Heliyon 10 (2024) e26621

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Surface micropatterning of 3D printed PCL scaffolds promotes
osteogenic differentiation of BMSCs and regulates macrophage
M2 polarization

a,b,c,d,t a,c,t a,c,f

Weihua Huang , Xiayu Cai™“', Chujie Xiao “““, Wenlu Song ““",

Huinan Yin‘, Weikang Xu ™"

2 Institute of Biological and Medical Engineering, Guangdong Academy of Sciences, Jianghai Avenue Central, Haizhu District, Guangzhou,
Guangdong, 510316, China

b Department of Orthopaedic Surgery, Affiliated Qingyuan Hospital, Guangzhou Medical University, Qingyuan People’s Hospital, No.35, Yinquan
North Road, Qingcheng District, Qingyuan, Guangdong, 511518, China

¢ National Engineering Research Center for Healthcare Devices, Guangdong Key Lab of Medical Electronic Instruments and Polymer Material
Products, Guangdong Institute of Medical Instruments, No. 1307 Guangzhou Avenue Central, Tianhe District, Guangzhou, Guangdong, 510500,
China

4 Department of Orthopaedic Surgery, The Second Affiliated Hospital of Guangzhou Medical University, The Second Clinical Medicine School of
Guangzhou Medical University, No. 250, Changgang East Road, Haizhu District, Guangzhou, Guangdong, 510260, China

¢ National Engineering Research Center for Human Tissue Restoration and Function Reconstruction, South China University of Technology, Wushan
Road 381, Guangzhou, Guangdong, 510275, China

f Sun Yat-Sen University, Xingang West Road 135, Guangzhou, Guangdong, 510006, China

8 Guangdong Chinese Medicine Intelligent Diagnosis and Treatment Engineering Technology Research center, Jianghai Avenue Central, Haizhu
District, Guangzhou, Guangdong 510316, China

ARTICLE INFO ABSTRACT

Keywords: Micropatterned structures on the surface of materials possessing biomimetic properties to mimic
Grating micropatterning the extracellular matrix and induce cellular behaviors have been widely studied. However, it is
PCL still a major challenge to obtain internally stable and controllable micropatterned 3D scaffolds for
BMSCs . . . . . .
Osteogenic differentiation bone repair and regeneration. In this study, 3D scaffolds with regular grating arrays using pol-
L & X ycaprolactone (PCL) as a matrix material were prepared by combining 3D printing and soft
mmunoregulatlon

lithography, and the effects of grating micropatterning on osteogenic differentiation of BMSCs
and M1/M2 polarization of macrophages were investigated. The results showed that compared
with the planar group and the 30um grating spacing group, PCL with a grating spacing of 20um
significantly promoted the osteogenic differentiation of BMSCs, induced the polarization of
RAW264.7 cells toward M2 type, and suppressed the expression of M1-type pro-inflammatory
genes and markers. In conclusion, we successfully constructed PCL-based three-dimensional
scaffolds with stable and controllable micrographs (grating arrays) inside, which possess excellent
osteogenic properties and promote the formation of an immune microenvironment conducive to
osteogenesis. This study is a step forward to the exploration of bone-filling materials affecting cell
behavior, and makes a new contribution to the provision of high-quality materials.
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1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) can further differentiate into osteoblasts and osteocytes, which have great oste-
ogenic potential and play an important role in the deposition of calcium nodules in the regeneration of bone defects and the promotion
of bone matrix formation [1,2]. In addition, the bone regeneration process cannot be separated from a suitable immune microenvi-
ronment [3]. In a recent study, Minhao Wu et al. showed that it is particularly important for biomedical materials to have the ability to
immunomodulate macrophage M1 to M2 polarization [4]. It was mentioned in the study that the formation of an immune micro-
environment enriched with M2-type macrophages plays a positive role in clearing the non-specific inflammation mediated by M1-type
macrophages at the early stage of bone repair, which is conducive to stimulating the angiogenesis of the grafts and inducing
osseointegration. Therefore, most of the bone tissue engineering materials will undergo surface modification of the material, such as
physical modification or grafting of certain chemical groups, and the purpose of the modification is to enable the implant and the host
to produce a positive biological response, guiding the cell proliferation, adhesion, migration, and differentiation, to obtain a better
osseointegration and osteoinduction properties [5,6].

