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This study aimed to develop a novel artificial joint prosthesis material with osteogenic properties.
Deferoxamine mesylate (DFO) was immobilized on the porous surface of sulfonated polyethere-
therketone (SPEEK) using polydopamine (PDA), resulting in a novel material designated as DFO-
PDA@SPEEK (DFO-PS). DFO-PS induced macrophage M2 phenotype polarization, reduced inflammatory
factor expression, promoted osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs), and enhanced implant osseointegration and osteogenic capacity. In vitro evaluation
demonstrated that DFO-PS significantly modulated immune and inflammatory responses, promoted
angiogenesis, and enhanced osteogenic differentiation. In the rat model with femoral bone defects, in
comparison to the control group, the DFO-PS group exhibited a 1.22-fold increase in trabecular
thickness and a 1.51-fold enhancement in maximum pull-out force. This work demonstrates that DFO-
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PS is a promising material for constructing multifunctional implants with biomineralization and
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1. Introduction

Joint replacement surgery is the most crucial intervention for end-
stage bone and joint disorders, including osteoarthritis, deformi-
ties, and femoral head necrosis."” However, approximately 18% of
patients experience aseptic loosening postoperatively, imposing
substantial economic burdens on both society and patients,
highlighting the urgent need for developing next-generation
prosthetic materials that enhance osseointegration between
implants and surrounding bone tissue.® Polyetheretherketone
(PEEK), an aromatic polymer compound containing chain seg-
ments in its molecular backbone, has emerged as one of the most
promising polymeric implant materials in orthopedics due to its
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immunomodaulation properties for bone joint replacement.

excellent biocompatibility, the absence of imaging artifacts, its
bone-like elastic modulus, and its superior wear resistance.*’
Nevertheless, the long-term i vivo application of PEEK implants
is limited by its poor osseointegration and weak anti-infection
capabilities due to surface bioinertness.*” Polydopamine (PDA)
exhibits multiple advantageous properties, including hydrophi-
licity, appropriate roughness, biocompatibility, antibacterial
activity, cell adhesion, and osteogenic potential. These charac-
teristics make it suitable for modifying orthopedic implant
surfaces, promoting bone reconstruction through its strong
adhesive properties and dopamine (DA) release.® The high
adhesive properties of PDA enable it to serve as an intermediate
layer facilitating “dual modification” with other functional bone
reconstruction materials, such as growth factors, nanoparticles,
peptides, and hydrogels.” During bone remodeling, PDA degra-
dation leads to the release of DA into the surrounding micro-
environment, playing a crucial role in regulating DA receptors on
osteoblasts and osteoclasts."’

Deferoxamine mesylate (DFO), a hexadentate molecule that
binds to plasma iron in a 1:1 molar ratio and forms aluminox-
anes with plasma aluminum, is a chelating agent used to treat
iron and aluminum toxicity and is eliminated through biliary or
renal excretion.™ It was reported that DFO reduces the release
of local inflammatory factors (TNF-o, IL-1B, and IL-6) and
fibrosis following radiation or surgery while increasing local
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vascular endothelial growth factor (VEGF) expression.'?
Momeni et al.’® documented the clinical application of DFO
in a young male patient undergoing maxillary distraction
osteogenesis, observing greater new bone area and density in
the DFO treatment group. Lintel et al'® found that DFO
promotes local collagen deposition and microvessel growth,
improving radiation therapy-induced wound healing in mice. It
was also reported that DFO, in conjunction with three-
dimensional scaffolds, enhances human BMSC osteogenic gene
expression and vascularization at fracture sites.'

Based on these previous research studies, a scientific hypo-
thesis is proposed in this study: DFO loaded PDA-SPEEK may
achieve dual advantages. First, PDA’s adhesive properties serving
as an intermediate layer could facilitate the attachment of func-
tional bone reconstruction materials (such as DFO), thereby
enhancing the osseointegration of SPEEK implants. Second, exo-
genously released DFO could promote macrophage M2 polariza-
tion, protecting bone formation from inflammatory inhibition in
the implant microenvironment while enhancing osteogenic differ-
entiation of BMSCs. Consequently, functional bone reconstruction
materials may achieve better contact and fusion with bone tissue
following artificial joint implantation, improving the stability and
durability of prosthetic-bone connections.

