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The process of in situ tumors developing into malignant tumors and exhibiting invasive behavior is extremely com-
plicated . From a biophysical point of view, it is a phase change process affected by many factors, including cell-to-cell,
cell-to-chemical material, cell-to-environment interaction, etc. In this study, we constructed spheroids based on green
fluorescence metastatic breast cancer cells MDA-MB-231 to simulate malignant tumors in vitro, while constructed a three-
dimensional (3D) biochip to simulate a micro-environment for the growth and invasion of spheroids. In the experiment, the
3D spheroid was implanted into the chip, and the oriented collagen fibers controlled by collagen concentration and injection
rate could guide the MDA-MB-231 cells in the spheroid to undergo directional invasion. The experiment showed that the
oriented fibers greatly accelerated the invasion speed of MDA-MB-231 cells compared with the traditional uniform tumor
micro-environment, namely obvious invasive branches appeared on the spheroids within 24 hours. In order to analyze this
interesting phenomenon, we have developed a quantitative analyzing approach to explore strong angle correlation between
the orientation of collagen fibers and invasive direction of cancer cell. The results showed that the oriented collagen fibers
produced by the chip can greatly stimulate the invasion potential of cancer cells. This biochip is not only conducive to
modeling cancer cell metastasis and studying cell invasion mechanisms, but also has the potential to build a quantitative

evaluation platform that can be used in future chemical drug treatments.
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1. Introduction

Cancer has become a major health problem worldwide
with increasing morbidity and mortality, and has attracted
widespread attentions. Breast cancer is one of the most com-
mon cancers, which accounts for 30% of the confirmed cancer
cases in 2019.1] The main threat of cancer is the high fatality
rate, especially as cancer cells invade and metastasize, caus-

[2.3]1 In clinic, tumor

ing up to 90% of death of cancer patients.
growth in primary sites could be surgically removed at its early
stage.!*l However, after the tumor has developed to a certain
extent, the cancer cells will detach from the primary tumor site
and transfer to the extracellular matrix (ECM), which leads to
the surgically removing invalid.

Figure 1 is a schematic diagram of tumor local invasion
and infiltration in vivo. At the first stage, the tumor is sur-
rounded by a rich extracellular matrix, and these collagen
fibers are randomly oriented (black). At the second stage,

the cancer cells start to invade locally and change the orien-
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tation of the collagen fibers (green fibers) with the growth of
the tumor. Meanwhile, the presence of the nutritional gradient
would establish rapidly along the collagen fibers. At the third
stage, cancer cells destroy the blood vessel wall, penetrate the
blood vessel and migrate to other parts of the body with the cir-
culation of blood or lymph fluid. The result is to damage other
parts and functions of the body, leading to the death of the pa-
tient. Due to the randomly scattered sites of cancer metastasis,
it is difficult to achieve the desired results with single surgery,
chemotherapy, drugs, etc.B Therefore, it is essential to de-
velop clinically more effective treatment methods based on the
characteristics of tumor and invasion micro-environment.
Culturing single or multiple cancer cells is the most com-
monly used method for in vitro studies of the cancer invasion.
Cells will attach to the bottom of the culture dish in the tra-
ditional two-dimensional (2D) cell culture system, which ren-
ders the 2D cell culture many limitations, such as the lack of
cell—cell and cell-ECM interactions. What is more, the inva-
sion, metastasis, and the effects of drugs may be restricted. "]
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Here, a three-dimensional (3D) spheroid can better simulate
tumors, which is increasingly recognized as an effective way
to study the complex growth and development of tumors, "=}
and the most advanced anti-cancer drug test and screening

platform.['%11 1t fills the gap of traditional 2D in vitro cul-

ture and animal models.[!2

1 Through 3D cell culture, the mor-
phology, function, and characteristics of tumor tissue in vivo
can be simulated in vitro, such as cell—cell interaction, cell mi-
gration, cell signaling, drug penetration, response, and drug

resistance. !13-14]
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Fig. 1. The multiple stages of metastatic dissemination of spheroid from the primary tumor into the blood circulation. (i) Non-invasive tumor spheroid
surrounded by collagen fibers (black). (II) Local invasion occurs on the cancer spheroid, and the collagen fibers surrounding the branches have orien-
tation. (III) The cells at the front of the invading branch of the cancer spheroid invade the nutrient-rich blood vessels. Metastatic cancer cells rapidly

invade by changing the orientation of collagen fibers.

