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A dual-functional biodegradable composite
coating fabricated on sulfonated PEEK via
vacuum cold spraying: immunomodulation-
driven osteointegration
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Polyetheretherketone (PEEK) is a promising orthopedic implant alternative to metals due to its bone-
mimetic modulus and biocompatibility; yet, its bioinert nature often triggers fibrous encapsulation and
impedes osteointegration. Here, a biodegradable calcium silicate/B-tricalcium phosphate (CS/TCP)
composite coating was fabricated on sulfonated PEEK (SP) via vacuum cold spraying to address these
limitations. The CS/TCP coating exhibited robust bonding strength, enhanced hydrophilicity, and
sustained release of Ca/Si ions, fostering apatite deposition in simulated body fluid. This bioactive
interface promoted an immunomodulatory microenvironment by polarizing macrophages toward the
anti-inflammatory M2 phenotype. Synergistically, ionic release and cytokine secretion enhanced MC3T3-
E1 cell adhesion, proliferation, and osteogenic differentiation. In vivo, CS/TCP-SP reduced fibrous tissue
thickness in a rat air-pouch model and improved bone—implant integration in rabbit cranial defects. The
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scalable coating strategy transforms inert PEEK into a bioactive, immunoregulatory implant, demonstrating
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1. Introduction

End-stage arthropathy caused by degenerative changes, conge-
nital abnormalities, tumors, or trauma is typically treated by
artificial joint replacement in the clinic. Metal-based materials
are commonly used in artificial joint prostheses. Their elastic
moduli are much greater than those of normal bone tissue,
causing a stress-shielding effect that leads to periprosthetic
fracture," and they produce wear particles that may cause
aseptic loosening.”

Polyetheretherketone (PEEK) has an elastic modulus close to
that of human bone tissue and is chemically stable and highly
biocompatible and highly processable.® PEEK has been used in
the preparation of spinal interbody fusion devices and fixed
anchors for ligament reconstruction. However, PEEK lacks
bioactivity and immunomodulation and forms a layer of con-
nective tissues and has low osteointegration efficiency after
implantation.®* The adverse macrophage-mediated immune
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potential to mitigate aseptic loosening and revision surgeries.

response elicited by the PEEK surface is responsible for
the formation of fibrous encapsulation, resulting in inferior
osteointegration.” Therefore, PEEK must be modified to increase
its bioactivity, immunomodulation and osteointegration.

Surface coating has no negative effect on the mechanical
properties of PEEK, and coating with bioactive materials can
significantly improve the bioactivity of PEEK; however, the
stability of the coating should be considered. Many coating
techniques have been used in the preparation of surface coatings
on PEEK, including radio frequency magnetron sputtering, spin
coating technique, aerosol deposition, ionic plasma deposition,
plasma immersion ion implantation deposition, electron beam
deposition, vacuum plasma spraying, and arc ion plating.®’
However, the bonding strength between the coating material
and the PEEK matrix is frequently insufficient, and high tempera-
tures cause thermal degradation of PEEK and phase transition of
the coating particles, which alters the effectiveness of the surface
coating. There is an urgent need for a technology capable of room-
temperature processing to prepare coatings on PEEK surfaces that
meet strong adhesion requirements.

Vacuum cold spraying (VCS) is a ceramic coating deposition
technique performed at room temperature and relies on
the high-speed impact of ultrafine particles to adhere to the
substrate surface, forming either dense or porous ceramic
coatings.® This process directly creates coatings through the
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accumulation of solid particles, offering advantages of a short
coating cycle, a large coating area, strong adhesion strength,
environmental friendliness, and direct formation.>'® Notably,
this technique can produce ceramic coatings at room tempera-
ture without the need for heating or high-temperature sinter-
ing, thereby avoiding thermal degradation of the substrate or
the coating materials. It is applicable to a variety of substrates,
including metals, ceramics, and plastics, enabling the prepara-
tion of both dense and porous coatings.'' This technique is
fully capable of meeting the requirements for dense, wear-
resistant, or controlled-release coatings, and its application in
the field of orthopedics demonstrates significant potential.
To date, only Lee and coworkers have reported a cold spray
coating on PEEK, and they coated HA onto the PEEK surface
using the cold spray technique and reported that the HA
coating was homogeneous and strongly bonded to the PEEK
substrate.'>'* Compared with the uncoated PEEK, the HA
coating improved the adhesion and viability of human bone
marrow mesenchymal stem cells, increased the expression of
osteogenic differentiation markers, and accelerated osteo-
integration after implantation.'>'® However, because the HA
slightly degraded, two interfaces of HA coating/bone and HA
coating/PEEK matrix were present after implantation, and the
long-term stability of these interfaces was questionable in Lee’s
studies. If a degradable coating is established on the PEEK
surface to induce new bone to replace the coating, the osteoin-
tegration and stability at the bone/PEEK interface could theo-
retically be enhanced.

Our previous study demonstrated that immersion of PEEK
in concentrated sulfuric acid formed a 3D porous structure
on PEEK, which was named sulfonated PEEK (SP)."* A degrad-
able coating may be constructed on the SP surface using VCS
technology. The 3D porous structure on the SP surface may
make bonding of the coating materials easier and stronger and
the new bone tissues can be induced to grow onto the 3D
porous structure to enhance the osteointegration at the bone/
implant interface.

Calcium silicate (CS) was chosen as the coating material. CS
possesses good biocompatibility, bioactivity, and degradability
and can promote the adhesion, proliferation, and osteogenic
differentiation of osteoblasts in vitro, as well as osteointegra-
tion in vivo.">'® CS even has a higher bioactivity than hydro-
xyapatite (HA) and B-tricalcium phosphate (B-TCP).'”'®
However, the degradation rate of CS is too rapid to sustain its
biological effects for a long period." B-TCP also has good
bioactivity and certain degradability, and its degradation rate
is slower than that of CS.?° Combining CS and B-TCP can solve
the problem of rapid degradation of CS.

Immune cells play a crucial role not only in the inflamma-
tion phase but also throughout the bone formation and remo-
deling phase.>® Macrophages are regulatory cells involved in
bone regeneration in the bone immune microenvironment.>*
Inhibition of inflammation and promotion of bone tissue
repair through polarization of pro-inflammatory macrophages
(M1) to anti-inflammatory macrophages (M2) have been a
hot research topic in recent years.”> M1 macrophages secrete
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pro-inflammatory cytokines that exacerbate the inflammatory
response and inhibit bone healing, while M2 macrophages
secrete osteogenic factors that eliminate the inflammatory
response and stimulate the differentiation and mineralization
of osteoblast precursors and mesenchymal stem cells (MSCs) to
promote bone repair.>* The temporal regulation of M1 and M2
around the implant and the formation of a conducive micro-
environment can promote local bone regeneration and optimize
bone immunomodulatory effects, thus promoting the processes
of osteogenic differentiation, neovascularization, osteointegration
and bone remodeling.>

To enhance the bioactivity, immunomodulation and osteo-
integration of PEEK, we fabricated a 3D porous structure on
the PEEK surface using sulfonation treatment and coated the
CS/B-TCP composite onto the SP surface. We then investigated
the material characteristics, the effects of the material surfaces
on osteoblasts and macrophages in vitro, the influence of
coculturing macrophages and materials on osteogenic differ-
entiation of osteoblasts in vitro, and the inflammatory response
and osteointegration in vivo. We propose a dual-functional
coating combining sulfonation-induced 3D porosity and CS/TCP
biodegradability to simultaneously address immunomodulation
and osteogenesis.

