical drug development and screening.
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I. INTRODUCTION

Breast cancer seriously threatens women’s health." Although
the treatment of primary breast tumors has been significantly
improved, the systematic treatment of metastatic breast cancer is
less effective. Metastasis is the root cause of death for most patients
with breast cancer.” In the past decades, many studies have shown
that the invasion and metastasis of breast cancer are closely related
to the microenvironment in which the cancer cells are located.’
Therefore, fabricating in vitro cultured model systems that can sim-
ulate the microenvironment in vivo is crucial in cancer research.”

However, it is still a significant deficiency that the most
common research models in life science are two-dimensional (2D)
cell cultures and animal models. Among them, 2D cell culture envi-
ronments differ immensely from the three-dimensional (3D)
microenvironment in the human body, resulting in changes in cell
morphological and physiological characteristics, which may lead to
a contradictory interpretation of the experiments.” In contrast,
although animal experimental results are usually more reliable than
common cell culture, they also have the weakness of being expen-
sive and time-consuming.” To address this drawback, many new
developments that construct 3D culture models in vitro in micro-
fluidic technology have been made.® It can simulate tumor struc-
tures in vivo and study the cell-cell and cell-microenvironment
interaction. Notably, the use of microfluidic chips to build in vitro
“battlefields” for cancer cell growth, invasion, and metastasis has
significantly improved breast cancer research and diagnosis.””"" For
example, some researchers have successfully developed lab-on-a-
chip (LOC) or organ-on-a-chip (OOC) to investigate cancer cell
invasion and metastasis mechanisms of cancer cells in complex
tissue environments.'” These models accurately control the local
microenvironment, simulate the function of human organs, and
avoid expensive animal tests, so they are considered as in vitro plat-
forms for cancer research that could replace the 2D cell culture and
animal models."’

Besides fundamental research, microfluidic chip-based in vitro
cancer models also have great potential to provide meaningful
preclinical drug screening.'* Current cancer treatments include
chemotherapy, surgery, and radiation therapy. Among these, drug
chemotherapy is one of the important means of breast cancer treat-
ment.”” Figure 1(a) shows a breast cancer patient with combined
chemotherapy and the heterogeneous in vivo tumor microenviron-
ment. The left is a diagram of a patient with breast cancer who is
given multiple anti-cancer drugs, with the mammary gland (pink)
and breast cancer (red). To its immediate right is a zoom-in on the
breast tumor and its surrounding heterogeneous microenviron-
ment, which contains breast cancer cells (red) and the extracellular
matrix (ECM) composed of collagen (gray), as well as drug I (red),
drug II (blue), and drug III (green). To achieve better treatment
effects for cancer patients, anti-cancer drugs’ combination chemo-
therapy has been generally accepted as a feasible strategy in clinical
practice, which can reduce drug resistance and side effects.' 7
Currently, the standard method to evaluate the efficacy of combina-
tion chemotherapy regimens is to use clinical trials, which are sys-
tematic studies of human drugs.'*'” However, clinical trials require
a large amount of workforce and time, are expensive, and often
impose a tremendous burden on patients.””*'
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Given the current challenges in the evaluation of combination
chemotherapy, our study developed the combined chemotherapy
evaluation chip (CCEC) based on the tumor microenvironment in
breast cancer patients that receive combination chemotherapy.
As shown in Fig. 1(b), the drugs simultaneously form a stable com-
posite concentration gradient and multiple single concentration
gradients through its diffusion in the collagen microenvironment
on the same chip. In that case, cancer cells of the same batch at dif-
ferent locations in each region will be in a local microenvironment
with varying concentrations of the drugs. By combining this plat-
form with microscopy imaging and immunofluorescence technol-
ogy, we conducted the high-throughput statistical and comparative
analysis of the efficacy of using composite drugs, single drug, and
drug-free, and further efficiently evaluate the effect of combination
chemotherapy on cancer cells. The CCEC system can be used for
preliminary evaluation of the efficacy of combination chemother-
apy before clinical trials, improve the success rate of clinical trials,
and save a lot of manpower and materials. CCEC system has criti-
cal clinical value for providing drug guidance programs for patients
in the short term in the future.

