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Abstract

Collagen, commonly used in tissue engineering, is widespread in

various tissues. During bone tissue regeneration, collagen can
stimulate the cellular response and determine the fate of cells.
In this work, we integrated collagen type II with procyanidin
(PC) onto an implant coating by applying a layer-by-layer tech-
nique to demonstrate that collagen and PC can participate in
the construction of new biomaterials and serve as multifunc-
tional components. The effects of PC/collagen multilayers on
the viability of cocultured bone marrow mesenchymal stem
cells (BMSCs) were analyzed by cell counting kit-8 analysis and
phalloidin staining. The reactive oxygen species level of BMSCs
was revealed through immunofluorescent staining and flow
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cytometry. Osteogenesis-related genes were detected, and in vivo experiment was performed to reveal the effect of newly designed
material on the osteogenic differentiation of BMSCs. Our data demonstrated that in BMSCs PC/collagen multilayers accelerated the
proliferation and osteogenic differentiation through Wnt/f-catenin signaling pathway and enhanced bone generation around the im-
plant in the bone defect model of rabbit femurs. In summary, combination of collagen and PC provided a new sight for the research

and development of implant materials or coatings in the future.
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Introduction

A huge global market for orthopedic implants is well known to ex-
ist. In the past few decades, despite great progress in implant
materials and surgical methods, the implant failure rate is still at a
high level of ~10-20%, which places enormous pain and economic
burdens on many patients [1]. The failure of orthopedic implants is
due mainly to the poor bone regeneration ability of the implant
surface and its poor osteointegration with the surrounding tissue
[2]. After implantation, the interfacial interactions between ortho-
pedic implants and the surrounding biological environment can di-
rectly affect biomedical performance [3]. Properly designed
bioactive coatings favoring osteogenesis can have a massive im-
pact on osteointegration, which provides a great opportunity to im-
prove the outcomes of orthopedic implants [4].

Extracellular matrix (ECM) protein has been extensively ex-
plored as a bioactive coating on orthopedic implants due to its

activity in supporting cell survival, adhesion, migration and pro-
liferation [5]. Collagen, as the structural protein of the ECM, is
widespread in various tissues, such as cartilage, bone, tendon,
skin, cornea and blood vessels, and is available on a large scale
[6]. Importantly, some specific amino acid sequences in collagen,
such as arginine-glycine-aspartic acid (RGD) [7], can stimulate
the cellular response and determine the fate of cells along with
bone tissue regeneration. Fixing collagen via physical adsorption
or chemical covalence onto implants has been demonstrated to
enhance bone generation in different animal models, such as the
mandible of dogs, pelvis of sheep, femur and tibia of rabbits [8].
Maintaining bone homeostasis is crucial to bone regeneration,
providing the dynamic balance between three key bone cells,
osteoblasts, osteocytes and osteoclasts, through a variety of sig-
naling pathways, such as bone morphogenetic protein and mac-
rophage colony-stimulating factor [9, 10]. Reactive oxygen
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species (ROS), as intracellular secondary messengers, execute
many normal functions, including apoptosis and the activation
of cell signaling cascades. In normal cells, ROS, as byproducts of
energy-producing reactions, occur primarily in mitochondria.
The intracellular level of ROS was deliberately equilibrated by the
pair of electron transport (reduced nicotine adenine dinucleotide/
ozidized nicotine adenine dinucleotide (NADH)/NAD') and the
couples of ROS scavenging (reduced nicotine adenine dinucleo-
tide phosphate/oxidized NADPH (NADPH/NADP"), reduced gluta-
thione/oxidized glutathione (GSH/GSSG)) [11]. Around the
implants, there is an overstressed ROS environment caused by
the release of debris from long-term implants, clots in blood dur-
ing surgery, etc. [12]. The elevated ROS microenvironment has
been demonstrated to favor osteoclast differentiation but not os-
teoblast maturation [13-15]. Presently, well-engineered antioxi-
dant surfaces have been reported to be effective in enhancing
bone healing [13].