2. Materials and methods

The animal experiments were conducted at the Shanghai
Laboratory Animal Center, Chinese Academy of Sciences, under
the approval of the Animal Care and Experimentation Commit-
tee (approval number: 20211201039).

2.1. Preparation, characterization, and biocompatibility of
DFO-PS
2.1.1. Preparation of DFO-PS. SPEEK (sulfonated polyether-

etherketone) was synthesized following the method described
by Liu et al.'® PEEK (Ensinger Company, Nufringen, Germany,
10074862684875) was cut into rod-shaped specimens (2 mm
diameter x 10 mm length) or disc-shaped specimens (10 mm
diameter x 1 mm thickness). The PEEK samples were sulfo-
nated with 98% concentrated sulfuric acid at room temperature
for 8 min, rinsed thrice with deionized water, and then treated
in a hydrothermal vessel at 120 °C for 4 h to remove residual
acidic substances, resulting in a three-dimensional porous
SPEEK material. The specimens were divided into five groups,
with 1 mL reagent added to each beaker. The control group
contained pure SPEEK without dopamine powder. The other 4
groups received 0.01 M Tris buffer (pH 8.5) and 3 mg mL ™"
dopamine powder (A303863, Shanghai Aladdin Biochemical
Technology Co., Ltd, Shanghai, China). Then, DFO mesylate
(D873692, Macklin Bio-Chem Technology, Shanghai, China)
solution was added, and the concentration in the four beakers
was 0, 1, 5, and 25 mg mL ™", respectively. The mixtures were
agitated at 5 rpm for 1 h (SK-R1807-E, SHKTYQ, Beijing, China)
and dried at room temperature for 1 h. Subsequently, 5 sets of
materials were prepared (Con standing for the SPEEK group, PS
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standing for the PDA@SPEEK group, 1DFO-PS standing for the
1 mg mL~" DFO-PDA@SPEEK group, 5DFO-PS standing for the
5 mg mL~ ' DFO-PDA@SPEEK group, and 25DFO-PS standing
for the 25 mg mL ™' DFO-PDA@SPEEK group).

2.1.2. Material parameter analysis of DFO-PS. Contact
angles were measured using an LSA MOB-L contact angle meter
(LAUDA Scientific; Hazi, Germany). Drug release profiles in
phosphate-buffered saline (PBS) were determined using a UV
spectrophotometer at 340 nm wavelength (752N, Shanghai
Jingke, Shanghai, China). Surface morphology and structural
characteristics were examined using an FEI NovaNano450 scan-
ning electron microscope (JEOL, JSM-631LV, Tokyo, Japan).

2.1.3. Cellular biocompatibility of DFO-PS. RAW264.7 cells
(BS-C00567843, Shanghai Binsui Biotechnology Co. LTD) and
rBMSCs (STCC5011, Wuhan Zishan Biotechnology Co. Ltd)
were cultured in DMEM supplemented with 10% fetal bovine
serum (SH3010902HI, Gibco, Grand Island, USA). Biocompatibil-
ity was assessed through cell immunofluorescence (LSM 510
meta, Zeiss, Oberkochen, Germany) and scanning electron micro-
scopy (JEOL, JSM-6310LV, Tokyo, Japan), examining cytoskeleton,
morphology, adhesion, and pseudopodia formation. Cell prolif-
eration was evaluated using the CCK-8 assay (C0038, Beyotime
Bio-Tech, Shanghai, China), and lactate dehydrogenase (LDH)
levels were measured using ELISA (C0017, Beyotime Bio-Tech,
Shanghai, China).