Il. MATERIALS AND METHODS
A. Cell culture

The breast cancer cell line MDA-MB-231-RFP in CECC was
obtained from China Infrastructure of Cell Line Resources (Beijing,
China). MDA-MB-231-RFP cells were cultured in RPMI (Corning,
NY, USA) supplemented with 10.0% (v/v) fetal bovine serum
(Gibco, NY, USA) and 1.0% (v/v) penicillin/streptomycin
(Corning, NY, USA), and placed in a 37.0 °C incubator containing
50% CO,. During the experiment, the «cell density of
MDA-MB-231-RFP cells seeded into CCEC was 3.0 x 10° cells/ml.

B. Collagen preparation

Collagen is a bio-compatible material often used to construct
extracellular matrices in vitro. It is a porous structure that provides
physical support for cells and is an essential medium during the
transport and diffusion of biochemical substances.”” Therefore, in
CCEC systems, we selected collagen I extracted from rat tail
(354236, Corning, NY, USA) to construct the extracellular microen-
vironment and study the numbers and migration of cell in the
microenvironment.”” Collagen (the concentration of 10.27 mg/ml)
was diluted with 10xPBS (Corning, NY, USA) and sterile water to
5.0 mg/ml, pH level was adjusted to 7.2. The average pore area and
pore size of solidified collagen were 82.66 um” and 5.13 um, respec-
tively, as calculated by the SEM image (Fig. S1 in the supplementary
material). Studies show that the matrix conditions with different col-
lagen concentrations significantly impact the growth and migration
of cancer cells and the drug efficacy for limiting cell migration, the
range of collagen concentrations commonly used to construct cancer
cell migration models is 1.0-6.0 mg/ml.**~** In our study, after many
tests, 5.0 mg/ml collagen is more suitable for constructing the extra-
cellular matrix in CCEC, which can maintain the sound diffusion of
drug molecules and has excellent stability to meet the long-term
tracking experiment of 120.0h. In contrast, other collagen concentra-
tions are currently not suitable for this system.
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FIG. 1. The design of CCEC is based on the biochemical microenvironment in breast cancer patients. (a) Schematic illustration of the biochemical microenvironment in
breast cancer patients treated by combination chemotherapy. (b) The design of CCEC and its microchamber. The upper left shows a schematic view of CCEC, which
mainly includes medium channels and collagen regions. The lower left illustrates the schematic enlarged view of a single microchamber in the chip. Right (i) shows an
image of nine microchambers captured by a confocal microscope (SP8, Leica, Germany), (i) is @ magnified view of one of the microchambers, and (iii1-iii2) are 3D cross
sections of a single microchamber in the x-z plane, and x-y plane, respectively. The microchamber (yellow) is composed of collagen (white), and MDA-MB-231-RFP cells

(red). (c) The fabrication process of CCEC.

C. The design of CCEC

Following the diagram shown in Fig. 1(a), CCEC was designed
and illustrated on the upper left side of Fig. 1(b). The chip mainly
contains five medium channels and five drug evaluation regions.
During the experiment, the five channels were injected with
medium (peripheral channel and upper channel), medium contain-
ing drug I (left channel, red), drug II (lower channel, blue), and
drug III (right channel, green). These five channels divide the chip
into five drug evaluation regions: composite drug evaluation region
(middle), single drug evaluation region (left, lower and right), and
no drug evaluation region (upper). In every drug evaluation region,
each diamond-shaped closed microchamber was surrounded by
collagen, which contained breast cancer MDA-MB-231-RFP cells,
as shown in the lower left side of Fig. 1(b). Our previous research
shows that cancer cells in the circular microchamber cannot break

through the annular collagen fiber microenvironment to migrate in
a short period.”” Thus, the microchamber is unsuitable to be
designed as a circle shape, while the diamond microchamber com-
posed of collagen fiber is more advantageous to cancer cell migration
and suitable for studying the effect of different drug microenviron-
ment of cancer cells. In CCEC, the composite drug evaluation region
contains 64 microchambers, and the single drug evaluation regions
and no drug evaluation region contain 32 microchambers. In that
case, each microchamber in the drug evaluation region is in a unique
biochemical microenvironment, the tumors in vivo in different
drugs.

