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ABSTRACT

To further improve the surface properties of polyetheretherketone (PEEK)/nanoporous magnesium
calcium silicate (nMCS) composite (PMC), hierarchically porous surface of PMC (PMCF) were created
by femtosecond laser, and resveratrol (RV) was incorporated into the porous surface of PMCF
(RV@PMCF). Compared to PMC with flat surface, PMCF contained not only two types of micropores
with different sizes (around 20 pm and 0.5 pm) but also nanopores (around 4 nm), which exhibited
remarkably increase in surface roughness and protein adsorption. In addition, PMCF displayed a slow-
release of RV while PMC showed a burst-release of RV into cell cultured medium. Moreover, compared
with PMC and PMCF, RV@PMCF with antibacterial performances inhibited the growth of E. coli and S.
aureus thanks to the release of RV. In addition, compared with PMC, PMCF and RV@PMCEF significantly
promoted adhesion and proliferation of rat bone mesenchymal stem cells (BMSC). Furthermore,
compared with PMCF, RV@PMCF obviously enhanced the proliferation and osteogenic differentiation
as well as bone related genes expressions of BMSC. The results demonstrated that PMCF with
hierarchically porous surface and incorporating of RV displayed antibacterial performances and
osteogenic activity in vitro, Therefore, as a drug-loaded implant, RV@PMCF with good
cytocompatibility would have a big potential for applications in orthopaedic fields.

Keywords: Polyetheretherketone based composite Femtosecond laser Hierarchically porous surface
Antibacterial performances Osteogenic activity



1. Introduction

In the last few decades, polyetheretherketone (PEEK) has been widely studied and applied in spinal
fusion, trauma and cranio-maxillofacial procedures, dental and joint replacements because of its
excellent biocompatibility, outstanding mechanical performances and biological stability as well as
radiolucency and so on [1,2]. Nowadays, PEEK has gradually become a popular implantable biomaterial
in the fields of dental and orthopedics [2]. However, as a bioinert material, PEEK implant displays no
osteogenic activity, which does not have the capability to promoting new bone tissue formation and
osseointegration to achieve an initial fixation as well as long-term bio-stability [3,4].

Therefore, for orthopedic applications, enhancement of the osteogenic activity of PEEK has become
one of the great challenges. More studies have been conducted to improve the osteogenic activity of
PEEK, such as surface modification (physical or chemical methods), composites with bioactive fillers,
and so on [5-7]. However, it is difficult for single treatments by physical or chemical ways to
significantly improve the osteogenic activity of PEEK [5-7]. Moreover, PEEK based composites were
generally fabricated by addition of fillers (e.g., bioactive glass-es/ceramics) into PEEK matrix with
appropriate content [8,9]. Although the composites containing bioactive fillers exhibited some
improved mechanical properties and osteogenic activity, most of the fillers were dispersed into PEEK
matrix, which did not significantly improve the surface osteogenic activity because only a few bioactive
fillers were exposed on the composite surface [8,9]. Surface properties (e.g., composition, topography,
roundness, porous structure) of the implantable biomaterials have critical effects on cells behaviours
and functions both in vitro and in vivo [10]. Therefore, it is quite necessary to modify the surface of
PEEK based composites to further improve the surface properties, especially, osteogenic activity.

In recent years, femtosecond laser (FL) technology has been utilized to improve the surface
performances of various materials (e.g., metal, polymer and inorganic material). FL is capable of
forming a uniform, regular three-dimensional structure on material surface, and the surface-modified
layer is thin that has little effect on the properties of substrate material [11]. In addition, FL is an
effective technology to fabricate periodical features with micrometer- or nanometer-scale topography
on the surface of substrate [12]. The advantages of FL include the simplicity in varying processing
conditions, rapid scanning speed, high dimensional accuracy and high reproducibility as well as
minimal oxidation of materials surfaces during processing [13,14]. More importantly, the application
of FL to perforate the biomaterial surface can form a uniform array of pits, which can not only stimulate
the ingrowth of bone tissue but also be incorporated with drugs that enhance osteogenic and
antibacterial properties, to promote new bone formation and osseointegra-tion [15]. Furthermore, it
is widely applied to directly incorporate the drugs into the porous surface of the implant, which can
directly act on the wound that improves the speed of bone healing.

The surface of implantable biomaterial during the operation is prone to adhesion of bacteria and
formation of biofilm, leading to biomaterial-related infections, which ultimately causes the failure of
implants [16].

