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ARTICLE INFO ABSTRACT

The dynamic process of cells is the basis of many biological problems in living organisms and has been a major
research subject over several decades. In this paper, we present a novel SU-8 mesh chip (SMC) with thousands of
chamber arrays for high-throughput 3D wound healing assay, which could directly and efficiently evaluate 3D
cell growth process and cellular drug responses in vitro. Four kinds of adherent cells (HeLa, HepG2, HUVEC, NIH-
3T3) were successfully seeded into the SMC to form three-dimensional hollow cell aggregates models with
precisely pre-defined sizes and shapes, followed by monitored their spontaneous growth process in real time.
Compared with traditional 2D wound healing assay, this 3D model provided more complex cellular processes
and some tissue-specific properties, which conferred a high degree of clinical and biological relevance to in vitro
models. NIH-3T3 and HUVEC cell aggregates in this chip that termed as "wound on a chip" model had been
developed and further investigated the drug response in these 3D wound healing processes by applying different
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concentrations of candidate drugs.

1. Introduction

The proliferation, migration and self-organization of cells play an
important role in the process of growth, development, and diseases of
living organisms. Understanding the underlying mechanisms is thus
critical for exploring the occurrence and treatment of some health is-
sues [1-3]. For example, the processes of embryo development, cancer
metastasis and wound healing etc. in vivo are complex and the cell
dynamic processes among them are very important [4,5] In order to
investigate these dynamic processes, researchers are committed to es-
tablish in vitro models to monitor the occurrence and development of
these cell processes in real time.

Traditional approaches for in vitro cell progress study are mainly
based on scratch assay [6-8] and some more high-throughput and
controllable assays based on micropatterning cell culture methods
[9,101, which are straightforward and economical method to probe cell
migration and proliferation in two-dimensional. However, since cells in
any multicellular organism are organized into three-dimensional (3D)
structures, and reside within 3D environments, all above mentioned
methods suffer from the limitations of monolayer cell culture models:
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lacking of tissue-specific properties and increasing uncertainty about
their validity as a model system [11,12].

Currently, to overcome some of limitations of 2D cell culture
methods, a variety of in vitro 3D cell culture models have been devel-
oped, such as 3D cell co-culture models [13,14], cell spheroid culture
[15-17], "organs on a chip" system [18-20] and even "organisms on a
chip" system [21,22], which were widely applied in the field of cell
therapy [23,24], the in vitro model for drug discovery [25,26] and
tissue engineering [27-29]. With the construction of these systems, lots
of microfabrication technologies including microwell arrays [30-32],
microdroplets [33-35] and microfluidic chips [15,19,36-39], have
been developed correspondingly. Although these technologies are good
replacements for the traditional approaches in vitro, to monitor and
quantitative analysis the 3D dynamic cell progress just like the cell
monolayers cultured on flat substrates remains a great challenge
[3,40,41]. The recent advent methods focusing on tumor progression
[42] and embryoid bodies (EBs) development [21,31,43] offer some
strategies for these issues. For example, Nassoy and colleagues applied
microfluidic devices to make tumor cellular capsules and investigate
the mechanics of tumor progression in vitro [44]; Rivron and colleagues
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introduced a microwell platform, which was integrated in standard
culture plates, for 3D high throughput screening and profiling of em-
bryoid bodies [31]. Despite the improvements have been made in the
relevant areas, it still need complex operation and quantitative analysis.
Thus a 3D model that could straightforward and economical study this
cell growth processes, and further investigate the effect of candidate
drugs about these health issues remain to be fully realized.

Here, a novel SU-8 mesh chip (SMC) with thousands of chamber
arrays was developed for investigating and monitoring the 3D growth
process of cells in real time, and a new 3D hollow cell aggregates cul-
ture method based on mesh culture method [45-47] had been estab-
lished. Specifically, the cells were first seeded on the SU-8 mesh walls of
chip at the beginning, and most of them were adhered to the lateral face
of the mesh structure to form 3D hollow cell aggregates with a "3D
wound" in the middle, then new cells would spontaneously grow to the
wound area based on the original cells and extracellular matrix until
they completely filled with the 3D space, which was similar to the
process of wound healing in the body. As a proof of concept, four kinds
of cells (HeLa, HepG2, HUVEC, NIH-3T3) were successfully formed the
hollow cell spheroid, and among them, NIH-3T3 and HUVEC 3D hollow
cells spheroids were regarded as "wound on a chip" model. By applying
different concentrations of arginine vasopressin and rh-VEGF on these
wound models, and comparing the results of our experiments with the
known effects of these drugs and the results of previous studies, the
validity of related biological applications for such a novel three-di-
mensional cell culture model had been proved. Finally, we determined
that the novel SMC 3D cell culture model opens up a new avenue for the
in vitro study on the related problems of cell process.

