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Abstract: The cell microenvironment consists of multiple types of biophysical and biochemical factors,
and represents a complex integrated system that is variable in both time and space. Studies show
that changes in biochemical and biophysical factors in cell microenvironments result in significant
changes in cellular forms and functions, especially for stem cells. Mesenchymal stem cells (MSCs)
are derived from adult stem cells of the mesoderm and play an important role in tissue engineering,
regenerative medicine and even cancer therapy. Furthermore, it is found that MSCs can interact with
multiple types of tumor cells. The interaction is reflected as two totally different aspects. The negative
aspect is that MSCs manifest as tumor-associated fibroblasts and could induce migration of cancer
cells and promote tumor formation. On the other hand, MSCs can home to sites of the tumor
microenvironment, directionally migrate toward tumor cells and cause tumor cell apoptosis. In this
study, we designed and made a simple microfluidic chip for cell co-culture, and studied stem cell
homing behavior in the interaction between MSCs and liver cancer cells. Moreover, by etching
a three-dimensional microstructure on the base and adding transforming growth factor-β (TGF-β) in
the co-culture environment, we studied the impact of biophysical and biochemical factors on stem
cell homing behavior, and the causes of such impact.
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1. Introduction

Derived from adult stem cells of the mesoderm, mesenchymal stem cells (MSCs) mostly exist in
the bone marrow, and are important seed cells in tissue engineering [1]. With typical characteristics
of pluripotent stem cells, MSCs can be constructed in vitro for subculture, and differentiate toward
bones, fat, cartilages or other directions under different inducing conditions [2,3]. With continuous
research into MSCs in recent years, it has been found that MSCs can interact with multiple types of
tumor cells as the progenitor cells of stromal cells or fibroblasts [4,5]. The interaction is reflected as two
totally different aspects [6]. The negative aspect is that MSCs manifest as tumor-associated fibroblasts.
As a result, MSCs not only experience phenotypic variation under the inducement of tumor cells but
also promote tumor cell invasion and vascularization in surrounding areas, which increases the risks
of tumor metastasis. For example, MSCs produce a mutual effect on breast cancer cells [7]. On the
other hand, MSCs treat tumor microenvironments as damage areas, directionally migrate toward
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tumor cells and cause tumor cell apoptosis. This helps inhibit the occurrence and development of
tumors, such as oral and hepatic tumors [8]. It is observed that great caution must be exercised in
the application of MSCs to tumor treatment. Moreover, extensive laboratory and clinical research is
required for sufficient verification in order to exclude potential risks.

Different cell behaviors demonstrated by MSCs toward different tumor cells are closely related
to cellular microenvironments. As the sum of external environments that cells survive in, the cell
microenvironment consists of multiple types of biophysical and biochemical factors, and represents
a complex integrated system that is variable in both time and space [9]. Normally, the cell
microenvironment is simply generalized as biochemical factors such as extracellular matrix chemical
composition, cytokines and other cells [10], and biophysical factors such as extracellular matrix physical
properties [11,12], morphology features [13,14] and biomechanics [15]. Studies show that changes in
biochemical and biophysical factors in cell microenvironments result in significant changes in cellular
forms and functions. These changes are strongly linked with physiological and pathological processes
in the organism, and in particular, have a significant impact on the processes of tumor occurrence
and development.

So far, there have been reports on the application of MSCs to the treatment of tumors, such as
hepatic and oral tumors. Through in vitro co-culture of MSCs and liver cancer cells (HepG-2 cell),
researchers discovered that MSCs have apparent homing behavior, and can suppress HepG-2cell
proliferation and induce HepG-2cell apoptosis [16]. Moreover, many studies of signal channels
associated with MSCs homing behavior have been conducted by changing biochemical factors in cell
microenvironments, such as by adding inhibitors, antagonists or growth factors [17,18]. However, due
to limited technological means, the influence of biophysical factors of cell microenvironments on the
homing behavior of MSCs is rarely reported.

Based on micro-nanofabrication technology, microfluidic technology is widely applied to biology,
chemistry, materials and other relevant fields [19,20]. It helps carry out controllable combinations of
multiple cell microenvironment factors to achieve in vitro simulation of the cell microenvironment.
Examples of such combinations are concentration gradient [21], cell co-culture [22–24], biomechanics [25,26],
3D environment and matrix micro/nanostructures [27,28]. Furthermore, the unique advantage of the
microfluidic chip is reflected in its real-time observation of cell behaviors (particularly movement behavior),
and in the intuitive display of such biological processes as cancer cell migration and stem cell homing.
In this study, we designed and made a simple microfluidic chip for cell co-culture, and studied stem
cell homing behavior in the interaction between MSCs and liver cancer cells. Moreover, by etching
a three-dimensional microstructure on the base and adding transforming growth factor-β (TGF-β) in the
co-culture environment, we studied the impact of biophysical and biochemical factors on stem cell homing
behavior, and causes of such impact.