The adhesion behavior of cells is influenced by many factors, such as the surface properties of the material, compared to smooth
surfaces, the micropatterned structure of the material surface can mimic the extracellular matrix and provide better cell adhesion sites,
therefore, the role of surface patterning of materials on cell adhesion has received great attention [7-9]. The most obvious effect of
surface micropatterning on cell adhesion function is reflected in the effect on cell geometry, where many cell types (e.g., BMSCs,
macrophages, etc.) are usually adjusted their migration directions at different surface microscopes, such as gratings, columns, or lines
[10]. For example, Wang J et al. found that BCP ceramics possessing surface micropatterns could promote osteogenic differentiation of
pre-matrix cells as well as induce macrophage polarization towards M2 type [11]. The topology of the material surface influences the
fate of cell proliferation and differentiation [12]. However, most of the current studies on surface micropatterning to regulate cell
behavior are at the two-dimensional level, ignoring the fact that the natural extracellular matrix is a carrier with a three-dimensional
topology [13]. Although there are individual studies conducted to try the corresponding surface-morphing scaffolds for tissue
regeneration, such as 3D printed porous tantalum with surface microporous nanostructures and polymer scaffolds with ECM-like
nanofibrous morphology structures [14,15]. These scaffolds soak in liquid in the form of solute exchange, which increases the spe-
cific surface area of scaffolds, and provides some reference for scaffolds using related techniques to coordinate multiple cells for bone
regeneration. However, due to technological limitations, it is still challenging to realize controllable surface micropatterns inside the
scaffolds. Various techniques, including photolithography, machining, 3D printing, and melt electrospinning printing, have been used
in combination with conventional preparation methods to obtain tissue scaffolds with controllable microstructure and surface
morphology [16-21]. For example, Jonelle Z. Yu et al. investigated the correspondence of human neonatal fibroblasts (NHFs) on
different sizes of wavy gelatin-chondroitin-6-sulfate-hyaluronic acid hydrogel scaffolds and found that the cells preferentially aligned
themselves to curvilinear positions of the fluctuating microtopography [18].

Polycaprolactone (PCL) is approved for clinical use by the U.S. Food and Drug Administration (FDA) and is widely used in bone
tissue engineering research. Compared with other materials, PCL possesses slow degradation properties, which provide sufficient time
for bone defect repair [22]. Meanwhile, it has been shown that the regular grating microstructure on the surface of the material is more
capable of guiding the migratory adhesion behavior of the cells than the planar or micropillar structure [23]. Unfortunately, there are
few reports of PCL-based grating microstructures on the surface of 3D-printed scaffolds regulating the osteogenic differentiation of
BMSCs and M1/M2 polarization of macrophages.

The effects of micropatterns with 20-50 pm size intervals on bone marrow MSCs have been studied in the literature [24-26], as well
as the effects of micropatterns with 40-100 pm size intervals on human macrophages [27]. However, few literature reports have
reported the modulatory effects on both rat bone marrow MSCs and mouse macrophages. In particular, the size of mouse macrophages
is about 20 pm. Therefore, two sizes, 20 pm and 30 pm, were further selected in this work to investigate the regulatory effects of
micropatterns on cells, especially mouse macrophages. Here, we prepared PCL lamellar scaffolds with regular grating arrays using 3D
printing combined with soft lithography and obtained three-dimensional scaffolds with controlled grating structures inside by
layer-by-layer stacking and localized high-temperature spot welding. The effects of grating array micropatterning on the proliferation
and differentiation of BMSCs and the ability to regulate the polarization of macrophages toward M1 or M2 were investigated. The
results showed that PCL scaffolds with internal adjustable micropatterns could effectively promote osteogenic differentiation, inhibit
the expression of macrophage M1-type pro-inflammatory genes, and up-regulate macrophage M2-type related anti-inflammatory
repair genes, with good induction of pro-osteoporotic repair and regeneration and immunomodulatory functions. Our study ach-
ieves a shift from 2D micropatterned studies to 3D studies, contributing to the modulation of cellular behavior by bone-filling
materials.

