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Increasing data indicate that cancer cell migration is regulated by extracellular matrixes and their surrounding bio-
chemical microenvironment, playing a crucial role in pathological processes such as tumor invasion and metastasis. How-
ever, conventional two-dimensional cell culture and animal models have limitations in studying the influence of tumor
microenvironment on cancer cell migration. Fortunately, the further development of microfluidic technology has provided
solutions for the study of such questions. We utilize microfluidic chip to build a random collagen fiber microenvironment
(RFM) model and an oriented collagen fiber microenvironment (OFM) model that resemble early stage and late stage breast
cancer microenvironments, respectively. By combining cell culture, biochemical concentration gradient construction, and
microscopic imaging techniques, we investigate the impact of different collagen fiber biochemical microenvironments on
the migration of breast cancer MDA-MB-231-RFP cells. The results show that MDA-MB-231-RFP cells migrate further
in the OFM model compared to the RFM model, with significant differences observed. Furthermore, we establish concen-
tration gradients of the anticancer drug paclitaxel in both the RFM and OFM models and find that paclitaxel significantly
inhibits the migration of MDA-MB-231-RFP cells in the RFM model, with stronger inhibition on the high concentration
side compared to the low concentration side. However, the inhibitory effect of paclitaxel on the migration of MDA-MB-231-
RFP cells in the OFM model is weak. These findings suggest that the oriented collagen fiber microenvironment resembling
the late-stage tumor microenvironment is more favorable for cancer cell migration and that the effectiveness of anticancer
drugs is diminished. The RFM and OFM models constructed in this study not only provide a platform for studying the
mechanism of cancer development, but also serve as a tool for the initial measurement of drug screening.

Keywords: microfluidic chip, random collagen fiber microenvironment (RFM), oriented collagen fiber mi-

croenvironment (OFM), cancer cell migration
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1. Introduction

With the rapid development of disciplines such as
medicine, biology, and engineering, composition and physio-
logical structures of tumor microenvironments have been grad-
ually discovered, and their impact on cancer cell proliferation,
invasion, and metastasis has also been gradually revealed.!!!
Among them, extracellular matrixes (ECMs) play a pivotal
role as a key constituent of tumor microenvironments, provid-
ing a supportive medium for cell growth and migration while
exerting significant regulatory functions in cancer initiation
and progression.[*-% Collagen fibers, as integral elements of
an ECM, interact with collagen receptors possessing tyrosine
kinase activity in cancer cells, facilitating collagen fiber align-
ment, and promoting tumor growth and invasion.!”-8! Clinical
studies have corroborated that collagen fibers in early stage
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breast cancer tissue exhibit random and non-directional pat-
tern, whereas in late-stage breast cancer tissue, they exhibit
oriented and highly linear patterns.!>!% Notably, the presence
of oriented collagen fibers is associated with shorter survival

(111 In addition to physical

periods in breast cancer patients.
structures of collagen fibers in tumor microenvironments, bio-
chemical gradients also exert a profound influence on can-
cer cell physiology, regulating crucial processes such as pro-
liferation, differentiation, and migration.!'>~!4l Over the past
decade, various biochemical gradient models have been de-
veloped for studying cell chemotaxis and conducting high-
throughput drug screening.!'>-!71 However, there is a scarcity
of biophysical models that combine the biochemical gradients
with the physical characteristics of collagen fibers within mi-

croenvironments to investigate migration of cancer cells at dif-
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ferent stages of tumor progression.

Due to their integrated, miniaturized, and highly control-
lable nature, microfluidic chips have become valuable tools
for constructing biomimetic biophysical models to study phys-
iological and pathological mechanisms, as well as to assess
the effects of drugs on cellular kinetic behavior.!8-2%! Bionic
modeling in microfluidic chips has been a popular research
area in recent years. Researchers have conducted related stud-
ies in various aspects, such as material selection, chip design,
and biological function bionics,?!! and have made progresses
in several directions of cancer research modeling. For in-
stance, Nagaraju et al. developed a model consisting of tu-
mor, matrix, and spontaneously formed vascular layers and
found that the number of MDA-MB-231 cells invading the
three-dimensional matrix was increased in the presence of the
vascular network.!*?! Jeon et al. constructed a breast cancer
extravasation model and found that the introduction of the tu-
mor cells into channels fused to the endothelial monolayer,
endothelial cell permeability increased by 3.8-fold compared
to the permeability before introduction.”3! Additionally, a co-
culture model of breast cancer and patient-derived fibroblasts
was used to study tumor-stroma interactions.?*! However, it is
worth noting that few of these studies constructed early stage
and late-stage cancer models for comparative analysis.