To better control the properties of the implant surface, many
coating technologies have been developed, including spraying
and etching. Of these technologies, the layer-by-layer (LBL) tech-
nique has showed great potential in maintaining the biological
characteristics of the incorporated component, with simple prep-
aration process and independence of the shape of the implant
[16]. Most importantly, the abundant coatable materials and
well-controlled deposited thickness at the nanoscale by LBL are
particularly popular in engineering implant surfaces [17].

Polyphenols, characterized by multiple phenol units on one
aromatic ring in its molecular structure, are a large family of
compounds naturally obtained from ample plants [18]. More
than 8000 polyphenols with diverse structures have been identi-
fied [19]. Procyanidine (PC), a specific class of flavonoids, can be
extracted on a large scale and exhibits excellent antioxidant ac-
tivity [20]. In this work, we integrated collagen type II with PC
onto an implant coating by the LBL technique to address the
above issues. Our data demonstrated that in bone marrow mes-
enchymal stem cells (BMSCs), PC/collagen coating was beneficial
to cell proliferation and osteogenic differentiation and could en-
hance new bone generation around the implant in a rabbit femur
model.

Experimental section
Materials and methods

Proanthocyanidin (PC) was purchased from Macklin. Collagen
type II from mice tail, Dulbecco’s modified Eagle’s medium
(DMEM), Phosphate-buffered saline (PBS) and trypsin were
bought from Sigma. Fetal bovine serum (FBS), rhodamine phalloi-
din (phalloidin-TRITC) and 4',6-diamidino-2-phenylindole (DAPI)
were purchased from Beyotime. Cover slips and silicon wafers
were cleaned by piranha solution containing 70% H,SO, and 30%
H,0,, for about 4 h at above 90°C, thoroughly dried by air flow.

Preparation of (PC/collagen), coating

The PC/collagen coating onto various substrates (silicon wafers,
titanium rod and glass coverslips) was fabricated by the typical
LBL protocol, as reported [21]. Briefly, the substrate was alterna-
tively dipped into PC solution (1mg/ml) and collagen solution
(1 mg/ml) until the desired coating number (n), and noted as (PC/
collagen),. The substrate was thoroughly washed by water and
dried by air steam generally. The pH value of PC solution was the
same as collagen solution, and buffered with 100 mM Bis-Tris for
pH 6.0 or Tris for pH 7.5 and 9.5. HCl (0.2 M) and NaCH (0.2 M)
were used to adjust the pH value.

Ellipsometry analysis was used to detect the thickness of
newly designed coating in dry state, and quartz crystal microbal-
ance with dissipation monitoring (QCM-D) was used to monitor
the growth of the coating during fabrication. These devices were
used according to the user’s instructions [13]. By LBL method
mentioned previously, the (PC/collagen), coating was deposited
with injection velocity 50 pl/min.

The energy dissipation (AD) and the resonance frequency (AF)
were detected and recorded under different overtones and the
data when v =3 was presented. Ellipsometry was carried out after
the film was dried at 50°C for at least 8h.

Stability test: building block by incubating (PC/collagen)g into
predesigned DMEM, PBS or DMEM containing trypsin (0.5 mg/ml).
Through ellipsometry analysis the change of thickness after incu-
bation time of 0, 3, 7, 14 and 21 days was detected.

Cell culture and treatment

The sterile glass slide with diameter 14 mm coated with (PC/colla-
gen) film was placed in a 24-well plate, irradiated with ultraviolet
light for 2h, and then ~5000 cells/well BMSCs were implanted in
each well. The cells were cultured in complete medium contain-
ing 10% FBS and in a humidified incubator with 5% CO,, at 37°C.
The medium was replaced every 2-3 days.

Cell proliferation assays

The viability of BMSCs cultured on coated slides with different
thickness was detected by Cell Counting Kit 8 (CCK-8) analysis
(Dojindo Molecular Technologies, Japan). Briefly, 5000 BMSCs
were planted in each well of a 24-well plate. At Days 1, 3, 7 and 14
of cell growth, 10l of CCK-8 reagent was added at 100 pl com-
plete medium and incubated in a constant temperature foster
box at 37°C for 2h. Finally, the absorbance at 450 nm wavelength
was detected by a microplate reader (Molecular Devices,
SPECTRA Max Plus, USA). Each group was repeated three times.