D. The fabrication process of CCEC

The fabrication process of CCEC is shown in Fig. 1(c).
Initially, the PDMS chip was prepared using soft etching
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technology, including base (blue) and microchamber template
(blue) (step I). Then, the base was incubated with fibronectin
(Corning, NY, USA) (pink) at 37.0 °C for 2.0h, which allowed colla-
gen to cling firmly to the base. Concurrently, the microchamber
template was incubated with 2.0% bovine serum albumin (BSA,
Cell Signaling Technology, USA) (green) at room temperature for
2.0h to detach the collagen from the template (step II). After that,
the base was turned over 180°, aligned with the microchamber tem-
plate, and attached, and thus a cavity was formed between the two
(step III). Subsequently, 5.0 mg/ml collagen was injected into the
cavity through the gel injection hole in the center of the base
(step IV). After the collagen was solidified, the chip was turned
over again; the microchamber template was uncovered and dis-
carded. At this point, a diamond-shaped microchamber composed
of collagen was formed on the base (step V). Next, the cell suspen-
sion was spread on the base (step VI); after the cancer cells fell into
the microchamber, the cancer cells outside the microchamber were
rinsed off with 1xPBS (step VII). Then, the microchambers con-
taining cancer cells were sealed with 5.0 mg/ml collagen (step VIII).
Finally, CCEC was fixed with a jig containing a culture pool and a
Petri dish seated in a live cell culture apparatus (Okolab, Italy) for
120.0h. During the experiment, the medium was renewed every
24.0h, and the chip was imaged simultaneously. The top right is a
microscope image of the base (step IX), and the bottom right is the
physical image of CCEC (step X).

E. Immunofluorescence analysis

The immunofluorescence of specific proteins can be used to test
the effectiveness of drugs in the CCEC system. After the drug evalua-
tion was completed, the jig and Petri dish on the CCEC were
removed, and the medium was washed off with pre-warmed (37.0 °C)
1 xPBS (Corning, NY, USA). Subsequently, the pre-warmed
(37.0°C) 4.0% paraformaldehyde (Beyotime, MA, USA) was
spread over the chip for 1.0h, and the MDA-MB-231-RFP cells in
the chip were fixed. Next, the 4.0% paraformaldehyde was cleaned
with 1xPBS. The chip was infiltrated with normal goat serum
(Solarbio, China) and seated at 37.0 °C in the dark for 3.0h. The
normal goat serum was then removed. After that, the DDRI1
primary antibody reagent DDR1 (D1G6) XP Rabbit mAb (Cell
Signaling Technology, MA, USA) was diluted with 1 xPBS at a
ratio of 1:200, spread over the chip, and kept in a 4.0 °C incubator
for 12.0h. Then, the primary antibody was washed off with
1 X PBS to complete the labeling of the DDRI1 protein. The sec-
ondary antibody reagent Streptavidin-Alexa Fluor 555 antibody
(Bioss, China) combined with the primary antibody, labeled the
DDRI1 protein as yellow fluorescence, and was diluted with
1 x PBS at a ratio of 1:300. The diluted secondary antibody solu-
tion was spread over the chip and was allowed to stand at 37.0 °C
for 2.0h. Finally, the secondary antibody was washed off with
1 x PBS. Afterward, images were taken with the yellow fluores-
cence channel of a confocal microscope (SP8, Leica, Germany).
The primary and secondary antibodies used for E-cad protein
staining were E-Cadherin (24E10) Rabbit mAb (Cell Signaling
Technology, MA, USA) and Streptavidin-Alexa Fluor 350 anti-
body (Bioss, China), respectively. The operation procedure was

scitation.org/journal/bmf

the same as above, and the images were taken with the blue fluo-
rescence channel of the confocal microscope.