Peri-operative and latent infections have become the major reasons for spinal, hip and knee revision
surgery [17]. Infections are devastating for the patients, which require removal of the implanted
medical device, followed by re-implanting of a new implant [17]. Therefore, research and development
of implantable biomaterials with anti-infection has attracted considerable attention in orthopaedic
application. Resveratrol (RV) is a polyphenolic phytoestrogen present in some plants (e.g., berries,
peanuts and grapes), which not only possesses outstanding antibacterial performances but also has
osteogenic activity [18]. RV had strong antibacterial effects on methicillin-resistant Staphylococcus
aureus by the minimum inhibitory concentration of RV against various bacteria [19]. RV has been



demonstrated to significantly improve the symptoms of bone loss in ovariectomized rats [20]. Studies
have shown that RV enhanced the proliferation as well as differentiation of osteoblasts, and stimulated
new bone regeneration by regulating bone-related signals [21]. RV can improve the activity of the ERK
pathway while inhibit the activity of GSK-3, and promote the stability of p-catenin and activate the
signaling pathway of Wnt/B-catenin, thereby promoting osteogenic differentiation of the osteoblasts
[21,22].

Nanoporous bioactive glass with large surface area as well as high porosity has been proved to possess
high bioactivity, stimulate osteoblasts responses and quickly improve new bone formation compared
with traditional bioactive glass [23]. In our previous study, PEEK based bioactive composite containing
nanoporous magnesium calcium silicate (nMCS) has been prepared, and the PEEK/nMCS composite
(PMC) containing 40w% nMCS exhibited higher mechanical properties and better bioactivity than PEEK
alone [24,25]. To further improve the surface properties of PMC as an implantable material for
orthopedic applications, hierarchically porous surface of PMC (PMCF) was created by FL, and RV was
incorporated into the porous surface of PMCF (RV@PMCF) in this study. We assume that RV@PMCF
with hierarchically porous surface and incorporating of RV possess not only antibacterial performances
but also osteogenic activity. To confirm the hypothesis, the surface properties (e.g., porous
morphology, roughness and protein adsorption as well as ions release), antibacterial performances
and cellular responses of bone mesenchymal stem cells (BMSC) of rat to RV@PMCF were investigated.

2. Materials and methods
2.1. Fabrication and characterization of specimens

Nanoporous magnesium calcium silicate (nMCS) was prepared using a sol-gel method [25]. Briefly,
13.2 g cetyltrimethylammonium bromide was dissolved into water (1000 mL), and 25 mL ammonia
aqueous solution (28 w%) was subsequently added into the solution with continuous stirring for 60
min. Subsequently, 55.8 g tetraethyl orthosilicate (98%), 34.4 g magnesium nitrate hexahydrate and
31.6 g calcium nitrate tetrahydrate were also dissolved into this solution, and stirred for 4 h. The
products were filtered and rinsed with deionized water as well as absolute ethanol (3 times), which
then was dried at 90 °C and sintered at 600 °C for 5 h to get the nMCS powders. Transmission electron
microscopy (JEM-2010, JEOL Ltd, Japan) as well as Brunauer-Emmett-Teller (Tristar 3000,
Micromeritics, USA) were used to characterized the nMCS powders.

Polyetheretherketone (PEEK)/nMCS composite (PMC) containing 40w% nMCS was fabricated by a way
of cold pressing-sintering. PEEK powder (Victrex, UK) and nMCS powder were mixed using planetary
ball mill (QM-3SP2, Nanda Instrument Co., China) in the predetermined ratio. Then, the mixed powder
was put into stainless-steel mold (12 x 2 mm), and then pressed using pressure machine (YP-40T,
Jinfulun Co., China) with the pressure (4 MPa) for 2 min. The obtained specimens were placed in a
furnace (SX2-8-10 N, Yiheng Co., China), and sintered at 350 °C (heating rate: 2 °C/min) for 2 h. The
surfaces of specimens (PMC) were polished and washed sequentially with ethanol and deionized
water. The samples surfaces were further treated by an instrument of femtosecond laser (FL,GLX-
200HP-1053, Time-Bandwidth Products AG Co., Switzerland). In brief, the samples were placed on a
programmed two-dimensional mobile platform with perforation power of 20 mW, pulse width of <200
fs and center wavelength of 800 nm as well as repetition rate of 1 kHz. The samples (PMCF) treated by
FL were then sonicated with deionized water and subsequently ethanol for further use.

The samples (PMC and PMCF) were immersed into PBS solution containing 0.5 mg/mL resveratrol (RV,
Sigma-Aldrich Co., USA), and placed into a constant temperature oscillator (HZQ-X300, Yiheng Co.,



China) at 37 ° Cfor 24 h. Moreover, the samples were taken out and washed by using ethanol (100 mL)
to remove the unloaded RV. Finally, the samples were dried in air (at 37 °C) for 24 h to obtain RV-
loaded PMC (RV@PMC) and PMCF (RV@PMCF).

