Chinese Physics B

Y@ Wiy A

" Chinese Physical Society

RAPID COMMUNICATION

Biophysical model for high-throughput tumor and
epithelial cell co-culture in complex biochemical
microenvironments

To cite this article: Guogiang Li et al 2021 Chinese Phys. B 31 028703

View the article online for updates and enhancements.

You may also like

- Coadministration of glycolipid-like micelles

loading cytotoxic drug with different action
site for efficient cancer chemotherapy
Meng-Dan Zhao, Fu-Qiang Hu, Yong-
Zhong Du et al.

- A High-Throughput Impedance Sensing

System for 3D Cell Drug Permeability
Gradient Effect Real-Time Monitoring
Yong Qiu, Yuxiang Pan, Chenlei Gu et al.

- (Invited) Step-Wise Molecular Self-

Assembly on Single-Wall Carbon
Nanotube Networks: Towards

Development of Delivery Systems of
Highly Potent but Difficult to Administer

Drugs
Mohammad F. Islam

This content was downloaded from IP address 218.70.255.186 on 07/12/2022 at 02:25


https://doi.org/10.1088/1674-1056/ac381c
https://iopscience.iop.org/article/10.1088/0957-4484/20/5/055102
https://iopscience.iop.org/article/10.1088/0957-4484/20/5/055102
https://iopscience.iop.org/article/10.1088/0957-4484/20/5/055102
https://iopscience.iop.org/article/10.1149/MA2020-01271900mtgabs
https://iopscience.iop.org/article/10.1149/MA2020-01271900mtgabs
https://iopscience.iop.org/article/10.1149/MA2020-01271900mtgabs
https://iopscience.iop.org/article/10.1149/MA2019-01/8/680
https://iopscience.iop.org/article/10.1149/MA2019-01/8/680
https://iopscience.iop.org/article/10.1149/MA2019-01/8/680
https://iopscience.iop.org/article/10.1149/MA2019-01/8/680
https://iopscience.iop.org/article/10.1149/MA2019-01/8/680
https://iopscience.iop.org/article/10.1149/MA2019-01/8/680

Chin. Phys. B 31, 028703 (2022)

RAPID COMMUNICATION

Biophysical model for high-throughput tumor and epithelial cell

co-culture in complex biochemical microenvironments

Guogiang Li(ZEE#)-", Yanping Liu(¥J#5 )L Jingru Yao(#kifi1)!, Kena Song(‘A 5a.44)?,
Gao Wang(E5=)!, Lianjie Zhou(JH#EA)!, Guo Chen(f4#)!, and Liyu Liu(X555)0#

1 Chongqing Key Laboratory of Soft Condensed Matter Physics and Smart Materials, College of Physics,
Chongqing University, Chongqing 401331, China

2Co]lege of Medical Technology and Engineering, Henan University of Science and Technology, Henan 471023, China
(Received 22 September 2021; revised manuscript received 21 October 2021; accepted manuscript online 10 November 2021)

The in vivo tumor microenvironment is a complex niche that includes heterogeneous physical structures, unique bio-
chemical gradients and multiple cell interactions. Its high-fidelity in vitro reconstruction is of fundamental importance to
improve current understandings of cell behavior, efficacy predictions and drug safety. In this study, we have developed
a high-throughput biochip with hundreds of composite extracellular matrix (ECM) microchambers to co-culture invasive
breast cancer cells (MDA-MB-231-RFP) and normal breast epithelial cells (MCF-10A-GFP). The composite ECM is com-
posed of type I collagen and Matrigel which provides a heterogeneous microenvironment that is similar to that of in vivo cell
growth. Additionally, the growth factors and drug gradients that involve human epidermal growth factor (EGF), discoidin
domain receptor 1 (DDR1) inhibitor 7rh and matrix metalloproteinase inhibitor batimastat allow for the mimicking of the
complex in vivo biochemical microenvironment to investigate their effect on the spatial-temporal dynamics of cell growth.
Our results demonstrate that the MDA-MB-231-RFP cells and MCF-10A-GFP cells exhibit different spatial proliferation
behaviors under the combination of growth factors and drugs. Basing on the experimental data, we have also developed a
cellular automata (CA) model that incorporated drug diffusion to describe the experimental phenomenon, as well as em-
ployed Shannon entropy (SE) to explore the effect of the drug diffusion coefficient on the spatial-temporal dynamics of
cell growth. The results indicate that the uniform cell growth is related to the drug diffusion coefficient, which reveals that
the pore size of the ECM plays a key role in the formation of complex biochemical gradients. Therefore, our integrated,
biomimetic and high-throughput co-culture platforms, as well as the computational model can be used as an effective tool
for investigating cancer pathogenesis and drug development.

Keywords: microfluidic, high-throughput, biochemical gradient, cancer
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1. Introduction

Breast carcinoma is a malignant disease that poses a seri-
ous threat to the health of women.!!! Its poor prognosis is not
only regulated by genes, but also exhibits a vital relationship
with in vivo tumor’s microenvironment. 3! For instance, the
extracellular matrix (ECM) provides mechanical support for
cell growth as well as spatiotemporally biochemical signals,
which plays an important role in guiding the differentiation,

[4-6] Therefore, con-

adhesion and migration of cancer cells.
structing an in vitro co-culture model is essential to the precise
study of cancer development.