lll. RESULTS AND DISCUSSION

A. Simulation and construction of concentration
gradients in the chip

One of the advantages of CCEC is that it contains five colla-
gen gel regions formed by the trapezoidal micropillar array barrier
and five independent medium channels around the gel regions
[shown in Fig. 1(b)]. The channels are filled with medium contain-
ing different drugs, diffusing through the gaps in the micropillar
array into the gel region. Thus, different drug concentration gradi-
ents could simultaneously form in each gel region. To examine the
space-time relationship of drug concentration gradient formation,
we selected Rhodamine-dextran (4 kDa, red), Cascade Blue-dextran
(3 kDa, blue), and FITC-dextran (4 kDa, green) with the same type
as drug molecules, they are both organic and water-soluble mole-
cules and diffuse in the form of molecules in collagen gel. These
dye molecules have been widely used in drug gradient tests.”” >’
First, COMSOL (Multiphysics 5.6, Comsol, Sweden) software was
used to simulate the diffusion of the three dyes in CCEC, confirm-
ing that a stable gradient was formed in the gel region of the chip.
During the simulation, we used the “Transport of Diluted Species”
physics field in the COMSOL software to simulate the diffusion of
dyes in collagen. The initial concentration of the dyes and the
porosity of collagen gel were set as 10.0ug/ml and 36.8%. As
shown in Fig. 2(a), the three dyes diffused to the adjacent gel
regions, forming a composite concentration gradient and three
single concentration gradients. Apparently, the closer the channels,
the higher the dye concentration [shown in Figs. 2(a) and 2(b)].
Hence, the results indicate that our designed CCEC should be able
to form stable single and composite biochemical concentration gra-
dients through the diffusion of biochemical factors or small molec-
ular compounds in collagen gels.

Next, to verify the COMSOL simulation results, CCEC was
constructed according to the fabrication process shown in Fig. 1(c).
During the experiment, the experimental parameters were consis-
tent with the simulation parameters. The three-dye solutions were
added to the prepared CCEC, refreshed every 24.0h, and imaged by
an inverted fluorescence microscope (Ti-E, Nikon, Japan) to visual-
ize the concentration gradients in the gel region. As shown in
Fig. 2(c), when the dye solution entered the channel, it gradually
diffused to the adjacent gel regions, forming three single dye con-
centration gradients (I-III) and a composite dye concentration gra-
dient (IV) in the chip. The fluorescence intensities of the three
dyes over time and space were computed using a MATLAB script.
It shows that the fluorescence intensity of each dye at a specific
position is inversely proportional to the distance from the position
to the dye channel, and the dye gradients in each region remain
almost unchanged at 24, 48, 72, 96, and 120h, indicating that a
continuous and stable concentration gradient can be formed in col-
lagen region after 24h of dye diffusion. The result, that collagen
with porous structures can maintain a stable biochemical concen-
tration gradient, is consistent with previous research as Ref. 30.
Therefore, the CCEC system can combine optical imaging
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FIG. 2. Simulation and construction of dye gradients. (a) and (b) COMSOL simulation of Rhodamine-Dextran (red), Cascade Blue-Dextran (blue), and FITC-Dextran
(green) diffusion in the CCEC. (c) The left inset shows the stable dye gradients of 120.0h constructed in CCEC. The six statistical graphs on the right show the fluores-
cence intensity distribution of Rhodamine-Dextran, Cascade Blue-Dextran, and FITC-Dextran at different locations in different regions and at different times (0, 24.0, 48.0,
72.0, 96.0, and 120.0 h). The X axis represents the distance between a location in a region of the chip and a dye channel, such as the distance between a location in
region | and the Rhodamine-Dextran channel. The Y axis represents the fluorescence intensity of the dye.

technology to provide an excellent experimental platform for high-
throughput drug combination screening.

B. Spatial dynamics of breast cancer cell numbers and
migration in anti-cancer drug gradients

Another advantage of CCEC is that the chip contains 192
enclosed microchambers composed of collagen, each of which can
serve as an independent research unit, providing cancer cells in the
microchamber with a 3D culture microenvironment like that
in vivo. By adding the medium containing different drugs to the
microfluidic channels of the chip, stable drug concentration gradi-
ents are formed in various regions of the chip. In that case, each
microchamber in each region is in a different local biochemical
microenvironment. Therefore, combined with optical imaging and
quantitative analysis, it is promising to assess the effect of single
and composite drug gradients on cells in the microchamber at
high-throughput levels.

To test this function of the chip, we selected several breast
cancer chemotherapy drugs. First, the three anti-cancer drugs
were injected on opposing sides of a central region so that the
concentration of these drugs spread across the central region in

the CCEC system. Doing so allowed the inhibition effect of the
various composite drugs on the numbers and migration of breast
cancer cell to be observed. There were also three regions in our
chip design containing only one drug. A control region that con-
tained no drugs was also placed on the chip [Figs. 3(a) and 4(a)].