Both PMC and PMCF were immersed into PBS solution containing 0.5 mg/mL resveratrol (RV, Sigma-
Aldrich Co., USA), and placed into a constant temperature oscillator (HZQ-X300), which was purchased
from Yiheng Co., China at 37 °C for 24 h. Moreover, the specimens were taken out and washed by 100
mL ethanol to remove the unloaded RV. Finally, the specimens were dried in air (at 37 °C) for 24 h to
obtain RV-loaded PMC (RV@PMC) and PMCF (RV@PMCF). The samples (nMCS, RV, PMCF and
RV@PMCF) were analyzed by Fourier transform infrared spectroscopy (Nicolet 5700) from Nicolet Co.,
USA as well as X-ray diffractometer (Rigaku D/max 2550, Japan). Furthermore, scanning electron
microscope (S-3400 N, Hitachi Co., Japan) as well as laser confocal 3D microscope (VK-X110, Keyence
Co., Japan) were applied to characterize the surfaces of PMC, PMCF and RV@PMCEF.

2.2. Protein adsorption and RV load/release from specimens

Protein adsorption (bovine serum albumin, BSA) on the surface of the samples (PMC, PMCF and
RV@PMCF) was determined by |iBCA kit. Briefly, the samples were placed into 24-well plate, and BSA
solution (10 pg/mL) was added into the plate. After incubation at 37 °C for 4 h under static conditions,
the samples were removed and rinsed using PBS for 3 times to remove the un-adsorbed protein. The
samples were then placed into 5% sodium dodecyl sulfate and shaken (at 37 °C) to release the
adsorbed protein. Finally, the solution was collected and the adsorbed protein was quantified by using
UBCA assay. The results were expressed as the mass of bovine serum albumin (protein/sample, mg/g)
which was adsorbed per unit mass of sample.

The release of RV from the sample was detected by immersing RV@PMC and RV@PMCF into the cell
cultured medium for different time. The specimen was immersed into the medium (50 mL for each
specimen), which were placed into a constant temperature oscillator. At different time points, 1 mL
culture broth was taken, followed by adding of 1 mL fresh medium. The absorbance of RV onto the
samples was measured (at a wavelength of 306 nm) utilizing a microplate reader. The cumulative
release (CR) was calculated by using the formula of CR = (C x V)/W, where C was RV concentration (at
different time), V was solution volume, and W was totally loading amount of RV onto the samples.

2.3. Antibacterial performances

Escherichia coli (E. coli) as well as Staphylococcus aureus (S. aureus) was utilized as bacterial models.
The samples (PMC, PMCF and RV@PMCF) were cultured with bacteria for 24 h and the percentage of
bacterial reduction was measured by colony counting. The specific operation steps of the antibacterial
experiment were shown as follows: both E. coli and S. aureus liquids of 105 CFU/mL were prepared,
and 20 mL of the bacterial liquid was placed into centrifuge tube together with the samples, and placed
into constant temperature oscillator at 37 °C with the oscillating frequency of 250 r/min, so that the
samples and bacterial liquid were fully contact. At 24 h after culturing, 0.1 mL broth of E. coli and S.
aureus was taken out from the bottle, and dropped on a pre-sterilized and cooled agar medium. It was
then coated with a sterile-cooled glass rod to spread the bacterial solution evenly over the agar
medium. Each plate was placed upside down in an incubator until E. coli and S. aureus grew onto the
medium. After 24 h, the plate medium was taken out, then the E. coli colonies as well as S. aureus
colonies were counted. The percent reduction of bacteria was calculated as following: Percent



reduction of bacteria = (N-M)/N x 100%, where M was the number of colonies in the experimental
group and N was the number of colonies in the blank control group.

2.4. Cells responses to samples

Bone mesenchymal stem cells (BMSC) were extracted from the rat limbs bone marrow. SD rats were
sacrificed by cervical dislocation, and immersed in 75% medical alcohol for 10 min, and the serum-free
medium was pumped through a syringe to wash the marrow cavity until it turned white. The cells were
centrifuged at a speed of 8000 rpm, and after removing the supernatant, the Minimum Essential
Medium (Thermo Fisher Scientific, USA) was added supplemented with fetal bovine serum (10%,
Hyclone, Australia) and penicillin/streptomycin (1%, Sigma, China), and the cell culture procedure was
carried in a humidified 5% CO, incubator (37 °C). The medium was replaced every two days.
Experiments were performed using passage 3 rat mesenchymal stem cells. The cells were digested
with trypsin (0.25%) and detached, and cell suspensions were formed, and the cell suspension was
counted before culturing on the samples (PMC, PMCF and RV@PMCF). The seeding density of the cells
was 1 x 10 cells for each well (24-well plate), and every 2 days, the cell cultured medium was changed.