At present, commonly used methods for generating tumor
spheroids include: hanging drop, rotating flask, rotating cell
culture system, ultra-low attachment plate, and microfluidic.
Each method has its advantages and limitations. The hang-
ing drop method is relatively simple and suitable for many
cell lines. The resulting spheroid is tightly packed, and they
show strong stability in size. The volume of cells containing
droplets is generally 15 uL.-30 pL (including drug test media),
because the surface tension of the liquid that remains attached
to the culture surface does not support a larger volume.!'>! The
spinner bottle bioreactor works in a similar manner. The ad-
vantage is that it can produce a large number of spheroids, and
the medium can be changed frequently to support the long-
term cultivation of 3D cancer cell spheroids, etc.'®! The at-
tachment plate method is simple and reproducible, because it
is possible to strictly control the inoculation of the same num-
ber of cells in each well of the well plate, which can produce
cancer cell spheroids of uniform size and shape.!'”! The ad-
vantage of microfluidic method is to repeat multiple experi-
ments on a chip to ensure the accuracy of experimental data.
The technique does not require special equipment, and the
cells can be easily observed under the microscope, and the
required liquid sample is very small. The disadvantage is that
because the sample volume generated by each plate is small,
and the further analysis of samples (such as immunoblotting)
based on the microfluidic chip may be difficult.!'® Therefore,
there is a lack of standard and rapid methods for laboratory
research to simply control the size and shape of cancer cell
spheroids within a short preparation time.

At the same time, the micro-environment must be con-

sidered when studying the invasion of cancer cells in vitro.
The microenvironment of in vivo invasion is more compli-
cated, and the extracellular matrix is an important part of the
microenvironment. The occurrence, development, invasion,
and metastasis of malignant tumors are often accompanied

[19.20] The extracellular

by changes in the extracellular matrix.
matrix is mainly composed of four types of substances, namely
collagen, elastin, proteoglycan, and aminoglycan, which are
the basement membrane at the base of epithelial or endothelial
cells, and the intercellular adhesion structure in the interstitial
connective tissue.?!->]

According to recent studies, it has been confirmed that
specific proteins on invasive cancer cells can induce cancer
cell invasion by binding collagen fibers, thereby changing the

5.123] Many studies on the impact of

direction of collagen fiber
cancer cell complex microenvironment on the invasion of can-
cer cells are based on organ-on-chip with specific functions.
These chips have more controllability, quantification, and bet-
ter control ability than 2D cell culture dishes, which can build
a more complex cell microenvironment, such as lung on a chip
reconstructing the organ-level structure and function of the hu-
man lung to evaluate the lung toxicity of nanoparticles. >4
Liver on chip can be dynamically perfused, and has a lifes-
pan of at least 28 days, which also helps query patient-specific
liver response.?>!

However, it is still difficult to quantitatively control colla-
gen fiber orientation in vitro and analyze the effect of recom-
binant collagen tissue on tumor cells. In this study, we con-
structed a 3D biochip with oriented collagen fiber for spheroid

invasion. The orientation of collagen fibers can be quantita-
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tive controlled by regulating the concentration and injection
rate of collagen, which simulates the micro-environment of
the spheroid in vivo. The combination of optical microscopic
imaging technology to study the invasion of cancer cells, such
as the direction of invasion and the speed of invasion, further
reflects the significant advantages of biochips in constructing
an in vitro micro-environment and quantitatively studying in-

vasion.