Among the drugs considered, paclitaxel (PTX) is a commonly
used first-line drug.ﬂ"’q’2 Gemcitabine (GEM) is an anti-cancer drug
widely used in the clinical treatment of breast cancer.”” Paclitaxel
combined with gemcitabine has been used clinically.”* 7rh is a dis-
coidin domain receptor 1 (DDRI1) inhibitor that reduces the interac-
tion between cancer cells and collagen by inhibiting the expression
of DDR1 and thus inhibits the migration of cancer cells, 7rh is not
currently in use in clinical practice.”>® Previous studies demon-
strated that long-term use of a single drug leads to resistance to the
drug, resulting in unsatisfactory efficacy, while synergistic combina-
tion drugs can reduce drug resistance and improve drug efficacy.”’
Therefore, we tested the effects of single and composite drugs on
cells under the anti-cancer drug group PTX+GEM+7rh in the CCEC
system [shown in Fig. 3(a)]. Figure 3(b) shows the enlarged image of
MDA-MB-231-RFP cells (red) and MDA-MB-231-RFP cells off-
chamber migration under the anti-cancer drug group PTX+GEM
+7rh for 120.0h. Specifically, under the single drug gradients (a;—c;),
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FIG. 3. The evaluation of the effects of the anti-cancer drug group PTX+GEM+7rh on the numbers and migration of cancer cells. (a) MDA-MB-231-RFP cell (red) distribu-
tion at 120.0 h in drug gradients. Inside the blue dotted line is an enlarged view of the microchambers in the chip. During the experiment, paclitaxel (31.00 ng/ml), 7rh
(44.88 1g/ml), gemcitabine (19.00 ng/ml), and medium were infroduced into the channels. (b) The chip is divided into five regions and marked as (a;)-(e4). The fluores-
cence images in the first row represent the numbers of MDA-MB-231-RFP cell, while the images in the second row represent the migration of MDA-MB-231-RFP cells out
of the microchamber, and the white represents the removal of the microchamber. (c) and (d) The fluorescence intensity rates of MDA-MB-231-RFP cells and
MDA-MB-231-RFP cells off-chamber migration in each region at 120.0 h. Purple to red indicates the fluorescence intensity rates from low to high.

MDA-MB-231-RFP cell numbers and migration were changed along effect of the drug concentration gradients by dividing and analyz-
the direction of the diffusion of the drugs, but there was no signifi- ing the fluorescence images of MDA-MB-231-REP cells at any time
cant difference in the drug-free region (d;). Under the composite point relative to Oh. Specifically, each of the three single drug

drug gradient (e;), we find significant differences in different local regions and one drug-free region was divided into 32 sub-regions,
regions. Such as, the local regions with higher concentrations of pac- and the composite drug region was divided into 64 sub-regions.
litaxel and gemcitabine have more substantial inhibitory effects on Then, the fluorescence intensity of each sub-region was analyzed
cells. This distribution indicates that the CCEC system can be used by MATLAB. The fluorescence intensity of cells in a specific sub-
for high-throughput initial evaluation of single and composite drug region #n and time t defines as I (n, t), where n=0, 1, ..., 32 or
effects through cell numbers and migration. n=0, 1, ..., 64, and t=0, 24, ..., 120h. To analyze cell behavior

Subsequently, to quantitatively analyze the numbers and within each sub-region, the cell fluorescence intensity rate R (, t)