2.4.1. Cell attachment and morphology

The samples were sterile autoclaved, and then were cultured with the cells. After incubating for 12 h,
24 h, the samples were taken out, gently rinsed by using PBS solution (3 times), and fixed by using
0.25% glutaraldehyde solution. Then, dehydration was carried out stepwise by ethanol solution with
the concentrations of 10%, 30%, 50%, 70%, 85%, 90% and 100% for 15 min. The cell morphology on
the samples was observed utilizing scanning electron microscope. Cell Counting Kit-8 (Sigma-Aldrich,
China) was utilized to determine the adhesion of the

BMSC on the specimens. At different time (6, 12 and 24 h) after culturing, the specimens were rinsed
by using sterile PBS for 3 times, and the samples were sifted into another 24-well plate. A 400 pL cell
medium containing Cell Counting Kit-8 solution (40 pL) was prepared. The working solution was put
into the well plate, and incubated in an incubator for 6 h. After that, the supernatant was changed into
a 96-well plate, and the optical density (OD) value was determined at 450 nm with a microplate reader
(384 SpectraMax, Molecular Devices, USA).

2.4.2. Cell proliferation and ALP activity

Cell proliferation was evaluated after co-cultured with samples. The BMSC was seeded on the samples
surfaces (density of 1 x 10* cells for each well) in a 24-well plate. Cell proliferation at different times
(1, 3 and 7 days) was tested using a CCK-8 kit, and finally the OD value was obtained utilizing a
microplate reader. ALP activity of the BMSC on the specimens was evaluated at 7, 10 and 14 days after
culturing. The cells were seeded onto the samples and tissue culture plates were used as controls. At
different time after cells culturing, the medium was discarded, and the specimens were washed by PBS
(3 times). The 500 uL Nonidet P-40 (1%) solution was put into each well, and the cell lysate was
obtained by lysing cells for 1 h to a. Then 50 pL of 1 mg/mL nitrophenyl phosphate disodium salt (p-
nitrophenyl phosphate, Songon, China) solution, including glycine (0.1 mol/L) as well as magnesium
chloride hexahydrate (1 mmol/L, pH = 9) was put into each well, which was incubated in an incubator
at 37 °C for 1 h. Finally, 100 pL of 0.1 mol/L NaOH solution was put into each well to terminate the



color reaction. The OD values were measured at 405 nm by utilizing a microplate reader. The total
protein contents in the lysate was determined by utilizing bovine serum albumin as a standard protein
and assayed using a BCA kit (Biyuntian Biotechnology, China). The OD values/total protein contents at
405 nm was expressed as ALP activity.

2.4.3. Bone related gene expressions

The BMSC (density of 2 x 10* cells/well) were cultured on the specimens for 7 and 14 days, and the
expression of bone related gene was detected utilizing real-time polymerase chain reaction (RT-PCR).
By using a TRIzol reagent (Invitrogen, USA), the total RNA was extracted, and the total amount of RNA
was tested by an ultraviolet spectrophotometer and reverse transcribed using a gene amplification
instrument. Using the cDNA obtained by reverse transcription as a template, the expression of the
relevant osteogenic gene was detected by a SYBR® Premix Ex TagTM (Takara, Japan), and RT-PCR was
performed utilizing a Bio-Rad real-time PCR system (Hercules, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was applied as housekeeping gene, and four bone related genes
(osteopontin, osteocalcin, alkaline phosphatase, runt-associated transcription factor 2) were detected.
Table 1 listed the forward and reverse primers for the selected genes. For each gene, the relative
expression level was calculated and normalized to glyceraldehyde-3-phosphate dehydrogenase.

2.5. lons release from specimens into medium

After immersed into cell cultured medium for different time, the release of Si, Mg and Ca ions from
the specimens was evaluated. At 1, 4, 7, 10 and 14 days, the medium was collected and centrifuged at
1500 rpm. The supernatant was mixed with HNOs solution (0.3 mol/L) at a volume ratio of 1/2 and the
concentrations of Si, Mg and Ca ions in solution were evaluated by Inductivity Coupled Plasma (ICP-
OES, Agilent IC, USA).

Table 1 Primer pairs used in real-time PCR analysis.

