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ABSTRACT: Surface topography can affect cell adhesion, morphology, polarity,
cytoskeleton organization, and osteogenesis. However, little is known about the
effect of topography on the fracture healing in repairing nonunion and large bone
defects. Microgrooved topography on the surface of bone implants may promote
cell migration into the fracture gap to accelerate fracture healing. To prove this
hypothesis, we used an in vitro fracture (wound) healing assay on the microgrooved
polycaprolactone substrates to study the effect of microgroove widths and depths
on the osteoblast-like cell (MG-63) migration and the subsequent healing. We
found that the microgrooved substrates promoted MG-63 cells to migrate
collectively into the wound gap, which serves as a fracture model, along the grooves
and ridges as compared with the flat substrates. Moreover, the groove widths did
not show obvious influence on the wound healing whereas the smaller groove
depths tended to favor the collective cell migration and thus subsequent healing.
The microgrooved substrates accelerated the wound healing by facilitating the
collective cell migration into the wound gaps but not by promoting the cell proliferation. Furthermore, microgrooves were also
found to promote the migration of human mesenchymal stem cells (hMSCs) to heal the fracture model. Though osteogenic
differentiation of hMSCs was not improved on the microgrooved substrate, collagen I and minerals deposited by hMSCs were
organized in a way similar to those in the extracellular matrix of natural bone. These findings suggest the necessity in using
microgrooved implants in enhancing fracture healing in bone repair.
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1. INTRODUCTION

To satisfy the request of the development of regenerative
medicine, the interaction between cells and their environment
has been widely studied.1−4 In bone tissue engineering,
promoting nonunion fracture healing by implanting scaffolds
is still a daunting challenge.5−8 To tackle such challenge, it is
very important to study the interaction between bone cells and
the scaffolds.9 It is now known that soluble factors,10−12

topography,13−16 stiffness17 and composition of substrates,18

and cell−cell contact19,20 are cues that can affect the cell
adhesion, proliferation, morphology, and differentiation.
Among these cues, topography can avoid the side effect of
soluble factors21 and play a major role in extracellular matrix
(ECM).22 In the past 2 decades, many researchers have proved
that topography can induce osteoblastic differentiation of
mesenchymal stem cells (MSCs)21,23 or affect osteoblast
adhesion and morphology.24,25

Nonunion and large bone defects cause therapeutic
challenges for surgeons.26 To repair such defects, the
biomaterials to be implanted should not only bear osteogenesis

capacity but also favor the migration of cells into the fracture
and the subsequent fracture healing. Fracture healing is a type
of special wound healing,27,28 and bony bridging of the
peripheral callus across the fracture gap is a sign for successful
fracture healing.29 In addition, the long bone Haversian system
and periosteum30 are composed of oriented collagen fibers.
These facts inspire us to hypothesize that oriented structures,
such as parallel microgrooves on the bone-repairing material
surface, could facilitate and guide the cells to grow along the
microgrooves, which could in turn enhance the rate of fracture
healing. So far, there has been no study on the effect of
microgrooved substrates on collective cell migration along the
microgrooves and the fracture healing.
Here, MG-63, a typical kind of human osteoblast-like

cell,31,32 was used as a model cell to investigate our hypothesis.
Polycaprolactone (PCL) was chosen as a substrate material, as
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it is approved by the U.S. Food and Drug Administration
(FDA) for its biocompatibility and clinical applications. The
microgrooved PCL substrates were prepared by a combination
of photolithography and melt-casting methods. A standard in
vitro wound healing assay33 on the microgrooved substrates
(Figure 1) was then employed to test the response of MG-63
cells to PCL substrates with various microgrooved widths and
depths. In addition, hMSCs were used to test the wound
healing and the osteogenic differentiation of hMSCs on the
microgrooved substrates was characterized. To the best of our
knowledge, this is the first time that the influence of
micropatterned material on MG-63 and hMSCs wound healing
rate is reported.