Immunofluorescence detection of TRITC
phalloidin

After treatment, the glass slides in 24-well plates were taken out
and fixed with 4% paraformaldehyde (Biosharp, China) for 10 min
at room temperature. Cells were placed in 0.1% Triton X-100
(Beyotime Biotechnology, China) to increase cell membrane per-
meability for 15min, then sealed with 1% BSA (Beyotime
Biotechnology, China) for 30min. Then, cells were labeled with
200 pl per slide TRITC-phalloidin for 30 min. The nuclei of BMSCs
were stained with DAPI of 5 ng/ml. After each step, the cells were
washed with PBS for three times. Finally, the slides were placed
on the slides with drops of anti-fluorescence quench agent and
taken picture under the fluorescence microscope (Leica,
Germany) immediately. The corresponding excitation/emission
filter was selected according to the manufacturer’s instructions
[22].

ROS detection

BMSCs were cultured in 24-well plates containing glass slides
with or without coated with (PC/collagen) coating. When the cell
density reached about 80%, H,0, (0 or 200 pM) was used to stimu-
late BMSCs for 6h, then 2/,7'-dichlorodihydrofluorescein diace-
tate (DCFH-DA) (10 uM), the ROS detector bought from Beyotime
Biotechnology was added at 37°C for 20 min, then the cells were
washed with PBS and collected. Fluorescence was detected by
flow cytometry (CytoFLEX, USA) and data were analyzed using
FlowJo V10 software (Tree Star Inc, USA). To measure ROS by
fluorescence microscopy, the cell culture procedure was the
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same as before, DCFH-DA staining for 20 min at 37°C. The glass
slides were removed from the plate and analyzed through a fluo-
rescence microscope.

RNA isolation and quantitative real-time
polymerase chain reaction

According to the manufacturer’s instructions, the total RNA of
the BMSCs was extracted using RNA Isolation Kit with Spin
Column (Beyotime Biotechnology, China) [23]. cDNA was reverse-
transcribed in a 20-pl reaction system using the gRT Master Mix
(Toroivd, China). Using SYBR Green gPCR Master Mix (Toroivd,
China), the cDNA was used to perform real-time polymerase
chain reaction (QRT-PCR) analysis on a QuantStudio5 real-time
PCR system (ThermoFisher, USA). The absorbance of each well
was measured after 40 cycles of 95°C for 10s and 60°C for 30s.
The expression of related mRNA was analyzed with the formula
27AACt All primers used in this study were ordered from Sangon
Biotech (Shanghai, China).

Animal test

All animal operations and protocols were approved by the
Experimental Animal Center of Wenzhou Medical University
(SYXK 2015-009). Each five New Zealand rabbits aged 5-6 months
with almost the same area of bone defect in femoral condyle
were treated with uncoated and coated titanium rods, respec-
tively. The surgical procedure for implanting titanium rods was
carried out under general anesthesia by intravenous injection of
20% ethyl carbamate. Approximately 2 cm skin incision on the
lateral side of the hind leg was made to expose the lateral con-
dyle of femur. After the muscle and periosteum were separated,
the bone defect (2.15mm in diameter and 10mm in depth) was
created by drilling perpendicular to the femur. Subsequently, a
cylindrical titanium rod (with or without coating) was implanted
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into the area of bone defect. The incision was closed with surgical
sutures after povidone-iodine disinfection. After 4 and 8 weeks,
the rabbits were sacrificed by intravenous injection of air to col-
lect the femur samples. The samples were immersed in 4% para-
formaldehyde and then tested by micro-CT with a scanning
voltage source of 80kV, a current of 300 pA, and a 360° rotation
(rotate 0.6°/step) [13]. Two hundred micrometers from the tita-
nium implant surface was selected and reconstructed to reveal
the newly formed bone around these rods. From the recon-
structed images, the total bone volume (TV) and new bone vol-
ume (BV) were
calculated.

Statistical analysis

All numerical data were expressed as mean = standard deviation
(SD) and were analyzed by SPSS 22 (IBM, USA). Unpaired
Student’s t-test was used to analyze the differences between two
groups and ANOVA followed by Dunnett’s test was used to for
the comparisons of multiple groups. The histograms were made
with Origin2022b (OriginLab, USA). A P-values <0.05 was consid-
ered significant. The *, * and ™ in figures indicated P-values
<0.05, 0.01 and 0.001, respectively.