2.1.4. Biocompatibility of DFO-PS in vivo. 25DFO-PS was
subcutaneously implanted in BALB/c mice (Shanghai SLAC
Laboratory Animal Co., Ltd, Shanghai, China). The body weight
was monitored at various time points. Peripheral blood bio-
chemistry was analyzed using an automatic biochemical analyzer
(ADVIA2400, Zeiss, Oberkochen, Germany), and blood cell counts
were measured using an automatic hematology analyzer (BC6800,
Mindray, Shenzhen, China). Heart, liver, spleen, lung, and kidney
tissues were harvested at weeks 1 and 4 for H&E staining and
examined under an optical microscope (LSM 510 meta, Zeiss,
Oberkochen, Germany).

2.2. Effects of DFO-PS on the M2 polarization of the
macrophage

In vitro and in vivo experiments were conducted to evaluate the
effects of DFO-PS on macrophage M2 polarization and its
osteogenic mechanisms.

For in vitro studies, five groups of materials (10 mm x
10 mm x 1 mm discs) were placed in 24-well plates (n = 3 per
group). RAW264.7 cells (5 x 10° cells per well) were seeded and
cultured in DMEM supplemented with 100 U mL™* penicillin,
100 U mL ™" streptomycin, and 10% FBS at 37 °C with 5% CO,.
Culture medium was replaced after 24 h of cell attachment.
After 3 days of culture (80% confluence), the secretion of IL-4,
IL-10, TNF-o, and IL-6 was measured using ELISA. The mRNA
expression levels of polarization markers (CD86 and CD163)
and osteogenic factors (BMP-2, VEGF) were analyzed by RT-
PCR. Immunofluorescence staining was performed to assess
iNOS and CD206 (Mannose receptor) protein expression.

For in vivo studies, air pouches were created by subcuta-
neous injection of 5 mL of sterile air into BALB/c mice dorsa.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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After 3 days, sterilized material discs from the five groups were
implanted into the air pouches under sterile conditions, respec-
tively. Animals were maintained under SPF conditions with free
access to water and food. After 1 week, the implant sites were
irrigated with 1 mL of PBS, and the lavage fluid was collected
for IL-4, IL-10, TNF-0, and IL-6 analysis by ELISA. Surrounding
tissues were harvested for RT-PCR analysis of CD86, CD163,
BMP-2, and VEGF expression, and immunofluorescence exam-
ination of iNOS and CD206.

2.3. DFO-PS enhanced rBMSC osteogenic differentiation

in vitro

Two sets of in vitro experiments were conducted: direct osteo-
genic differentiation and macrophage polarization-induced
osteogenic differentiation.

Material discs (10 mm x 10 mm x 1 mm) from five groups
(Con, PS, 1DFO-PS, 5DFO-PS, and 25DFO-PS) were placed in a
24-well plate (n = 3 per group). RAW264.7 cells or rBMSCs (5 x
10° cells per well) were cultured in DMEM supplemented with
100 U mL ™" penicillin, 100 U mL " streptomycin, and 10% FBS
at 37 °C with 5% CO,. Conditioned medium (CM) was prepared
by mixing the RAW264.7 culture supernatant with complete
DMEM (1:1).

For the transwell migration assay, rBMSCs (1 x 10° cells per
sample) were seeded in the upper chamber of transwells. Two
experimental setups were designed to evaluate both direct and
indirect effects on rBMSC migration. Direct effects: material
discs from different experimental groups were placed in the
lower chamber containing DMEM to assess their direct influ-
ence on rBMSC migration. Indirect macrophage-mediated
effects on cell migration: conditioned medium collected from
RAW264.7 cells previously cultured with different material
groups was added to the lower chamber, without the presence
of material discs, to evaluate the macrophage-mediated effects
on rBMSC migration. After 24 hours of incubation, migrated
cells on the bottom surface of the transwell membrane were
quantified using optical microscopy.

For osteogenic differentiation studies, rBMSCs were cul-
tured with either DMEM or CM for 14 days. Osteogenic gene
expression (ALP, OCN, COL-1, BMP-2, OPN, RUNX2, BSP, and
OC) was analyzed by RT-PCR. ALP staining and Alizarin Red S
(ARS) staining were performed to assess mineralization capa-
city and calcium deposition, respectively.