migration of MDA-MB-231-RFP cell over time under the drug defines as

concentration gradient in each region. According to the studies, the

fluorescence intensity of RFP-labeled cells is a reasonable parame-

ter to indicate the numbers of cells.”” Therefore, we evaluated the R(n,t) =1(n, )1 (n,0), 1
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FIG. 4. The evaluation of the effects of the anti-cancer drug group PTX+5-Fu+PP2 on the numbers and migration of cancer cell. (a) MDA-MB-231-RFP cells (red) distribu-
tion at 120.0 h in drug gradients. Inside the blue dotted line is an enlarged view of the microchambers in the chip. During the experiment, paclitaxel (31.00 ng/ml), PP2
(150.87 ug/ml), fluorouracil (2.50 ug/ml), and medium were infroduced into the channels. (b) The chip is divided into five regions and marked as (ay)—(e,). The fluores-
cence images in the first row represent the numbers of MDA-MB-231-RFP cell, while the images in the second row represent the migration of MDA-MB-231-RFP cells out
of the microchamber, and the white represents the removal of the microchamber. (c) and (d) The fluorescence intensity rates of MDA-MB-231-RFP cells and
MDA-MB-231-RFP cells off-chamber migration in each region at 120.0 h. Purple to red indicates the fluorescence intensity rates from low to high.

where I (n, 0) is the fluorescence intensity of cells in sub-region n
at Oh, and I (n, t) is the fluorescence intensity of cells in sub-region
n at th. In this study, the fluorescence intensity rate of
MDA-MB-231-RFP cells and MDA-MB-231-RFP cells off-chamber
represent cell numbers and migration, respectively, as shown in
Fig. S2 and S3 in the supplementary material. Moreover, the drugs
had little effect on cells within 72.0h, and the analysis of the fluo-
rescence intensity rate within this time may not provide more valu-
able information, so we mainly analyzed the fluorescence intensity
rate of the cells at 120.0h.

Figures 3(c) and 3(d) show the spatial distribution diagram of
the fluorescence intensity rate of MDA-MB-231-RFP cell numbers
and migration at 120.0h, respectively. Under the single drug

gradient of paclitaxel (a;), gemcitabine (b;), and 7rh (c;), the fluo-
rescence intensity rate of cells is low and changes from low to high
from the side containing drugs to the side without drugs. In con-
trast, the fluorescence intensity rate of cells in the drug-free region
(d;) is higher and exhibits non-spatial differences. These results
illustrate that paclitaxel, gemcitabine, and 7rh have formed stable
drug gradients in their respective regions and affected the numbers
and migration behavior of MDA-MB-231-RFP cell. Moreover,
under the composite gradient of the three drugs (e;), the fluores-
cence intensity rate of cells in the local area with higher concen-
trations of paclitaxel combined with gemcitabine (paclitaxel
+gemcitabine, bottom left), as well as paclitaxel combined
with 7rh (paclitaxel+7rh, upper left), are lower than those of
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gemcitabine and 7rh single drug gradients, respectively.
Meanwhile, the local fluorescence intensity rate of paclitaxel
+gemcitabine is lower than that of paclitaxel+7rh. Therefore,
these results show that the concentration gradients formed by the
three drugs in the chip caused the spatial difference in the
MDA-MB-231-RFP cell numbers and migration. The inhibitory
effect of combination drugs on cancer cells is more substantial
than that of the single drug alone, and this effect of paclitaxel
+gemcitabine is more effective than that of paclitaxel+7rh.

Besides, to further illustrate that the CCEC system could
evaluate different schemes of combined chemotherapy settings, we
chose another anti-cancer drug group, PTX+5-Fu + PP2 [Fig. 4(a)],
for testing. Among them, PTX was selected and regarded as the key
drug in this drug group. Fluorouracil (5-Fu), like paclitaxel, is also
one of the most used anti-cancer drugs in breast cancer."’
Paclitaxel combined with fluorouracil also has been used clini-
cally.”” PP2 is an Src kinase inhibitor, which can enhance the
expression of E-cadherin (E-cad), activates the function of the
E-cad-mediated cell adhesion system, and inhibits the proliferation
and migration of cancer cells, PP2 is not currently used in clinical
practice.”>* After experiments, we found that the concentration
gradients formed by paclitaxel, fluorouracil, and PP2 in different
regions had spatially differentiated effects on the numbers and
migration of MDA-MB-231 cell [shown in Fig. 4(b)]. At the same
time, the inhibitory effect of composite drugs on the numbers and
migration of MDA-MB-231 cell in the corresponding regions was
greater than that of single drugs, which was consistent with the
trend observed in the PTX+GEM+7rh group [shown in Figs. 4(c)
and 4(d)]. Shapiro-Wilks test and Kolmogorov-Smirnov test were
conducted on the cell fluorescence intensity rates under drug
groups PTX+5-Fu+PP2 and PTX+GEM+7rh (Fig. S4 in the
supplementary material), which were in accordance with the
normal distribution. A few of the outliers were derived from
experimental errors. By loading two groups of anti-cancer drugs
into the chip and analyzing their effects on the numbers and
migration of MDA-MB-231 cell, it is shown that our CCEC
system is very suitable for high-throughput analysis of cell
responses to different drugs. In particular, the 192 collagen micro-
chambers constructed by this chip system can study both the
effects of drugs on cell numbers and the effects of drugs on cell
migration, which makes the CCEC system unique from other 2D
or 3D drug screening systems.