2. EXPERIMENTAL SECTION
2.1. Substrate Fabrication. Microgrooved PCL substrates were

fabricated by a combination of standard soft photolithography and

melt-casting techniques. Silicon wafers (from Set Crystal Silicon
Management Department, ⟨111⟩) were washed with sulfuric acid and
hydrogen peroxide mixture (ratio of 7:3, v/v), followed by a sequential
rinsing with isopropyl alcohol, acetone, and deionized water. AR grade
sulfuric acid, hydrogen peroxide, isopropyl alcohol, and acetone were
purchased Guangzhou Chemical Reagent Factory. Deionized water
was produced by a water purification system (Millipore S.A.S.). After
drying with nitrogen (from Guangzhou Sheng Ying Gas Limited
Company, China), a negative photoresist (Futurrex, NR21-20000P,

USA) was spin-coated on the cleaned silicon wafers to form a uniform
film with the thickness of 25, 50, and 100 μm, respectively. Master
molds were produced by transferring photomask (Shenzhen Microcad
Photomask LTD, China) patterns to the photoresist according to the
manufacture’s protocol. Polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning, USA) templates with defined topographies were then
created by pouring elastomer and curing agent (ratio of 10:1, w/w)
over the photoresist master and heating on a hot plate (Shanghai
Chamet Function ceramics Technology Limited Company, ModelKw-
4AH, China) at 60 °C for 4 h. PCL (MW = 60 000, Dai Gang Biology,
China). Substrates were produced by melting PCL particles on PDMS
templates. Prior to use, all PCL samples were sterilized in 75% AR
grade ethanol (Guangzhou Chemical Reagent Factory, China) for 24 h
and rinsed by a phosphate buffer solution (PBS).

2.2. Cell Culture Preparation.MG-63 cells were cultured in a low
glucose Dulbecco’s modified Eagle medium (DMEM, Gibco, Life
Technologies, USA) containing 10% fetal bovine serum (FBS, Gibco,
Life Technologies, USA) at 37 °C in a humidified incubator
(HERAcell 240i, Thermo, USA) with 5% CO2:95% air atmosphere.

hMSCs were purchased from Cyagen Biosciences. They were
cultured in DMEM with 10% FBS and 1% penicillin/streptomycin
antibiotics (all from Cyagen Bioscences) at 37 °C and with 5% CO2 in
a 75 cm2 culure flask (Corning, USA). hMSCs were used in the
experiment at passage seven.

2.3. In Vitro Wound Healing Assay. Wound healing assay was
used to evaluate the in vitro rate of cells wound gap healing on different
microgrooved substrates (as shown in Figure 1). Sterilized PCL
substrates were first placed into a 24-well cell culture plate (Corning,
USA) with a 2 mm wide titanium strip in the middle (titanium strip
was perpendicular to grooves). Cells were then suspended in 1 mL
culture media (4 × 104 cells per mL) and seeded onto each PCL
surface. After 24 h, the titanium strip was removed to generate a
consistent 2 mm wound gap. MG-63 cells were allowed to grow into
the wound gap for 2, 4, 6, and 8 days. hMSCs were allowed to grow
into the wound gap for 1 and 2 days. After being immersed in a 4%
formaldehyde (Guangzhou Chemical Reagent Company, AR grade,
China) solution for 30 min, cells were permeated with 0.1% Triton X-
100 (UNI-Chem, Serbia). They were then incubated with phalloidin-
FITC (AAT Bioquest, USA) and DAPI (Beyotime, China)
sequentially. Images of the wound gap were taken by an inverted
fluorescence microscope (Eclipsc Ti-U, Nikon, Japan) and a laser
scanning confocal microscope (LSCM, Leica SP5, Germany) to
analyze the gap distance. At least three representative points along the
wound of each sample were used to evaluate the gap distance in four
separate samples. Three independent experiments were performed.

Figure 1. Operational flowchart of in vitro wound gap assay that is used to evaluate the use of microgrooved substrate for promoting fracture healing.
Sterilized PCL substrates were first placed into a cell culture plate with a 2 mm wide titanium strip in the middle (titanium strip was perpendicular to
the groove). Cells were seeded onto the PCL surface. After 24 h, the titanium strip was removed to generate a consistent 2 mm wound gap (a
fracture model). MG-63 cells were allowed to grow into the wound gap for 2, 4, 6, and 8 days. hMSCs were allowed to grow into the wound gap for
1 and 2 days.