2.4. DFO-PS enhanced rBMSC osteogenic differentiation
in vivo

2.4.1. Animal model establishment. Following the study of
Sang et al.,"” the surgical protocol was performed as follows:
Rats were anesthetized with 3% pentobarbital sodium via
intraperitoneal injection. After anesthesia, the right hind limb
was shaved and thoroughly sterilized. A 1-cm incision was
made at the medial aspect of the right knee. Using an electric
drill and a K-wire, a 2-mm diameter hole was created vertically
through the intercondylar region of the right femur. Cylindrical
implants (2 mm x 2 mm x 10 mm) of different materials (Con,
PDA, 1DFO-PS, 5DFO-PS, and 25DFO-PS) were then placed into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the femoral intercondylar space, respectively (n = 3 per group).
The incision was carefully sutured. The rats were maintained
under specific-pathogen-free (SPF) conditions with free access
to water and food for 8 weeks post-surgery.

2.4.2. Sequential fluorescent labeling and Van Gieson
staining. Sequential fluorescent labeling was performed by
intraperitoneal injection of Alizarin Red S (30 mg kg™, AL,
Sigma-Aldrich, USA) and Calcein (20 mg kg™, CA, Sigma-
Aldrich, USA) at weeks 3 and 6 post-surgery. At week 8, femurs
with implants were harvested, fixed in 10% paraformaldehyde,
dehydrated in ethanol, and embedded in methylmethacrylate
without decalcification. Sections (50 pm) were prepared using a
Leica SP1600 saw microtome (Munich, Germany) and analyzed
by confocal laser scanning microscopy (CLSM). Van Gieson’s
picrofuchsin staining was performed for histological analysis.

2.4.3. Micro-CT analysis. Specimens were scanned using a
Micro-CT instrument (Skyscan 1172, Bruker Micro-CT, Munich,
Germany) at 18 pum resolution over 360°. Three-dimensional
reconstruction was performed using Nrecon software, and
the CTAn program analyzed the following parameters within
a 0.5 mm radius of the implant: bone-implant contact (BIC, %),
bone mineral density (BMD), bone volume fraction (BV/TV, %),
trabecular number (Tb.N, mm™ '), trabecular thickness
(Tb.Th, pm), and trabecular separation (Tb.Sp).

2.4.4. Pull-out testing. At week 8, three samples per group
were tested for pull-out strength. Specimens were mounted in
steel fixtures using bone cement and tested at a loading rate of
1 mm min~". Load-displacement curves were recorded, with
maximum load defined as the pull-out force.

2.5. Real-time quantitative PCR

Total RNA was isolated from dorsal skin tissues, RAW264.7 cells,
or rBMSCs using Trizol (12183555, Invitrogen, California, USA)
and reverse transcribed using reverse transcriptase (A48571,
Thermo Fisher Scientific Inc., Waltham, USA). RT-PCR was
performed in 96-well plates using the SYBR Premix Ex Taq kit
(RRO01B, TaKaRa, Dalian, China) with 20 pL reaction volume on
an ABI 750 system (Applied Biosystems, Carlsbad, USA). PCR
conditions were 5 min initial denaturation at 94 °C, followed by
36 cycles at 94 °C for 30 s, annealing for 40 s, and extension at
72 °C for 40 s. The reaction was completed with a final extension
at 72 °C for 5 min. Data were normalized to GAPDH and analyzed
using the 27*2°T method (n = 3). All primer sequences were
obtained from Sangon (Shanghai Shengong Biological Engineer-
ing Co., LTD Shanghai, China) (Table 1).