2. Experimental
2.1. Chip fabrication

The proposed hybrid chip consisted of two parts, a SU-8 net and a
cover slip. The SU-8 mesh structure was fabricated through standard
photolithography techniques (Fig.1A), which included the following a
series of steps: silicon wafer cleaning, SU-8 spin coating, UV exposure,
and developing in PGMEA. First, a silicon substrate was cleaned using
Piranha (3:1, H2SO4:H202), then rinsed with deionized water and
dried at 150 °C for 1h. SU-8 1075 (Gersteltec Sarl, Switzerland) was
spun on the wafer at 1700 rpm using a spin coater (KW-4 A, Institute of
microelectronics, Chinese Academy of Sciences) to a final thickness of
approximately 100 um and baked at 40 °C for 30 min., 120 °C for 5 min.,
and was cooled to room temperature. The SU-8 was then exposed to
365 nm light using a lithography machine (JKG-2 A, Shanghai Xueze,
China) through predesigned mask. Lastly, the substrate was baked at
95 °C for 30 min., cooled to room temperature and placed in the PGMEA
developer (Microchem) for about 10 min. The SU-8 mesh was devel-
oped and released from the substrate by immersion in PGMEA, and then
sterilized by soaking it in isopropanol for 20 min. and washing 3 times
with sterile phosphate buffered saline (PBS). After obtaining the SU-8
mesh, we sandwiched it between two pieces of cover slip, and in-
cubated them into water bath (above 80 °C) for a few seconds clamped
by tweezers, then one of the cover slips was removed immediately and
the mesh was leaved on the other one forming microchambers.

2.2. Cell culture and seeding

Four cell lines were used for the experiments: human cervical cancer
cells (HeLa), human liver carcinoma cells (HepG2), human umbilical
vein endothelial cells (HUVEC) and mouse embryonic fibroblast cells
(NIH-3T3). All the cell lines were cultured in high-glucose (25 mM)
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/strepto-
mycin. All the cell lines were incubated (5% CO,, 90% humidified) at
37 °C in an incubator (Innova-Co 170; New Brunswick Scientific, U.K.).
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Prior to use, cells were detached from the flask with the treatment of
0.25% (w/v) trypsin-EDTA solution (Gibco) for several mins.

Before the cell suspension was seeded to the chip, a kind of non-
adhesive tape was used to stick the edge of the SU-8 net to the cover slip
in case all the cells falling off from the SU-8 net. Then put them to a
twelve well plate, and each well added 3 mL cell suspension with about
3 x 10° cells. After several hours of culture, a part of the cells next to
the mesh walls were adhered to the surface of the mesh, then the SU-8
net with cells was removed from the cover slip and suspended in fresh
DMEM cell culture medium for further experiments.

2.3. Drug screening

NIH-3T3 cells and HUVECs were selected to construct the wound
model [48,49]. Arginine vasopressin (Dalian Meilun Biotech Co., Ltd.,
China) and rh-VEGF 165(Bersee, Beijing) that could respectively pro-
mote NIH-3T3 and HUVEC cell growth were used as the candidate
drugs. The experiments were performed according to the following
steps: firstly, 3D hollow cell aggregates were fabricated as 3D wound
models according to the method mentioned above; secondly, different
concentrations candidate drugs were respectively applied to the model's
culture medium, and the medium with drugs was exchanged every day;
thirdly, observing and recording the location of the cells in the chip
every day; at last, analyzing the results.

2.4. Cell viability tests

The viability of cells cultured in the meshes was analyzed using
Live/Dead assay. Briefly, cells in the chip were washed twice with PBS
and incubated for 10 min. with 2 g mL~?! calcein-AM (AnaSpec) and
2ug mL~! propidium iodide (PI) (Sigma). The stained cells were ana-
lyzed using a confocal fluorescence microscopy (FV1000). Calcein-AM
on behalf of living cells with green fluorescence, whereas the PI indicate
dead cells with fluoresces in red.

2.5. Scanning electron microscopy

Cells in the meshes should be pretreated before SEM imaging. They
were fixed by 4% Polyformaldehyde in phosphate-buffered saline (PBS)
buffer for 30 min. at room temperature and then washed 3-5 times with
deionized water. The fixed cells were subsequently dehydrated with a
series of graded ethanol (20%, 40%, 60%, 80%, and 100%) for 15 min
at each concentration. After dehydration, the cells were frozen at -20°C,
and followed by freeze-dried for several hours. The freeze-dried cells in
the mesh were coated with a layer of gold before observed under a
scanning electron microscope.