In addition to basic research, the pharmaceutical indus-
try also requires a more reliable and predictable screening ap-
proach to better assess drug responses in preclinical study.
Currently, owing to the lack of an accurate predictive mod-
els, a number of drug efficacy tests are primarily performed in
two-dimensional (2D) culture systems and animal models.”!
However, such models are generally considered to have the
disadvantages of high chemical doses, time-consuming, and

an inability to reproduce the tumor physiology in the human
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body.[8! As a deleterious consequence, it is not only unable to
meet the requirements of high-throughput drug screening, but
also results in more than 80% of drug candidates failing af-
ter entering the clinical trials.!”) Fortunately, the advances in
microfluidics allow for the development of a novel multifunc-
tional platform for cancer research, especially for the study of

10-14] For ex-

cell sorting, pathogenesis and drug screening.
ample, by loading bionic gels such as collagen or Matrigel
with human-derived cells into the biochip, many researchers
have constructed various micro-lesions that mimic the struc-

151 glomerulus!'® and breast ducts.!!”]

ture of vasculature,
These models are useful for revealing the mechanisms of can-
cer metastasis, and can be used as an experimental platform
for drug screening.

Moreover, establishing concentration gradients inside
biochip for realizing high-throughput drug screening is an-
other important aspect of our study. In general, concentration
gradients are common in cell physiology and developmental
biology. For example, extracellular gradients are necessary
to direct cell migration, '8! while intracellular gradients play

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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an important role in regulating processes such as cell divi-
sion, polarity and mitosis.!'”) For cancer patients undergoing
chemotherapy, their tumor tissues are not only rich in nutri-
tional factors, e.g., epidermal growth factor (EGF), serum and
glucose, but also flood with various chemotherapy drugs. In
such cases, complex nutrient/drug gradients would dually af-
fect the cell behavior and physiology. Therefore, it is nec-
essary to construct stable complex biochemical gradients in
vitro to mimic the in vivo microenvironment more realistically.
To date, there are two types of concentration gradients gener-
ated by microfluidics. One is convection, i.e., solute transport
through the boundaries of laminar flow that is parallel to each
other (flow-based gradient generation),?! and the other is dif-
fusion, i.e., solute passive diffusion from a source to a sink
(diffusion-based gradient generation).!>!! Compared with the
former, the concentration gradient established by the diffusion
of small molecules in porous gels is more advantageous. It
not only avoids the effect of fluid shear force that is caused by
convection on cell physiology and behavior, but also provides
a three-dimensional (3D) microenvironment similar to in vivo
for cell growth.[>?] However, to best of our knowledge, this
type of generator is mostly used to establish a single drug gra-
dient, and does not consider the individualized design of the
microenvironment.

In this work, considering the physical and biochemical
factors in tumor tissues, we have constructed a biochip-based
model that contains complex biochemical gradients and hun-
dreds of ECM chambers embedded with cells. By controlling
the growth factor/drug gradients across the entire chip, cells in
each chamber experienced different local biochemical condi-
tions and exhibited distinct behaviors and physiologies. More-
over, based on experimental data, we have also developed a
cellular automata (CA) model incorporating drug diffusion to
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describe the dynamics of cell growth in complex biochemical
gradients, and explained the effect of the drug diffusion coef-
ficient on cell proliferation. Overall, our results demonstrate
that the biochip and computational model are expected to pro-
vide a potential platform for investigating cancer pathogenesis
and high-throughput drug screening.

2. Materials and methods
2.1. Microfluidic device design and fabrication

To construct a high-throughput in vitro tumor/epithelial
cell co-culture model that is closer to in vivo microenviron-
ment, we designed and fabricated a biochip based on poly-
dimethylsiloxane (PDMS) and composite ECM. As illustrated
in Fig. 1(a), the integrated device contains three main compo-
nents: (i) a PMMA jig lid with four thumb screws and eight
reservoirs for chip sealing and medium storage; (ii) a biochip
with a PDMS-ECM-PDMS sandwich structure for cell co-
culture; (iii) a PMMA jig base with four screw holes cooperate
with lid to support and clamp the biochip. Moreover, both of
the jig base and lid were designed with an observation window
to facilitate the continuous tracking of cell growth. During the
experiment, the PMMA jig was processed by a company (Bei-
jing Zhongke Hengxin Mechanical and Electrical Equipment
Co., Ltd., China), and the biochip was fabricated in the labora-
tory by traditional SU-8 lithography and soft lithography.>]
Obviously, the PDMS lid possesses an array of cubic protru-
sions with a size of 200 x 200 x 200 pm (Figs. 1(b) and 1(c)).
The PDMS base supports four independent microfluidic chan-
nels for introducing different media, and the central square re-
gion is prepared for loading the ECM and cells (Fig. 1(d)).
Figure 1(e) is the photograph of an assembled microfluidic de-
vice.