Table 1. Primers Used for Real-Time PCR Analysis

gene primer 5′-3′
GAPDH F: 5′-AGAAAAACCTGCCAAATATGATGAC-3′

R: 5′-TGGGTGTCGCTGTTGAAGTC-3′
ALP (alkaline
phosphatase)

F: 5′-AGCACTCCCACTTCATCTGGAA-3′

R: 5′-GAGACCCAATAGGTAGTCCACATTG-3′
OCN (osteocalcin) F: 5′-CAGCGAGGTAGTGAAGAGA-3′

R: 5′-GACTGGTGTAGCCGAAAG-3′
Col I (collagen I) F: 5′-CAGCCGCTTCACCTACAGC-3′

R: 5′-TTTTGTATTCAATCACTGTCTTGCC-3′
OPN (osteopontin) F: 5′-GCGAGGAGTTGAATGGTG-3′

R: 5′-CTTGTGGCTGTGGGTTTC-3′
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2.4. Osteogenic Differentiation of hMSCs. To assess the
osteogenic differentiation of hMSCs on the microgrooved substrates,
hMSCs were seeded on the flat and D25W200 substrates at a density
of 4 × 104 cells/well with a 2 mm wide titanium strip in the middle.
Then the strip was removed after 24 h as described above. hMSCs
continued to be cultured for 2 days in the complete culture medium.
The cells were then cultured in osteogenesis inducing media with 10
mM β-glycerophosphate, 50 μg ascorbic acid, and 10 nM dexametha-
sone. The media were refreshed every 3 days.
2.5. Cell Proliferation. Proliferation of MG-63 cells on the PCL

substrates was determined by a Cell Counting Kit-8 assay (CCK-8,
Dojindo Laboratories, Kumamoto, Japan). Suspended cells were
seeded at a density of 4 × 104 mL−1 on the PCL substrates, each of
which was placed in a well of a 24-well cell culture plate (Corning,
USA). Samples were harvested on the 1st, 3rd, 5th, and 7th days (four
samples for each group for each time point). Each well was incubated
in a 200 μL DMEM medium containing 20 μL of CCK-8 reagent
under normal culture conditions for 1 h. 100 μL of the medium was
then extracted and added into a new 96-well plate (Corning, USA) and
the absorbance was measured at a wavelength of 450 nm using
Thermo Scientific Microplate Reader (Thermo3001, USA).
2.6. Characterization of Cell Morphology. Morphology of cells

cultured on PCL substrates was analyzed by laser scanning confocal
microscopy (LSCM, Leica SP5, Germany). F-actin and cell nucleus
were stained by phalloidin-FITC and DAPI, respectively. The samples
were prepared as described in section 2.3 in vitro wound healing assay.
2.7. Alkaline Phosphatase Activity Analysis. The intracellular

alkaline phosphatase (ALP) activity was evaluated quanlitatively and
quantitatively using commercially available kits. In the qualitative assay,
after osteogenic induction for 7 and 14 days, hMSCs on the substrates
were washed three times with phosphate buffered saline (PBS), fixed
with 10% formaldehyde, then stained with BCI/NBT ALP Color
Development Kit (Beyotime). In the quantitative assay, hMSCs were
washed three times with PBS, then lysed in 300 μL of lysate for 1 h on
ice. Cell lysis solution contained 10 mM Tris−HCl (pH = 7.4), 0.5
mM MgCl2, and 0.1% triton X-100. The ALP activity in the lysate was
evaluated colorimetrically with the Alkaline Phosphatase Assay Kit
(P0321, Beyotime, China), which was based on the conversion of
colorless p-nitrophenyl phosphate (pNPP) to colored p-nitrophenol
after coincubation for 15 min at 37 °C. The results were normalized to
the total intracellular protein content determined by the bicinchoninic
acid (BCA) Protein Assay Kit (23225, Thermo scientific, USA). The
results were expressed in nanomoles of produced p-nitrophenol per
min per milligram of protein.

2.8. Real-Time Quantitative PCR Analysis. hMSCs cultured on
the flat and D25W200 substrates were collected on days 3 and 21.
Total RNA was extracted by using HiPure Total RNA Micro Kit (R-
1114-03, Magen). Afterward, cDNA was synthesized from 500 ng of
RNA using Reverse Transcription Reagents Kit (RR047A, Takara)
according to the manufacturer’s instructions. The real-time PCR was
performed in QuantStudio 6 Flex (Life technologies) using the
Maxima SYBR Creen/ROX qPCR (K0222, Thermo Scientific). The
CT value for each gene of interest was normalized to the corresponding
CT value of housekeeping gene GAPDH. The relative fold change of
each gene was calculated with the ΔΔCT method against control
group. The primer sequences of selected gene for real-time PCR are
listed in Table 1.