In this work, a random collagen fiber microenvironment

ment (OFM) model resembling the migration of cancer cells
in a tumor microenvironment of early stage/late-stage breast
cancer patients (Fig. 1, upper) are first constructed by em-
ploying microfluidic chip technology, and the effect of the
collagen fiber structure on the migration behavior of inva-
sive breast cancer cells MDA-MB-231-RFP is studied. Subse-
quently, based on the biochemical gradient microenvironment
observed in early stage/late-stage breast cancer chemotherapy
patients (Fig. 1, lower), we utilize the unique design of the
chip and the permeability of collagen proteins to establish the
concentration gradient of paclitaxel, a commonly used anti-
cancer drug, to investigate the migration behavior of cancer
cells in the drug concentration gradient and explore the com-
bined effects of collagen fiber structure and drug gradient on
cancer cell migration within the tumor microenvironment. The
similarity between our study and other research lies in the con-
struction of tumor models with microfluidic chips. The differ-
ence is that the present study focuses on the construction of
early stage and late-stage extracellular matrix microenviron-
ments of breast cancer with random/oriented collagen fibers,
and the construction of biomimetic biochemical concentration
gradients by diffusion. Finally, our RFM and OFM models
not only provide insights into cellular dynamics, but also offer
guidance for clinical drug treatment strategies in cancer pa-
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Fig. 1. Cancer cell migration in different stages of breast cancer. The migration process of cancer cells in the random/oriented collagen
microenvironment of early stage/late-stage breast cancer patients (upper). The migration process of cancer cells in the biochemically
gradient collagen microenvironment of early stage/late-stage breast cancer chemotherapy patients (lower).

2. Methods
2.1. Preparation of the RFM chip and the OFM chip

The chips of RFM and OFM were both fabricated using
SU-8 photolithography and poly-dimethylsiloxane (PDMS)
(Sylgard, 184 Dow Corning, USA) soft etching technology.

Firstly, the structural diagrams of the RFM chip and OFM chip
were separately designed using Auto CAD software (2016,
Autodesk) and printed them to generate high-precision masks.
Next, a smooth layer of SU-8 photoresist (Zhong xin qi heng,
China) was spin-coated onto a 4-inch silicon wafer, with the
spin coater set at 1000 rpm/min for 5 s. Subsequently, the

058706-2



Chin. Phys. B 33, 058706 (2024)

photoresist-coated silicon wafers were heated on a constant-
temperature hotplate at 95 °C for 3 h, after completion, the
mask and silicon wafer were aligned and subjected to UV
lithography. Excess photoresist was removed by developing
solution (Zhong xin qi heng, China), resulting in silicon molds
for the RFM chip and OFM chip. Following that, PDMS was
mixed with its curing agent at a ratio of 10: 1 and poured onto
the silicon molds, after vacuum deaeration, they were heated
in a constant-temperature oven at 80 °C for 2 h. Once the
PDMS chips cooled down to room temperature, they were
peeled off from the silicon molds, cut, punched, and bonded to
glass slides to make the RFM chip and OFM chip, which were
cleaned with 75% ethanol and treated with UV sterilization
before being prepared for use.

2.2. Preparation of collagen

The collagen used to mimic the ECM in this study was se-
lected from mouse tail type-I collagen (354236, Corning, NY,
USA) with a concentration of 10.21 mg/ml.['>>] The colla-
gen was adjusted to the concentration of 5.0 mg/ml and the
pH of 7.2, using 10xPBS (Corning, NY, USA), sterile water,
and 1 mol/L NaOH. The prepared collagen solution was kept
in an ice bath for later use.