2. Materials and Methods

2.1. Design and Fabrication of Microfluidic Chip

In the study, we fabricated the upper channel of the microfluidic chip by means of soft lithography.
Made from polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA), the upper
channel includes two independent cell culture channels, which are 1 mm wide and 300 µm deep.
The two independent cell culture channels are 500 µm apart so that a gap of non-contact cell co-culture
can be formed in the experiment. The gap is also a primary area for observing cell movement.
In accordance with the experiments’ purposes, the bottom layer of the chip includes a PDMS 3D
microstructure surface and a PDMS flat as the control. The whole chip is fabricated through reversible
sealing. For the specific experiment process, see Figure 1.
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Figure 1. Chip design and experimental process. SU-8 is a high contrast, epoxy based photoresist
designed for micromachining and other microelectronic applications, where a thick chemically and
thermally stable image is desired. PDMS: polydimethylsiloxane.

2.2. Design and Fabrication of 3D Microstructure

A 3D form mold was made by adopting photolithographic wet etching. A standard silicon slice
with photoresist and a sacrificial layer was purchased. It was then covered by a computer-aided design
(CAD)-drawing mask film for the purpose of ultraviolet exposure. After exposure, oxidation etching
was performed to etch the sacrificial layer. Ion etching was used to further etch the silicon slice to the
desired depth. The optical cement that covered the surface was washed off. Further oxidation etching
was carried out to etch the remaining sacrificial layer. After that, a specific structure was obtained.

After being placed into absolute ethyl alcohol, soaked and treated by ultrasonic wave, the etched
silicon slice was washed with purified water three times, and was thoroughly dried in a 65 ◦C oven.
The mixture of PDMS monomer and initiator (10:1, v/v) was poured on the fabricated silicon slice board.
After bubbles were removed, the board was put in a 65 ◦C oven for solidification. The fabricated PDMS
3D microstructure scanning electron microscope (SEM) is shown as in Figure 2. The microstructure is
60 µm high and has a hexagon frame with side length of 30 µm. The gap width is 5 µm. The neat and
even structure with smooth surface can be used in subsequent experiments.
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2.3. Cell Culture and Seeding

In the experiment, MSCs and liver cancer cell (HepG-2) were co-cultured, and mouse embryo
fibroblast NIH-3T3 was chosen as the control cell. The culture medium for MSCs is medium α-MEM
(Minimum Essential Medium α, Gibco, Gaithersburg, MD, USA) that contains 10% fetal bovine serum
(FBS, Hyclone, Logan, UT, USA). The culture medium for liver cancer cell (HepG-2) and cell NIH-3T3
is high-glucose medium DMEM (Dulbecco’s Modified Eagle’s Medium, Gibco, Gaithersburg, MD,
USA) that contains 10% FBS. High-glucose medium DMEM containing 2% FBS was chosen and used
to suppress cell proliferation in the process of chip co-culture.

Out of experiment needs, we inoculated HepG-2 or NIH-3T3 cell suspension of around 10 µL
2 × 105/mL to the channel on one side of the chip; and MSCs cell suspension of about 10 µL
1 × 105/mL to the channel on the other side of the chip. After 24 h, when all the cells adhered, the upper
chip was taken off, and cell patterns from cell non-contact co-culture were formed. Co-culture medium
was added, and cell migration was observed at regular intervals.

2.4. Cell Staining and Observation

To check whether tumor cell metastasis or stem cell homing occurs in the process of HepG-2
and MSCs co-culture, we used a laser scanning confocal microscope and live cell station to observe
cell co-culture in real time. Then, we performed regular observation with an inverted fluorescence
microscope for the purpose of image acquisition.