2. Materials and methods
2.1. Materials

PCL (Molecular weight: 54,000 Da), cetylpyridinium chloride (CPC) was obtained from Sigma-Aldrich. A negative photoresist (SU-
8) was purchased from MICROCHEM. ITO glass was obtained from (Chunghwa Picture Tubes Co., Ltd.). Polydimethylsiloxane (PDMS)

was from Dow Corning. Fetal bovine serum, RPMI1640, double antibody, DMEM (4.5 high-glucose), 10x trypsin-EDTA was purchased
from Gibco. IFN-y, IL-4, IL-13 (Peprotech), Calcein-AM/PI Double Staining kit, and Cell Counting Kit-8 (CCK-8) were from Tongren
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Chemical. Vitamin C and sodium f-glycerophosphate were purchased from Maclean’s, and dexamethasone was from J&amp K Sci-
entific. BMSCs and RAW264.7 cells were supplied by ATCC (U.S.A.). Ultrapure RNA Kit, Hi-Fi Script cDNA Synthesis Kit, and Ultra
SYBR Mixture (Low ROX) were supplied by CWBIO. LPS, Osteoblast Mineralized Nodule Staining Kit (Alizarin Red S Method) ALP Kit,
BCA Protein Assay Kit, and RIPA Lysate were obtained from Biyun Tian Biotechnology Co., Ltd.

2.2. Preparation of PCL surface microforms

2.2.1. Preparation of PCL die sheet

To the dry ITO glass, 1 ml of negative photoresist SU-8 was added dropwise and coated uniformly, and a highly flat surface coating
was obtained on the glass surface by centrifugal glue dumping method. The finished samples were dried on a glue dispenser (BP-2B,
Beijing Heshixingye Technology Co., Ltd.) and fixed on a photolithography machine (Institute of Photovoltaic Technology, Chinese
Academy of Sciences) to be exposed (using CorelDraw software to design grating arrays of 20 pm and 30 pm in size, with a graphic area
of 25.6 mm x 20.8 mm). After exposure, the glass samples were dried again, and the desired micropatterns were obtained by
developing with NaOH, fixing with isopropyl alcohol, and drying. The prepared sample was placed in a Petri dish, and the PDMS host
agent and curing agent were poured in, vacuumed, and placed in an oven at 70 °C to cure the PDMS to obtain a PDMS template with
grating micropatterns on the surface (10:1 wt ratio of PDMS to curing agent). The PDMS micropatterned template was placed on a
thermostatic heating stage (MS7-H550-S, DWB) and heated to 95 °C. A smooth PCL film was lightly placed on the surface of the PDMS
micropatterned template and another piece of the same micropatterned template was wrapped around the PCL film, and after cooling
and peeling off the film, PCL films with grating arrays of different sizes (G20, G30) were obtained. PCL planar group films (Flat) were
obtained in the same way using a smooth PDMS template.

2.2.2. Preparation of 3D PCL scaffolds

A 2D square slice unit of size 10 x 10 mm was designed as the 3D printing path map using the 3D drawing software Solid Works.
The path map in stl format was imported into a 3D printer (EFL-BP-6603, Suzhou Institute of Intelligent Manufacturing). The PCL raw
material was put into the cylinder, heated, and melted to print the 2D scaffold slice layer with a filament diameter of 400um and a fiber
pitch of 600um. The grating micro-patterned and smooth-surface PDMS template was placed on a heating plate at 75 °C. The printed
2D scaffold layer was lightly placed on the PDMS surface, and the corresponding PDMS template was pressed to obtain the planar PCL
scaffold layer (Flat) and PCL scaffold layers with micro-patterned structures on both sides (G20, G30). The obtained scaffold layers
were stacked layer by layer, and then the layers were connected by high-temperature spot hot-melting to finally obtain the scaffolds
with controllable micro-patterned structures on the internal surfaces.

2.3. Material characterization

The surface topographic structure of the material was characterized by high-resolution field emission scanning electron microscopy
(SEM, Merrill Carl Zeiss, Germany). The size of the micro-patterns on the PCL surface as well as the size of the boundaries between the
micro-patterns were statistically analyzed using Image J software. The microscopic nano-surface morphology and roughness of the PCL
film samples were characterized by atomic force microscopy (AFM, Asylum Research, American) for characterization. During the
testing, the surface morphology and roughness of the sample surface of 10 pm x 10 pm size area were tested by choosing the tapping
mode.