2. Experimental

2.1. Raw materials

PEEK discs with thicknesses of 2 mm and diameters of 15 mm
were provided by Professor Jie Wei from the East China Uni-
versity of Science and Technology. Disc samples with diameters
of 15 mm were used for the characterization tests, in vitro cell
tests, and in vivo rat air-pouch model, and disc samples with
diameters of 8 mm were used for the in vivo rabbit cranial
defect model. Calcium silicate (99%, & 3 um) and B-tricalcium
phosphate (99%, ¢ 500 nm) powders were purchased from
Emperor Nano, Nanjing, China.

2.2. Sulfonation treatment of PEEK

The PEEK samples were immersed and cleaned in acetone,
ethanol, and deionized water for 10 min, respectively, followed
by ultrasonic cleaning in deionized water three times and
drying. The PEEK samples were subsequently immersed in
concentrated sulfuric acid (95-98%, Lianyungang Hongxing
Chemical Co. Ltd, Lianyungang, China) with magnetic stirring
for 5 minutes to form the SP samples. The SP samples were
then rinsed three times with deionized water and immersed in
acetone in an ultrasonic cleaning chamber for 10 min to
remove the residual sulfuric acid. After that, all the samples
were ultrasonically cleaned in deionized water for 10 min three
times to remove residual acetone and finally dried and stored.

2.3. Preparation of CS and CS/B-TCP coatings

To ensure uniform mixing of the CS/TCP composite powder
with a mass ratio of 1:1, equal masses of CS and TCP powders
were added to a ball mill jar, along with an appropriate amount

This journal is © The Royal Society of Chemistry 2025
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Table 1 Deposition parameters of vacuum cold spraying

Parameter Value Unit
Gas flow rate 5 L min~*
Chamber pressure <300 Pa
Distance from nozzle exit to substrate 5 mm
Nozzle traversal speed 2 mm s~*

Gas temperature Room temperature °C

of zirconia milling balls. The mixture with ethanol as the
dispersing medium was ball-milled for 24 hours on a roller
jar mill (GMS5, Changsha Mitr Instrument Equipment Co. Ltd,
Changsha, China). The milled slurry was subsequently dried in
a vacuum oven for subsequent spraying applications. Both the
CS and CS/TCP coatings were prepared at room temperature
using a VCS process. The complete details of the equip-
ment used in the VCS system have been described
elsewhere,®'° and the detailed spraying parameters are listed
in Table 1. Nitrogen was used as the acceleration gas to carry
the powder particles to the vacuum deposition chamber, where
the particles accelerated by the nozzle reached velocities of
several hundred meters per second, impacting the substrate to
form a coating. All the samples were sterilized with ethylene
oxide before the cell and animal tests. The samples were
divided into three groups as SP, CS coated SP (CS-SP) and
CS/TCP coated SP (CS/TCP-SP).

2.4. Microstructure characterization

The microstructures of the coatings were characterized by
scanning electron microscopy (SEM; S-4800, HITACHI, Tokyo,
Japan). The SEM observations were performed at an accelerat-
ing voltage of 10 kV and a chamber pressure of high vacuum.
Both secondary electrons (SE) were used for surface morpho-
logy characterization. To analyze the elemental composition
across the coating surface, energy-dispersive X-ray spectroscopy
(EDS; X-Max, Horiba, Kyoto, Japan) was employed in conjunc-
tion with SEM. Atomic force microscopy (AFM) measurements
were performed using an atomic force microscope (SPM-9700HT,
Shimadzu, Kyoto, Japan). AFM analysis was conducted in tapping
mode and a 10 pm x 10 pm area was scanned to evaluate surface
roughness, which was quantified using arithmetic mean rough-
ness (R,) and root mean square roughness (Ry) values extracted
from the scanned images using the NanoScope Analysis software.
R, is the arithmetic mean of the absolute values of height
deviations relative to the central plane within the observed area.
R is the root mean square value of the profile deviations from the
mean line over the sampling length. The surface hydrophilicity of
the coatings was examined with a contact angle measurement
system (DSA100S, KRUSS, Hamburg, Germany) using the sessile
drop method. During the test, a 2 pL water droplet was used for
contact angle measurements and static contact angle measure-
ments were performed, with advancing and receding angles not
recorded. Five measurements were performed at different points
on each sample.

Tensile tests were applied to assess the adhesion strength
between the coatings and the substrate. The test was conducted
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at a stretching rate of 0.02 mm s~ . In the tensile test, epoxy
adhesive (E-7) was used to fix the flat ends of the tensile grips
(one end is the gripping end and the other is the flat end) to
both sides of the sample. After the epoxy adhesive cured, the
gripping ends of the tensile grips were attached to the tensile
testing machine (DDL100, China Machine Testing, Changchun,
China). After a 24-hour curing period, the test was conducted
at a tensile rate of 0.02 mm s, and the force changes were
recorded using a sensor. The experiment was terminated when
the sample fractured, and the maximum force at the moment of
fracture was used to calculate the fracture strength.

2.5. Ion release tests

All samples were immersed in a Tris-HCI buffer solution at pH
7.4 and incubated at 37 °C. Two-milliliter buffer solution
samples were collected at 1, 4, 7, 14, 21 and 28 days, respectively,
and the concentrations of Ca and Si ions in the buffer solution
samples were detected by inductively coupled plasma atomic
emission spectroscopy (ICP-AES; Varian, Palo Alto, USA).

2.6. In vitro bioactivity study

The samples in each group were immersed in simulated body
fluid (SBF; Solarbio Biotechnology Co., Ltd, Beijing, China)
at 37 °C. After 28 days, the samples were removed, cleaned
and dried. SEM was used to observe apatite formation on the
material surfaces, and EDS was used to analyze the surface
chemical composition of the apatite-like materials.

2.7. Invitro cell tests of osteoblasts

2.7.1. Cell culture of MC3T3-E1 cells. MC3T3-E1 cells were
chosen for the in vitro cell tests of osteoblasts. The cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM,;
HyClone, Thermo Fisher Scientific Inc., Waltham, USA) supple-
mented with 10% FBS (100 U mL™*; GibcoBRL, GrandIsland,
USA) and 1% penicillin-streptomycin solution (100 U mL™%;
GibcoBRL, GrandIsland, USA). The cells were cultured in a
humidified incubator at 37 °C with 5% CO, and 95% air. The
medium was changed every three days.