2.9. Immunofluorescence of Collagen I. After 21 days of
culture, hMSCs were fixed in 4% formaldehye for 20 min at 4 °C and
then incubated in 10% fetal bovin serum (FBS) for 20 min to block
nonspecific protein−protein interactions. The samples were incubated
with the Anticollagen I antibody (ab90395, Abcam, USA, 1/2000)
overnight at 4 °C. The secondary antibody, Goat antimouse IgG, Cy3
conjugated (CW0145, CWBIO, China), was used at 1/200 dilution for
1 h.

2.10. Extracellular Matrix Mineralization Assay. The degree of
extracellular matrix mineralization was determined by Alizarin Red S
(A100195, Alfa Aesar, USA). Briefly, after osteogenic induction for 21
days, cells were fixed with 10% formaldehyde for 30 min, washed three
times by ultrapure water, then stained with 0.5% Alizarin Red S (pH
4.2) for 5 min at room temperature. Afterward, the unbound stain was
totally removed by rinsing with ultrapure water. Quantitative analysis
of Alizarin Red S staining was performed by eluting the bound stain
with 500 μL of 10% cetylpyridiium chloride in 10 mM Na2HPO4 (pH
7.0) for 1 h. The absorbance of the resulting solution was measured
using the microplate reader (Thermo3001, Thermo, USA) at a
wavelength of 562 nm.

2.11. Statistical Analysis. An unpaired student’s t test was used to
evaluate the significance among experiment groups. Results were
further divided into “statistically significant” (*, 0.01 < p < 0.05) and
“very significant” (**, P < 0.01). One-way analysis of variance was
used to evaluate the corresponding effect of the groove width and
depth on the wound healing.

3. RESULTS

3.1. Morphology of Topographically-Patterned PCL
Substrates. Microgrooved PCL substrates were prepared by
combining soft-photolithography and melt-casting. To achieve

Figure 2. Top to bottom: SEM images of microgrooved PCL substrates with the groove depth in the range of 25, 50, 100 μm and the groove width
in the range of 50, 100, 200 μm: (a) D25W50; (b) D50W50; (c) D100W50; (d) D25W100; (e) D50W100; (f) D100W100; (g) D25W200; (h)
D50W200; (i) D100W200. Scale bar = 500 μm.
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a high fabrication yield, the width of ridges between
microgrooves was set at 200 μm for all PCL samples, whereas
the width and depth of microgrooves changed (25, 50, 100, and
200 μm). Figure 2 shows the SEM images of microgrooved
PCL substrates. The surfaces of the samples are clean and free
of impurity particles. The microgroove features such as the
shape and size are in good accordance with the design. PCL
samples are labeled in the following section by a numbering
format such as D25W50 (depth, 25 μm; groove width, 50 μm)
and D50W100 (depth, 50 μm; groove width, 100 μm). The flat

PCL samples fabricated by the same method were used as a
control group.

3.2. Wound Gap Healing Affected by Microgrooved
PCL Substrates. In vitro wound healing assays (Figure 1) were
performed to investigate the rate of wound gap healing affected
by microgrooved substrates. For MG-63 wound gap healing,
fluorescence images were taken on the 0th, 2nd, 4th, 6th, and
8th day after the titanium strip was removed. It should be noted
that cells had already been cultured for 1 day before the
titanium strip was removed. The gap of each wound at every
time point was measured and the wound advancing rate was
quantified. Compared with control, wound gap healing was
increased on D25W200 substrate (Figure 3). Immediately after
the removal of the titanium strip, the widths of wound gaps are
quite close on the control and D25W200 substrates (∼2000
μm). On the 2nd day, the wound advances ∼90 μm and ∼150
μm on the control and D25W200 substrates, respectively. This
trend is further enhanced with the prolonged culture time. After
6 days of culture time, the average wound gap healing rate on
the D25W200 is ∼210 μm/day, which is more than twice as
much as that on the control substrate (∼100 μm/day,
consistent with other researchers’ results34). On the 8th day,
the wound gap on D25W200 substrates healed, but the distance
of wound gap on control was about 650 μm.
Furthermore, the individual effect of groove width and depth