2. Experimental methods
2.1. Cell culture

Combining several common spheroid culture methods,
we inoculated cancer cells into ultra-low attached 96-well
plates, so that cancer cells can only grow in suspension,
and then form cancer cell spheroids by self-aggregation, and
promoted the growth of cancer cells by additives. The hu-
man breast cancer cell line MDA-MB-231 (China Infrastruc-
ture of Cell Line Resources, Beijing, China) was cultured
in complete medium (DMEM, Corning, USA) containing
10.0% fetal bovine serum (FBS, Corning, USA) and 1.0%
penicillin/streptomycin (Corning, USA) MDA-MB-231 cells
(green) were previously labeled with GFP via stable trans-
fection of DsGFP plasmid vector. Before inoculating MDA-
MB-231 cells into 96-well plates, they were grown to 80%
fusion in Petri dish (Corning, USA) and washed twice with
phosphate buffered saline (PBS, Corning, USA), then digested
with 0.25% trypsin-EDTA (Corning, USA) to form a cell sus-
pension and counted by a hemocytometer. The solution was
diluted to 2.0 x 10* cells/mL (4000 cells per well). Ma-
trigel (Corning, USA) was thawed in a refrigerator at 4.0 °C
overnight, then the liquid matrigel was added to the cell sus-
pension with a frozen pipette, so that the final concentration
of matrigel in the cell suspension was 3.5%. A volume of
200 pL of this cell suspension was added to each well of an
ultra-low adsorption round bottom 96-well plate (Ultra low
attachment, ULA, 7007, Corning, USA). The plate was cen-
trifuged at 1000 Gs (1 Gs=10"* T) for 10 minutes by using
an Eppendorf 5430R desktop high-speed cryogenic centrifuge
(Eppendorf, Germany) for the purpose of pelleting the cells at
the bottom of the well. Placing the well plate in a constant
temperature cell culture incubator with standard cell culture
conditions (37.0 °C, 5.0% CO,, 95% humidity). Finally, the
cancer cell spheroids were imaged under an inverted micro-
scope (Ti-E, Nikon, Japan) with a 10X air objective.

2.2. Chip design and preparations

In order to establish an in vitro experimental model that

is closer to the cancer cell invasion process, we designed

and processed a 3D biochip based on polydimethylsiloxane
(PDMS) through soft-lithographic technology. As shown in
Fig. 2(a), it is an exploded view of the 3D structure of the
chip, which is mainly divided into two layers (white), and
the upper structure is the cover part, including the injection
hole and the outlet hole, used for the injection of spheroid,
collagen, and culture medium. The bottom structure is com-
posed of microfluidic channel, collagen channel (blue), and
spheroid culture area. Each part is divided by trapezoid pil-
lars (yellow) and the trapezoidal gap of the inner and outer
rings is different. The radius of inner ring is 116 pm, while
the outer ring 178 pm. The round spheroid culture area in
the middle is directly in front of the injection hole of the up-
per cover. Spheroid is injected into the collagen in this area
through the injection hole. When the spheroid culture area
is filled with collagen, collagen enters this channel through
the gaps of trapezoid pillars. The excess collagen will be dis-
charged to the outside of the chip through the channels on both
sides. It has media channels (pink) on both sides, and also
through the gaps of the trapezoid pillars (yellow) at the pe-
riphery to provide nutrients for the growth and invasion of the
middle spheroid. Therefore, the spheroid is restricted to grow
in spheroid culture area by trapezoid pillars.

Figure 2(b) is a simulation of the internal flow field of the
chip using COMSOL (Comsol Multiphysics 5.4a, Sweden). In
the simulation, collagen was injected from the middle injec-
tion hole, and the flow rate was reflected by different colors.
It can be seen that in the trapezoid pillars, especially the pil-
lars gap between the collagen channel and the spheroid culture
area, the flow velocity is the highest, reaching 8 x 1074 (m/s),
which shows there is a significantly high flow velocity when
collagen passes through the gap. It will a significant stress field
in and around the gap, resulting in a-directional orientation of
collagen fibers.