2.7.2. Cell adhesion and cell proliferation. MC3T3-E1 cells
were seeded at a density of 6 x 10" cm™? into 24-well plates
(Costar, Corning Incorporated, New York, USA) with samples
placed beforehand. After 12 and 24 hours of culture, the
unadhered cells were rinsed with PBS, and a CCK-8 assay
was used to assess the cell adhesion on the material surface.
The samples were removed and gently washed three times with
phosphate-buffered saline (PBS; pH = 7.4) to remove the
unadhered cells and then transferred to a new 24-well plate,
after which 50 uL of CCK-8 solution (Dojindo Molecular Tech-
nologies Inc., Kumamoto, Japan) was added and the mixture
was incubated in an incubator. After incubation for 3 hours,
100 pL of liquid was extracted from each well and transferred to
a 96-well plate. The optical density (OD) at 450 nm was read
with a microplate reader (Synergy HT, Biotek, Winooski, USA),
with 620 nm as the reference wavelength. The relative cell
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viability (%) was calculated as follows: [(OD of the experimental
group — OD of the blank control group (DMEM)/OD of the
tissue culture polysterene (TCPS)] x 100.

MC3T3-E1 cells were seeded on the surface of the samples at
a density of 2 x 10" em™?, and after 1, 3, and 7 days of culture,
the CCK-8 assay was used to assess cell proliferation. The
specific experimental process was the same as that used for
the cell adhesion test.

2.7.3. Cell morphology and cell spreading. MC3T3-E1 cells
were seeded at a density of 6 x 10* cm > into 24-well plates in
which each group of samples was placed beforehand. After
24 hours of culture, the unadhered cells were rinsed with PBS.
The cells were fixed with 4% paraformaldehyde and stained
with rhodamine-phalloidin (5 U mL™!, Biotium, Hayward,
USA), and the nuclei were stained with 4’,6-diamidino-2-phenyl-
indole (DAPI; Sigma-Aldrich, St. Louis, USA) to visualize the
cells. The spreading of the cytoskeleton on the material surfaces
was observed by confocal laser scanning microscopy (CLSM; TCS
SP2, Leica, Heidelberg, Germany).

MC3T3-E1 cells were seeded on the sample surfaces at a
density of 6 x 10" cm~? and then incubated for 24 hours. The
cells were fixed with 2.5% glutaraldehyde, followed by gradient
dehydration with alcohol, alcohol replacement with hexam-
ethyldisilazane (HMDS; Sigma-Aldrich, St. Louis, USA), gold
spraying, and observation of cell morphology and spreading
on the material surfaces by SEM (S-4800, HITACHI, Tokyo,
Japan).

2.7.4. Alkaline phosphatase (ALP) staining and quantita-
tive ALP activity assay. MC3T3-E1 cells were cultured with
DMEM for 24 hours, and then the medium was changed to
osteogenic induction medium containing dexamethasone
(100 nM), ascorbic acid (50 pg mL™"') and B-phosphoglycerol
(10 mM), which was replaced every three days. After 7 and
14 days of culture, the MC3T3-E1 cells on the material surfaces
were stained with an ALP staining kit (Shanghai Renbao,
Shanghai, China), in accordance with the instructions provided
by the supplier. The cells on the material surfaces were fixed
with 4% paraformaldehyde for 30 minutes, after which the
samples were stained with the ALP staining kit. After 1 hour,
the sample surfaces were washed with PBS to terminate the
staining, followed by drying, observation and photographing.
The MC3T3-E1 cells cultured on the material surfaces for 7 and
14 days were subjected to ALP quantification using an ALP
quantification kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the provided protocol. The ODs
were measured at 405 nm using a microplate reader (Synergy
HT, Bio-Tek, Winooski, USA). Furthermore, the total protein
content was determined using a BCA protein assay kit (Pierce,
Thermo, Rockford, USA) according to the manufacturer’s protocol.
Finally, the ALP activity was normalized to the corresponding total
protein content.

2.7.5. Alizarin red staining and quantitative analysis. MC3T3-
E1 cells on the material surfaces were cultured in osteogenic
induction medium. After 21 days of culture, the cells were fixed
with 4% paraformaldehyde for 30 minutes, and alizarin red
staining solution (pH = 4.20; Sigma-Aldrich, St. Louis, USA) was
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added after being rinsed with PBS. The cells were stained for
30 minutes at room temperature, and the excess staining
solution was removed by washing with the distilled water.
Finally, the samples were photographed and observed. The
stained samples were immersed in a 10% cetylpyridinium
chloride solution (pH = 7.0; Sigma-Aldrich, St. Louis, USA) to
elute the staining solution. The optical density of the solution
was then measured at 570 nm using a microplate reader
(Synergy HT, Bio-Tek, Winooski, USA) to quantify the miner-
alization of the cells on the material surfaces.

2.7.6. Expression of osteogenic differentiation-related genes.
The expression levels of osteogenic differentiation-related genes,
including ALP, collagen I (COL I), osteocalcin (OCN), and osteo-
pontin (OPN), were analyzed by a real-time quantitative PCR
(RT-qPCR) at 7, 14 and 21 days after being cultured in the
osteogenic induction medium. Total mRNA was extracted using
the TRIzol reagent (Ambion, GrandIsland, USA) and then reverse
transcription to cDNA was performed using a reverse transcrip-
tion kit (Fermentas, Thermo Scientific Molecular Biology,
Pittsburgh, USA). RT-qPCR was performed using LightCycler
48011 and LightCycler 480 SYBR Green I Master Mix kits (TaKaRa
Biotechnology Co., Dalian, China). The expression gene levels
were normalized to those of the SP to compare differences among
different groups. The primers used for each gene are shown
in Table 2.

2.8. In vitro osteoimmunomodulatory properties

2.8.1. Cell culture of RAW264.7 cells. RAW264.7 cells were
selected as the cell strain for the in vitro macrophage tests. The
specific culture method was the same as that used for the
MC3T3-E1 cells.

2.8.2. Cell adhesion and cell proliferation. RAW264.7 cells
were seeded on the material surfaces at a density of 6 x
10* cm 2 in 24-well plates. After 6, 12 and 24 hours of culture,
cell adhesion was assessed by the CCK-8 method. The cell
density was 2 x 10* em~? and the time points were 1, 3 and
7 days in the cell proliferation test.

2.8.3. Cell morphology. The cells were cultured on the
materials for 24 hours. The samples were subsequently fixed
with 2.5% glutaraldehyde, followed by gradient dehydration

Table 2 Primers of osteogenic differentiation-related genes used in the
real-time PCR tests

Target gene Primer sequence (5' — 3')

ALP F: GGGACTGGTACTCGGACAAT
R: GGGACTGGTACTCGGACAAT

COL 1 F: GGGACTGGTACTCGGACAAT
R: GCAGCTGACTTCAGGGATGT

OCN F: GGTGCAGACCTAGCAGACACCA
R: AGGTAGCGCCGGAGTCTATTCA
OPN F: GCAGCTGACTTCAGGGATGT
R: GTGTGCTGGCAGTGAAGGACTC
GAPDH F: GAGACCTTCAACACCCCAGC

R: ATGTCACGCACGATTTCCC

This journal is © The Royal Society of Chemistry 2025
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with alcohol, alcohol replacement with hexamethyldisilazane
(HMDS, Sigma-Aldrich, St. Louis, USA), gold spraying, and
observation of the cell morphology and spreading by SEM
(S-4800, HITACHI, Tokyo, Japan).