2.4. Porosity testing of materials

The mass of the dried sample was measured and recorded as MO. The total mass of the specific gravity bottle filled with anhydrous
ethanol at room temperature was recorded as M1. The total mass of the sample placed in the specific gravity bottle and measured after
ultrasonication to exhaust the air bubbles was recorded as M2. The sample was taken out and weighed to obtain the residual mass
which was recorded as M3.The formula for calculating the porosity of the material was given as:

P= (M2 — M3 — M0)/(M1 — M3)
2.5. Shear strength test of materials

Epoxy resin adhesive was used to fix both ends of the stent on the polystyrene sheet, and the tensile shear test was carried out
through the universal testing machine, the tensile speed was 10 mm/min. Each set of samples was repeated 3 times to obtain the shear
strength as mean =+ standard deviation.

2.6. Cellular experiments

2.6.1. Cell culture

In this study, RAW264.7 cells and BMSCs from the mouse monocyte-macrophage cell line were mainly used for experiments. RPMI
1640, DMEM with 10% FBS, 100 pg/mL penicillin, and 100 pg/mL streptomycin were used to form a complete medium, respectively.
The cells were cultured in a humidified thermostatic cell culture incubator at 37 °C with a CO5 concentration of 5%. The medium was
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changed daily or bi-daily during the incubation process depending on the cell condition. Cells were passaged at 70-80% fusion of cell
growth. All cell generations used in this experiment were 3-5 generations.

Materials were sterilized by irradiation before cell inoculation and subsequently fixed in well plates and immersed overnight in a
complete medium at 37 °C, 5% CO; incubator.

2.6.2. Cell proliferation and activity

Briefly, sterilized Falt, G20, and G30 sets of samples were placed in 48-well plates, in which samples were seeded with 1 x 10*
BMSCs or 2 x 10* RAW264.7 cells. After 1, 3, 5, and 7 d of incubation the medium was removed and the OD values of cells on on the
different samples were determined by a microplate reader (Tecan Spark, Austria).

Cell growth viability assay of BMSCs and RAW264.7 cells was detected by live/dead staining method. The material was removed
from the well plate and the cells were washed well with PBS for 2-3 times to fully remove the residual esterase activity. Take 150 pL of
staining working solution and add it into the inner to the material, incubate at 37 °C for 15 min. The morphological state and dis-
tribution of cells on the sample surface were observed and photographed using an inverted fluorescence microscope. The test time was
chosen to be carried out after the cells had adhered and proliferated on the sample surface for 72h.

2.6.3. Osteogenic differentiation of BMSCs

2 x 10* BMSCs were added to 48-well plates containing the samples, and after 24 h of incubation, the supernatant was aspirated
and discarded, and the osteogenic induction culture (100 ml of finished cultivation, 0.39 mg of dexamethasone, 1.76 mg of vitamin C,
306.11 mg of sodium p-glycerophosphate) was added and changed periodically. After 7 and 14 days of osteogenic induction culture,
the induction was terminated, and real-time fluorescence quantitative PCR was used to detect the osteogenic marker genes Collagen
type I (COLI), Runt-related Transcription Factor 2 (RUNX2), alkaline phosphatase (RUNX1), and alkaline phosphatase (RUNX2).
Collagen type I (COLI), Runt-related Transcription Factor 2 (RUNX2), alkaline phosphatase (ALP), in the cells, and glyceraldehyde
phosphate dehydrogenase (GAPDH) were used as the internal reference gene. Table 1 shows the sequences of the genes detected in the
cells. Table 1 shows the sequences of the genes detected.

2.6.4. Macrophage polarization gene expression level detection

RAW264.7 cells were inoculated onto 48-well plate samples at a density of 5 x 10* cells per well. After 12 h of cell adhesion, the
complete culture medium in the well plates was replaced with a complete medium containing M2 stimulating factors (10 ng/ml IL-4
and 4 ng/ml IL-13) or M1 stimulating factors (200 ng/ml LPS and 5 ng/ml IFN-y) for 12 h. After the stimulation was completed, the
stimulating solution was aspirated, washed with PBS and then added to the complete medium, and incubated for 3 and 5 days. Real-
time fluorescence quantitative PCR was used to detect the M2 immunomarker genes interleukin 10 (IL-10), Arginase (Arg), trans-
forming growth factor-f_1 (TGF-p1), and the M1 immunomarker genes Tumor necrosis factor-a (TNF-a), Inducible Nitric Oxide
Synthase (iNOS), with GAPDH as an internal reference gene. Table 2 shows the sequences of the genes detected.