(b)  PDMS lid (¢) Enlarged view

QOO0
QOOOO
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25mmp | O O O Q5
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Device picture

(d)

AN

Fig. 1. Construction of the microfluidic device. (a) Hierarchical structure of the integrated device, including PMMA jig lid, PDMS lid, composite ECM,
PDMS base and PMMA jig base. (b) Microscopy image of the PDMS lid confirms that it possess an array of cubic protrusions. (c) Enlarged image from
(b) shows that the size of each protrusion is about 200 x 200 x 200 um. (d) Microscopy image of PDMS base displays the tetragonal lined trapezoid
pillars that separate the central ECM region from the four medium channels on the edges. (e) Photograph of an assembled microfluidic device.
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2.2. Cell culture and cell seeding

Normal human breast epithelial cell line MCF-10A
marked with green fluorescent protein (GFP) and invasive
breast cancer cell line MDA-MB-231 marked with red fluores-
cent protein (RFP) were obtained from China Infrastructure of
Cell Line Resources (Beijing, China). Before seeding, MDA-
MB-231-RFP cells were maintained in DMEM (Corning) sup-
plemented with 10.0% fetal bovine serum (FBS) (Gibco) and
1.0% penicillin/streptomycin (Corning). MCF-10A-GFP cells
were cultured in Dulbecco’s modified Eagle’s medium-F12
(DMEM/F12) (Corning) supplemented with 5.0% horse serum
(Gibco), 1.0% penicillin/streptomycin (Corning), 20.0 ng/ml
human EGF (Gibco), 10.0 pg/ml insulin (Roche Diagnostics
Gmbh), 100.0 ng/ml cholera toxin (Sigma) and 0.5 pg/ml
hydrocortisone (Corning). All cells cultured under standard
conditions (37.0 °C in a humidified atmosphere, 5.0% CO,)
and the medium was refreshed every 2 days. After the cells
reached 90% confluence, the cell suspension was prepared
according to the standard procedure of cell subculture. For
cell seeding, 10.0 mg/ml Matrigel (Corning) and 6.0 mg/ml
Collagen type I (Corning) were mixed at 1:1 and injected
into the biochip for constructing ECM microchambers. Then,
MCF-10A-GFP cells and MDA-MB-231-RFP cells suspen-
sions were successively seeded into the chambers. Specifi-
cally, the cell seeding process was performed on an ice bath
to avoid cell adhesion to the ECM outside the chamber. Af-
ter the cell suspension was added to the ECM region, it was
allowed 1.0 min to precipitate cells into each chamber. Then,
the excess cells outside the chamber were gently rinsed off
with cold 1 x PBS. Finally, the cell-seeded chip was sealed by
coverslip pre-coated with collagen, and the media of two cells
were mixed at 1:1 for co-culture.

2.3. Complex gradients simulation and validation

To assess whether the designed biochip can gener-
ate gradients, we selected three common fluorescent dyes,
i.e., Rhodamine-Dextran (10kDa, red), Cascade blue-Dextran
(3kDa, bule) and FITC-Dextran (3kDa, green) for gradi-
ent simulation and tests.[2*20] Here, the COMSOL software
(Multiphysics 5.3a, Sweden) was employed to simulate the
diffusion of dyes in the ECM. In brief, we firstly created a
two-dimensional finite element model of the same size as the
biochip. According to the reported literature, the initial con-
centration and diffusion coefficient were set as 10.0 pg/ml and
1.0 x 1077 cm?/s, respectively.[*”] Then, the diffusion of dyes
in the ECM was simulated using the “Transport of Diluted
Species” package within the COMSOL software. Moreover,
three fluorescent dyes (10.0 pg/ml) and 1 x PBS were injected
into the four media channels to validate the formation of com-
plex gradients. During the experiment, each dye solution was
refreshed every 24.0 h. The time-lapse fluorescence images

of the biochip were taken every 8.0 h until 96.0 h. Then, the
gradients for each dye at the time points were quantified us-
ing the MATLAB software (MathWorks, USA) by measuring
their average fluorescence intensity at different positions.

2.4. Cell assay and quantification of cell proliferation

To evaluate the high-throughput drug screening properties
of our platform, the cell-seeded biochip was incubated in the
presence or absence of complex biochemical gradients. Here,
the complex biochemical gradients were generated by inject-
ing 1xXEGF (0.04 pg/ml), 2xEGF (0.08 pg/ml), batimastat
(66.0 nug/ml) and 7rh (22.44 pg/ml) into the channel around
the ECM region, and the medium was refreshed every 24.0 h to
maintain a relatively consistent concentration at the source and
sink. Moreover, to quantitatively analyze the cell proliferation
over time and space, the time-lapse fluorescence images of the
cells were captured every 24.0 h under the same conditions
using an inverted fluorescence microscope (Nikon, Ti-E). As
the previous studies indicated that the cell number is propor-
tional to the cell fluorescence intensity, therefore the latter can
be calculated to represent the spatial-temporal proliferation of

28291 In details, the fluorescence im-

cells inside the biochip.!
age was gray processed (white-gray value was 255, black-gray
value was 0) and equally divided into 324 sub-regions using
the MATLAB software (MathWorks, USA). Then, the gray

value of per pixel in each sub-region was analyzed to obtain

its average value Gray, that is, Gray = Y. Gray; /n, where
i=1,2,3,...,n, and n is the sum of pixel numbers in each
sub-region. Finally, based on the obtained data, the spatial-
temporal distribution of the cell fluorescence intensity was
plotted to indirectly assess the cell number variations.