As shown in Figs. 2(c1)-2(c3), firstly pure collagen is in-
jected into the center of the spheroid culture area through the
middle injection hole, and the mixed solution will form a rel-
atively high flow rate in the gap as shown in Fig. 2(c2). After
curing the collagen for 60 min in a 20-°C environment, the
collagen fibers will generate a fiber orientation (brown) con-
sistent with the flow field distribution. Secondly the spheroid
is injected into the spheroid area [see Fig. 2(c2)]. Then the
medium is injected into the medium channel on both sides
from the injection holes on both sides [see Fig. 2(c3)]. Fi-
nally placing the chip in a cell incubator with a concentration
of 5.0% CO,, a temperature of 37.0 °C, and a saturated hu-
midity of 95%. Light microscopy is applied to obtain cancer

cell invasion pictures.
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Fig. 2. The microchip design, flow field simulation, and experimental operation. (a) The 3D design of the chip. (b) Simulation result for complete flow
field, showing the consistent flow field distribution of the chip. (c1)—(c3) Injection process for the collagen and spheroid (red). (c1) Injecting collagen
into the chip from the middle hole (blue channel). (c2) Seeding spheroid into the collagen from the middle hole. (c3) Injecting medium from both

channels to provide nutrition for cell invasion (pink channel).

2.3. Analysis of microscopy image

Real-time spheroid compaction and invasion processes
were measured using an inverted time-lapse microscope (Ti-
E, Nikon, Japan). For compaction analysis, spheroids com-
posed of green fluorescent cancer cells were imaged at 24-h
intervals for 72 h. The readout rate of the Nikon microscope
is 560 Hz. Its emission wavelength of the laser is 535 nm
and the excitation wavelength is 480 nm. The image acqui-
sition of collagen fibers is realized by confocal microscopy
(SP8, Leica, Germany). The scan speed of the confocal mi-
croscope is 200 Hz, the pinhole size is 53 um and the emis-
sion wavelength is 580 nm. The images were first processed
by Curvelet-Based Alignment Analysis Software (University
of Wisconsin at Madison) to obtain the angular distribution of
collagen fibers, and then statistics and analysis were carried
out by Origin (Origin2018, USA). Finally, the Matlab (MAT-
LAB R2015b, USA) helps to obtain the interaction between
cancer cells and collagen fibers.

3. Results and discussion

The first experiment performed is spheroid culture and
cell invasion analysis in a homogenous collagen ECM envi-
ronment. The result would be a comparison to the later cell
behaviors in oriented collagen in the biochip. In this experi-
ment, 200-uL mixed gel of collagen and cancer cell spheroid

(MDA-MB-231-GFP, spheroid) is injected into an ultra-low
adsorption 96-well plate, where the concentration of collagen
is 2.0 mg/mL. The well plate is placed in a cell culture incu-
bator for cultivation when collagen is solidified. Figure 3(a)
shows that the cancer cell spheroids in the well plate for 24
hours taken by reflection pattern (10x) of confocal micro-
scope. The figure shows the cancer cell spheroids (green) and
abundant collagen fibers (red) are uniformly distributed in the
well plate. The collagen fibers where invading branch occurs
exhibit obvious orientation, which is consistent with the direc-
tion of the invading branch. However, the collagen fibers at the
non-invading branch have no orientation. Figures 3(b1)-3(cl)
is an enlarged view (20 ) of the confocal image of the invasive
branch around the cancer cell spheroid and the non-invasive
branch. Figure 3(b1) shows the distribution of cells and colla-
gen fibers in the invading branch, while figure 3(c1) shows the
distribution of collagen fibers in the invading branch.