2.6.5. Macrophage flow cytometry experiments

RAW264.7 cells were inoculated onto 48-well plate samples at a density of 5 x 10* cells per well. After 12 h of cell adhesion, the
complete culture medium in the well plate was replaced with a complete medium containing M2 stimulating factor or a complete
medium containing M1 stimulating factor for 12 h. After the stimulation was completed, the stimulating solution was aspirated, and
the complete medium was washed with PBS and added again for a total of 1 day. Macrophage surface marker proteins were labeled
with CD206 or CD11c and detected using flow cytometry.

2.6.6. Statistical analysis

All statistical analyses were processed using GraphPad Prism software. One-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test was used to determine significant differences between the experimental groups. p < 0.05 was
considered statistically significant.

Table 1

Primers used in real-time quantification of selected osteogenic marker gene transcripts.
Gene transcript Forward primer sequence Reverse primer sequence
GAPDH GCCATGAGGTCCACCACCCT AAGGTCATCCCAGAGCTG
COLI TTCTCCTGGCAAAGACGGAC CTCAAGGTCACGGTCACGAA
RUNX2 TCGGAGAGGTACCAGATGGG AGGTGAAACTCTTGCCTCGT
ALP GGAGATGGTATGGGCGTCTC GGACCTGAGCGTTGGTGTTA

ALP enzyme activity was assayed on days 7 and 14 using the BCA method, and calcium nodule staining using alizarin red S and
quantification of calcium nodules by 10% CPC were performed on day 14.
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Table 2

Primers used in real-time quantification of selected Inmunomarker gene transcripts.
Gene transcript Forward primer sequence Reverse primer sequence
GAPDH GCCATGAGGTCCACCACCCT AAGGTCATCCCAGAGCTG
IL-10 GGTGAGAAGCTGAAGACCCT CACTCTTCACCTGCTCCACTG
Arg CATATCTGCCAAAGACATCG CATATCTGCCAAAGACATCG
TGF-p1 TGGAGCAACATGTGGAACTC TGCCGTACAACTCCAGTGAC
TNF-a CAACGGCATGGATCTCAAAG CAGCCTTGTCCCTTGAAGA
iNOS ATGCTACTGGAGGTGGGTG GATGTTGTAGCGCTGTGTGT

3. Results

3.1. Characterization of materials

SEM was used to characterize the micropatterns on the PCL surface, and the surface morphology of the samples is shown in Fig. 1.
A. Compared with the Flat group, the G20 and G30 groups have a regular grating array structure, and there are no obvious defects as
well as impurities on the grating surface. Image J software was used to statistically analyze the different micropatterns and the results
are shown in Fig. 1. B. The grating spacing sizes of the G20 and G30 groups are 21.60 =+ 0.56pm and 30.76 =+ 0.72um, respectively, and
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Fig. 1. Surface morphology of the materials (Falt, G20, G30). A) SEM images show the micropatterned surface structure of PCL membrane. B)
Micropatterned structure dimensional quantitative analysis. C) Micropatterned surface nanomorphology and roughness analysis by AFM. D) SEM
image of the topography of 3D PCL scaffolds equipped with micropatterns.
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Fig. 2. Graphs of live/dead staining and proliferative activity of BMSCs in materials of Falt, G20, and G30 groups. (A) Results of live/dead staining
of BMSCs co-cultured with the materials for 3 days. (B) Proliferative activity of BMSCs on the materials for 1, 3, 5, and 7 days.

the widths of the groove ridges (the plane of the grating strips) are the same. This indicates that different sizes of grating array
micropatterns were successfully prepared on PCL material using the hot melt imprinting method. From Fig. 1. C, it can be seen that
different sizes of grating arrays affect the surface nanomorphology of PCL materials, and it can be seen that the surface prepared
micropatterns have similar morphology and roughness on the surface nano-levels of the materials with smooth surfaces, and the
nanomorphology and roughness are almost the same between different micropatterns.

To further observe the surface micromorphology of the obtained scaffolds, we chose the flat group (Flat) and the grating group
(G20) and used SEM to characterize the scaffolds (Fig. 1. D). The scaffolds in the Flat group had a flat and smooth surface morphology,
and the same was true for the scaffolds on the lateral side of the scaffolds, with only melt-bonding occurring at the inter-layer
connection of the scaffolds by hot-melting, while the scaffolds in the G20 group had a clear surface morphology on the surface and
lateral side of the scaffolds. The surface and side morphology of the G20 group can be observed on the fiber surface between the layers
of different stents, the grating arrays are well structured, and the surface structure of the stents will not be damaged extensively by
connecting the layers of the stents by high-temperature spot hot-melting in the process of stent preparation, and the fusion bonding
occurs only at the connection area. This indicates that we have successfully prepared three-dimensional scaffolds with controllable
micropatterns.