Results and discussion

Preparation of PC/collagen multilayers

As schematically illustrated in Fig. 1a, the PC/collagen coating
was fabricated by alternatively dipping the substrate in the solu-
tions of PC and collagen with the concentration of 1mg/ml in the
environment with pH of 8.5. QCM-D was utilized to monitor the
process of coating. As shown in Fig. 1b, the decreasing AF and in-
creasing AD observed during the process of coating indicated the
continuous deposition of PC and collagen. The thickness of
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Figure 1. (a) Schematic illustration of the fabrication of PC/collagen by LBL process. (b) The shifts of AF and AD monitored by QCM-D during fabricating
(PC/collagen)s at pH 8.5. (c) The thickness of PC/collagen multilayers deposited onto QCM-D sensor at pH 8.5.
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deposited PC/collagen was obtained by the Voigt model in the af-
filiated software of QCM-D and displayed a step-by-step increase
with the addition of PC and collagen (Fig. 1c). The plateau at the
end of the LBL process was the washing by PBS buffer, suggesting
a good stability of deposited PC/collagen during washing. It was
revealed by QCM-D test that the thickness of (PC/collagen)s was
about 162 nm.

When the cross-section of the coating was scanned by scan-
ning electron microscope (SEM), it was observed that PC/collagen
was deposited sequentially and uniformly distributed on the sur-
face of silicon substrate (Fig. 2a). Under SEM, the thicknesses of
(PC/collagen)s were ~134nm (Fig. 2a). Another direct evidence is
the N signal in the XPS spectrum of the (PC/collagen)s coating
(Fig. 2b). There is no Si signal at all, suggesting that the (PC/colla-
gen)g coating completely covered the substrate with a thickness
that exceeded the detection limit of XPS. In addition, the curve of
the N content (%) in the coating displayed oscillation dependent
on the outermost material (a relatively low N content for the PC
outermost layer and a high N content for the collagen outermost
layer) during the LBL process (inset of Fig. 2b), which further illus-
trated that PC/collagen has been deposited successfully with the
LBL method. The PH value of the environment had a great
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influence on the fabrication of the coating (Fig. 2c), and the opti-
mal pH was 8.5. Stability was key to cellular behavior and was
evaluated before any cellular experiment by immersing (PC/colla-
gen)g into DMEM, PBS and DMEM containing trypsin for three
weeks at 37°C. The thickness of (PC/collagen)s recorded on preset
days showed no obvious difference with incubation time, indicat-
ing its superstability (Fig. 2d). The thickness tested by ellipsome-
try was much lower than the thickness tested by QCM-D, e.g. for
(PC/collagen)s fabricated at pH 8.5, the thickness was only
109 nm by ellipsometry, while it was ~162nm by QCM-D. Such a
difference might be due to the thickness tested by ellipsometry
being in the dry state vs the hydrated state for QCM-D.

Surface morphology has a significant effect on the cytological
behavior of BMSCs, like proliferation and differentiation [24]. The
morphologies characteristics of (PC/collagen)s prepared at differ-
ent pH values were observed by atomic force microscopy (AFM).
As exhibited in Fig. 3a—d, the coatings were able to attach evenly
beneath the substrates. However, no regular surface topography
information was observed. In the roughness analysis, the rough-
ness was maximum at pH 8.5, ~15.8 nm. Based on a previous re-
port, increased roughness was beneficial to BMSC attachment,
proliferation, and differentiation when the roughness was lower
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Figure 2. (a) SEM images of the cross-section of (PC/collagen)s fabricated at pH 8.5. (b) XPS analysis of (PC/collagen),. The content (%) of N was
dependent on the outermost material (the integers in the x-axis are the outermost layers of the PC, the other points were the outermost layers of
collagen) of PC/collagen fabricated at pH 8.5. (c) The relationship between the thickness of PC/collagen coating and the number of bilayers prepared at
different pH values. (d) The thickness of (PC/collagen)s fabricated at pH 8.5 after incubating in different solutions for different days. The scale bar is

100nm.
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Figure 3. AFM Images of (PC/collagen)s fabricated at different pH values (a) 6.5, (b) 7.5, (c) 8.5 and (d) 9.5. (e) The roughness of these coatings.

than 98.3nm [25]. Combining the above results, pH 8.5 was se-
lected for PC/collagen fabrication, at which point PC/collagen had
the fastest growth and highest roughness.