2.8.4. Immunofluorescence analysis. The polarization of
RAW264.7 cells was evaluated by immunofluorescence staining
to observe the M1 macrophage marker (iNOS) and M2 macro-
phage marker (CD206) at 4 days. For immunofluorescence
staining, RAW264.7 cells on each sample were permeabilized
in 0.1% Triton X-100 for 20 min and blocked with 5% BSA for
60 min at room temperature. The samples were then incu-
bated with primary antibodies including rabbit anti-CD206
(1:400; Affinity Biosciences Cat# DF4149, Cincinnati, USA) or
rabbit anti-iNOS (1:400; Affinity Biosciences Cat#f AF0199,
Cincinnati, USA) at 4 °C overnight. Secondary antibodies
against donkey anti-rabbit 647 (1:400; SA00014-7, Protein-
tech, Chicago, USA) were incubated with the samples for 150
min at room temperature in the dark. After the samples
were fully rinsed with PBS, the nuclei were stained with DAPI
for 5 min. Finally, the immunofluorescence images of the
samples were recorded on a CLSM (A1, Nikon, Tokyo, Japan)
and analyzed with Image] (1.54f, National Institutes of
Health, USA).

2.8.5. Expression of inflammatory cytokines. The inter-
leukin-6 (IL-6), interleukin-1p (IL-1B), inducible nitric oxide
synthase (iNOS) and tumor necrosis factor-o. (TNF-o) cytokines
in the cell culture supernatants were quantitatively detected
using ELISA kits (R&D Systems, Lake Bluff, USA). RAW264.7
cells were cultured on the material surfaces for 3 days. The
medium was then collected and the supernatant was centri-
fuged at 300 x g for 10 min. The contents of the above-
mentioned cytokines were assayed according to the instruc-
tions for the ELISA kits.

2.9. Osteogenic differentiation of MC3T3-E1 in the
macrophage conditioned medium

2.9.1. Preparation of the macrophage-conditioned medium.
RAW264.7 cells were seeded on each group of materials and
cocultured in 24-well plates, and MC3T3-E1 cells were added to
another 24-well plate for culture. After a 48-hour incubation
period, the supernatant from each group was harvested from
the RAW264.7-culture plates on a daily basis. The harvested
supernatant was then combined with 100 nM dexamethasone,
50 ug mL~ " ascorbic acid, and 10 mM sodium B-glycerophos-
phate to generate macrophage-conditioned medium (MCM). The
MCM was added to the MC3T3-E1 cells for culture, and the MCM
was changed every other day.

2.9.2. ALP staining and quantitative ALP activity assay
under conditioned culture. Following incubation of MC3T3-E1
cells in the MCM for 14 days, the MC3T3-E1 cells on the material
surfaces were stained using an ALP staining kit (Shanghai
Renbao, Shanghai, China), and the ALP activity of the MC3T3-
E1 cells was quantitatively analyzed using an ALP quantification
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.9.3. Alizarin red staining and quantitative analysis under
conditioned culture. MC3T3-E1 cells were cultured in the MCM

This journal is © The Royal Society of Chemistry 2025
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for 21 days and subsequently stained with alizarin red staining
solution (pH = 4.20; Sigma-Aldrich, St. Louis, USA). The stained
samples were immersed in a 10% cetylpyridinium chloride
solution (pH = 7.0; Sigma-Aldrich, St. Louis, USA) to elute the
staining solution. The optical density of the suspension was
then measured at 570 nm using a microplate reader (Synergy
HT, Bio-Tek, Winooski, USA).

2.9.4. Expression of osteogenic differentiation-related
genes under conditioned culture. After MC3T3-E1 cells were
cultured with the MCM for 7, 14 and 21 days, the expression
levels of osteogenic differentiation-related genes, including
ALP, COL I, OCN, and OPN, were analyzed by RT-qPCR. The
specific experimental methods were the same as before. The
expression gene levels were normalized to those of the SP to
compare differences among different groups. The primers used
for each gene are shown in Table 2.

2.10. Immunomodulatory evaluation after subcutaneous
implantation

A total of 12 male Sprague-Dawley rats (weighing 200 g) were
equally divided into three groups (SP, CS-SP and CS/TCP-SP) to
establish a rat air-pouch model. The operative procedures and
animal care were performed according to the principles of the
Second Affiliated Hospital of Xi’an Jiaotong University on
animal experimentation. Ethical approval for undertaking the
animal experiment was obtained from the institutional ethics
board of Xi’an Jiaotong University Health Science Center. The
specific modeling method was as follows: on day 1, 10 mL of
sterile air was injected subcutaneously into each rat back to
form a subcutaneous air-pouch. At days 3 and 6, an additional
5 mL of air was injected to maintain the air-pouch. On day 7,
no inflammatory reaction at the injection site or around the
air-pouch and the formation of a subcutaneous pouch around
the injection site were considered successful. The rats were
anesthetized with a 1% pentobarbital sodium solution (1 mL/
100 g), and the skin around the air-pouch was prepared and
disinfected. The samples in each group were implanted into
the subcutaneous air-pouch. Following a seven-day period of
implantation, the implant and its surrounding tissue were
removed together and placed in 4% paraformaldehyde. The
fixed samples were embedded in methyl methacrylate (MMA).
After satisfactory curing, the embedding block was removed
and securely fixed on the microtome, ensuring that the blade
cuts parallel to the surface of the implanted material. The
samples were cut along the horizontal plane with a slice
thickness of approximately 150 pm. An adhesive was used to
bond the slices to acrylic glass slides and the slices were
pressed for 24 hours. The hard tissue slices were manually
ground using P300, P800, and P1200 sandpaper until the
thickness was reduced to 50 pm. Finally, the slices were
polished with a polishing cloth and polishing powder to
achieve a thickness of 20-30 pum. Finally, the slices were
stained with HE staining and were observed with an optical
microscope (Olympus CX43, Japan) to assess the formation of
connective tissues around the implant. The quantitative ana-
lysis of the thickness of the peri-implant connective tissues
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was performed using Image] software (1.54f, National Insti-
tutes of Health, USA).

2.11. Osseointegration evaluation after cranial implantation

A total of 12 female rabbits were equally divided into three
groups: SP, CS-SP, and CS/TCP-SP. The rabbits were anesthe-
tized by intravenous injection of 2% sodium pentobarbital
(30.0 mg kg™ ') at the ear margins. After skin preparation and
disinfection, an incision was made along the middle cranial
suture, and the tissues were separated layer by layer to expose
the parietal bone. A nonpenetrating cylindrical bone defect
with a diameter of 8 mm was prepared on each side of the
parietal bone using a ball drill while preserving the inner plate
barrier. The materials were implanted into the bone defects so
that the coated surface adhered to the residual bone. The
periosteum and muscle were sutured to cover the materials
and then the skin was sutured. Penicillin was administered
intraperitoneally for three days following surgery to prevent
infection. After 6 weeks, the rabbits were euthanized and the
parietal bones with the specimens were removed and placed in
4% paraformaldehyde. Micro-CT scanning (AX-2000, Aoying
Inspection Technology Co., Ningbo, Zhejiang) was conducted,
and a 200 um region surrounding the implant was selected as
the region of interest (ROI) for reconstruction (VG Studio MAX
3.5, Heidelberg, Germany). Four parameters were analyzed
using CTAn software (SkyScan, Belgium), including bone
volume/total volume (BV/TV), trabecular bone number (Tb-N),
trabecular bone thickness (Tb-Th) and trabecular bone separa-
tion (Tb-Sp). The specimens were subsequently embedded in
methyl methacrylate (MMA), processed for hard tissue section-
ing, and finally Goldner stained and observed with an optical
microscope (Olympus CX43, Japan).