In addition, we measured the porosity of the material in the G20 group to be 71.6% + 1.3 and the shear strength to be 1.72 MPa
+0.12. Noteworthily, the porosity and the shear strength of the Flat and G30 groups are similar to those of the G20 group, and
therefore the data are not shown.

3.2. Proliferation activity of BMSCs on different materials

As shown in Fig. 2. B, on day 1, the proliferative activity of BMSCs in the grating group was slightly more significant than that in the
Falt group, while the OD value of the G20 group was slightly higher than that of the G30 group. There was no significant difference in
the OD values of the three groups on the third day, which was consistent with the results of live-dead staining (Fig. 2. A), and the
number of active cells (green fluorescence) was not significantly different among the three groups, with almost no dead cells (red
fluorescence). Notably, compared to the haphazard arrangement of BMSCs in the Falt group, the proliferation of BMSCs in the grating
group was distributed along the grating walk, which further suggests that materials with surface micropatterns can modulate cell
growth behavior. The cell proliferation of each group increased with the increase of incubation time, and the difference of each group
was consistent with that of day 5 and day 1, however, by day 7, The proliferation of BMSCs was significantly accelerated in the G20
group compared with the G30 group, while the grating group was significantly higher than the Falt group.
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3.3. Possessing grating array micropatterned PCL materials modulates osteogenic differentiation of BMSCs

The results of grating array micropatterning on the regulation of osteogenic differentiation-related genes (ALP, COL1, RUNX2) in
BMSCs are shown in Fig. 3. A1, A2. At the early stage of osteogenic differentiation, only the expression of genes (RUNX2, COL1, and
ALP) in the G20 group showed significant up-regulation compared to that in the Flat group. in the G30 group, only the ALP gene
showed significant up-regulation, and the expression of COL1 and RUNX2 genes was significantly lower than that in the Falt group. On
day 14, G20 was significantly higher than the remaining two groups in each gene expression. In ALP expression the Falt group was
significantly up-regulated, but still slightly lower than the G30 group, while the expression of the COL1 gene was not significantly
different between the two groups. The expression of RUNX2 in the G30 group was significantly up-regulated at day 14, higher than that
in the Falt group. Taken together, grating micropatterns regulated the expression of osteogenesis-related genes in BMSCs significantly
higher in the grating group than in the planar group, with the G20 group being the best. BMSCs were inoculated on the surface of
lenticular micropatterns, and ALP quantitative analysis was performed at 7 and 14 days of osteogenesis induction (Fig. 3. B). On day 7,
ALP activity was most significant in the G20 group, while there was no significant difference between the G30 group and the Falt
group, and on day 14, ALP expression of each group appeared to be increased to a certain extent, with the lenticular group being
significantly higher than that of the Falt group, and the expression of which showed a decreasing trend of G20>G30>Flat. Alizarin red
staining was performed after 14 days of osteogenic induction, as shown in Fig. 3. C1, the amount of mineralized calcium nodules
formed on the surface of grating micropatterns was significantly more than that of the Flat group, in which the G20 group formed the
most calcium nodules. The results of the quantitative analysis of alizarin red (Fig. 3. C2) were consistent with the trend of ALP
expression. In summary, compared with the Flat group, PCL with grating array micropatterns significantly promoted the expression of
ALP. patterned PCL significantly promoted osteogenic differentiation of BMSCs.