2.3. Culture and preparation of breast cells

The cell used in this study was invasive breast cancer
cell line MDA-MB-231 labeled with red fluorescent protein
(RFP), was obtained from China Infrastructure of Cell Line
Resources (Beijing, China). MDA-MB-231-RFP cells were
cultured in RPMI-1640 medium (Corning, NY, USA) supple-
mented with 10.0% fetal bovine serum (Gibco, NY, USA) and
1.0% penicillin/streptomycin (Corning, NY, USA), the cells
were cultured in an incubator with 5.0% CO, at 37.0 °C.
The medium was replaced every two days, and when the
cell density reached 80% to 90%, the cell suspension with
a density of 1.0 x 10° cells/ml was prepared using 0.25%
trypsin/EDTA (Corning, NY, USA). To prepare the collagen
solution with a concentration of 10.0 mg/ml according to the
above-mentioned method of collagen blending, the collagen
solution was mixed with the cell suspension in a 1:1 ra-
tio (the final concentrations of cells and collagen were 5.0 x
107 cells/ml and 5.0 mg/ml, respectively).

3. Construction of RFM and OFM models

To investigate the impact of random collagen fiber struc-
ture in early stage breast cancer and oriented collagen fiber
structure in late-stage breast cancer on the migration behavior
of breast cancer cells, we designed and fabricated the RFM
model and the OFM model, as depicted in Figs. 2(al) and
2(a2). Both the models consisted of three parts: coverslip,
PDMS chip, and medium pool. Among them, PDMS chips

were designed with microfluidic channels and trapezoidal mi-
cropillars. Through the microfluidic channels, nutrients or
drugs could be delivered to the breast cancer cells. The func-
tion of trapezoidal micropillars was to form a collagen mi-
croenvironment region in the middle, separating collagen mi-
croenvironment region and microfluidic channels. Specifi-
cally, the difference between the RFM model and the OFM
model was that the OFM model contained the leaf-shaped
micropillars for the formation of oriented collagen fibers,
whereas the RFM model did not, creating the random colla-
gen fiber microenvironment. Figure 2(b) illustrates the pro-
duction process of the RFM and OFM models: (I) the RFM
and OFM chips were prepared following the steps outlined in
Subsection 2.1. (II) collagen solution was prepared using the
method described in Subsection 2.2, and it was injected into
the respective collagen microenvironment regions of the RFM
and OFM chips at a rate of 250 ul/min by a syringe pump,
then the RFM and OFM chips were placed in thermostat set
at 37 °C and 20 °C, respectively, allowing the collagen to so-
lidify after 1 h. (I) A mixture of collagen solution and cell
suspension was prepared in the proportions specified in Sub-
section 2.3. This mixture was then injected into the RFM and
OFM chips, followed by incubation at 37 °C and 20 °C, re-
spectively, for 1 h to allow solidification. (IV) The medium or
the medium with paclitaxel was introduced into the microflu-
idic channels and medium pool of both RFM and OFM chips,
and was changed every 12 h. The migration behavior of the
breast cells was observed or tracked using an inverted fluores-
cence microscope (Nikon, Ti-E) from O h to 72.0 h every 12 h.
Shooting conditions: red fluorescence excitation channel, con-
stant temperature 37.0 °C, carbon dioxide concentration 5.0%,
exposure time 60.0 ms, contrast 180-1200. Each experiment
was repeated three times, and the shooting conditions were
consistent.

4. Results and discussion

4.1. Characterization of random and oriented collagen
fibers

Researchers have shown that the transformation of col-
lagen fibers from disordered to ordered morphology in breast
cancer is regarded as an important indicator for assessing the
stage and prognosis of breast cancer.?-28] However, there are
very few models available for studying the effects of disor-
dered and ordered collagen fibers on the dynamical behavior
of cancer cells. In order to investigate the influence of differ-
ent collagen fiber structures on cancer cell migration behavior,
we designed and fabricated the RFM and OFM models based
on microfluidic chip. Both the models were used to create mi-
croenvironments with random collagen fibers and oriented col-
lagen fibers similar to the clinical features, respectively. The
detailed process is shown in Fig. 2.
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Fig. 2. Construction of the RFM and OFM models. [(al), (a2)] Three-dimensional (3D) structural diagram and two-dimensional (2D)
localized enlargement of the RFM and OFM models, respectively. (b) The production processes of the RFM and OFM models.