The Curvelet-Based Alignment analysis software was
used to analyze the collagen fiber orientation in the B1 and
C1 areas around the cancer cell spheroid. The fiber orientation
is quantified by measuring its angle relative to the channel di-
rection (x axis). %] After that, the obtained angle of each colla-
gen fiber is imported into Origin (Origin2017, USA), and the
distribution of collagen fibers is obtained through histogram
statistics. Here, the horizontal direction to the right x axis is
defined as 0°, and the vertical direction is defined as 90°, while
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the horizontal direction to the —x axis is defined as 180°. Fig-
ure 3(b2) shows the quantitative statistics of collagen fiber an-
gle at panel 3(bl). It shows that the surrounding angles with
invasion branches of cancer cells are concentrated at 100°—
120° displaying the certain orientation. The localized cell ori-
entation may be resulted by strain field from interactions of
spheroid development and collagen fibers. Besides, the cells

(green) also shows an orientation similar to that of collagen
(arrow), which indicates that the orientation of metastatic cells
is closely related to the orientation of fibers. Figure 3(c2)
shows that collagen fibers are more randomly distributed in all
directions, which means that the orientation of collagen fibers
in the orifice plate is more uniform, and it will not significantly
affect the spheroid branch.

0/(°)

200 pm

Probability /%

50 pm

0 40 80 120 160
0/()

Fig. 3. Orientation distribution of collagen fibers around the three-dimensional invasion experiment of spheroid in 96-well plate. (a) The confocal
image of spheroid branches (green) and collagen fibers (red) at 24th hour. (bl) and (c1) The enlarged pictures of the “invasive branches” (blue box)
and “non-invasive branches” (pink box) regions, respectively. (b2) and (c2) Statistics of orientation angle of collagen fibers in different parts around
spheroid. The orientation distribution analysis of collagen fibers in the “invasive branches” (blue box) and “non-invasive branches” (pink box) regions,

respectively.

The extracellular matrix not only serves as an inert sup-
port, provides strong and stable support, but also actively par-
ticipates in controlling cell growth, polarity, shape, migration,
and metabolic activities.[?”] Collagen is one of the commonly
used substances for simulating extracellular matrix in vitro and

28291 Collagen fibers can form a

has good biocompatibility.!
network structure, which can help the growth and invasion of
cancer cells through their permeability and orientation.3%-3!]
At the same time, collagen fibers have good plasticity, and
could change their orientation through the stress of the mi-
croenvironment, providing some specific microenvironments
for the growth and invasion of cancer cells. 3233

In order to construct oriented collagen fiber in the chip,
we first inject the cancer cell spheroids and collagen in the
concentration of 2.0 mg/mL into the middle channel of the
chip (2 pL/s) using the syringe pump, and cure in the envi-
ronment of 20.0 °C for 1 hour. Then injecting the medium
from the injection holes on both sides, and placing the chip
in the cell incubator for cultivation. At the same time, the
culture medium is renewed every 24 hours. Figures 4(a)—4(c)
show the spheroid culture area of the chip at 0, 24 (not shown),
48, and 72 hours, the bright-field and fluorescence images of

growth and invasion are obtained by inverted microscope. The

figure shows the invasion of the cancer cell spheroid at differ-
ent times. At the Oth hour, the cancer cell spheroid was inocu-
lated into the chip and exhibited no invasion behavior, and the
collagen was just solidified. At the 48th hour, the cancer cell
spheroid invaded obviously, and the invasion range becomes
larger with time. At the 72th hour, apoptosis appeared at the
front of the invasive branch, and the invasive range began to
decrease. Referring to Figs. 3 and 4, it can be concluded that
the oriented collagen fibers have guiding and assisting effects
on the invasion of cancer cells.

In order to quantitatively study the changes of cancer cell
spheroid invasion over time in the chip, we processed the can-
cer cell spheroid invasion resulting images obtained from the
inverted microscope through the Matlab program. First, the
grayscale image is obtained by performing grayscale opera-
tion on the fluorescent image. Second, the Gaussian blur algo-
rithm is used to the grayscale image to filter the noise points
on the background. Then, the binary threshold of the image is
automatically determined through the built-in graythresh func-
tion in Matlab, and the image is binarized. Finally, the built-in
infill function in Matlab is used to fill the holes in the binary
map and determine the largest connected component, as shown

in Fig. 4(d1). Here, the processed spheroid boundary is con-
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nected to obtain an irregular spheroid, as shown in Fig. 4(d2).