Gene Forward primer (5°-3") Reverse primer (53-3)

Runx2? AACAGUAGUEAGCAGCA A CrA A A CAGCAN T TG
ALP TGACCGTCCTGOTGGAACT O CCACTGOCACACT IO TCACACAL
0PN GACGATGATGACGACGACHEATGMAC GG TGO TGO A G TOAAGACTC
QOCHN AGACCTAGCAGAGACCAT A GLAC TOAGHGTAGCGCOGGAGTCTATTC
GAPDH ACAGEANCAGHG TG TEGAL TTTGAGGHTGUAGCGAACTT

2.6. Statistical analysis

The data of experimental results were indicated as mean + standard deviation for 3 samples. In
addition, with Tukey’s post hoc test, the results were analyzed by one-way ANOVA, and the significant
difference was statistically considered (p < 0.05).



3. Results
3.1. Surface characteristics of samples

Form the TEM images (Fig. 1a) and pore diameter distribution (Fig. 1b) of the nMCS, it was seen that
the nMCS displayed spherical morphologies with particles size of around 200 nm and nanopore size of
around 4 nm. The fourier transform infrared spectroscopy (FTIR) of RV, PMCF, RV@PMCF and nMCS
are displayed in Fig. 1c. For RV, the characteristic absorption at 965 cm™ was trans carbon-carbon
double bond (-C=C-) while at 1620 cm™, 1540 cm™, 1500 cm™ were attributed to the benzene ring
absorption peaks. For nMCS, the characteristic absorption of antisymmetric stretching vibration of
siloxane bond (Si-O-Si) appeared at 1093 cm™as well as 799 cm™. As for PMCF, the characteristic bands
of PEEK appeared, the peak at 1652 cm™* was stretching vibration band of carbonyl (C=0), the peak at
1308 cm™ was benzene in-plane vibration band of ether bond (R-O-R), the peak at 1226 cm™ was
stretching vibration band of R-O-R, the peak at 929 cm™ was the stretching vibration of ketone bond
(R-CO-R), the peak at 1163 cm™was in-plane bending vibration band of carbon-hydrogen bond (C-H),
and the peaks at 840 cm™and 764 cm™ were benzene out-plane bending vibration band. In addition,
the characteristic peaks for nMCS and PEEK could be found in both PMC and PMCF. Furthermore, the
peaks for PEEK, nMCS and RV could be observed in RV@PMCF. The X-ray diffractometer (XRD) patterns
of RV, PMCF, RV@PMCF and nMCS are exhibited in Fig. 1d. The characteristic peaks of RV appeared at
26=13.20,16.3°,19.20,22.3° and 28.3°. For nMCS, a wide peak appeared at around 26 = 24°, indicating
that nMCS was an amorphous phase. For PMC, PMCF and RV@PMCF, the peaks of PEEK at 26 = 18.7°,
20.8°, 22.8° and 28.8° were found while no obvious peak of nMCS appeared. Furthermore, the

characteristic peaks of RV were not shown in RV@PMCF, suggesting that RV might be adsorbed into
internal surface of micropores.

Fig. 1. TEM images (a) and pore diameter distribution (b) of the nMCS; FTIR (c) and XRD (d) of RV, PMCF, RV@PMCF and
nMCS.
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From the scanning electron microscope (SEM) photographs of the specimens, PMC displayed flat
surface (Fig. 2a, low magnification) and many nMCS particles appeared on the surface (Fig. 2b, high
magnification). After PMC was surface modified by femtosecond laser, many uniform micropores with
the pore size of around 20 um were created on PMCF surface (Fig. 2c, low magnification), and the
internal surface of the micropore contained many submicro-pores (around 0.5 um) (Fig. 2d, e, f, high
magnification). Moreover, the RV was seen to be adsorbed onto the internal walls of the micropores
(Fig. 2g and h). From the laser confocal microscope 3D photographs of the samples, it was found that
PMC exhibited flat surface (Fig. 3a) while PMCF (Fig. 3b) and RV@PMCF (Fig. 3c) displayed mesh
shaped surfaces with many uniform micropores. In addition, 2D profiles of the samples in the right
bottom of the 3D photographs revealed that the diameter of micropores was around 20 um and depth
of micropores was around 30 um. The surface roughness of the samples is displayed in Fig. 3d. As
compared with PMC (Ra = 3.49 um), the surface roughness of PMCF (Ra = 5.36 um) significantly
increased. However, no notable differences in surface roughness between PMCF and RV@PMCF (Ra =
5.64 um) were seen.

3.2. Samples load/release of RV

The adsorption of RV onto surfaces of PMC and PMCF in the medium at different time is shown in Fig.
4a. At 48 h, the amount of RV onto PMCF was 9.8 mg/g while the amount of RV on PMC was 4 mg/g.
The release of RV from RV@PMC and RV@PMCF at different time is shown in Fig. 4b. At the first day,
cumulative releases of RV from RV@PMC and RV@PMCF were 70.2% and 15.4%. In addition, at the
20th day, cumulative releases of RV from RV@PMC and RV@PMCF were 70.2% and 80.4%. The results
exhibited that RV@PMCF showed slow-release of RV into the medium while RV@PMC displayed a
burst-release of RV.