In the experiment, 5.0 mg/ml collagen solution was in-
jected into both the RFM and OFM models, respectively. The
reason for choosing 5.0 mg/ml collagen solution is that the
collagen fiber density and orientation characteristics formed
by this concentration of collagen solution are more similar to
those in tissue sections, which can better simulate the in vivo
microenvironment in which the cancer cells are located.?”!
In the RFM model, there is no restriction of leaf-shaped mi-
cropillars within the collagen microenvironment region of the
chip, and the collagen solution is able to diffuse and fill the
entire collagen microenvironment region in an approximately
steady-state manner, as shown in Fig. 3(al). The collagen is
not affected by stress and easily forms a random collagen fiber
structure. Among them, Fig. 3(al)a shows the second har-
monic generation (SHG) imaging of random collagen fibers
obtained through two-photon laser scanning microscopy, and
the enlarged image is shown in Fig. 3(al)b. In contrast, in
the OFM model, the collagen microenvironment region of the
After
the collagen solution was injected, it was hindered by the leaf-

chip had a circular array of leaf-shaped micropillars.

shaped micropillar array. Due to the effects of the flow field
and stress field in the gap between the leaf-shaped micropil-
lars, an oriented arrangement of collagen fibers was formed,
as shown in Fig. 3(a2)a, and Fig. 3(a2)b is an enlarged view
of it. To explain the formation of random and oriented col-

lagen fibers in RFM and OFM chips, we simulated the flow
and stress fields inside the two chips using COMSOL (Mul-
tiphysics 5.3a, COMSOL, Sweden), respectively, as shown in
Fig. S1 in the supplementary information, and the results are
consistent with the above description.

In order to comparatively analyze the degree of collagen
fiber alignment in the RFM and OFM models, we counted the
angular distribution of collagen fibers at three locations of the
chips. It is worth noting that the oriented collagen fibers in
the OFM chip are emission-shaped, and the oriented colla-
gen fiber images at three selected locations will be adjusted to
the state shown in Fig. 3(a2)b. Following the analysis method
reported in the literature, the alignment direction of collagen
fibers was analyzed using curvelet-based alignment analysis
software (University of Wisconsin at Madison, USA), 30311
and the results are shown in Figs. 3(b1) and 3(b2). The com-
parative analysis shows that the angle distribution of collagen
fibers in the RFM model is more uniform from 0° to 180°,
while in the OFM model, the angle distribution of collagen
fibers is more concentrated around 90°. To better illustrate that
the RFM and OFM models can be used to simulate randomly
and orientedly arranged collagen fibers in the early and late
matrix, we statistically analyzed the angular distribution of
collagen fibers in the acquired tissue sections and in the mod-
els, as shown in Fig. S2, which showed that the collagen fibers
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in the early/late tissue sections and in the RFM/OFM models
remained highly consistent. This indicates that the RFM and
OFM models can be respectively used to construct microenvi-
ronments with random collagen fibers resembling early stage

breast cancer and microenvironments with oriented collagen
fibers resembling late-stage breast cancer, and to study the ef-
fects of different collagen fiber microenvironments on cancer
cell dynamics.
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4.2. Construction and validation of biochemical gradients

The RFM and OFM models can not only mimic the col-
lagen fiber microenvironment in breast cancer, but also con-
struct the biomimetic biochemical gradient microenvironment
similarly in vivo, which is used to study the combined effects
of collagen fiber structure and biochemical gradient on can-
cer cell dynamics. In this study, collagen was used to con-

struct the matrix microenvironment for cell growth. Due to
its porous structure, collagen protein facilitates the stable dif-

132.33] Therefore, we ex-

fusion of small molecule compounds.
pect to construct biomimetic biochemical gradient microenvi-
ronments in the RFM and OFM models, which can also serve
as platforms for drug testing and screening.

In order to verify that the stable biochemical concentra-
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tion gradient can be constructed in the RFM and OFM models,
we chose paclitaxel-FITC (green) for diffusion experiments to
visualize the biochemical concentration gradient. Paclitaxel is
known to significantly inhibit cancer cell proliferation, migra-
tion, and invasion, making it a commonly used drug in clinical
breast cancer treatment. 3431 In this study, paclitaxel will be
used to test the feasibility of RFM and OFM models as a drug
detection platform. In the experiments, we labeled paclitaxel
as paclitaxel-FITC, and the solution of paclitaxel-FITC with
a concentration of 80.00 nM were loaded into the microflu-
idic channels on the right side of the chip in the RFM model
and the OFM model, the left side of the chip were loaded with
1xPBS (Corning, NY, USA), and observed under an inverted
fluorescence microscope (Ti-E, Nikon, Japan). It was found
that paclitaxel-FITC would gradually diffuse to the left side
to form a stable concentration gradient, i.e., the concentration
of paclitaxel-FITC was higher closer to the right channel, as
shown in Figs. 4(al) and 4(a2). It is noteworthy that the con-
centration gradients generated in the RFM and OFM models
were very similar, and unaffected by collagen fiber alignment.