on MG-63 wound gap healing was investigated. MG-63 wound
gap healing rates on all of the microgrooved substrates are
dramatically increased as compared to the flat substrates.
Interestingly, substrates with different groove depths, but the
same widths (Figure 4) exhibit a significant difference between
each other. However, substrates with various groove widths but
having the same depth (Figure 4) show negligible differences.
This implies that the groove depth plays a more important role
in wound healing. Moreover, substrates with a groove depth of
25 μm show the best promotional effects.
The effect of microgrooves on the healing of the wound gaps

by hMSCs was also investigated. Compared with control,
wound gap healing was greatly increased on D25W200
substrate (Figure 5). Besides, the rate of hMSCs wound gap
healing was much faster than MG-63 wound gap healing. On
the 2nd day, the hMSCs wound gap on D25W200 substrates
was healed, but the distance of wound gap on control was about
1000 μm.

3.3. MG-63 Cell Proliferation. CCK-8 assays were
conducted to measure the cell proliferation behavior. Cell
density was then calculated by dividing the total cell number by
the apparent covered surface area. As depicted in Figure 6, a
rapid increase in cell density between the time points proves
that the cell proliferation behavior on these samples is normal.
There are no significant differences between cell proliferation
behavior on the 1st and the 3rd days. However, on the 5th and
the 7th days, proliferation behavior is affected to a large extent
by the groove depth; the higher cell numbers are associated
with the deeper grooves.

3.4. MG-63 Cell Morphology on Microgrooved
Substrates. The morphology of MG-63 cells was analyzed
by LSCM. MG-63 cells spread in a normal manner and
exhibited a random arrangement on the flat substrates on the
1st and the 3rd day. In contrast, cells were oriented in a
direction parallel to the groove once they were near or on the
edge of the ridge on the 1st day (as indicated by the red arrows
in Figure 7b) and the 3rd day. Cell F-actin was also assembled
in an orientation that reflected the elongated cell shape. Nuclei

Figure 3. In vitro wound healing assay on the flat and D25W200
substrates. MG-63 cells were seeded at a density of 4 × 104 on each
substrate with an insert titanium trip in the middle. After 24 h, the
inset was removed to generate a 2 mm “wound gap”. Cells were
allowed to migrate into the wound gap and were visualized using DAPI
and FITC-phalloidin staining: (a) fluorescence images of wound gap
on the 0th, 2nd, 4th, and 6th day after the removal of titanium trips
and (b) quantification of the “wound gap” distance between the front
lines of migrating MG-63 cells. ** Statistically significant, p < 0.01.
Scale bar = 500 μm.
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of the oriented cells also exhibited a preferential orientation35,36

on the 1st and the 3rd day (Figure 7b,d). The cells on the
bottom and top platform of microgrooved substrates were of
particular interest. They spread in a normal manner and
exhibited a random arrangement on the 1st day similar to the

cells on the flat substrates (Figure 7b). However, on the 3rd
day, these collective cells (with the cell proliferation) were
oriented in the direction parallel to the groove and ridge on the
microgrooved substrates, while their nuclei did not exhibit a
preferential orientation (Figure 7d).

Figure 4. Results of in vitro wound healing assay on all types of substrates. One-way analysis of variance was used to investigate the individual effect
of groove width and depth on wound healing: (a) and (b) are fluorescence images of wound gap on the different substrates on the 6th day (a) and
8th day (b) after the removal of titanium strips. Data on the 0th, 2nd, and 4th day are not shown. Panels c, d, and e are quantification of the “wound
gap” distance between the front lines of migrating MG-63 cells on the different substrates on the 2nd day (c), 6th day (d), and 8th day (e) after the
removal of titanium trips. Data on the 0th and 4th day are not shown. Scale bar = 500 μm.
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3.5. Osteogenic Differentiation of hMSCs. To inves-
tigate the role of microgrooves in osteogenic differentiation,
expression of osteogenic markers and mineralization of hMSCs
on the flat and D25W200 substrates were tested. ALP, a kind of
glycoprotein on the cell membrane of osteoblasts,37 is widely
used as a marker of the osteogenic phenotypes. The ALP
activity of hMSCs was measured using cell samples collected on
days 7 and 14. As shown in Figure 8a and 8b, the ALP activity
level of hMSCs was slightly increased for the D25W200
substrates compared with control on day 7, but no statistical
difference was found on day 14. The result of extracellular
marix mineralization is similar to that of ALP activity. No
significant difference can be observed between D25W200 and
control group (data not shown). In addition, the expression
levels of the osteogenic markers (collagen I, OPN, OCN and
ALP) on the D25W200 substrates were not increased in
comparison to the control group on days 3 and 21 (Figure 8c).
However, immunofluorescence staining of collagen I and
alizarin red S staining (Figure 9) indicate that collagen I and

mineral CaP were aligned in a way similar to the natural
organization in bone.