3. Results and discussion

3.1. Establishment and characterization of the tu-
mor/epithelial cell co-culture model

The aim of this work is to develop a high-throughput tu-
mor/epithelial cells co-culture model that closely mimics the
in vivo microenvironment. To achieve this goal, we devel-
oped a microfluidic device and a series of operation proce-
dures to complete the construction of model (Fig. 2(a)). Ini-
tially, a chip base with trapezoidal pillars and a chip lid with
square pillars were fabricated by soft-lithography technology
based on an SU-8/silicon mold, and followed by sterilization
with 75% ethanol (step 1). Before use, the surfaces of the
chip base and chip lid were hydrophilic and hydrophobic mod-
ified with fibronectin and bovine serum albumin (BSA), re-
spectively (step 2). Specifically, the chip base was incubated
with 100.0 pg/ml fibronectin solution at 37.0 °C for 4.0 h to
enhance its adhesion to the ECM. The chip lid was coated with
2.0% BSA at 37.0 °C for 2.0 h to prevent it from sticking to
the ECM. After surface modification, the chip base and chip
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lid were aligned together to form a mold for ECM microcham-
bers and the composite ECM was simultaneously injected into
the chamber for gelling at 37.0 °C. Then, the upper lid was
peeled off and formed an array of microchambers in the ECM
region (step 3). Next, the MCF-10A-GFP cells were uniformly
seeded into the chamber and incubated for 6.0 h to allow them

for sticking to the inner wall (step 4). Similarly, the MDA-
.\--.\’I‘rapezoidal pillars EEE Square pillars array

(a)

/

Chip fabrication

(1)

Composite ECM

Chip base

9 MCF-10A-GFP

Microchamber fabrication

3)

Seeding epithelial cells
(4)
(b)

MCF-10A-GEP

MB-231-RFP cells were seeded according to the same pro-
cedure (step 5). After cell seeding, the biochip was sealed
with a coverslip pre-coated with collagen and clamped with
the PMMA jig (step 6). Finally, the medium was introduced
into the channels and the integrated device was placed in an
incubator at 37.0 °C, 5.0% CO, for culture.

@ Coating fibronectin for 4 h @ Coating BSA for 2 h

& .

N -
> ;

- .
)(c;mp lid \/\ / \/
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(2)
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Fig. 2. Establishment and characterization of tumor/epithelial cell co-culture model. (a) Schematic diagram of constructing the tumor/epithelial
cell co-culture mode. (b)—(d) The formation process of tumor/epithelial cell co-culture model characterized by confocal microscopy. Among
them, (b) shows the image of representative ECM microchamber (black) fabricated by collagen soft-etching technology; (c) displays the
snapshot after seeding MCF-10A-GFP cells (green) into ECM microchamber; (d) exhibits the snapshot of MCF-10A-GFP cells (green) and
MDA-MB-231-RFP cells (red) co-cultured in an enclosed ECM microchamber.

of the
mor/epithelial cell co-culture model, two-photon confocal mi-

Moreover, during the establishment tu-
croscopy was employed to characterize the ECM microcham-
bers and cells. Figures 2(b)-2(d) display the representative
images of the microchamber at different formation stages.
In Fig. 2(b), the upper 2D image shows that the square mi-
crochambers (black) were wrapped by collagen fibers (blue) in

the ECM, and the enlarged 3D image below indicates that the

size of each chamber was approximately 150 x 150 x 60 pm.
After seeding MCF-10A-GFP cells (green), it was found that
the majority of cells adhered to the inner wall and formed
a hollow structure inside the chamber (Fig. 2(c)). This phe-
nomenon is consistent with the previous results, that is, MCF-
10A-GFP cells prefer to adhere to the ECM for growth. 30!
Obviously, the presence of the hollow structure provided a
space for tumor cell seeding. Then, after seeding MDA-MB-
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231-RFP cells (red) into the chamber, most of them were
uniformly deposited in the hollow structure of MCF-10A-
GFP cells (green), and formed a niche that is similar to that of
in vivo real tumor (Fig. 2(d)). Compared to in vivo complex
structures, 3! e.g., duct, our model does not contain base-
ment membrane, myoepithelial cells and stromal cells, but it
integrates hundreds of the tumor/epithelial cell co-culture sys-
tem on a single chip, and can cooperate with optical imaging
technology to realize real-time observation of cell behaviors.
Moreover, due to the permeability of ECM, this model also has
the potential to generate concentration gradients to emulate in
vivo complex biochemical microenvironments. Therefore, our
model not only makes up the inconvenience of continuous
observation of real tumor, but also provides an opportunity for
high-throughput screening of drugs.