Furthermore, we utilize MATLAB software (MathWorks,
USA) to perform quantitative analysis of the fluorescence in-
tensity changes of paclitaxel-FITC over time and space, as
shown in Figs. 4(bl) and 4(b2). The results show that the
fluorescence intensity of paclitaxel-FITC at a specific posi-
tion is proportional to the distance from that position to the
right channel. As time progresses, the biochemical gradient
will approach a stable state. From the analysis plots, it can be
observed that the concentration gradients of paclitaxel-FITC
in both the RFM and OFM models have reached a stable state
within 12.0 h. Therefore, the model constructed in this study is
not only able to simulate the cancer bionic microenvironment,
but also can be used as a tool for preliminary drug detection or
screening.

4.3. Combined effect of collagen fiber structure and bio-
chemical gradient on the migration of breast cancer
cells

After confirming that the RFM and OFM models can con-
struct random collagen fiber structures and oriented collagen
fiber structures, and the corresponding biochemical gradients,
respectively, we further explored the migration behaviors of
breast cancer cells in these bionic microenvironments. Firstly,
the RFM and OFM models were fabricated according to the
procedure in Fig. 2(b), respectively. Subsequently, the RFM
or OFM chips loaded with culture medium were placed in an
inverted fluorescence microscope containing a live cell device,
and the migration of breast cancer MDA-MB-231-RFP cells
was tracked. The results are shown in Fig. 5(al), indicating
that after 72.0 h of incubation, MDA-MB-231-RFP cells mi-
grated in both the RFM and OFM chips. During all exper-
iments, there were no differences in breast cancer cell lines,

collagen solution, and the transport of oxygen and nutrients.
In our chips, the oxygen and nutrients both gradually diffuse
with lower oxygen and nutrient concentrations in the center,
and similar to the tumor environment. However, notably the
migration behavior of MDA-MB-231-RFP cells in the OFM
chip was stronger compared to that in the RFM chip. This
observation indicates that the oriented collagen fiber structure
influences cancer cell migration and acts as a stronger facilita-
tor in this process.

Furthermore, to quantitatively analyze the impact of col-
lagen fiber structure on cancer cell migration, we performed
fluorescence intensity analysis on the acquired cell fluores-
cence images using MATLAB software. According to the
existing studies, fluorescence intensity serves as a reasonable
indicator of cell quantity,”-38 which shows that the statisti-
cal analysis based on fluorescence intensity is reasonable in
this study. For the fluorescence intensity analysis of MDA-
MB-231-RFP cells, first the cellular fluorescence images were
divided into six subregions, as depicted in Fig. 5(al) for the
RFM model. These sub-regions represented angles of 60°,
120°, 180°, 240°, 300°, and 360°, respectively. Next, the
boundary positions of the cell clusters at 0 h were identified.
Finally, we measured the distance from each cell outside the
boundary to the boundary position at 72 h, which represents
the migration distance of MDA-MB-231-RFP cells, as shown
in Fig. S3. According to this method, we statistically analyzed
the migration of MDA-MB-231-RFP cells in both the RFM
and OFM models, and three experiments were performed for
each model. The results are shown in Fig. 5(b1), the migration
behavior of cells in each subregion in the OFM model was
stronger than that in the RFM model, and the differences were
statistically significant. These findings align with the obser-
vations in Fig. 5(al), indicating that the presence of oriented
collagen fiber structures in the OFM model promotes cancer
cell migration, which is consistent with the notion that oriented
collagen fibers in late-stage breast cancer patients contribute to
cell migration. The biological mechanisms of the differential
cell migration between the random and oriented collagen fiber
are complex, and the reason may be the mechanical informa-
tion transmission caused by the contact of collagen fibers, 3!
or the different arrangements of collagen fibers led to differ-
ences in the energy consumption of breast cancer cells. In
future studies, we will further investigate the deep-seated rea-
sons for the different migration of cells in the two types of
microenvironments.