2.6. Statistical analysis

Graphpad Prism 9 (Graphpad Software, La Jolla, California) was
used to perform the statistical analysis. The data were pre-
sented as the mean + standard deviation (mean =+ SD).
Unpaired Student’s ¢ test was used to determine significances
between two groups, while multiple groups were compared
by one-way ANOVA. Statistical significance was defined as
p < 0.05 for all analyses.
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Table 1 Primers for target genes

Target gene Oligonucleotide sequence

Mice CD89 5'-TGGGCGCAGAGAAACTTGAT-3’ (forward)
5'-AAGCCCGTGTCCTTGATCTG-3’ (reverse)

Mice CD163 5-GTGGTCAACTCCGCTTGGTA-3’ (forward)
5'-CTTGGGGCACCATCTGTGAT-3’ (reverse)

Mice BMP-2 5/-AACGAGAAAAGCGTCAAGCC-3’ (forward)
5'-AGGTGCCACGATCCAGTCAT-3' (reverse)

Mice VEGF 5'-GCAAGAGAAGACACGGTGGT-3' (forward)
5-CAGGAGGTGGGGTAAGGAG-3' (reverse)

Rats BMP-2 5'-AGTAGTTTCCAGCACCGAATTA-3’ (forward)
5'-CACTAACCTGGTGTCCAATAGT-3' (reverse)

Rats OPN 5'-CTTGAGCATTCCAAAGAGAGC-3’ (forward)
5'-CTTGTGGCTGTGAAACTTGTG-3' (reverse)

Rats RUNX-2 5-GCTGTTGTGATGCGTATTCCC-3’ (forward)
5'-TTGAACCTGGCCACTTGGTT-3’ (reverse)

Rats BSP 5'-ACAACACTGCGTATGAAACCTATGAC-3’ (forward)
5'-AGTAATAATCCTGACCCTCGTAGCC-3' (reverse)

Rats OC 5'-AGGGATGAAGCGTTTCTTAGGTTTTG-3’ (forward)
5-AGGATGCTGTGGTTGGTGACTG-3’ (reverse)

Rats GAPDH 5-AGTGCCAGCCTCGTCTCATG-3' (forward)
5'-GATGGTGATGGGTTTCCCGT-3' (reverse)

3. Results

3.1. Material characterization of DFO-PS

With increasing DFO concentration, the drug accumulation on
the porous surface became denser, leading to faster release rates
and higher maximum release concentrations of DFO-PS (Fig. 1B).
Due to the poor solubility of DFO, the liquid contact angles of
DFO-PS gradually increased with higher DFO concentrations
(Fig. 1C). Fig. 1D shows the scanning electron microscopy images
of DFO-PS. Through surface modification methods, DFO was
successfully loaded onto the surface and within the pores of
SPEEK. In summary, DFO was effectively loaded onto both the
surface and internal pores of SPEEK, providing a good foundation
for the osteogenic modification of SPEEK.
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3.2. Biocompatibility analysis of DFO-PS in RAW264.7
macrophages and rBMSCs and in rats

To evaluate the potential cytotoxicity of DFO-PS, RAW264.7
macrophages and rBMSCs were selected as experimental
models. LDH release and cell viability assays revealed that
DFO concentrations exceeding 64 mg mL ™" resulted in elevated
LDH release and decreased cell numbers (Fig. 2B). Based on
these findings, DFO concentrations of 1, 5, and 25 mg mL ™"
were selected to modify PS materials, yielding 1DFO-PS, 5DFO-
PS, and 25DFO-PS, respectively.

As illustrated in Fig. 2A, both RAW264.7 and rBMSCs
exhibited favorable adhesion characteristics on Con (SPEEK),
PS (PDA-SPEEK), and 25DFO-PS (25DFO-PDA-SPEEK) surfaces,
with extensive pseudopod formation. Additionally, immuno-
fluorescence analysis revealed well-developed and uniformly
distributed cytoskeletal structures (Fig. 2C). While high DFO
concentrations could lead to cell injury and death, the max-
imum DFO-PS concentration was established at 25 mg mL™" to
ensure biocompatibility.

In vivo biocompatibility was assessed using a murine model.
A subcutaneous implantation of 25 mg mL~"' DFO-PS showed no
significant reduction in body weight over a 4-week observation
period (Fig. 2D). Histological examination of major organs using
H&E staining at days 0, 7, and 28 revealed no pathological
abnormalities across all experimental groups (Fig. 2E). At 4
weeks post-implantation, peripheral blood analysis was con-
ducted to evaluate hematological parameters, including RDW,
lymphocytes, WBC, HGB, granulocytes, HCT, PLT, RBC, MPV,
MCV, monocytes, and MCH (Fig. 2F). Furthermore, serum
biochemical markers including TBIL, AST, CREA, UA, CK, ALP,
BUN, ALT, and LDH were monitored (Fig. 2G) and no statistically
significant differences were observed among groups.