3.4. RAW264.7 cell proliferation activity on different materials

Fig. 4. A shows the photo of live/dead cell fluorescence staining of RAW264.7 cells cultured on Falt, G20, and G30 groups on day 3.
As can be seen from the figure, the cells in the micropatterned group still proliferated along the grating array, G20 had a more sig-
nificant number of live cells (green fluorescence) and almost no dead cells (red fluorescence), and G30 had a non-significant difference
in the proliferation of the live cells compared to the Falt group, but the number of dead cells was slightly higher. In the cell proliferation
activity assay on days 1, 3, 5, and 7 (Fig. 4. B), the difference between the three groups of materials in the proliferation activity assay on
the first day was not significant, and the OD value of the grating group was slightly higher than that of the Falt group on days 3 and 5,
and with the increase of co-cultivation time, the OD value of each group was up-regulated, and the OD value of the grating group was
more significantly up-regulated on the 7th day, and in general, the RAW264.7 cell proliferation activity of the material on the pro-
liferative activity G20>G30>Flat.
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Fig. 3. Osteogenic differentiation of BMSCs on Falt, G20, and G30 materials.(A1, A2) BMSCs Expression of bone-related genes on days 7 and 14. (B)
ALP quantification on days 7 and 14. (C1, C2) Calcium nodule staining and quantification on day 14.
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Fig. 4. Live/dead staining and proliferative activity plots of RAW264.7 cells. A) Results of live/dead staining of RAW264.7 cells co-cultured with
Falt, G20, and G30 for 3 days. B) Proliferative activity of RAW264.7 cells on Falt, G20, and G30 on days 1, 3, 5, and 7.

3.5. Grating array micropatterned immunomodulation of RAW264.7 cell polarization

The regulation of M2 type marker genes IL-10, Arginase, and TGF-f1 by the grating array pattern structure in RAW264.7 cells is
shown in Fig. 5. A1 and A2. There was no significant dominance of the grating group in the expression of the IL-10 gene on day 1, and
G30 was slightly lower than that of Flat, On day 3, the G20 group was significantly up-regulated, which was higher than that of the Flat
group, but the expression of the G30 group decreased and was significantly lower than Flat group. On day 1, the Arginase gene
expression was significantly higher in the Great group than in the Falt group, and by day 3, it was significantly down-regulated in the
G30 group. The expression of TGF-p1 was most significant in G20 at both time points, followed by the Flat group. In the expression of
pro-inflammatory genes, the expression of TNF-a on day 1 was not different between G20 and Flat but was significantly upregulated in
G30. Compared to the other two groups, iNOS and day 3 TNF-a expression G20 showed significant downregulation, while the Flat
group was lower than the G30 group. This indicated that the G20 group significantly inhibited the release of pro-inflammatory factors
and promoted the repair and remodeling of tissues. The percentage of macrophage M1-type marker CD11c in the grating micro-
patterned structures was quantified by flow cytometry (Fig. 5. C1, D1). The average macrophage M1 phenotype occupancy detected in
the grating group was significantly lower than that in the Flat group, while it was significantly higher in the G30 group than in the G20
group. As shown in Fig. 5. C2, D2, in the quantification of macrophage M2 phenotype marker CD206 expression, the G20 group had a
significantly higher percentage than the remaining groups, while the Flat group was higher than the G30 group. In summary, the
micropatterning of the G20 group had a promoting effect on macrophage M2 polarization and its phenotypic transformation after M2
polarization, and also effectively inhibited the expression of M1-related inflammatory factors and reduced the inflammatory response
of cells.

4. Discussion

PCL is easy to synthesized and surface-modified aliphatic polyester, with good biocompatibility and slow degradation character-
istics, which can provide long-term support media for bone defect repair, and has been widely used in bone tissue engineering [28].
However, PCL is not biologically active, and its application as a bone repair material usually requires surface modification, composite
bioceramics, or drug loading [29,30]. The micro-patterned structures have also been shown to be biologically inactive. In addition, it
has been shown that micropatterned structures with sizes in the range of 20-60 pm not only support macrophage immunophenotypic
modulation, but also regulate the adhesion, proliferation, and differentiation of BMSCs [24,26,31]. Based on these, we used PCL as a
matrix material and modified its surface by soft lithography and 3D printing to prepare PCL membrane sheets with sizes of 21.60 +
0.56 pm (G20), 30.76 + 0.72 pm grating array PCL membrane sheets and 3D scaffolds with internal controllable micropatterning
(Fig. 1. B). By analyzing the nanomorphology of the material surfaces, the three groups of materials had similar morphology and
roughness at the nanoscale, which indicated that the variability of different micropatterned surfaces at the nanometer level was much
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Fig. 5. Pictures of grating micropatterns regulating the polarization of RAW264.7 cells. (A1, A2) Grating micropatterns regulating the expression of
genes related to the 1st and 3rd day of RAW264.7 cells polarized towards M2. B1, B2) Grating micropatterns regulating the expression of genes
related to the 1st and 3rd day of RAW264.7 cells polarized towards M1. C1, C2, D1, D2) the flow cell analysis and result graphs after 1 day of
incubation with the surface of Grating micropatterns. days after flow cytometric analysis and result plots.