2.6. Monitor cell growth process

The decreasing areas and the migration distance of hollow cell ag-
gregates edge position in the SU-8 mesh were monitored and used to
calculate cell growth rate. Facilities for imaging the 3D wound areas in
the SMC were an ordinary inverted microscope (IX71, Olympus, Japan)
with a charge-coupled device (CCD) camera (Evolve 512, photometrics,
USA). As the cells began to grow stably in the SMC after about a day of
culture, data began to be collected. The position with cells in the images
was darker than the empty position, so the change of the hollow area
could be easily calculated by the image analysis software Image-Pro
Plus 6.0.

2.7. Two-dimensional control experiment

The two-dimensional (2D) control experiments were carried out by
a microfluidic chip, which was consisted of a PDMS column array and a
glass slide. The middle blank areas were formed by the PDMS column
that could reversible bonded to the slide surface. Briefly, cells were
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Fig. 1. Fabrication processes of the 3D cell culture chip.
(A) Schematic of the SMC fabrication process, and its
comparison with a coin. (B) The work-flow of the assay. 3D
hollow cell aggregates that applied for wound on a chip
model in flow-up study were successfully constructed by
the SMC, and the growth process of cells that used to si-
mulate the process of wound healing was shown by the
arrows.
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firstly injected into the chip, followed by removing the PDMS after cells
had attached to the slide, so the places covered by a PDMS column on a
slide formed the blank areas of cells. Through subsequent culture, the
cells gradually grow into the wound area of the slide in a two-dimen-
sional way compare to this three dimensional experiments.

2.8. Statistical analysis

Each experiment was applied in more than 9 meshes and had been
repeated at least three times, in which the wound areas counted in
Fig. 4 were the average number of 9 meshes. The mean and standard
deviation (SD) for each measured parameter were calculated for re-
flecting the change of the 3D wound areas under investigation. Com-
parisons of cell growth rates under different drug concentrations were
performed using the t-test (IBM SPSS 22), and statistical significance of
differences were determined at P < 0.05 and P < 0.01.

3. Results and discussion
3.1. Characterization of the controllable chip structure

In this paper 'wound on a chip' model had been successfully con-
structed by the SMC with controllable shape and size meshes.
Thousands of meshes constituted the SMC in square centimeter size
(Fig. 1A), and each of the mesh could be used as an independent ex-
perimental unit (Fig. 1B). A variety of chip structures (rectangular
(Fig. 2A and Fig. S1), triangular (Fig. 2B), hexagon (Fig. 2C), circular
(Fig. 2D) and cross (Fig. 2E)) were fabricated in our study to construct
various wound shapes. The widths of the rectangular meshes were
changed from 50 pm to 150 pm (Fig. S1), and the thickness of their high
aspect ratio structure walls was 20 um and the height was 150 pm,
which was referred by the white arrow in Fig. 2A. Three different
depths of the meshes were also characterized by PDMS columns got
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from a SU-8 mesh mold (Fig. S2B), and we could make any height
between the three by controlling the speed of the spin coater. In a word,
the meshes in the chip were with high aspect ratio walls and various
structures, compared with the traditional two dimensional wound
healing assay, they had offered enough 3D space for cell growth.

3.2. Cell seeding of the chip

The diagrammatic sketch was a sectional view of the whole process
of an experimental unit (Fig. 3A). For details, cells in suspension were
firstly aggregated into each mesh (Fig. 3A (a)), then most cells slid from
the mesh as the cover slip was removed after several hours, and the cells
attached to the SU-8 scaffold were left behind, in which the cells at-
tached to the lateral faces of the mesh walls had formed the 3D wounds
on the SMC (Fig. 3A (b)). The key point here was that the SU-8 net and
cover slip should be compact, and the cell number should be sufficient
to fill the chamber. The cells would also adhere or move to the top or
bottom surface of the mesh because the same chemical properties of the
SU-8 scaffold surfaces, but they would not affect the 3D wound healing
process of the cells in the lateral faces of the mesh. The images obtained
by SEM (Fig. 3B) and confocal microscopy (Fig. 3C) were the 3D wound
models, just like the scratch test, the 3D wound areas in this model had
been successfully scratched without damaging the cells, and in the re-
lated subsequent experiments, the three-dimensional wound space in
the middle of the mesh would be occupied by the cells through a cell
process defined as 3D wound healing (Fig. 3A (c—d)).