2.12. Statistical analysis

All the quantitative data are presented as mean + standard
deviation. All the experiments were repeated at least three
times. The data were subjected to statistical analysis using
two-way analysis of variance (ANOVA) for comparative analysis,
and the comparisons between each pair of groups were made
using the least significant difference (LSD) method. A p < 0.05
was considered to indicate a significant difference. All the
data were analyzed using SPSS software (IBM SPSS Statistics
19, USA).

3. Results and discussion

3.1. Materials characterization

Sulfonation treatment is a commonly used surface modification
technique for PEEK to create a porous surface topography.>®
In this study, a 3D porous mesh structure was formed on a PEEK
surface after being treated with concentrated sulfuric acid
according to SEM observations (Fig. 1A1 and A4). This might
enhance the adhesion of sprayed particles and promote cell
attachment and proliferation. The EDS spectrum revealed that
only C and O peaks were present, and the low peak of S indicated
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a small amount of sulfuric acid residue. According to the results
of our previous studies, the residual concentrated sulfuric acid
on the surface of SP can be mostly removed by acetone immer-
sion without affecting the cytocompatibility of the material."*
Therefore, the remaining sulfuric acid on the SP surface was
negligible. Many uniformly distributed particles with diameters
of hundreds of nanometers to several micrometers were depos-
ited on the CS-SP and CS/TCP-SP surfaces. EDS showed that
distinct Ca and P elemental peaks were present on the surface of
CS-SP (Fig. 1A8), demonstrating the presence of CS; and distinct
Ca, P and Si elemental peaks were present on the surface of CS/
TCP-SP (Fig. 1A9), demonstrating the presence of CS and TCP.
In vivo, all bioactive materials form a bone-like apatite layer
on their surfaces and bind to bone through this apatite layer.>”
The in vitro SBF immersion test represents the gold standard
for evaluating the in vitro bioactivity of biomaterials.>® After
14 days of immersion in SBF, numerous apatite-like particles
formed on the surface of SP, and dense clustered and lamellar
apatite layers formed on the CS-SP and CS/TCP-SP surfaces
(Fig. 1B), indicating that both CS-SP and CS/TCP-SP exhibited
robust surface bioactivity. In addition, the newly formed sub-
stances after immersion in SBF presented peaks of Ca and P
(Fig. 1B7-B9), indicating the formation of apatite. It was con-
ceivable that the CS-SP and CS/TCP-SP coatings could induce
the deposition of Ca and P ions to form apatite layers in vivo,
which facilitated the growth of mesenchymal stem cells and
osteoblasts as well as subsequent osteointegration. Both CS
and B-TCP, especially CS, exhibited excellent bioactivity.
We speculated that the mechanism of apatite formation on
the surface of CS-SP and CS/TCP-SP was as follows:*>**" upon
contact with SBF, CS released Ca®", which exchanged with H" in
SBF to form silanol groups (Si-OH). Negatively charged Si-OH
could adsorb Ca** to deposit onto the surface of CS-SP or CS/
TCP-SP by electrostatic adsorption. The accumulation of Ca>*
resulted in a positively charge-dominated surface, which could
adsorb PO,* to deposit onto the material surface to form
apatite nuclei. The continuous consumption of Ca and P ions
allowed the apatite nuclei to grow and form apatite layers.*”
As shown in Fig. 2A, PEEK sulfonation followed by vacuum
cold spray coating changed the general color of the samples.
Based on the above results, the CS and CS/TCP coatings were
successfully prepared on the SP surfaces using the vacuum cold
spraying technique. The hydrophilicity of the material surface
influences the adhesion, proliferation and osteogenic differen-
tiation of the cells.>*** The results of the water contact angle
measurements demonstrated that the water contact angle of SP
was 78 + 8°, whereas those of CS-SP and CS/TCP-SP were 64 +
2° and 32 =+ 3° respectively (Fig. 2B). The statistical results
indicated that the water contact angle decreased in the order of
CS/TCP-SP > CS-SP > SP. The results demonstrated that the
CS and CS/TCP coatings enhanced the hydrophilicity of SP,
especially the CS/TCP coating. Compared with hydrophobic
surfaces, hydrophilic surfaces are more conducive to cell adhe-
sion, spreading and differentiation than the hydrophobic
surfaces.*®*> The topography of the material surfaces was
observed and the surface roughness (R, and Rg) of the material

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Surface morphology and chemical composition of the materials before and after SBF immersion: (A) FE-SEM (A1)-(A6) and EDS (A7)—-(A9B) before
SBF immersion and (B) FE-SEM (B1)-(B6C) and EDS (B7)-(B9D) after SBF immersion.

surfaces was quantified by AFM. The observation of the surface with the SEM results. The CS coating significantly improved the
morphology of the material by AFM (Fig. 2C) was in accordance  surface roughness of SP, and the R, and R, of CS/TCP-SP were
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Fig. 2 Material characterization: (A) gross morphology of the materials (PK, SP, CS—SP and CS/TCP-SP); (B) surface hydrophilicity measured by water

contact angles; (C) surface topological structures observed by AFM; (D) and

(E) surface roughness data (R, and Ry); (F) fracture/binding strength measured

by the tensile tests; and (G) and (H) elemental concentrations of Ca and Si as determined by ICP-OES after SP, CS—SP and CS/TCP-SP immersed in

Tris—HCL buffer for different times.

greater than those of SP; however, the differences were not
significant (Fig. 2D and E). Furthermore, the surface roughness
(R, and R,) of CS-SP was considerably greater than that of CS/
TCP-SP, which might be attributed to the larger particle size of
CS (3 um) than that of TCP (500 nm).

We measured the bonding strength of the coatings by tensile
testing and reported that the sulfonated layer of the SP surface

7162 | J Mater. Chem. B, 2025, 13, 7155-7171

presented a fracture strength of 16 + 2 MPa, whereas the CS
and CS/TCP coatings presented bonding strengths of 13 +
2 MPa and 11 + 2 MPa, respectively (Fig. 2F). These results
demonstrated that the CS and CS/TCP coatings on the SP
surface exhibited a stable bonding with the SP substrate.
However, Lee reported a bonding strength of 7.16 MPa for HA
coatings on PEEK surfaces prepared by cold spraying.'?