In the experiment, phalloidine (Alexa Fluor 488 Phallidin) from the company Life Invitrogen
(Carlsbad, CA, USA) was used for fluorescent characterization of cytoskeleton F-actin. The detailed
procedure was as follows: add HepG-2 cell suspension of around 1 mL 1 × 105/mL on the 3D
microstructure surface; remove the culture medium after cells are adhered to the wall for 24 h, and wash
the cells with phosphate buffer solution (PBS) three times; process the cells with 0.1%Triton-X 100
(Sigma, St. Louis, MO, USA) for 5 min, and wash them with PBS twice; add the working solution
Alexa Fluor 488 Phallidin into the cells, and leave aside for 20 min at room temperature; after that,
wash the cells with PBS, and 4’ ,6-Diamidino-2-Phenylindole (DAPI) (Life Invitrogen, Carlsbad, CA,
USA) stain cell nucleuses before taking images. The working solution Alexa Fluor 488 Phallidin is
a mixture of 6.6 micromole/liter methyl alcohol phalloidine mother solution of 5 microliters and 1%
BSA (Sigma, St. Louis, MO, USA) PBS solution of 200 µL.

In the experiment, immunofluorescent staining was adopted to detect the proteins associated
with epithelial-mesenchymal transition (EMT), including vimentin (R&D Systems, Minneapolis, MN,
USA) and E-cadherin (E-cad, R&D Systems). The staining method is as follows: carefully wash
post-experiment cells with 4 ◦C PBS solution after cell treatment for 48 h, and fixate them with 4%
paraformaldehyde for 20 min; add 0.1%Triton-X 100 to process the cells for 10 min (this step is skipped
in E-cad straining); add goat serum working solution to the cells and keep them sealed for 1 h at
room temperature; add primary antibody working solution diluted by the proportion 1:100 (rabbit
anti-mouse vimentin; rabbit anti-mouse E-cad) into the cells, and leave aside for a whole night in
a 4 ◦C fridge; wash the cells with PBS and add second antibody working solution (goat anti-rabbit
IgG) marked by fluorescein isothiocyanate (FITC); incubate for 1 h at room temperature; add DAPI
working solution and perform room-temperature incubation for 30 min; wash the cells with PBS three
times, and then cell images can be taken.

2.5. Data Statistics

Cells were visualized using an Olympus fluorescence microscope (Olympus IX 71, Tokyo, Japan).
The cell images collected were processed by the software Image-Pro (Media Cybernetics, Rockville,
MD, USA) for data analysis, covering data such as cell counts and fluorescent areas. Student’s t-test
was conducted with the standard deviation in experimental data greater than or equal to 3.
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3. Results

3.1. Interaction between Hepatoma Cells and MSCs

In the experiment, we studied the co-culture process of HepG-2 and MSCs with the real-time
monitoring system of the microscopic living cell workstation. We compared the movement of HepG-2
and MSCs in the 0–405 min when the cells were in non-contact co-culture status (the starting time
0 min indicated the first 5 min after the upper chip was removed and after that, a picture was taken
every 15 min; a total of 28 pictures were taken). Results showed that HepG-2 hardly moved while
MSCs migrated clearly toward HepG-2 cells, which was the homing behavior of MSCs. For specific
results of the experiment, see Figure 3.
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Figure 3. Time-lapse images of interactions between mesenchymal stem cells (MSCs) and HepG-2 cells.
The starting time (0 min) indicated the first 5 min after the upper chip was removed and after that,
a picture was taken every 15 min; a total of 28 pictures (405 min) were taken. Fourteen pictures were
shown. Bar is 100 µm.

To further confirm that the homing behavior of MSCs occurred, we used NIH-3T3 as the control
cell, and studied the co-culture of three groups of cells respectively: MSCs and HepG-2; MSCs and
NIH-3T3; HepG-2 and NIH-3T3. Based on the migration area, we calculated the migration speed of
the cells in 6 h and 24 h respectively. For results, see Figure 4. It was obvious that before the gap area
was completely filled, MSCs showed apparent homing behavior toward the direction of HepG-2 and
their speed of migration was basically the same; under the same conditions, however, MSCs did not
migrate towards the control cell NIH-3T3. The result was conclusive evidence that MSCs had obvious
homing behavior toward HepG-2.
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100 µm; (B) Histogram of cell migration velocity of MSCs (MSC and HepG-2 group; MSC and NIH-3T3
group) and HepG-2 cells (NIH-3T3 and HepG-2 Group) in 6 h and 24 h. p < 0.005, ***. n = 3.

3.2. Homing Behavior of MSCs under Different Conditions

After confirming the existence of MSC homing behavior toward HepG-2, we further studied MSC
homing in the following two circumstances: on the surface of a three-dimensional micro-structure and
in the presence of chemical inducing substance TGF-β with 1 ng/mL. For study results, see Figure 5.
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conditions. (A) Cell images under different conditions. MSCs transfected with green fluorescent protein
(GFP, green). TGF-β is transforming growth factor-beta. (1 ng/mL). Bar is 100 µm; (B) Histogram of
cell migration velocity of MSCs under different conditions in 6 h and 24 h. p < 0.05, *; p < 0.01, **. n = 3.