PC/collagen coating promoted the proliferation
and antioxidant activity of BMSCs

Since oxidative stress is closely related to cell growth, an ideal
material was expected to reduce the level of intracellular ROS
and promote the proliferation. In this study, the effects of newly
designed materials on the proliferation of cocultured BMSCs were
detected by phalloidin staining and CCK-8 analysis, with ROS lev-
els analyzed by flow cytometry and immunofluorescent staining.
On the seventh day, immunofluorescence staining for nuclei
(blue) and f-actin (red) of BMSCs of the (PC/collagen),o and (PC/
collagen), groups were performed (Fig. 4a). The cell numbers
were counted and compared between the two groups, consistent
with the CCK-8 test (Fig. 4b). Cell proliferation analysis showed
that the BMSCs cultured in slides coated with (PC/collagen)q, for
7 days exhibited higher cell viability than those of (PC/collagen)s
group and control group (PC/collagen)o, slides without coating
(Fig. 4c). It has been previously reported that proanthocyanidins
can promote the proliferation of co-cultured cells when the con-
centration reaches 100 pg/ml, which is consistent with the results
of this study [26]. This positive effect was probably related to the
protective effect on the cell membrane and the inhibitory effect
on CASP-1-induced pyroptosis of the planted cells [27]. Collagen
was able to promote the proliferation of cocultured cells, such as
chondrocytes, which may be related to its ability to promote
communication between cultured cells and cytoplasm macromo-
lecules, thereby regulating cell adhesion and proliferation [28].

To explore the antioxidant properties of this newly designed
material, hydrogen peroxide was used to interfere with cells cul-
tured on different materials to promote intracellular ROS produc-
tion. As shown in Fig. 5, the concentration of hydrogen peroxide
used in this study did not cause cell death in a large area. Under
the intervention of hydrogen peroxide, the green fluorescence in-
tensity of the intracellular ROS probe cocultured without materi-
als was significantly stronger than the green fluorescence

intensity of BMSCs cocultured with materials and untreated with
hydrogen peroxide (Fig. 5a—c). We also quantitatively compared
the average fluorescence intensity of each cell, and the results
were consistent with the results observed under the fluorescence
microscope (Fig. 5¢). The quantitative results of ROS detection by
flow cytometry also revealed that the newly designed materials
had obvious antioxidant effects (Fig. 5d and e). ROS are the prod-
uct of cell metabolism, which in turn affects cell metabolic activ-
ity, intracellular signal transduction, cell function and fate [29].
When excessive ROS accumulate, they can destroy the cell mem-
brane, proteins, DNA and other cellular components, leading to
cell senescence and apoptosis [30]. Some functional foods con-
taining proanthocyanidins, such as grape seed proanthocyani-
dins extract (GSPE), also have antioxidant activity [31]. In
addition, proanthocyanidins have also been reported to play an
antiosteoporotic role by stimulating bone formation through
their antioxidant effect [32].

The PC/collagen multilayers promoted osteogenic
differentiation of BMSCs by activating the Wnt/
p-catenin

To evaluate the effect of this newly designed material on the
osteogenic differentiation of BMSCs, the expression of
osteogenic-related genes (BMP4, ON, OCN, Coll and RUNX2) in
BMSCs cocultured with or without (PC/collagen),o for 7days
when the slide was almost filled with cells were analyzed by qRT-
PCR. It was showed that co-culture with (PC/collagen),o signifi-
cantly upregulated the mRNA level of BMP4, OCN, ON, RUNX2
and Coll in BMSCs (Fig. 6a). The newly designed material was
revealed to be able to effectively upregulate the genes closely as-
sociated with osteogenesis in BMSCs, among which OCN was the
most upregulated.