This journal is © The Royal Society of Chemistry 2025
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In contrast, the bonding strength of the CS/TCP-SP coating in
this study was significantly greater than that reported in the
previous study. Although the spraying principle in this study
was the same as that of Lee, the specific equipment and
spraying conditions for spraying were markedly disparate.
We sprayed the samples in a vacuum environment at room
temperature, whereas Lee’s team sprayed them in air at high
temperature (200, 300, and 400 °C). These differences in spray-
ing conditions might have contributed to the discrepancy in the
final bonding strength.

3.2. Invitro release of Ca and Si ions

The ion release of the coatings was assessed by measuring the
concentrations of Ca and Si ions in the Tris-HCI solution.
Fig. 2G and H show that CS-SP released considerable quantities
of Ca and Si ions within 7 days, but the release of Ca and Si ions
subsequently decreased significantly. The CS/TCP-SP gradually
released Ca ions for up to 21 days and Si ions up to 14 days.
These results indicated that the CS coating degraded faster
than the CS/B-TCP coating within 7 days, whereas the CS/B-TCP
composite coating gradually degraded within 14 days. Although
the CS coating on the CS-SP surface was bioactive, it degraded
faster within 7 days to exert biological effects for a longer time.
The addition of TCP to the coating material of CS/TCP-SP was
intended to retard the degradation of the coating to preserve
the biological effects to a maximum extent.

3.3. In vitro biocompatibility of osteoblasts

The interaction between cells and material surfaces is a crucial
indicator for evaluating the bioactivity of biomaterials. The
adhesion, proliferation and spreading of osteoblasts on mate-
rial surfaces are necessary for osteointegration between the
material surface and bone tissues.*® We assessed the biocom-
patibility of the materials by evaluating the adhesion, prolifera-
tion, spreading and morphology of MC3T3-E1 cells on the
material surfaces. The results of the CCK-8 assays demon-
strated that cell adhesion and proliferation were greater at all
time points on the surface of CS/TCP-SP than those on the
surface of SP. Compared with those on CS-SP and CS/TCP-SP,
the number of cells on CS/TCP-SP was consistently greater than
that on CS-SP at all time points, and no statistically significant
difference was observed between these groups (Fig. 3B and C).
As shown in the CLSM images, the CS/SP and CS/TCP-SP
groups presented greater numbers of cells, greater spreading
efficiencies, larger spreading areas, and greater densities of
actin microfilaments connecting neighboring cells than the SP
(Fig. 3D). These results indicated that the cell spreading on the
CS/SP and CS/TCP-SP surfaces was significantly superior to
that on the SP surface. The SEM images of the cells on the
material surfaces demonstrated that the cells on the SP surface
were dispersed, sparse, and in poor condition. In contrast,
the cells on the CS-SP and CS/TCP-SP surfaces were more
numerous, distributed over a larger area, and presented a
greater number of pseudopods anchored to the material sur-
faces (Fig. 3E).
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Therefore, the coated SP materials (CS-SP and CS/TCP-SP)
demonstrated enhanced adhesion, proliferation, and spreading
of MC3T3-E1 cells on the surface compared with those of SP.
These observed outcomes could be attributed to the increased
hydrophilicity and roughness, excellent bioactivity and cyto-
compatibility of CS and B-TCP, and the release of Ca and Si
ions. Favorable cell adhesion, proliferation and spreading
facilitate subsequent osteogenic differentiation and osteo-
integration.

3.4. Invitro osteogenic differentiation

Following the adhesion and proliferation stages, osteoblasts on
the surface of biomaterials enter the osteogenic differentiation
phase to synthesize collagen and a number of other proteins to
induce mineralization.>” The osteogenic differentiation ability
of the materials was evaluated by examining the expression
of ALP activity, calcium nodule formation, and osteogenic
differentiation-related genes (ALP, COL I, OCN and OPN) of
MC3T3-E1 cells. As an early marker of osteogenic differentia-
tion, ALP activity was evaluated after MC3T3-E1 cells were
cultured for 7 and 14 days. The ALP staining results (Fig. 4A)
indicated that the ALP staining became denser and darker from
SP to CS-SP and to CS/TCP-SP. A similar trend was observed in
the results of the ALP activity quantification (Fig. 4B). The ALP
activities of CS-SP and CS/TCP-SP were significantly greater
than that of SP at both 7 and 14 days, and the ALP activity of CS/
TCP-SP was significantly greater than that of CS-SP. Similarly,
alizarin red staining gradually deepened and increased from SP
to CS-SP and then to CS/TCP-SP (Fig. 4C). We evaluated
the number of calcium nodules by quantitative analysis of the
alizarin red staining, and the results demonstrated that the
highest number of calcium nodules was observed on the sur-
face of CS/TCP-SP, followed by CS-SP, and the lowest number
of calcium nodules was observed on the surface of SP (Fig. 4D).
The results of quantitative real-time PCR demonstrated (Fig. 4F)
that the expression levels of osteogenic differentiation-related
genes appeared to be different at 14 days. The expression levels
of ALP, COL I, OCN and OPN on CS-SP and CS/TCP-SP were
significantly greater than those on SP, whereas the expression
levels of the remaining three groups of genes did not differ
between CS-SP and CS/TCP-SP with the exception of the differ-
ence in the expression of ALP. At 21 days (Fig. 4G); there were
significant differences in the expression levels of osteogenic
differentiation-related genes among different groups; the expres-
sion levels of ALP, COL I, OCN and OPN on CS-SP and CS/TCP-
SP were significantly higher than those on SP, and the expression
levels of ALP, COL I, OCN and OPN on CS/TCP-SP were also
greater than those on CS-SP.

The coated SP materials (CS-SP and CS/TCP-SP) demon-
strated enhanced adhesion, proliferation, spreading, and expres-
sion of osteogenic differentiation-related genes of MC3T3-E1
cells compared with those of SP. Compared with CS-SP, CS/
TCP-SP demonstrated comparable cell adhesion, proliferation,
and spreading. However, CS/TCP-SP exhibited significantly
enhanced osteogenic differentiation, including increases in
ALP activity, calcium nodule formation, and expression levels
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observed by SEM.

of osteogenic differentiation-related genes. f-TCP has been
reported to be a good osteoinductive material with the capa-
city to degrade and release calcium and phosphorus ions to
enhance osteoblast adhesion and osteogenic differentiation.>®
In contrast, CS was more osteoinductive with degrading and
releasing Ca and Si ions to promote osteoblast adhesion,
proliferation and osteogenic differentiation.®®

3.5. In vitro osteo-immunomodulatory properties

Previous studies have focused predominantly on the impact of
material properties on osteoblasts, with few investigations into
the interactions of materials with immune and inflammatory
cells. The focus of research and development in orthopedic

7164 | J. Mater. Chem. B, 2025, 13, 7155-7171

biomaterials at present has shifted from the ability to promote
osteogenesis to the ability to immunomodulate, particularly the
ability to promote macrophage M2 polarization.’® The adverse
inflammatory and immunological reactions mediated by
macrophages are among the main factors that are prone to
lead to poor osseointegration of PEEK implants in the clinic.*"
Hence, endowing PEEK with immunomodulatory ability to
avoid adverse immune responses has become a promising
strategy to promote bone repair.