For comparing the quantitative data at different moments,
we use a unified polar coordinate system to describe the
boundary of the cell spheroid. As shown in Fig. 4(d3), we
divide the points on the boundary curve into 300 parts in polar
coordinate space, and set the maximum distance in each part to
the value of the polar diameter, and polar angle is the radian of
the angle bisector in each aliquot. Among them, the distance
is defined as the length from the boundary to the center of
gravity. After smoothing the edges of the cancer cell spheroid,
a new cancer cell spheroid boundary can be obtained. If the
shape of the cancer cell spheroid is relatively regular, then the
spheroid part is the main part of the cancer cell spheroid, and
the branch on the spheroid is the invasive branch. In fact, the
shape of the cancer cell spheroid obtained in the experiment is
often ellipsoidal, so it is necessary to find the area correspond-

ing to the low frequency part and the high frequency part of

the cancer cell spheroid through Fourier transform, that is, the
low frequency part corresponds to the nucleus area, the high
frequency part corresponds to the attack area.3*

We have defined several morphological parameters to
quantify the invasive characteristics of the spheroid, such as
geometric parameters (area, circumference, radius, and vol-
ume of the spheroid). Since the invasion branch will make the
circumference and area of the cancer cell spheroid relatively
increases, we define the ratio of the square of the circumfer-
ence to the area to quantify the cancer cell spheroid with the in-
vasion branch, and the mutation time of the slope on the curve
is defined as the invasion time of cancer cell spheroid. Fig-
ure 4(d4) shows the change in the ratio of the square of the
spheroid to the area over time (black curve), with a large in-
crease between 0 h and 24 h. The average increase of the ratio
of the square of the circumference of the cancer cell spheroid
to the area is 16.67, and the slope is 0.69.
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Fig. 4. Experimental diagram of spheroid invasion at different times and data analysis of spheroid invasion in the chip. (al)—(cl) The fluorescence and
bright field merge picture of cancer cells at different times for MDA-MB-231 (green). (a2)—(c2) Experimental invasion of MDA-MB-231 cells at different
times. (d) Quantitative treatment of cancer cell invasion. (d1) The binarization of the original fluorescence image. (d2) Boundary connection of image after
binarization. (d3) The smoothed boundary is obtained original boundary via boundary smoothing. (d4) The curve of the ratio of the square of the spheroid
perimeter to the sphere area with time and the curve of the standard deviation of the distance from the relative boundary to the center with time. From these
two trajectories, the transition time can be determined to be 24 h. Scale bar denotes 200 pm.

In addition, the protrusions in the invading branch will
also increase the roughness of the cancer cell spheroid, which
is characterized by the standard deviation Std-R relative to the
boundary to center distance. The results in Fig. 4(d4) (red
curve) also show a large increment between O and 24 hours.
The average increment of Std-R is 3.17, and the slope is 0.13.

We find that the times of the mutation slopes of the two
curves are the same, that is, the slope is the largest within
24 hours, indicating that the cancer cell spheroids in the en-
vironment of oriented collagen fibers have rapidly invaded.
Since the chip can control the orientation of collagen fibers,
the two-photon mode (10x) of a confocal microscope can be
used to obtain the cancer cell spheroid (green) and the distri-
bution of collagen fibers (white). The image shows that the

orientation of collagen fibers and cancer cells is very obvious

near the trapezoidal part of the inner circle.