OCN is found highly expressed in bone tissue, specifically in
osteoblasts [33] and participates in bone mineralization through
carboxylation [34]. Several studies have shown that OCN does
not participate in bone formation but affects the longitudinal
bone strength by increasing bone energy consumption and plas-
ticity [35, 36]. The internal bone volume of transgenic mice with
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significantly decreased expression of OCN was also significantly
decreased [37]. In the case of a lack of OCN expression, the apa-
tite crystal thickness of the bone in the organism becomes thin-
ner. In this study, the newly synthesized materials upregulated
OCN in osteogenesis-related genes, which may promote osteo-
genesis by regulating bone mineralization and bone strength.
However, the underlying mechanism of promoting osteogene-
sis of newly designed materials remains unknown. Previous
reports have indicated that the Wnt/p-catenin pathways are
closely related with the osteogenic differentiation of BMSCs [38].
To explore the potential role of Wnt/p-catenin pathways in the
newly designed materials’ upregulation of osteogenic-related
gene expression, we used B-catenin siRNA to specifically inhibit
the Wnt/B-catenin pathways in BMSCs cocultured with the new
materials for 7 days, and then detected the mRNA level of genes
associated with osteogenesis. The results showed that silencing
B-catenin could effectively inhibit the up-regulation of
osteogenesis-related genes in BMSCs by new designed materials
(Fig. 6b and c). Therefore, it was reasonable to believe that the

newly designed material promotes osteogenesis of BMSCs
through activation of Wnt/p-catenin signal pathway. The positive
correlation between the activation of Wnt/B-catenin signaling
pathway and osteogenic differentiation of stem cells found
in this study is consistent with the results previously reported
[39-41].

Titanium alloy implants are commonly used in orthopedic sur-
gery because of their stiffness and good biocompatibility [42].
However, how to promote the better connection of titanium
implants and surrounding bone and promote bone growth on the
surface is still a challenge to be resolved [43]. To further verify the
osteogenic effect of the materials designed in this study in vivo, a
titanium rod coated with or without (PC/collagen),o was used to
treat five rabbits with bone defects of almost the same area in the
femur. When the coated or uncoated titanium rod was implanted
in rabbits with bone defects for 4 and 8 weeks, the femur with im-
plant material was collected and tested under micro-CT.
Consistent with the results of cytological experiments in vitro, the
coating material promoted osteogenesis (Fig. 7b and c).
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marked with **).

PC/collagen promotes the proliferation of BMSCs through signals to regulate intracellular gene expression, which in turn
integrin-related signaling pathways and reduces the intracellular induces value addition, survival, migration and differentiation
ROS. As a surface receptor, integrin can be activated and transmit [44]. To mediate the interaction between cells and the ECM,
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Figure 7. (a) Schematic diagram of the experiment in vivo. (b) Micro-CT was used to detect the qualities of the regenerated bone around the implanted
titanium rods containing control or (PC/collagen), after 4 and 8 weeks. The micro-CT images are shown in (b). (c) Comparison of the bone volume
fraction (BV/TV) of the implants of (b). (n=3; ns, no significance; P-values <0.001 and 0.0001 are marked with *** and ***, respectively) (schematic

illustration created with BioRender.com).

integrin can recruit multiprotein complexes after binding to
extracellular ligands and activate signal cascades through intra-
cellular protein kinase and adaptor molecules, including
integrin-linked kinase (ILK) transmission, to regulate biochemical
processes such as growth, proliferation, differentiation, migration
and angiogenesis [45-47]. Collagen type I was significantly upre-
gulated in the BMSCs cultured on the newly designed material.
The stimulation of collagen type I can increase the localization of
ILK to the plasma membrane and promote the formation of a sig-
naling platform on the cell membrane, which leads to enhanced
cell migration and invasion by interacting with the actin cytoskel-
eton and many signal transduction pathways [48], such as the ef-
fective activation of integrin signaling pathways. Integrin can
also promote the adhesion of cells to collagen type I, which is
also beneficial to the homing and adhesion of BMSCs to bone tis-
sue [49]. A data analysis structure based on cDNA microarray
shows that the attachment of collagen type I can provide a prolif-
erative signal for cells and improves energy metabolism to in-
crease the rate of increment [49]. Attachment of collagen type I
can also increase the level of calcium in the cytoplasm [48] and
promote the expression of some molecules regulated by calcium
and cyclic adenosine monophosphate (CAMP) [49]. Under the
stimulation of collagen type I, extracellular calcium ions are
transferred into cells, resulting in a decrease in extracellular cal-
cium concentration. Calcium-dependent E-cadherin is easily
cleaved by proteolysis with a decrease in calcium concentration
[50], resulting in the loss of adhesion function and loss of contact
between cells [51]. Only then can Mg*"-dependent «2B1 integrin
redistribute to the cell-ECM interface from the lateral membrane
surface and activate the integrin signaling pathway, increasing
the increment and migration of cells at the collagen type I inter-
face [51]. Upregulated collagen type I can also effectively inhibit
the FasL signaling pathway and improve cell death by promoting
cell adhesion [52].