We cocultured different groups of materials with RAW264.7
cells and investigated the in vitro adhesion, proliferation,
spreading and morphology of RAW264.7 cells, as well as the
release of inflammatory factors and macrophage polarization to

This journal is © The Royal Society of Chemistry 2025
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assess the immunomodulatory capacity of the materials.
In terms of cell adhesion, the CS-SP and CS/TCP-SP groups
presented better cell adhesion than the SP group did at 6 hours
(Fig. 5B). The proliferation of RAW264.7 cells in the three
groups of materials was not significantly different, and the cell
growth was satisfactory (Fig. 5C). SEM observations revealed
that the RAW264.7 cells spread better on the CS-SP and CS/
TCP-SP surfaces and possessed more pseudopods than on the
SP surface did (Fig. 5D). These results demonstrated that the
CS-SP and CS/TCP-SP coatings exhibited favorable cytocom-
patibility of macrophages.

Immune cells can secrete a variety of cytokines that directly
affect the immune microenvironment, stem cell recruitment
and osteogenic differentiation, which in turn affect bone regen-
eration and bone repair.*> As shown in Fig. 5E-H, the CS-SP
and CS/TCP-SP coatings secreted less TNF-o and IL-6 and more
IL-4 and IL-10 from the RAW264.7 cells than did SP, and CS/
TCP-SP secreted less TNF-o. and more IL-4 from the RAW264.7
cells than did CS-SP.

Macrophage polarization, which can convert the macro-
phage phenotype into a proinflammatory M1 phenotype or an
anti-inflammatory M2 phenotype, plays an extremely important
role in bone immunomodulation.®** CD206 is a surface

This journal is © The Royal Society of Chemistry 2025

marker of M2 macrophages, and iNOS is a surface marker of
M1 macrophages. In our study, the immunofluorescence
results (Fig. 5I-L) demonstrated that from SP to CS-SP and
then to CS/TCP-SP, the fluorescence intensity of CD206 became
progressively stronger, whereas the fluorescence intensity of
iNOS became progressively weaker, and the quantitative analy-
sis showed the same trend. These findings indicated that
CS/TCP-SP and CS-SP promoted the M2 polarization of
the macrophages, and CS/TCP-SP demonstrated a more pro-
nounced effect.

Thus, the coated SP materials (CS-SP and CS/TCP-SP)
promoted the adhesion and spreading of RAW264.7 cells,
facilitated M1 to M2 polarization of the macrophages, and
produced fewer proinflammatory factors (TNF-o and IL-6) and
more anti-inflammatory factors (IL-4 and IL-10) than SP did;
compared with CS-SP, CS/TCP-SP demonstrated a more pro-
nounced immunoregulatory effect. Notably, there are several
reasons for these results. Because CS/TCP-SP was more hydro-
philic than CS-SP, the hydrophilic surface of the CS/TCP coat-
ing may enhance M2 polarization.*> CS/TCP-SP may release
phosphate ions compared with CS-SP. Phosphate ions have
also been proved to induce increased differentiation toward the
M2-anti-inflammatory macrophage phenotype.*® Fukuda et al.

J. Mater. Chem. B, 2025,13, 7155-7171 | 7165


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00628g

Open Access Article. Published on 14 May 2025. Downloaded on 12/11/2025 1:36:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(A)

(D)

> (B)
&

RAW264.7 |

1507

Relative cell viability (%)

-

o

o
1

(4]
o
1

o

S PSS IT P

View Article Online

Journal of Materials Chemistry B

Cs-spP
CS-SP

(C) .. =3P EmCs-SP =T CS/TCP-SP
z
é
g 2
3
[
=
5
[0
v
Day 1 Day 3 Day 7
CSITCP-sP nd d i
CS/TCP-SP

(E) 25-

2.0

5 157
i
z

F 1.0+

—_

N

CD206/DAPI

G)

IL-4

1.0+

0.57]

. (H) 404
— . |

IL-10

0.4

0.2

00L1 -

)

Relatvie fluoresence intensity

i &
by o 0@6
CS/TCP-SP (L)
2z 15
2
9
£
8 10
5]
8
o
2 05
2
2
s
[}
X 00
Q Q Q
< 0%,@ cgz’”"
«
&
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reported that compared with bare and plasma-treated PEEK,
phosphorylated PEEK could lower the levels of TNF-o but
increase the levels of IL-10 produced by macrophages.*” Com-
pared with SP, CS-SP and CS/TCP-SP could release Ca and Si
ions. The release of Ca ions from the coating materials was also
a significant factor in the polarization of macrophages, espe-
cially during the M1 and M2 polarization of macrophages.*®*°
Similarly, Si ions promote macrophage polarization from the
M1 phenotype to the M2 phenotype.”®

3.6. Osteogenic differentiation of MC3T3-E1 cells in the
conditioned medium

To determine the immunomodulatory effects of the modified
samples on the osteogenesis of MC3T3-E1 cells, the condi-
tioned medium from different samples seeded with macro-
phages was collected daily and supplied to MC3T3-E1 cells
according to the protocols shown in Fig. 6A. The results of ALP
staining and ALP activity quantitative analysis after condi-
tioned culture revealed that the RAW264.7 (+)-conditioned
media collected from CS/TCP-SP and CS-SP presented greater
ALP activity of MC3T3-E1 cells than that from SP at both time
points (Fig. 6B and C). In the CS/TCP-SP- or CS-SP-conditioned
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cultures, the intensity of alizarin red staining was also signifi-
cantly greater than did the conditioned media collected from
SP (Fig. 6D), which was consistent with the results of the quan-
titative analysis of alizarin red staining (Fig. 6E). In addition,
the results of the quantitative analysis of alizarin red staining
demonstrated that the number of calcium nodules formed
by the cells after CS/TCP-SP-conditioned culture was slightly
greater than that formed by the CS-SP-conditioned-cultured
cells (Fig. 6E). Fig. 6F-1 shows the expression of osteogenic
differentiation-related genes of MC3T3-E1 cells after culture in
RAW264.7 (+) conditioned medium collected from different
samples at 7, 14 and 21 days. In general, the cells cultured in
the CS/TCP-SP-conditioned medium exhibited significantly
higher levels of COL I at 7 and 21 days, significantly higher
levels of ALP at 14 and 21 days, significantly higher levels of
OCN at 21 days and significantly higher levels of OPN at 14 and
21 days than did the cells cultured in the SP-conditioned
medium, and the cells cultured in the CS-SP-conditioned
medium exhibited significantly higher levels of COL I at 21 days,
significantly higher levels of ALP at 14 and 21 days, and
significantly higher levels of OCN at 7 and 21 days than did
the cells cultured in the SP-conditioned medium. A comparison
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Fig. 6 Osteogenic differentiation of MC3T3-E1 cells in the conditioned medium: (A) experimental design of the conditioned culture and analysis; (B) ALP
staining; (C) quantitative analysis of ALP activity; (D) alizarin red staining; (E) quantitative analysis of calcium nodules; (F) expression of the COL | gene;
(G) expression of the ALP gene; (H) expression of the OCN gene; and (I) expression of the OPN gene.
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of the cells cultured in CS/TCP-SP- and CS-SP-conditioned
media revealed that the cells cultured in the CS/TCP-SP condi-
tioned medium exhibited significantly higher levels of COL I at
7 days, significantly higher levels of ALP at 21 days, significantly
higher levels of OCN at 14 days and significantly higher levels
of OPN at 14 days than did the cells cultured under the CS-SP
conditions.