4. DISCUSSION
PCL is a type of excellent bone-repairing material.38,39 A
combination of standard soft photolithography and melt-
casting techniques was cost-effective (as opposed to thermo-
compression formation or laser instrument) and easy to operate
in preparing the topography on thermoplastic polymer surfaces.
Residual solvent contamination was also avoided by using this
technology. Repeated tests proved that a combination of
standard soft photolithography and melt-casting was an
accurate method to produce a large number of microstructures
as designed on PCL substrates.
Fracture repair is a complex and multifactorial process.29,40 It

is thought to be based on the interaction between three
elements: cell biology of bone regeneration, revascularization of
devitalized bone, and soft tissue adjacent to the fracture.41 Cell
biology involves a number of cellular events such as adhesion,
migration,42 proliferation and differentiation,34,43 and apopto-
sis.42 The coordination is ensured by cytokines, growth factors,
nutrients, pH, oxygen tension,44 surface properties,45 and
physicochemical properties of biomaterials.46 Topography, as a
kind of surface property of biomaterials and ECM, can
influence cell adhesion, morphology, migration, proliferation,
and differentiation.23,47−49 In this study, microgrooves, which
are similar to Haversian system and surface morphology of
periosteum, distinctly promote MG-63 wound gap healing.
Groove depth is more effective than the groove width on the
healing rate. Possible changes in cell proliferation and collective
cell migration were investigated to elucidate the mechanism.
Cell proliferation did not show significant statistical differ-

ences between D25W200 and the control substrates on the 1st,
3rd, 5th, and 7th day (Figure 6). Cell proliferation rate on
D50W200 and D100W200 was faster than that on D25W200
and control substrates. Nevertheless, the relationship between
cell proliferation and groove depth is not in agreement with the
findings that the wound healing rate increases as the groove
depth decreases. These results indicate that acceleration of
wound gap healing on microgrooved substrates is not a result of
MG-63 cell proliferation behavior. In addition, LSCM images
demonstrate that collective MG-63 cell morphology on the

Figure 5. In vitro wound healing assay on the flat and D25W200
substrates. hMSCs were seeded at a density of 4 × 104 on each
substrate with an insert titanium trip in the middle. After 24 h, the
inset was removed to generate a 2 mm “wound gap”. Cells were
allowed to migrate into the wound gap and were visualized using DAPI
and FITC-phalloidin staining: (a) fluorescence images of wound gap
on the 0th, 1st, and 2nd day after the removal of titanium trips and (b)
quantification of the “wound gap” distance between the front lines of
migrating hMSCs. ** Statistically significant, p < 0.01. Scale bar = 500
μm.

Figure 6. MG-63 cell proliferation measured by CCK-8 assays on the
flat, D100W200, D50W200 and D25W200 substrates. Cell density was
calculated by dividing the total cell number by the apparent covered
surface area. Statistically significant, ** p < 0.01, * 0.01 < p < 0.05.
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microgrooved substrates was quite different from that on the
flat substrates (Figure 7). Collectively, MG-63 cells were
oriented along the groove and ridge on the microgrooved
substrates on the 3rd day, and spread in a normal manner on
the flat substrates. It suggests that the cells near or on the edge
of ridge first sense the topography and are directed along the

direction parallel to the groove and ridge (Figure 7b). As
cellular proliferation progresses, the cells experiencing contact
guidance by the groove could meet the other cells in the middle
of the groove and transfer the information to them.50 Finally, a
group of cells elongates along the microgroove35,36 (Figure 7d).
The collective MG-63 cell migration is also directed by the

Figure 7. Characterization of MG-63 cell adhesion and spreading on the flat and topographically patterned substrates. Laser scanning confocal
microscopy images were taken after MG-63 cells were cultured (a) on a flat substrate for 1 day, (b) on D25W200 substrate for 1 day, (c) on a flat
substrate for 3 days, and (d) on D25W200 substrate for 3 days. Red arrows indicate aligned cells. Scale bar = 100 μm.