3.3. Antibacterial performances of samples

From the photos (Fig. 5a) of E. coli as well as S. aureus colonies on the agar at 24 h after cultivating,
many bacteria were found for both PMC and PMCF while no bacterium was seen for RV@PMCF. The
percent reduction of E. coli for both PMC and PMCF was 0, for RV@PMCF was 97.8% (Fig. 5b). In
addition, the percent reduction of S. aureus for both PMC and PMCF was 0, for RV@PMCF was 99.8%
(Fig. 5¢).



Fig. 2. SEM photographs of surface morphology of PMC (a, b), PMCF (c, d, e, f) and RV@PMCF (g, h) under low and high

magnification.



3.4. Cells responses to samples
3.4.1. Protein adsorption, cell attachment and morphology

The adsorption amounts of bovine serum albumin (BSA) on PMC, PMCF and RV@PMCF were 0.8
0.05, 1.3 £0.03 and 1.50 + 0.06 mg/ g, which were show in Fig. 6a. The BMSC attachment ratio for the
samples at different time after culturing is shown in Fig. 6b. At every point in time, the attachment
ratio for PMCF and RV@PMCF were higher than those of PMC. At 24 h after culturing, the attachment
ratio for PMCF (90.0 + 3.5%) and RV@PMCF (92.4 + 2.8%) were significantly higher than PMC (77.8
4.1%).

The SEM micrographs of the BMSC on the samples (under different magnification) at 24 h after
culturing are shown in Fig. 6¢c-h. The cells were seen to attach and spread on the sample surface, and
the number of the attached cells on the sample for PMCF and RV@PMCF were remarkably higher than
PMC. No remarkable differences for cell morphology as well as number of cells were seen between
PMCF and RV@PMCF. In addition, the cells with expanded morphology and visible pseudopodia were
seen to attach on the walls of micropores of both PMCF and RV@PMCF, which were seen to grow into
the micropores (Fig. 6e-h).
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Fig. 3. Laser confocal microscope 3D photographs of PMC (a), PMCF (b) and RV@PMCEF (c), and 2D profiles of the samples in
the right bottom of the 3D photographs; surface roughness (d) of the samples (* represents p<0.05, vs PMC).
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Fig. 4. Adsorption of RV (a) onto the surfaces of PMC and PMCF, and cumulative release of RV (b) from RV@PMC and
RV@PMCF into medium at different time.

The CLSM photos of the cytoskeleton (stained by FITC) and nucleus (stained by DAPI) of BMSC cultured
on the samples for 3 and 7 days were displayed in Fig. 7. The cells spread well on the samples surfaces,
which exhibited a fusiform shape and extended the pseudopod. At 3 days, more cells attached onto
the surfaces of PMCF and RV@PMCF than PMC. No notable differences of the cells number were seen
between PMCF and RV@PMCF. At 7 days after culturing, more cells attached onto the surfaces of
RV@PMCF than PMCF.

3.4.2. lons release from specimens into medium

The alteration of ion concentration of Si, Mg and Ca in medium after the samples immersion for
different time is exhibited in Fig. 8. These ions concentration for the samples increased with time.
Furthermore, these ions concentrations for PMCF and RV@PMCF were higher than PMC during the
soaking time. However, no significant difference in ion concentration between PMCF and RV@PMCF
was seen, indicating that RV@PMCF loaded RV did not notably affect the release of these ions.

3.4.3. Cell proliferation and ALP activity

The OD values of BMSC on the samples at different time after culturing are displayed in Fig. 9a. At 1
day after culturing, the OD values for PMCF and RV@PMCF were notably higher than PMC while no
notable differences were seen between PMCF and RV@PMCF. At 3 and 7 days after culturing, The OD
value for RV@PMCF was the highest in all samples, and the OD value for PMCF was notably higher
than PMC. The ALP activities of BMSC on the samples at different time after culturing are exhibited in
Fig. 9b. At 7 days after culturing, no notable difference in ALP activity for PMC, PMCF and RV @ PMCF
was seen. At 10 and 14 days, the ALP activity for RV@PMCF was notably higher than PMC and PMCF.
No notable differences were seen in ALP activity between PMC and PMCF at 10 and 14 days after
culturing.
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Fig. 5. Photos (a) of cultivated E. coli and S. aureus colonies on agar, which were dissociated from the samples, and percent
reduction of E. coli (b) and S. aureus (c) for the samples (* represents p<0.05, vs PMC; # represents p< 0.05,vs PMCF).