C. Statistical analysis of cell dynamics

In general, the concentration of drugs at a location is related
to the distance of drug diffusion. The farther the drug was from
the source channel, the lower its concentration. Here, to analyze
the effects of individual drugs on cells, as well as the distribution of
these in our design, we divided the single drug regions (a;—c;,
a,-c;) and the drug-free regions (d;,, d,) into four quadrants
(Q1, Q2 Q3, Qq), and characterized the numbers and migration
behavior of cell by calculating the fluorescence intensity rate of
cells in each quadrant at 120.0h. As shown in the left of Figs. 5(a)
and 5(b), for the two groups of anti-cancer drugs PTX+GEM+7rh
and PTX+5-FU+PP2, the fluorescence intensity rate of cell
numbers and migration in single drug regions gradually increased

scitation.org/journal/bmf

from Q,; to Qq. At the same time, it did not have a noticeable gradi-
ent variation in the drug-free regions, and the fluorescence
intensity rate in drug-free regions is higher than that in the single-
drug regions.

Moreover, in the case of composite drugs, due to the boun-
dary of adjacent drugs represents the region with the most effective
drug combination, which has the most effect on cells. Therefore,
we selected the four corners (Q;, Qi, Qu, and Qyy) in the compos-
ite drug region (e, e,) under two groups of anti-cancer drugs to
further quantify the fluorescence intensity rate of cells and analyze
the inhibitory effects between single and composite drugs of two
anti-cancer drug groups. The results were showed in Figs. 5(a)
and 5(b). For the PTX+GEM+7rh group, the fluorescence intensity
rate of Q; and Qy in Region (e;) was lower than that of Q; in
regions (a;—c;). Similarly, for the PTX+5-FU+PP2 group, the fluo-
rescence intensity rate of Q; and Qy in Region (e,) was also lower
than that of Q; in regions (a,-c,). Meanwhile, the fluorescence
intensity rate of partial quadrants (Qp and Qpy for PTX+GEM
+7rh and PTX+5-FU+PP2) in composite drugs was higher than
that of the corresponding quadrant (Q;) of the single drug, which
may be due to the dilution of the medium in the adjacent channel,
leading to its weakened inhibitory effect on cells. These results indi-
cate that the combination of PTX+GEM+7rh and PTX+5-FU+PP2
has a more substantial inhibitory effect on MDA-MB-231 cells
than for single drugs. In addition, by comparing the composite
drug corners (Q, Q) of the two composite drug regions (e;, e;),
we found that the fluorescence intensity rates of Q; in region (e;)
and Q;, Qy in region (e,) are significantly lower than that of Qy in
region (e;), indicating that the paclitaxel+gemcitabine, paclitaxel
+fluorouracil, and paclitaxel+PP2 have better cell numbers and
migration inhibition effect than paclitaxel+7rh. This also indicates
that our CCEC system has the potential to evaluate both combina-
tion and single drugs simultaneously.