Figure 8. Osteogenic differentiation of hMSCs on flat and D25W200 substrates. (a) ALP staining and (b) ALP activity of hMSCs cultured on the
flat and D25W200 substrates after osteogenic induction for 7 and 14 days. (c) qPCR analysis of osteogenic marker genes of hMSCs cultured on the
flat and D25W200 substrates after osteogenic induction for 3 and 21 days.
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microgrooved topography. This result is consistent with
previous studies. Specifically, the myofibroblasts elongate
along the anisotropic collagen-containing nanofibers and
consequently their migration was promoted.51 Parallel micro-
grooves increases endothelial cell migration rates.52,53 Corneal
epithelium cells were directed to migrate along the parallel
grooves54 (groove and ridge width of 1, 2, 5, and 10 μm, groove
depth of 1 and 5 μm). These effects are different from the effect
of nanoparticles on cellular migration, which strengthened
intracellular tension and retard cellular migration.55 However, it
is likely that adding nanoparticles to the microgrooved
substrates would tune the migration behaviors of the cells to
some extent.
MG-63 proliferation was not affected by the topographic

patterns within the 3 days, but became faster with an increase in
groove depth on the 5th and 7th culturing day (cultured on
D25W200, D50W200, and D100W200 substrates). Because
MG-63 cells do not form multicellular aggregates within the
microgrooves, the proliferation is undoubtedly modulated by
available substrate area. All substrates have enough surface area
for MG-63 cell proliferation for 3 culture days. After this
period, deeper groove substrates possess larger surface area for
cell adhesion, which is beneficial for the cell proliferation.
Within the initial 3 days, cell density on D25W200 was larger
than that on the deeper groove substrates. Therefore, cell−cell
contact was more frequent and more information was
transmitted, resulting in the elongation of more cells along
the groove and ridge. In the initial culture days, collective cell
migration on D25W200 is faster than that on the deeper
substrates (Figure 4). During the following culture days, cells
on D25W200 become in closer contact as the cells proliferate
further, which in turn promote the collective cell migration.
More space for cell growth is available in the D100W200 due to
its larger surface area with deeper side walls. Cell proliferation
on the deeper substrates is faster on the 5th and 7th culture
day. Although there is enough surface area, cells do not come in
close contact as opposed to what happens on the D25W200
substrates. Finally, substrates with a groove depth of 25 μm
show the best promotional effects (Figure 4e).

There is no difference between D25W200 substrates and
control group for the osteogenesis ability of hMSCs. PCL as a
traditional biomaterial is biocompatible and has a high
differentiation potential.56,57 Therefore, comparing flat control
with the grooved group did not show many significant
differences in terms of differentiation potential. In addition,
nanotopography can affect cell differentiation;37,58 however,
microtopography usually influences collective cell behavior.59 In
this study, mirogrooved topography can promote collective cell
migration but do not improve the osteogenesis ability of
hMSCs as reported by others.60 Microgrooved topography
influenced hMSCs morphology and collective cell behavior.
Microgrooves not only accelerate the hMSCs wound gap
healing but also influence the organization of collagen I and
minerals secreted by the stem cells. Cells were found to be
aligned along the grooves. Consequently, collagen I and
minerals deposited by the cells were in a aligned pattern.37

Such alignment was similar to the organization of the same
components in natural bone. It is known that hydroxyapatite
crystals can be formed in the space between highly organized
collagen I fibrils.61

5. CONCLUSION
This study was performed to evaluate whether the wound
healing process could be directed and facilitated by an
underlying polymer having a surface geometry of parallel
grooves. Results confirmed that microgrooved substrates could
promote MG-63 wound gap healing along the groove and ridge
as compared with the flat substrates. This promotional effect
was caused by microgroove-enhanced collective MG-63 cell
migration but not by accelerating cell proliferation. The
influence of different groove widths on wound healing is not
obvious. However, the depth shows a significant influence; the
more shallow groove promotes the collective cell migration.
Substrates with a groove depth of 25 μm show the best
promotional effects (more than 2 times as much as that on the
control substrate). Collective cell migration significantly
contributes to the difference in wound healing process. Besides,
collagen I and minerals deposited by hMSCs in the
osteogenesis inducing media on the D5W200 substrates were
organized in a similar pattern to the extracellular matrix of
natural bone. These findings suggest that the microgrooved
surface can be potentially used for promoting the fracture
healing process.
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