3.2. Generation of complex biochemical gradients and
their effects on cell growth

After establishing the tumor/epithelial cell co-culture
model, we continued to explore the biochemical potential of
the biochip. Ultimately, our aim is to establish a platform
for high-throughput drug screening, similar to in vivo complex
biochemical gradients. As reported in the literature, many nat-
ural or synthetic hydrogels, e.g., Matrigel and collagen have
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Fig. 3. Simulation and validation of complex gradients in biochip.
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porous structures that enable a much smoother and uniform
diffusion of small molecules.*?! Based on the unique design
of biochips, our platform may be able to generate up to four
biochemical gradients simultaneously. Here, we selected three
common fluorescent dyes, i.e., Rhodamine-Dextran, Cascade
blue-Dextran and FITC-Dextran for gradient simulation and
tests. The COMSOL simulation indicates that each dye dif-
fused along the channel towards the central region and formed
complex biochemical gradients (Fig. 3(a)). Apparently, the
closer to the channel, the higher concentration of the dyes
(Figs. 3(al)-3(a3)). Moreover, these simulation results can
be verified by the dye gradient experiments. As illustrated in
Fig. 3(b), after flowing the dye solution into the channel, it dif-
fused toward the center region, and gradually generated stable
complex gradients at 96.0 h. Then, the fluorescence intensities
of the three dyes in the biochip over time and space were quan-
titatively analyzed using MATLAB, and the results are plotted
in Figs. 3(b1)-3(b3). Obviously, the fluorescence intensity of
each dye was negatively correlated with the distance from the
source of the channel, and the gradient can be well maintained
for at least 96.0 h. Technically speaking, the porous composite
ECM can maintain the gradient stably as long as the relatively
concentration keeps constantly at source and sink.
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Schematic diagram of COMSOL simulation for complex gradients

obtained by merging (al)—(a3). (al)—(a3) COMSOL simulation for the diffusion of Rhodamine-Dextran, Cascade-Dextran and FITC-Dextran
along with channels towards the central region, respectively. (b) Overview of the complex gradients in dye gradient experiments at 96.0 h. The
image is the combination of three fluorescent channels. (b1)—(b3) The fluorescence intensity distributions of Rhodamine-Dextran, Cascade-
Dextran and FITC-Dextran over position and time. The x-axis represents the distance from the channel, while the y-axis represents the
fluorescence intensity of various dyes. Here, the distribution of fluorescence intensity reflects the concentration of dyes over time and space.

After confirming that our platform can generate up to four
complex gradients, we further injected 1 X EGF, 2xEGEF, bati-
mastat and 7rh into the biochip to explore the effects of com-
plex growth factor/drug gradients on cells (Fig. 4(a)). Among
them, EGF is a widely used growth factor that facilitates
the growth of MDA-MB-231-RFP cells and MCF-10A-GFP

133

cells.[33! Batimastat and 7rh are inhibitors of matrix metallo-

proteinases (MMPs) and discoidin domain receptor 1 (DDR1),

respectively, which can effectively inhibit the proliferation and
migration of MDA-MB-231-RFP cells.3*33] Moreover, bati-
mastat also maintains the expression of E-cad and the struc-
tural integrity of epithelial cells by inhibiting MDA-MB-231-
RFP cells to secrete MMPs, which is beneficial for the growth
of MCF-10A-GFP cells. %! After the four biochemicals were
introduced into the channels, they diffused towards the cen-
ter of the ECM region and gradually formed complex bio-
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chemical gradients. In this case, two types of cells in each
chamber are supposed to experience different concentrations
of biochemicals, which could potentially induce distinct be-
haviors and physiologies. Figure 4(b) and its representative
enlarged image show that in the presence of complex bio-
chemical gradients, cells in different regions exhibited dif-
ferent behaviors and aggregation morphologies. Specifically,
at the junction of 1xEGF and 2xEGF, MDA-MB-231-RFP
cells proliferated significantly and some of them had already
migrated outside the chamber. Meanwhile, the aggregation
of MCF-10A-GFP cells was destroyed by the proliferation of
MDA-MB-231-RFP cells, resulting in dispersed morphology,
which is consistent with the phenomenon observed by Fan et
al.®% Tn contrast, at the junction of batimastat and 7rh, the
proliferation and migration of MDA-MB-231-RFP cells were
inhibited, while MCF-10A-GFP cells showed an aggregated
growth morphology. Moreover, the control experiment indi-
cated that in the absence of growth factors and drugs, the two
types of cells grew uniformly and did not exhibit spatial dif-
ferences in the biochip (Fig. 4(c)). This demonstrates that our
platform could support a stable co-culture of MDA-MB-231-
RFP cells and MCF-10A-GFP cells under contiguous perfu-
sion of the medium.

In addition, to quantitatively analyze the spatial-temporal
dynamics of cell proliferation, we calculated cell fluorescence
intensity to represent its number at different time and space.
Figure 4(d) shows the representative time-lapse fluorescence

(a)  Drug screening scheme (b)