Oxidative stress has been reported to be able to inhibit cell
proliferation and osteogenic differentiation by upregulating
apoptosis-related genes, and reducing ROS has been reported to
be beneficial for bone regeneration and osseointegration around
the implant [53, 54]. With an excellent antioxidant effect, procya-
nidins can inhibit the expression of apoptosis-related genes [55],
and the function of osteoclasts [56], promoting the survival of
osteocytes and the deposition of minerals in bone trabeculae [57].

However, PC/collagen promotes osteogenesis by activating the
RNUX2 transcription factor and the Wnt/B-catenin signaling
pathway and inhibiting the expression of receptor activator of

nuclear factor-«B ligand (RANKL). Collagen can induce osteoblast
differentiation by binding to 21 integrin and affecting the activ-
ity of Runx?2, which is the upstream of several osteogenesis re-
lated genes [58]. Previous reports have shown that the activation
of Wnt/B-catenin signaling pathway is closely related to the oste-
ogenic differentiation of BMSCs, but the potential mechanism
remains to be elucidated [59]. The newly designed materials in
this study can decrease cell-cell adhesion and promote cell mi-
gration, increasing the contact of Wnt with receptors on the cell
surface. Excessive accumulation of ROS may lead to oxidation of
lipids, which may inhibit the secretion of Wnt and the activation
of Wnt/B-catenin signaling pathway [60]. With antioxidant activ-
ity, the newly designed material is beneficial for the decreasing of
ROS level and activation of Wnt/B-catenin signaling pathway. In
the absence of Wnt ligands, p-catenin will be ubiquitinated and
degraded by APC complexes in the cytoplasm; in the presence of
Wnt ligands, p-catenin is separated from the binding with Axin
and GSK3 in the cytoplasm and translocated to the nucleus to
start transcription of downstream genes, including those related
to osteogenesis differentiation [61, 62].

In addition, collagen can also effectively reduce the expression
of RANKL in cells to reduce osteoclast formation. As transmem-
brane protein, RANKL can directly affect the growth and apopto-
sis of cells [63]. RANKL is expressed in bone and plays a key role
in the differentiation and survival of osteoclasts by interacting
with its receptor RANK. With concentration of 50 pg/ml, PC could
significantly inhibit RANKL-dependent differentiation of 95%
osteoclasts and inhibit mature osteoclasts induced bone degrada-
tion by reducing the release of collagen helical peptide [26].

In summary, our results show that newly designed (PC/colla-
gen);o coating promotes the proliferation and osteogenic differen-
tiation of BMSCs in vitro and is beneficial for new bone formation
around the implant in vivo, which is probably by reducing the
level of ROS, and activation of the Wnt/p-catenin signaling path-
way (Fig. 8).

Conclusions

In short, a series of experiments have proven that PC/collagen
multilayers have very important value for research and applica-
tion as implant coating materials. The PC/collagen multilayer
can effectively promote the proliferation of BMSCs and reduce
the damage to BMSCs induced by high oxidative stress. These
functions enhanced bone generation in vivo and the expression of
osteogenic-related genes (COL1, BMP4, Runx2, OCN and ON) in
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Figure 8. The potential mechanism of the function of newly designed (PC/collagen),, (created with BioRender.com).

BMSCs in vitro via activated Wnt/p-catenin pathway. We believe
that the discovery of PC/collagen will provide a new direction for
the synthesis of coatings for bone-regeneration in the future.

Supplementary data

Supplementary data are available at Regenerative Biomaterials
online.
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