3.3. Monitor high-throughput 3D wound healing process

In this paper, thousands of duplicate mesh units for cell culture
could be assembled into a one cm? chip. Due to range of the vision was
about 3 mm? for 10X microscope, there were only 100 meshes of the net
were imaged and monitored in our actual experimental operation. As
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Fig. 2. SEM images of the SMC structure. (A) Ultra-high aspect ratios SMC structure as the white arrow shows; (B-E) SEM images for different shapes of the SMC, (B)

Triangle, (C) Regular hexagon, (D) Circular, (E) Cross. Scale bars, 200 pm.

shown in Fig. S3, HUVEC cells were evenly distributed into mesh to
form three-dimensional wound models at first, then the wound areas
gradually reduced with the passage of time, and the statistical results
indicated the growth curve of the cells. Through analyzing the growth
curve, we could further investigate the 3D wound healing process and
provide a high-throughput platform for subsequent drug discovery re-
search.

3.4. Cells generation in the chip

After cells were seeded into the chip, they began to grow sponta-
neously into the wound areas, and the edge position of the hollow cell
aggregates began to be recorded daily, then the size of the wound areas
and the migration distance of the hollow cell aggregates edge position
were calculated to accurately demonstrate the growth process of cells
by data analysis software image pro plus. The SEM images with red
arrows in Fig. 3B showed that the cells were firstly attached to the inner
surface of the SU-8 and formed three-dimensional wound areas, then
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Fig. 3. Construction of 3D wound healing models on SMC. (A) Schematic of the 3D wound healing process on chip, (B) SEM images of the cell position during the
experiments. The red arrows indicated that cells had adhered to the 3D SU-8 wall surface and red dashed boxes indicated that cells had grown into the wound area.
(C) 3D confocal fluorescence images showed the stereoscopic distribution of cells that had just been adhered to the walls, (D) 3D confocal fluorescence images of cell
spheroids that had already filled the SMC chambers, (E) Longitudinal section of the cell spheroids, (F) Transverse section of the cell spheroids, (G) YZ section of the
cell spheroids. Scale bar 100 pm (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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after a period of time culture, they had grown into the wound areas.
The SEM images with red dashed box in Fig. 3B and Fig. S4 had dis-
played this dynamic process. Thus, by comparing these two sets of
images, a kind of in vitro 3D wound healing process had been success-
fully monitored in this proposed novel SMC.

In this 3D wound healing process, cell activity had been tested, and
the 3D confocal images (Fig. 3C and D) were the results of cell live/
dead staining at different experimental stages respectively. There were
only a few dead cells after they were seeded into SU-8 mesh for 24 h
(Fig. 3C), and most of the cells were still alive until they had filled the
meshes after about 3 days of culture (Fig. 3D), which suggesting that
there are no toxic effects from the SU-8 net.

Although the scanning electron microscope and confocal micro-
scopy had proved that the cells indeed grew into the mesh in a three-
dimensional way, were there hollow structures inside the 3D cell cluster
was still not sure. Due to we used mesh area reduction to react the cell
growth rate, so it is critical to make sure that no internal hollow
structures in the cell aggregates. The images shown in Fig. 3E-G were
the transverse, longitudinal section and the Z axial field of Fig. 3D, from
which we determined that the final cell aggregates were solid and the
method to monitor cells proliferation rate was credible.

3.5. Tracking multiple kinds of cell growth processes in multiple kinds shape
meshes

Multiple kinds of cells including cancer cells (HeLa, HepG2) and
normal cells (HUVEC, NIH-3T3) were applied to the SMC, and their
growth processes were recorded by a microscope. All the four kinds of
cell lines began growing spontaneously to the middle of the chip until
they fully filled with the meshes within a few days (Fig. 4A), which
demonstrated that all these four kinds of cells could be 3D cultured by
our method. In other words, all these cells could spontaneously grow
into the 3D hollow regions just based with the original cell masses and
the extracellular matrix without any other supports.

Besides the basic square chip structure, several other chip structures
(triangular, hexagon, circular and cross) had also been applied in this
model. HUVECs were first formed cell aggregates of these structures
successfully based on pre-designed chips (Fig. S5), then the cells in
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these chip structures began spontaneously heal the wounds, and their
dynamic processes were recorded for several days before they com-
pletely filled with the 3D space of meshes in these SMCs (Fig. 5). The
experimental results showed that this model was not restricted by cell
types and chip structures, which had provided more possibilities for
biological applications.