Complex gradients ()

images of MDA-MB-231-RFP cells and MCF-10A-GFP cells
co-cultured in the biochip. In Fig. 4(d1), the fluorescence
intensity of MDA-MB-231-RFP cells at 0 h was low and
uniformly distributed throughout the map. Interestingly, af-
ter 48.0 h of incubation, their fluorescence intensities near
1 xEGF and 2xEGF channels were slightly higher than those
of other regions, and this tendency was significantly enhanced
at 96.0 h. Figure 4(d2) shows the fluorescence intensity of
MCEF-10A-GFP cells at the same interval with MDA-MB-
231-RFP cells. It can be seen that the fluorescence intensity
of MCF-10A-GFP cells was also uniformly distributed at the
beginning. Compared with MDA-MB-231-RFP cells, MCF-
10A-GFP cells did not show regional differences inside the
biochip over time. In other words, MCF-10A-GFP cells grew
uniformly under the combination of growth factors and drugs,
which seems to be independent of the detailed effects of the
biochemicals. Therefore, our platform enables the generation
of stable complex growth factor/drug gradients in a flexible
and controlled manner. It is ideally suitable for simulating in
vivo complex biochemical microenvironments, providing an
effective platform for drug screening. Notably, due to that
the formation of complex biochemical gradients is attributed
to the porous ECM and its ability to diffuse small molecules,
therefore, the selected drugs for high-throughput screening
should be water-soluble and not react with the ECM. That is,
some insoluble or ECM-degrade drugs are not suitable for this
platform.
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Fig. 4. Effects of complex biochemical gradients on cell growth. (a) Schematic diagram of drug screening scheme. (b) and (c) The represen-
tative fluorescence images of MDA-MB-231-RFP cells (red) and MCF-10A-GFP cells (green) at O h and 96.0 h in the presence and absence
of complex biochemical gradients, respectively. (d) Time-lapse fluorescence images of MDA-MB-231-RFP cells (red) and MCF-10A-GFP
cells (green) co-cultured under the complex biochemical gradients. (d1) and (d2) The fluorescence intensities of MDA-MB-231-RFP cells and

MCF-10A-GFP cells over time and space, respectively.
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3.3. Cell growth simulated by cellular automata in com-
plex gradients

After analyzing the effects of complex gradients on cell
growth in the biochip, we aimed to introduce a CA model
to describe cell behaviors in the context of biochemical gra-
dients. In the early 1950s, the CA model was proposed by
Von Neumann to simulate the self-replication function of life
system,*”] and analyzed systematically by Stephen Wolfram
in the 1980s.53%3% This model has been widely used in math-

4041 1t evolves on a grid

ematics, physics, and other fields.!
of specified space based on the given rules and the states of
neighboring cells through discrete time steps, and terminates
until the outputs conform to the prescribed conditions. In-
spired by the experimental results, we abstracted some mecha-
nisms including drug diffusion, effects of drugs on cell prolif-
eration, cell—cell interaction, etc., to construct the correspond-
ing CA model. The detailed procedure is as follows.

(1) Initializing the distribution of cells and biochemical
gradients. The CA model involves two subjects, i.e., cell dis-
tribution and drug distribution, and it is therefore necessary to
prescribe the initial distributions on the grid of the x—y plane
by referring to the experimental design. First, we seeded two
types of cells into microchambers to form a uniform cell dis-
tribution I(x,y). Second, the continuous diffusion equation(?”}
was introduced to determine the initial ( = 1) drug concentra-

tions over space c(x,7), which is given by

c(x,t):a—l—b-(l—erf(\/‘%)), 1)

where parameters a and b decide the maximum drug concen-
tration, x is the distance between the drug input point and any
point on the grid, D is the diffusion coefficient of drugs, and erf
is the Gauss error function regulating the ensemble tendency
of drugs, which has the following form:

erf(z) = % /OzexP (_52)d§, )

So far, the cell number and drug concentration for each grid
have been defined.

(ii) Calculating the diffusion of the biochemical factors.
After prescribing the initial distributions, cells start to con-
sume drugs, and the consumption is related to the number of
cells, which can be computed by

KI(x,y)
fxy) = T7a 3)
where K is the consumption rate, and f(x,y) is located at a
close interval of 0-1, indicating that the drug concentration
will decrease on the site where cells appear. Although the
consumption process is transient and continuous, it can be re-

garded as a stable process in discrete time steps. Thus, the

formation of the steady-state diffusion of the drug concentra-
tion can be calculated by

DV?¢(x,y) —KI (x,y) = 0. 4)

(iii) Computing the cycle of cells for proliferation. For
any discrete time step, we need to calculate the cell cycle for
proliferation based on the Owen model, [*?! which is a simpli-

fied version of the Alarcon model*3 and given by
dCycle c(x,y) )
dr Tinin (Chait ¢ (x,))

where Tpi, is the minimal time required for a cell to complete

a cycle, cpqi is the drug concentration when a cell reaches half
of the cycle, and the Cycle represents the cell cycle in the close
interval 0—1. Due to the presence of four types of complex
gradients including 2xEGF, 1xEGF, 7rh and batimastat, the
right-hand side of Eq. (5) should be the linear superposition
in the computer simulations. For example, the proliferation of
MDA-MB-231-RFP cells is enhanced by EGF, but inhibited
by 7rh and batimastat, thus the Cycle is the consequence of the
net effects. In contrast, the MCF-10A-GFP cells are mainly
affected by EGF and the number of MDA-MB-231-RFP cells,
thus the linear superposition should contain three terms, i.e.,
2xEGF, 1 xEGF and the effects of MDA-MB-231-RFP. Here,
the last term here is defined as
dCycle  2I(x,y)
dt 0IN+I(x,y)’
where N is the maximum number of cells for each microcham-
ber. The equation above indicates that the more the MDA-MB-
231-RFP cells, the stronger the inhibitory effect on MCF-10A-
GFP cells.
(iv) Performing cell proliferation and update cycles. In
each discrete time step, the Cycle for cells is computed. At the

(6)

beginning of the cell growth, the Cycle equals to 0 and gradu-
ally increases up to 1 when a cell divides into two cells, then
resetting the Cycle of the two cells to 0.