3.4.4. Bone related gene expressions

The mRNA gene expression of runt-associated transcription factor 2 (Runx2), alkaline phosphatase
(ALP) and osteopontin (OPN) as well as osteocalcin (OCN) are displayed in Fig. 10. At 7 days after
culturing, the Runx2, ALP and OCN expressions for RV@PMCF were significantly higher than PMC and
PMCF. Moreover, the OPN expression for RV@PMCF was remarkably higher than PMC and PMCF.
Moreover, at 14 days after culturing, the Runx2, ALP and OCN expressions for RV@PMCF were
significantly higher than those for PMC and PMCF. However, at both 7 and 14 days, no remarkable
differences were seen for the expressions of Runx2, ALP, OPN and OCN between PMCF and PMC.

4. Discussions

Implantable biomaterials with antibacterial performances and osteogenic activity exhibit great
potentials for orthopedic applications [26]. As biomaterials for bone repair and substitute, surface
characteristics (e. g., composition, porous morphology, roughness and ions release) have key



influences on cells behaviours and functions as well as osteogenic activity [27-29]. In this study,
hierarchically porous structures on PEEK/nMCS composite (PMC) surface (PMCF) were created by
femtosecond laser, and RV was incorporated into the porous surface of PMCF (RV@PMCF). Compared
to PMC with flat surface, PMCF surface exhibited a uniform array of many micropores (sizes of around
20 um), which contained many submicropores (sizes of around 0.5 um) into the internal surface.
Moreover, the internal surface of the micropores also included many nMCS with nanopores (sizes of
around 4 um) [25]. Therefore, PMCF surface contained not only two types of micropore with different
sizes but also nanopores, indicating a hierarchically porous surface.

Surface roughness of the biomaterial has significant influences on cell adhesion, spreading, and
subsequently cell proliferation, osteogenic differentiation and new bone regeneration [30]. In the
present study, as compared with PMC, the surface roughness of PMCF and RV@PMCF significantly
increased. Evidently, compared to PMC with flat surface, the hierarchically porous surface of PMCF
obviously increased the surface area and porosity, and thus improved the loaded amount of RV (PMCF
> PMC). However, no remarkable difference in surface roughness between PMCF and RV@PMCF was
seen, suggesting that incorporating of RV into the porous surface had no obvious influences on the
surface roughness. For the release of RV, the results showed that RV@PMCF exhibited a slow-release
of RV while RV@PMC displayed a burst-release of RV. Therefore, the slow-release of RV was attributed
to the porous surface of PMCF while the burst-release of RV was due to the flat surface of PMC.

The adhesion and growth of bacteria as well as formation of biofilms on the surface of biomaterials
are the main causes of biomaterial-related infections, and the development of implantable
biomaterials with antibacterial performances is likely to solve this serious problem [31]. Previous
studies have shown that RV affected the growth and metabolism of bacteria by interfering with the
synthesis of bacterial cell walls while damaging cell membranes, exhibiting antibacterial performances
[32]. In the present study, RV@PMCF showed outstanding antibacterial properties against E. coli as
well as S. aureus as compared with PMCF and PMC. Clearly, the antibacterial performances of
RV@PMCF were ascribed to the release of RV.

Adsorption of proteins on biomaterial surface would promote the contact between cell membrane and
materials surface, and improve the extension of pseudopodia, which would be favourable for cells
adhesion [33]. In the present study, the adsorption of BSA on both PMCF and RV@PMCF were
significantly higher than PMC. Therefore, compared with PMC, the enhancement of protein adsorption
on both PMCF and RV@PMCF were ascribed to the presence of hierarchically porous surface, which
increased surface area and porosity. Surface performances (e.g., porous morphology, roughness and
protein adsorption) of the biomaterials play significant roles in cell behaviours and functions (e.g.,
adhesion and spreading) [34]. In the present study, the cell attachment as well as spreading on PMCF
and RV@PMCF was much better than PMC. Moreover, compared with PMCF, incorporating of RV into
RV@PMCF displayed no remarkable influences on cell adhesion as well as spreading. Therefore, the
improvements of cell adhesion as well as spreading on PMCF and RV@PMCF were due to the presence
of porous surface, which improved roughness and protein adsorption.
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Fig. 6. Adsorption of BSA (a) on the samples, attachment ratio (b) of BMSC on the samples at 6, 12 and 24 h after culturing,
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at 24 h after culturing (* represents p<0.05, vs PMC).