The wound areas in the meshes of various SMCs had been quantified
by the image processing software Image-Pro Plus, and the pixels of the
areas had been counted and analyzed by the software Origin 9.0. The
results showed that the reduction of the blank area caused by the in-
creased number of cells decreased linearly with time (Figs. 4B-E and 5
E-H). We inferred the change of cell growth rate by calculating the
slope change of fitting line, such as the effects of candidate drugs on
these cell processes in the follow-up experiments. It is well known that
the number of cells increase exponentially with time for an ideal ex-
ponential growth curve of cell proliferation [50]. The cells and the
culture conditions in each chip were the same in our experiments,
which resulted in the size of the newborn cells were similar in each
mesh (Fig. 3B). Thus the reduction of the wound area caused by the
increase of cell number should decrease exponentially as well. There-
fore, the limitation of cell proliferation possibly occurred unlike ideal
logarithmic proliferation in our model, and the final statistical results of
our model were linear. Moreover, we could also analyze the wound
healing process by calculating the migration distance of hollow cell
aggregates edge position, which had provided another idea for some
biological application (Fig. S6).

As a control experiment of this paper, the 2D wound healing assay
had been carried out on a glass slide surface. The size of the "two-di-
mensional wound" on the slide was 400 square microns. When the cells
had covered with the glass substrate around the wound areas, their
wound healing processes began to be monitored, and after only about
9h, the cells had completely occupied the wound area (Fig. 6). Com-
pared with the time of the two-dimensional experiment, we believed
that the three-dimensional wound healing assay introduced in this ar-
ticle showed more complex cell growth processes with some tissue-
specific properties. What's more, the substrate used in two-dimensional
experiments would also impact the wound healing process. However,
we needn't to consider these in the three dimensional experiments here.
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Fig. 4. The growth processes of different kinds of cells. (A) Images of the four kinds of cells growth processes (HeLa, HUVEC, NIH-3T3, HepG2) that were tracked for
several days, (B-E) Growth curves of these cells that were 3D cultured in SMC, (B) HeLa, (C) HUVEC, (D) NIH-3T3, (E) HepG2.
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Fig. 6. Two dimensional wound healing experiment on glass slide substrate.
The areas in white dotted line frames were the pre-designed blank area, and the
cells had filled with about 400 ym? blank areas in 9 h.

3.6. Wound on a chip study

In this paper, our model was used as a wound on a chip model to
investigate the effect of candidate drugs on cell growth process. NIH-
3T3 cells and HUVECs were selected to construct 3D wound model, and
different concentrations of candidate drugs were applied to stimulate
the cells proliferation. According to the previous researches, vaso-
pressin could significantly promote 3T3 cells proliferation at 1 or
10 ng/mL and VEGF could significantly promote HUVECs proliferation
at 50-100 ng/mL, and these drugs were also applied in our 3D wound
healing models at these concentrations. The growth curve of these 3D
cell aggregates at different concentrations of candidate drugs were
shown in Fig. 7A and C and the calculation results indicated that our
method had accurately reflected the utility of candidate drugs (Fig. 7B
and D). In summary, a three-dimensional cell culture model for
studying cell dynamic process was successfully constructed, and we
applied this method for wound on a chip study which had successfully
captured the response of the cell dynamics process to the changes of the
microenvironment around the cells consistent with previous studies.

4. Conclusions

We have developed a novel microchip based on SU-8 net with high-
throughput mesh arrays, and a three-dimensional model for studying
cellular dynamic processes in vitro had been constructed based on the
SMC. In this study, adherent cells cultured on the lateral faces of the
mesh arrays were used to form 3D hollow cell aggregates, then the cells
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slopes of cell growth curves with different concentrations of drugs. n = 3, *P < 0.05; **P < 0.01.

would grow spontaneously into the hollow spaces until they filled it, by
monitoring the reducing space of the mesh every day the growth law of
cells was quantified. Through this simple and cost-effective approach,
we had not only successfully constructed a 3D wound healing model,
but also achieved agreement results in drug screening applications
compared with the existing researches.

Moreover, to prove the practicability of proposed method, four
kinds of cells had been successfully applied to form the hollow cell
spheroid, which included two kinds of cancer cells (HeLa, HepG2) and
two kinds of normal cells (HUVEC, NIH-3T3). In the process of building
the model, a variety of chip structures were constructed, and each mesh
chamber in the chip with a high aspect ratio structure wall, which
ensured the 3D structure of the cell aggregates cultured based on the
wall surface. In summary, different kind of cells had been seeded into
the chips with various structures, and then their subsequent sponta-
neous growth process was recorded and analyzed to obtain the growth
curves of cells cultured in this model. The novel SMC 3D cell culture
model opens up a new avenue for the in vitro study on the related
problems of cell process compared with two-dimensional wound
healing experiments.
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