(v) Performing iteratively step (ii)—step (iv). In the last
step, the CA simulation has performed one time step, next it
will loop step (ii)-step (iv).

(vi) Terminating. The CA simulation ends when the num-
ber of cells for each microchamber or runtime reaches the pre-
scribed value (i.e., N =2000 or T = 1 x 10%).

Following the procedure above, we first simulated cell
growth in an environment containing only medium. In details,
the main parameters in CA simulation are given as follows:
initial drug concentrations (400 for 2 xEGF, 200 for 1 xEGF,
7rh and batimastat), diffusion coefficient (500 for the four
cases), the minimal division cycle Ty, (10 for MDA-MB-231-
RFP cells and 20 for MCF-10A-GFP cells), cpa1r of MDA-MB-
231-RFP cells (20 for 2xEGF and 1xEGF, 100 for 7rh and
batimastat), ¢y of MCF-10A-GFP cells (20 for 2xEGF and
1 xEGF, 1000 for 7rh and batimastat), the consumption rate
K (5 for four cases independent of cell types). Here, while
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the values above are dimensionless, all of them can repre-
sent the response of cells to complex gradients to some ex-
tent. After simulation, the results are shown in Figs. 5(bl)
and 5(b2). It is evident that both of the MCF-10A-GFP cells
(Fig. 5(al)) and MDA-MB-231-RFP cells (Fig. 5(a2)) are dis-
tributed uniformly on the grid of space for timestep = 1, and
still remain uniform when timestep = 85, as seen in Figs. 5(b1)
and 5(b2). The results conform to of course what we expected
and the experimental results (see Fig. 4(c)). Furthermore, we
also simulated the cell growth considering the effects of com-
plex growth factor/drug gradients, and the strategy of growth
factor and drug input was consistent with that of the experi-
ment, that is, the left, top, right and bottom correspond with
2xEGF, 1xEGF, 7rh and batimastat, respectively. Here, the
initial distributions of MCF-10A-GFP cells and MDA-MB-

231-RFP cells were the same as those for the environment only
containing medium (Figs. 5(al) and 5(a2)). Interestingly, the
MCF-10A-GFP cells and MDA-MB-231-RFP cells behaved
differently in the complex gradients, that is, the former does
not exhibit obvious non-uniformity, meaning that the enhance-
ment of EGF and the inhibition of MDA-MB-231-RFP cells
have reached a balance (Fig. 5(c1)). The latter does possess
an obvious non-uniformity, and it is the consequence of the
enhancement of EGF and the inhibitory of 7rh and batimastat
(Fig. 5(c2)). These results are in agreement with those of the in
vitro experiment (see Figs. 4(b) and 4(d)), which clarifies two
aspects: (i) the regulation mechanisms of drugs are complex
and dependent on cell types; (ii) the CA model does possess a
higher performance in characterizing cell growth in complex
biochemical gradients.

(al) x10-3  (bl) x10-2  (c1) X103
n, Timestep =1 1.0 6.0 ] B 1.6
o 0.8 5.0 1.2
v 4.0  § '
< 0.6 [
= 04 3.0 g 0.8
% 0'2 2.0 : 04
= ' 1.0 i

0 0 0
N (a2) X103 (b2) X102
E‘E Timestep =1 1.0 Timestep.=:85 1.0 Timestep.=85
o 0.8 0.8
B 0.6 0.6
jan|
S 0.4 0.4
= 0.2 0.2
= 0 0

Fig. 5. Cell growth simulated by CA model in the presence and absence of complex growth factor/drug gradients. (al)—(a2) The initial
distributions of MCF-10A-GFP cells (al) and MDA-MB-231-RFP cells (a2) for timestep = 1. (b1)—(b2) and (c1)—(c2) are the distributions of
MCF-10A-GFP cells and MDA-MB-231-RFP cells for timestep = 85 in environment only containing medium and complex growth factor/drug
gradients, respectively. Note that the values visualized in each panel are normalized by the number of respective cell type when the CA

simulation is terminated.

3.4. Diffusion coefficient associated with ECM affects cell
growth

In general, the drug diffusion coefficient is partly deter-
mined by the structure and properties of the ECM, and the
coefficient can greatly affect cell growth.[**1 Therefore, it
is essential to study the features of cell co-culture and obtain
insights into the role of the ECM in regulating cell behavior.
In this section, we focus on the drug diffusion coefficient and
employ the CA model to explore the regional features of cell
distribution in the complex growth factor/drug gradients. The
details are as follows: First, we uniformly divided the space
into eight regions, as illustrated in Fig. 6(a). Second, we sim-
ulated six cases with different diffusion coefficients and ob-
tained the resulting cell distributions. Finally, we counted the
numbers for the two types of cells in each region and obtained
the percentages by dividing by the respective total cell num-
bers to characterize the uniformity of cell distribution in the
biochip, the results are shown in Figs. 6(b) and 6(c).