less than that at the micrometer level (Fig. 1. C). This further highlights the stability of our process for preparing the material, in line
with the design concept of micrometer-scale size differences. Notably, the perception of physical characteristics of the extracellular
matrix has a profound impact on the activity and fate of adherent cells, such as BMSCs and macrophages can adjust the envelope
curvature by sensing the micro- and nano-morphological changes of the external environment during the adherence to the material to
cause the opening of the target ion channels or the alteration of the protein conformation and convert the mechanical signal into the
conducting signal to guide the cell proliferation, migration, differentiation, and even cell death [32-34].To this end, we co-cultured
three groups of materials, Flat, G20, and G30, with BMSCs and RAW264.7 cells, respectively. Their cell proliferation results similarly
confirmed this conclusion and the proliferative activity of the two types of cells with grating-arrayed micropatterns was superior to
that of the Flat group. The smaller-sized grating arrays (G20) having a significant proliferative effect on the cells of the larger sizes
(G30), which was consistent with a previous study [35]. This may be due to the fact that the G20 group contained grating micro-
patterns with the smallest grating spacing and had the greatest surface roughness compared to the Flat and G30 groups, which was
most favorable for cell adhesion and proliferation [36]. In the live/dead staining results on day 3 of co-culture, we found that the
micropatterned material could regulate the distribution of cells along the grating shape direction(Orientation of cells on the surface of
grating group material), which further demonstrated that the micro- and nanostructures of the material would affect the direction,
morphology, and skeleton of cell proliferation [37].

In terms of contributing to bone differentiation properties, the grating group materials performed equally significantly, but the
different sizes of grating structures had different regulatory properties on BMSCs. the G20 group up-regulated the expression of
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osteogenic genes significantly, including ALP, COL1, and RUNX2, and was similarly superior to the G30 group in terms of the
expression of ALP as well as calcium nodules (Fig. 3). It’ s also due to the fact that the high density of raster groove ridges (the roughest
surface) in the G20 group facilitates the adhesion and differentiation of BMSCs [36]. In terms of immunomodulation, the G20 group
resulted in significant upregulation of macrophage M2-type genes (IL-10, Arginase, TGF-p1) and the marker CD206, while effectively
suppressing the expression of M1-type genes (TNF-a, iNOS) and the marker CD11C (Fig. 5). Macrophages are the main immune effector
cells in bone repair, and the main role of M1 type is to promote the early inflammatory response to trauma, which facilitates the
clearance of foreign bodies or pathogens. And the predominance of M1-type macrophages after the implantation of bone filler ma-
terials can easily lead to the occurrence of immune rejection. While the main role of M2 type is to anti-inflammatory and promote
tissue repair [38,39]. Macrophages are more likely to adhere to the G20-sized grating groove than to G30, and the widening of the size
is not conducive for macrophages from extending into the grating strips on either side of the groove by regulating actin pseudopods
[40]. Notably, the degree of macrophage stretch correlated with the expression of M2 phenotypic markers, which may account for the
fact that G20 was more able to modulate macrophage M2 polarization than Flat and G30 in this study G20 is also a good choice for the
regulation of M2 polarization in macrophages [41,42]. Therefore, bone repair materials with the ability to modulate macrophage M1
to M2 polarization can provide a suitable immune microenvironment for osteogenesis and accelerate the bone regeneration process.

In conclusion, the G20-sized grating array structure possesses immunomodulatory and coordinated osteogenic properties, and the
integration of micropatterned structures into 3D scaffolds by combining 3D printing and soft lithography is expected to successfully
reproduce scaffolds with good functionality of tissues or alternative tissue functions [43-45]. However, this study did not explore the
effects of grating structures in a wider range of sizes on BMSCs and macrophages and lacked in vivo experiment. In the next step, we
will further explore more size ranges of grating structures on cells as well as perform in vivo experimental validation.

5. Conclusion

In this study, the PCL surface was modified by combining soft lithography and 3D printing technology, and 3D scaffolds with
internal stable and controllable structure and clear grating array structure were prepared successfully. This kind of scaffold with good
cytocompatibility can not only promote the osteogenic differentiation of BMISCs but also provide a good immune environment for bone
regeneration, which could reduce inflammation and accelerate the regeneration of bone tissues. It is a step forward in the exploration
of bone filler materials, which can make a new contribution to the provision of high-quality materials.
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