In order to investigate the effect of oriented fiber on cell
invasion, we purposefully choose two local areas from the
confocal image [see Fig. 5(a)]. These two areas are magni-
fied for details and displayed in Figs. 5(b1) and 5(c1), respec-
tively. Both of these local areas show the detailed fiber mor-
phology, e.g., fiber branch. The Curvelet-Based Alignment
Analysis software (University of Wisconsin at Madison) was
applied to quantitatively analyze the fiber orientation. Fiber
orientation was calculated by measuring its angle relative to
the channel direction, and the corresponding angle distribu-
tions (red dotted lines) are plotted in Figs. 5(b2) and 5(c2).
It is obvious that majority of the fiber distribute around at 0°
and 180°, which is parallel to the channel direction, as seen

in Fig. 5(c2). Similarly, we also calculated the distribution
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of migrating cells based on the cell shape in these two areas,
as shown in Figs. 5(b2) and 5(c2). Clearly, the obtained dis-
tributions of cell shape behave like these for the correspond-
ing distributions of fiber. In order to quantitatively figure out
the relationship between the fibers and the migrating cells, we
computed the cross-correlation function defined in the follow-

ing expression

M=

Ry (1)= ) x(n)y(n+1), (1

1

n

where x and y are two discrete signals, T the corresponding
lag between the signals, N the total number of the individual
signals.

The results are plotted in Figs. 5(b3) and 5(c3). We find
that the values of correlation function at lag = 0, are greater
than 0.8 for these two local areas, which indicates the direc-
tion of cell invasion is strongly related to the direction of fiber
alignment. The results show aligned fibers can direct tumor

cell intravasation.
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Fig. 5. Analysis of the correlation between spheroid invasion branch cells and fibers in the chip. (a) Confocal image of collagen fibers (white) obtained in
two-photon mode of inverted microscope and cancer cells (green) obtained in fluorescent mode at 90th hour. (b1) and (c1) Enlarged views of the invasion
branches of two different parts of spheroid, respectively. (b2)—(b3), (c2)—(c3) Representation of the angle distribution of fiber and cell, the correlation
between collagen fibers, and cells at the pink box and the blue box, respectively. The Y value is greater than 0.8 at time O hour, indicating that collagen fibers

have strong correlation with cells.

4. Conclusion

In this study, we designed a 3D chip that can control the
orientation of collagen fibers and combined with cancer cell
spheroids to study the invasion behavior of cancer cells in
vitro. We first inoculated cancer cells in a 96-well ultra-low
adsorption plate to prevent cancer cells from adhering to the
wall, and added 3.5% matrigel as a binder to the cell suspen-
sion to promote the formation of cancer cells. Then inoculat-
ing the cancer cell spheroids into the targeted collagen fibers,
we found that in the environment of oriented collagen fibers,
the cancer cell spheroids can quickly and directionally invade
within 24 hours, that is, cancer cells can invade along the col-
lagen fibers at extremely high speed. By quantitatively ana-
lyzing the invasion of cancer cell spheroids, we found that the
invading cells have a strong correlation with collagen fibers.
Therefore, we concluded that the tumor microenvironment of
collagen fiber orientation plays an important role in guiding
cell infiltration and promoting rapid cell invasion.

The results show that the rapid invasion of cancer cells in
the organism is not only related to the nutrient gradient, but
also closely related to the changes in the surrounding envi-
ronment. Therefore, we suggest that future treatments may
consider adjusting the biophysical microenvironment of the
tumor, for example, changing the orientation of already ori-

ented collagen fibers to slow the invasion potential of invasive
cancer cells. We can also inoculate epithelial cells on the out-
ermost circle of the chip, which is the outermost trapezoid in
Fig. 2(a), forming a dense layer of cells to simulate the blood
vessel wall. By directional collagen fibers, cancer cells can
invade the outermost trapezium, and by secreting some sub-
stances to destroy the blood vessel wall and enter the culture
medium channel. In this way, the invasion process that sim-
ulates the extravasation of cancer cells into blood vessels in
vitro is realized in the chip. In addition, we can also add drugs
to the media channels on both sides to form a drug gradient to
study the inhibitory effect of drugs on the growth and invasion
of cancer cells. Therefore, this chip not only provides a model
for studying the behavior of cancer cells in a 3D environment
in vitro, but also build a comprehensive experimental platform
for evaluating the effects of drugs.
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