D. Effects of drug gradients on the expression of DDR1
and E-Cad in MDA-MB-231-RFP cells

In biology, combining immunofluorescence and microscopy
imaging technologies allows the evaluation of intracellular proteins’
expression and studying the influence of external factors on cells.*’
In our study, the effects of drug concentration gradients on cell
numbers and migration were assessed by characterizing drug-
related proteins. Due to the 7rh and PP2 could inhibit the prolifer-
ation and migration of cancer cells by inhibiting the expression of
DDR1" and enhancing the expression of E-Cad to activate the
E-Cad-mediated cells adhesion,”” respectively. Here, we selected
DDR1 and E-cad as the biomarker of PTX+GEM+7rh and PTX
+5-Fu+PP2, and labeled them with yellow fluorescence dye and
blue fluorescence dye, respectively. Therefore, under the confocal
microscope, we were able to obtain the overlay fluorescence image
of DDRI (yellow) and E-cad (blue) in MDA-MB-231-RFP (red)
cells in each microchamber region and adjacent matrix region of
the biochip [Figs. 6(a) and 6(c)]. As expected, DDRI is less
expressed on the side close to 7rh, while E-CAD is more expressed
on the side close to PP2, indicating that the concentration gradients
formed by the two drugs in the chip affect the protein expression
of the cells.
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FIG. 5. The division and statistical analysis of each region in the chip according to the distribution of drug concentration gradients. (a) In the PTX+GEM+7rh group, the
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lyzed using the same statistical method.
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Moreover, to analyze the distribution of relative expression
levels of DDRI protein and E-cad protein further quantitatively, we
divided (c;) and (c,) regions into 32 sub-regions and divided the
(e;) and (e,) regions into 64 sub-regions, respectively. Then, the
relative protein expression was quantified by MATLAB software to
calculate the fluorescence intensity of each sub-region. As shown in
Fig. 6(b), the relative expression of DDRI1 in the (c¢;) and (e;)
region is lower on the 7rh side (about 0.30), while it is higher on
the medium or gemcitabine side (about 0.7), which suggest that
7rh can inhibit the numbers and migration of cancer cell by inhib-
iting the expression of DDRI. Similarly, for the PTX+5-Fu+PP2
group [Fig. 6(d)], the relative expression of E-cad on the PP2 side
is higher in both (c,) and (e,) regions (about 0.7), while it is lower
on the medium or fluorouracil side (about 0.35), suggesting that

PP2 can enhance the expression of E-cad and inhibit the numbers
and migration of cancer cell. Besides, comparing the relative
expression of DDR1 and E-Cad proteins under the single drugs
with composite drug conditions, the protein expression of DDR1
in the single drug region was slightly lower than that in the corre-
sponding region of composite drugs. In contrast, the expression of
E-Cad exhibited the opposite situation. These results of protein
expression in MDA-MB-231-RFP cells under the drug concentra-
tion gradients were consistent with the above statistical analysis
results, indicating that the effects of drugs indirectly reflect the inhi-
bition of 7rh and PP2 drugs on cell numbers and migration on cell
proteins. Therefore, the CCEC system can assess high-throughput
drug-related proteins, evaluate the mechanism of drugs, and provide
an efficient platform for preclinical drug screening.
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IV. CONCLUSION

The CCEC system contains the closed microchamber and
stable composite/single drug concentration gradient constructed by
the collagen microenvironment. Under the drug concentration gra-
dient, each microchamber and the cells in the microchamber are in
a unique local biochemical microenvironment. Through micros-
copy imaging, the system enables high-throughput comparative
analysis of cellular dynamic behavior under the composite and
single drug concentration gradient at the same chip to effectively
evaluate the effectiveness of combination chemotherapy regimens.
Coupled with immunofluorescence technology, the system can
characterize drug-related proteins and evaluate cell response to
drugs by analyzing cell behavior and protein expression. In
summary, the CCEC system can be a novel drug screening platform
that works efficiently. It also provided a preliminary evaluation of
the effects of combination chemotherapy or one of the drugs on
cells in a biomimetic microenvironment.

In addition, by changing the internal structure of the bionic
microenvironment and the types of cells in the microchamber, the
chip can be applied to the biological research of various tumors
and the evaluation of combined chemotherapy regimens. In partic-
ular, the implantation of patient-derived tumor cells or tumor orga-
noids into the microchamber can explore the pathological features
of tumors in the patient’s body and further evaluate the efficacy of
combined chemotherapy regimens to provide optimal treatment.
Therefore, the CCEC system may provide a new platform for per-
sonalized therapy.

SUPPLEMENTARY MATERIAL

See the supplementary material (Fig. S1) for the SEM image
of 5.0 mg/ml collagen. Figures S2 and S3 show the quantification
process of cell numbers and migration, respectively. Figure S4
shows the statistical test analysis.
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