Fig. 7. CLSM images of BMSC on PMC (a, d), PMCF (b, e) and RV@PMCF (c, f) at 3 (a, b, c) and 7 days (d, e, f) after culturing,
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Fig. 8. Change of ions concentrations of Si, Mg and Ca in medium with time after PMC(a), PMCF (b) and RV@PMCF (c)
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The release of bioactive ions (Si, Mg and Ca) from bioactive materials (bioglass, calcium silicate, etc.)
in physiological environment could stimulate the responses of osteoblasts as well as mesenchymal
stem cells [35,36]. In the present study, the releases of bioactive ions (Si, Mg and Ca) from PMCF and
RV@PMCF into the medium were more than PMC. Clearly, the presence of porous surface increased
surface area and porosity, and thereby improved these ions release. In addition, no significant
difference in ions release between PMCF and RV@PMCF was seen, proving that incorporating of RV
did not obviously affect the ions release from RV@PMCF compared with PMCF. Implantable
biomaterials for bone regeneration should possess excellent surface bio-properties, which can not only
promote cells adhesion and spreading but also stimulate proliferation and osteogenic differentiation
as well as new bone regeneration [37]. In the present study, compared with PMC, PMCF significantly
stimulated cell proliferation due to the release of more bioactive ions. Moreover, compared with
PMCF, RV@PMCF remarkably enhanced cell proliferation because of the release of RV. Therefore, the
improvement of cell proliferation on RV@PMCF could be ascribed to the combined effect of both
hierarchically porous surface (release of more bioactive ions) and slow-release of RV.
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Fig. 9. OD values (a) and ALP activity (b) of BMSC on PMC, PMCF and RV@PMCEF at different time after culturing (*
represents p < 0.05, vs PMC, # represents p < 0.05, vs PMCF).
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Fig. 10. Expressions of bone related genes (Runx2: a, ALP: b, OPN: ¢, OCN: d) of BMSC on PMC, PMCF and RV@PMCF at
different time after culturing (* representsp < 0.05, vs PMC; # represents p < 0.05, vs PMCF).



ALP is an external enzyme of osteoblasts, and the increased expression of ALP activity is a marker of
osteogenic differentiation of osteoblasts [38]. In the present study, compared with PMC, the ALP
activity for PMCF was not remarkably enhanced, revealing that PMCF did not obviously promote the
cell differentiation. Moreover, compared to PMCF, the ALP activity for RV@PMCF was significantly
improved, suggesting that the release of RV from RV@PMCF promoted the cell differentiation. The
Runx2, ALP, OCN and OPN mRNA are the most important genes in osteogenic differentiation of the
osteoblasts [39]. In the present study, the expressions of these genes of the cells on RV@PMCF were
significantly higher than PMCF and PMC, while no significant differences in these genes expression
between PMCF and PMC were found. Clearly, the release of RV from RV@PMCF played key roles in
promotion of bone related gene expressions. Therefore, compared with PMCF, RV@PMCEF significantly
enhanced cell differentiation (ALP activity and bone related genes expressions). It could be suggested
that the release of RV from RV@PMCF had remarkable influences on osteogenic differentiation of the
cells than release of bioactive ions. However, it is hard to separately evaluate each factor. Therefore,
the significant enhancements of cells responses would be the cooperative effects of the physical and
chemical factors as well as drug of RV.

In conclusion, the hierarchically porous surface and incorporating of RV of RV@PMCF had remarkable
influences on the cells behaviours and functions, which were attributed to not only increased surface
roughness, protein adsorption and bioactive ions release but also release of RV. Therefore, RV@PMCF
displayed outstanding antibacterial properties, cytocompatibility as well as osteogenic activity in vitro.
It is expected that after surgical implantation in vivo, the RV@PMCF would form a sustained-release
RV at the bone defect, which improves the speed of bone healing.

5. Conclusions

Hierarchically porous surface of PMCF was fabricated by femtosecond laser, and RV was incorporated
into the porous surface. Compared to PMC with flat surface, the surface roughness and protein
adsorption of both PMCF and RV@PMCF with porous surface were obviously improved thanks to the
increased surface area as well as porosity. In addition, the slow-release of RV from RV@PMCF inhibited
the growth of both E. coli as well as S. aureus, displaying antibacterial performances. Moreover,
compared with PMC, PMCF and RV@PMCF remarkably enhanced adhesion and proliferation of BMSC.
Furthermore, compared with PMCF, the release of RV from RV@PMCF significantly promoted
proliferation, differentiation and bone related gene expressions of BMSC. In conclusion, PMCF with
hierarchically porous surface and incorporation of RV exhibited antibacterial performances and
osteogenic activity in vitro. As a drug-loaded implant, RV@PMCF with cytocompatibility would be a
great candidate for applications orthopedic fields.
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