Early stage and late-stage cancer patients take some anti-
cancer drugs during chemotherapy, the efficacy of these drugs
can vary among patients at different stages, and this differ-
ence may be related to collagen fiber structures. In light of
these questions, we designed the following experiments to
investigate the migration of breast cancer cells under a con-
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centration gradient of paclitaxel in random collagen fiber mi-
croenvironment (early stage breast cancer) and oriented col-
lagen fiber microenvironment (advanced stage breast cancer),
respectively. Specifically, RFM chips and OFM chips were
prepared according to Fig. 2(b), and medium was loaded in
both of their left channels, and medium + paclitaxel (PTX)
with a concentration of 80.00 nM was loaded in both of their
right channels, as shown in Fig. 5(a2). In comparison with
Fig. 5(al), it can be observed that paclitaxel concentration gra-
dient had an inhibitory effect on the migration of MDA-MB-
231-RFP cells in both the RFM and OFM models, and the
inhibitory effect on cell migration was significantly stronger
on the closer to the right channel than on the left side. Fur-
ther, the impact of paclitaxel concentration gradient on the mi-
gration of breast cancer MDA-MB-231-RFP cells in both the
RFM and OFM models were quantitatively analyzed by the
same method shown in Fig. S1, and each model was tested

three times. The results shown in Fig. 5(b2) indicate that the
migration of MDA-MB-231-RFP cells was inhibited in each
subregion in the RFM model, with no significant inhibition
of cell migration in the subregion 180°, significant inhibition
of cell migration in the subregion 240°, and extremely sig-
nificant inhibition of cell migration in subregions 60°, 120°,
300°, and 360°. This suggests that the higher concentrations
of paclitaxel in the RFM model lead to more pronounced in-
hibition of MDA-MB-231-RFP cell migration. In the OFM
model, the migration of MDA-MB-231-RFP cells was also in-
hibited in each sub-region, but the inhibition is not significant
in any sub-region. In summary, the inhibitory effect of pacli-
taxel concentration gradient on breast cancer cell migration in
the RFM model was significantly greater than that in the OFM
model, i.e., paclitaxel had a weaker inhibitory effect on breast
cancer cell migration in the oriented collagen fiber microenvi-
ronment.

(al) MDA-MB-231-RFP cell migration

OFM+PTX

500 um

—
T
—
~—
mm

‘ o RFM

RFM and OFM
Migration distance (

60 120 180 240 300 360
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&
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60 120 180 240 300 360
Angle (°)

Fig. 5. Breast cancer MDA-MB-231-RFP cells (red) migration in complex biomimetic microenvironments. [(al), (bl1)] Comparative

analysis of MDA-MB-231-RFP cells migration in the RFM and
paclitaxel concentration gradient in the RFM and OFM models,

OFM models. (a2) The migration of MDA-MB-231-RFP cells under
respectively. (b2) Statistical and comparative analysis of MDA-MB-

231-RFP cells migration in RFM and OFM models before and after the addition of paclitaxel gradient.

5. Conclusions

Based on the random and oriented collagen fiber microen-
vironments within the bodies of early stage and late-stage can-
cer patients, we have employed microfluidic chip technology
to construct RFM and OFM models. Both the models facili-
tate the controlled formation of random/oriented collagen fiber
structures in vitro, allowing for the investigation of the impact
of such structures on the migration behavior of breast cancer
MDA-MB-231-RFP cells. The results indicate that the ori-

ented collagen fiber structure is more conducive to cancer cell

migration. Additionally, taking advantage of collagen pro-
tein’s ability to permeate small molecules, biomimetic bio-
chemical gradient microenvironments are created in both the
RFM and OFM models. The migration behavior of MDA-
MB-231-RFP cells under a concentration gradient of the an-
ticancer drug paclitaxel is studied. The results demonstrate
that the concentration gradient of paclitaxel inhibited cancer
cell migration in both the models but the inhibitory effect
is significantly stronger in the RFM model compared to the
OFM model. These findings suggest that the poor efficacy
of chemotherapy in late-stage cancer patients may be closely
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associated with the oriented collagen fiber microenvironment
within the body. In the future, it may be possible to enhance
chemotherapy effectiveness by modifying the microenviron-
ment within the patient’s body. Furthermore, by optimizing
parameters of the RFM and OFM models and combining them
with organoid technology, the models can be utilized for drug
testing, personalized diagnosis, and treatment.
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