The results indicated that the migration speed of MSC homing becomes markedly higher after
chemical inducing substance TGF-β is added. TGF-β is an important growth factor that has high
expression in multiple tumor cells and adjusts cell growth and differentiation. It is a corroborated
protein associated with MSC homing. In this experiment, we added TGF-β to verify its induction
to MSC homing. The experiment also indirectly indicated that MSCs demonstrate homing behavior
toward HepG-2, which might be related to the fact that TGF-β can be secreted by HepG-2 itself.

Furthermore, results also showed that the presence of a three-dimensional micro-structure
suppresses MSC homing. The suppression might be caused by the following two factors: (1) the
physical blocking function of the three-dimensional micro-structure itself inhibits the movement of
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MSCs, therefore suppressing its homing behavior; (2) the three-dimensional micro-structure itself
might affect the secretion of TGF-β by HepG-2, weakening the role of TGF-β in inducing MSC homing.

3.3. Impact of Three-Dimensional Micro-Structure on HepG-2 Cell Phenotype

We analyzed the aforementioned two reasons for the three-dimensional micro-structure’s
suppression of MSC homing, and first studied whether the three-dimensional micro-structure affects
HepG-2 in secreting TGF-β.

TGF-β not only impacts MSC homing, but is also closely related to the EMT processes of
tumor cells, as indicated by extensive studies. The long-term effect of TGF-β leads to increased
expression of vimentin in epithelial cells, but lower expression of E-cadherin, causing occurrence of
EMT. We explored the expression of HepG-2 vimentin and E-cadherin on the plane. As shown in
Figure 6A,B, vimentin expression is negative while E-cadherin expression is positive, and the cells show
no sign of EMT. Under the same conditions and in the presence of the three-dimensional microstructure,
protein expression is changed, as shown in Figure 6C,D. Vimentin expression becomes positive while
E-cadherin expression is negative. Moreover, we co-cultured MSCs and HepG-2, and detected the
protein expression of HepG-2. As demonstrated in Figure 6E,F, vimentin expression is increased
significantly, indicating that HepG-2 tends to undergo EMT on the surface of the micro-structure. It also
suggests that secretion of TGF-β by HepG-2 does not decline due to the impact of the micro-structure,
but might increase instead. Therefore, the influence of the three-dimensional micro-structure on the
secretion of TGF-β by HepG-2 is not the reason for the suppression of MSC homing.
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Figure 6. Expression of E-cadherin and Vimentin in HepG-2 cells under different conditions after
48 h. (A) Expression of E-cadherin in HepG-2 cells on flat substrate; (B) Expression of Vimentin in
HepG-2 cells on flat substrate; (C) Expression of E-cadherin in HepG-2 cells on 3D microstructure;
(D) Expression of E-cadherin in HepG-2 cells on 3D microstructure; (E) Expression of E-cadherin in
HepG-2 cells on 3D microstructure with MSCs; (F) Expression of E-cadherin in HepG-2 cells on 3D
microstructure with MSCs; Green, MSC cells. Red, expression positive HepG-2 cells (E-cadherin or
Vimentin). Blue, cell nucleus. (+): positive; (−): negative. Bar is 100 µm.
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3.4. Impact of Three-Dimensional Micro-Structure on the Morphology of MSCs

The three-dimensional micro-structure itself does not cause a decrease in TGF-β secreted by
HepG-2 and weaken MSC homing. So, its physical blocking function is highly likely to be the main
cause of the suppression of MSC homing.

In this study, we stained the cytoskeletal protein F-actin of MSCs, and analyzed the changes
in the morphology of MSCs. As shown in Figure 7, the spreading area of MSCs on the surface
of micro-structure decreases enormously and is only around one-third of the flat spreading area.
The areas of the cell nucleus are not changed significantly. The morphology of the cells is greatly
suppressed, which affects the migration speed of the cells to a large degree. This shows that the
physical blocking function of the three-dimensional micro-structure is the primary factor responsible
for suppressing MSCs.
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4. Conclusions

Adopting micro-nanofabrication technology and microfluidic technology, we designed and
prepared three-dimensional micro-structure surfaces and achieved non-contact co-culture of MSCs
and hepatoma cells by means of cell patterning technology. It was found that MSCs showed homing
behavior under the action of hepatoma cells. Moreover, based on characterization of the cell spreading
area and EMT-related protein expression, it was discovered that the three-dimensional micro-structure
might suppress the homing behavior of MSCs and the suppression was achieved mainly through the
physical blocking function of the microstructure.
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