Evidently, the tendencies of percentage were almost the
same as each other for MDA-MB-231-RFP cells in different
cases of diffusion coefficients, i.e., the percentages for the top-
left region (including 1, 2, 3 and 4) are almost greater than
15.0%, while the percentages for the bottom-right regions (in-
cluding 5, 6, 7 and 8) are less than 15.0% (Fig. 6(b)). This
tendency appears naturally because the top-left region is al-
most full of EGF, however, the bottom-right region is almost
full of the inhibitors (7rh and batimastat). Here, the diffusion
coefficient D = 1 corresponds to the most uniform case, while
D=10° corresponds to the most non-uniform case. Moreover,
the drug distribution can also explain why a peak and a valley
appear in regions 2, 3 and regions 6, 7, respectively. In partic-
ular, the uniformity encoded by percentage first decreases and
then increases (non-monotonic) as the diffusion coefficient in-
creases, i.e., more non-uniform for the value of the diffusion
coefficient lying in the interval 1-10°, and more uniform in the
interval 103-10° (Fig. 6(b)). This phenomenon accords with
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our intuitiveness when considering two extreme cases. One
corresponds to a diffusion coefficient close to 0, in which no
biochemical gradient can form and cell distribution is almost
uniform; the other corresponds to a diffusion coefficient close
to infinity, which leads to no difference in drug concentration
between any two points, thus the cell distribution also tends
to be uniform. Additionally, the percentage of MCF-10A-
GFP cells exhibited the opposite tendency to that of MDA-
MB-231-RFP cells, i.e., the percentages for the top-left region

(a) Medium+1XEGF
s A o, L
&3] 2 %na"l o 5 -
% S +
N N7 g
R =
: 3
S i ngl ek 6 =
= E
875, 5
Medium+Batimastat
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| —e— 1x10!
24 + —a— 0.5%X102
| —»— 1Xx103
—— 2Xx104
B 1X10°
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=
o

—
[\
T

7 8

N 1 P |
3 4 5 6
Region No.

—_
o H

were less than 12.5%, while the percentages for bottom-right
were almost greater than 12.5%. Specifically, the uniformity
of MCF-10A-GFP cells also exhibits the non-monotonic be-
havior as the diffusion coefficient increases, which is similar
to the tendency of the uniformity of MDA-MB-231-RFP cells
with the diffusion coefficient. We argue that this tendency is
mainly due to the combined effect of enhancement (EGF) and
the inhibitory of MDA-MB-231-RFP cells.

(b) MDA-MB-231-RFP
40

—=— 1x10°
—e— 1X10?
—a—0.5%X102
—v— 1X103
—o— 2x104
1X10°5

Percentage (%)
Do
=
T
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0_| | I [ [T I T NN SR
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Fig. 6. Effects of the drug diffusion coefficient on cell growth. (a) Schematic diagram of dividing uniformly the biochip into eight regions. (b)
and (c) The percentage of MDA-MB-231-RFP cells and MCF-10A-GFP cells in each region for different diffusion coefficients, respectively.
(d) Shannon entropy of MDA-MB-231-RFP cells distribution as a function of time for different diffusion coefficients. The parameters in CA

model are identical with those shown in Fig. 5.

To study the features of cell distribution over time, we
further introduced Shannon entropy (SE)!*6! to describe the
uniformity mentioned above, see more details in our previous
work. 47l Here, the value of SE locates in the close interval O—
1, and SE = 1 indicates that cell distribution is uniform, in sim-
ilar sense as Gibbs entropy 3! that describes the “randomness”
of state of molecular, while SE = 0 indicates that cell distribu-
tion is non-uniform. The SE of MDA-MB-231-RFP cells is
plotted in Fig. 6(d). The results clearly suggest two aspects:
(i) the SE exhibits regular fluctuations, which may be a di-
rect manifestation of cell cycle accumulation; (ii) the minimal
value of SE first decreases and then increases as the diffusion
coefficient increases, indicating that cell distribution follows
the “uniform—nonuniform—uniform” process. This feature is
identical to those in Figs. 6(b) and 6(c). Therefore, according
to the analysis above, we not only obtain more insights into
the effects of drugs on cells, but also validate the effectiveness

and practicability of the CA model in simulating cell growth
in complex gradients.

4. Conclusions

In this study, we have designed and fabricated a high-
throughput biochip that integrates hundreds of ECM mi-
crochambers for tumor/epithelial cell co-culture. With its
unique design, the biochip enables the generation of up to
four stable complex biochemical gradients taking advantage
of ECM permeability. Based on these features, cells in each
chamber experienced unique biochemical conditions and ex-
hibited distinct behaviors and physiology. Furthermore, we
have developed a CA model by incorporating the drug diffu-
sion to describe the spatial-temporal dynamics of cell growth
under complex biochemical microenvironments. Our model
has not only effectively validated the experimental results, but
also confirmed the role of the diffusion coefficient associated
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with ECM in establishing the complex biochemical gradients.
Therefore, the experimental and computational models allow
one to investigate the effect of complex biochemical gradi-
ents on cell growth over time and space, which offers a po-
tential platform for high-throughput preclinical drug screen-
ing. Moreover, by logically changing the internal details of the
biochip and optimizing the parameters of the computational
model, it is expected to expand its applications in more related
fields such as biological research and clinical drug guidance.
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