Compared with SP and CS-SP, CS/TCP-SP promoted ALP
expression and calcium nodule formation, as well as the
expression of osteogenic differentiation-related genes. Concur-
rently, the capacity of CS/SP to facilitate osteogenic differentia-
tion of surface cells was greater than that of SP. M2 macrophages
secret cytokines to suppress initial inflammation while support-
ing osteogenic differentiation.>**! In this study, IL-4 and IL-10
secreted by RAW264.7 cells on the surface of the coated SP
materials (CS-SP and CS/TCP-SP) positively affected the osteo-
genic differentiation of MC3T3-E1 cells. The Ca or Si ions
released from the degradation of CS-SP and CS/TCP-SP could
induce M2 macrophage polarization, cause the production of
anti-inflammatory cytokines and promote osteogenic differen-
tiation.”®* In addition to slower degradation, the advantage of

Fig. 7
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CS/TCP-SP over CS-SP lies in the fact that B-TCP also has an
immunomodulatory effect. f-TCP coating induced M2 macro-
phage phenotype polarization and significantly elevated the gene
expression of the anti-inflammatory factor IL-1ra, thereby enhan-
cing the osteogenic differentiation of BMSCs.”?

3.7. Immunomodulatory evaluation in vivo

The implant triggers a “foreign body reaction” in the body,
causes an acute inflammatory response and leads to activation
of the M1 macrophages and subsequent secretion of large
amounts of proinflammatory cytokines, such as IL-6, inter-
leukin-1B (IL-1B), iNOS and TNF-o..**** If the implant has no
immunoregulatory capacity, M1 macrophages will continue to
be activated, the acute inflammatory response will persist and
progress to chronic inflammation, and fibrous connective
tissue will form around the implant, encapsulating it and
ultimately leading to failure of bone repair and osteointegra-
tion.>*> However, if the implant transitorily activates M1 macro-
phages and then polarizes to the M2 phenotype, thereby secreting
anti-inflammatory cytokines, including arginine (Arg-1), IL-10, and
IL-4, then an immunoregulatory microenvironment begins to form
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In vivo immunomodulatory effects after 7 days and in vivo bone regeneration after 6 weeks: (A) H&E staining of the peri-implant tissues after

subcutaneous implantation for 7 days; (B) thickness of the fibrous layers around the implants (n = 6 per group); (C) reconstructed coronal micro-CT
images; (D)-(G) quantitative analysis of the micro-CT data including (D) BV/TV, (E) TBTh, (F) Tb-N and (G) Tb-Sp (n = 5 per group); (H) histological
observation of the peri-implant tissues after Goldner staining; and (I) quantitative analysis of the newly formed bone area based on Goldner staining.

7168 | J Mater. Chem. B, 2025, 13, 7155-7171

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00628g

Open Access Article. Published on 14 May 2025. Downloaded on 12/11/2025 1:36:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

to promote bone repair and osteointegration at the bone-implant
interface.”> We established a rat air-pouch model and implanted
the implants into a subcutaneous air-pouch. After 7 days, HE
staining was performed to observe the thickness of the connective
tissues around the implants, thereby evaluating the in vivo immu-
nomodulatory ability of the materials. The thinner the connective
tissue on the surface of the implant was, the more effectively it
modulated the immune system.

The commonly used metal-based artificial joints can lead to
the adsorption of proteins and the formation of wear particles
when they are implanted in the body.>® These alterations result
in M1 macrophage polarization and the formation of a hyper-
inflammatory microenvironment, which in turn causes fibrous
tissue encapsulation and osteoclast activation and leads to
aseptic prosthetic loosening.>” In terms of both the qualitative
(Fig. 7A) and quantitative results (Fig. 7B), the thickness of the
fibrous connective tissue formed around the CS/TCP-SP was
lower than those around SP and CS-SP. These findings indi-
cated that CS/TCP-SP had a notable capacity to modulate the
immune system in vivo. The fabrication of this immunomodu-
latory coating by vacuum cold spraying has the potential
to be employed for surface modification of artificial joints.
Compared with the hydrophobic surfaces, the hydrophilic
surfaces can enhance the anti-inflammatory and pro-healing
effects of macrophages.”® This also applied to the hydrophilic
CS/TCP-SP.

3.8. Bone-implant osseointegration in vivo

We established a rabbit cranial bone defect model and implanted
different samples into the defect. The osteointegration and bone
regeneration at the bone/implant interface were assessed by
micro-CT and histological staining. Fig. 7C presents a coronal
reconstruction image of the bone/implant interface around the
implant. Correspondingly, the quantitative results of the
osteogenesis-related parameters, including the BV/TV, TbTh,
TbN, and TbSp, were analyzed and are shown in Fig. 7D-G. The
results obtained from the CS/TCP-SP group were superior,
followed by those of the CS-SP group, and those of the SP
group were inferior. For the CS/TCP-SP sample, a higher BV/TV,
TbTh and TbN implied more newly formed bones, and a lower
TbSp implied denser newly formed bones, indicating that the
quantity and quality of newly formed bones surrounding
the CS/TCP-SP surface were significantly improved. Fig. 7F
presents the results of Goldener staining. Similar to the results
of the micro-CT, the newly formed bone surrounding the
CS/TCP-SP was significantly thicker than those observed in
the CS-SP and SP groups (Fig. 7H and I).

In conclusion, compared with the SP and CS-/SP materials,
the CS/TCP-SP material exhibited superior osteointegration
properties and was capable of promoting new bone formation
at the bone/implant interface in comparison to those of the
SP and CS/SP. The osteointegration of the CS/TCP-SP was
significantly improved for several reasons. Firstly, changes
in the surface properties (increased surface roughness and
hydrophilicity) caused biological changes. Second, the apatite
layer formed on the material surfaces was beneficial for

This journal is © The Royal Society of Chemistry 2025
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osteointegration. Third, n-CS and B-TCP could degrade and
release Ca and Si ions to promote bone regeneration. Fourth,
the temporal regulation of M1 and M2 macrophages around the
implant and the formation of an immunomodulatory micro-
environment could facilitate the processes of osteogenic differ-
entiation, osteointegration and bone regeneration around the
implant.”*

4. Conclusions

A biodegradable composite coating was prepared on the SP
surface by vacuum cold spraying, and the 3D porous structure
of the surface increased the bonding strength of the coating.
The CS/B-TCP-SP material promoted osteoblast adhesion, pro-
liferation, spreading and osteogenic differentiation in vitro, as
well as osteointegration and bone regeneration in vivo. More
importantly, the CS/TCP-SP stimulated the growth, spreading
and M2 polarization of the macrophages, as well as the secre-
tion of anti-inflammatory cytokines and exerted immuno-
modulatory effects to collectively facilitate the osteogenic
differentiation of MC3T3-E1 cells. This biodegradable compo-
site coating may be used as a biological PEEK joint prosthesis
material.
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