A B_ C
5 £ 1DFO-PS B Con
H 2 400 o 5DFO-PS = Ps
N
HaN /\/\/\g‘ M % 200 l/‘/‘/r‘l/l/rH — 25DFO-PS =1 10FOPS
0 0 £ 100 =1 5DFO-PS
AN/\/\/\NJ\/\,(N‘OH g % f P S [=1 25DFO-PS
OH " 0 5 o ?
o 20
o & 104¢ e "
0=5=0 ol
I 3 6 9 12 15 18 21 24 27 30
time(days)
D Con PS 1DFO-PS 5DFO-PS 25DFO-PS

Fig. 1 Material characterization of DFO-PS. (A) Molecular formula of DFO. (B) Drug release curves. (C) Surface liquid contact angles. (D) Scanning
electron microscopy (SEM) images with the pseudocolored green regions indicating the loaded DFO.
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Fig. 2 Biocompatibility analysis of DFO-PS in vitro and in vivo. (A) Representative scanning electron microscopy (SEM) micrographs of RAW264.7
macrophages and rat bone marrow mesenchymal stem cells (rBMSCs). (B) Cell viability using the CCK8 assay and LDH release levels in RAW264.7 cells
and rBMSCs following co-cultivation with DFO-PS for 3 days. (C) Immunofluorescence staining highlighting actin in RAW264.7 cells and rBMSCs
following co-cultivation with Con, PS or 25DFO-PS, respectively, for 3 days. (D) Changes in body weights. (E) Histological examination of major organs
using HE staining. (F) Dynamic changes in peripheral blood cell counts. (G) Dynamic changes in peripheral blood biochemical markers.
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Fig. 3 Modulation of DFO-PS on macrophage polarization in vitro. Following 3-day co-culture of RAW264.7 macrophages with different materials:
ELISA quantification of (A) anti-inflammatory cytokines (IL-4 and IL-10) and (B) pro-inflammatory cytokines (TNF-o and IL-6) in cell culture supernatants.
(C) Relative mRNA expression levels of tissue repair factors (BMP-2 and VEGF) in RAW264.7 macrophages across different treatment groups. (D) mRNA
expression levels of the M1 polarization marker (CD86) and M2 polarization marker (CD163) among different experimental groups. Immunofluorescence
analysis of (E) M1 polarization marker (iNOS) and (F) M2 polarization marker (CD206) expression in RAW264.7 macrophages.
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These comprehensive analyses demonstrate that, while high
concentrations of DFO-PS exhibited cytotoxicity toward
RAW264.7 and rBMSCs, the optimized concentration of
25 mg mL~ ' DFO-PS showed no significant toxicity in both
cellular and animal models. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s post hoc test
(p < 0.05 considered statistically significant).

3.3. Modulation of DFO-PS on macrophage polarization

in vitro

In vitro studies demonstrated that after 3-day co-culture with
RAW264.7 macrophages, DFO-PS significantly enhanced the
secretion of anti-inflammatory cytokines, IL-4 and IL-10
(Fig. 3A), while simultaneously suppressing the production of
pro-inflammatory cytokines, TNF-oo and IL-6 (Fig. 3B). The
25DFO-PS group exhibited the most pronounced anti-
inflammatory effects. Additionally, DFO-PS significantly upre-
gulated the expression of osteoinductive factor BMP-2 and
tissue repair factor VEGF in macrophages (Fig. 3C).

Further investigations revealed that DFO-PS remarkably
induced phenotypic alterations in macrophages. Specifically,
DFO-PS treatment resulted in decreased expression of the M1
polarization marker CD86 while increasing the expression of
the M2 polarization marker CD163. This phenomenon demon-
strated a concentration-dependent manner, where higher DFO
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loading corresponded to lower CD86 expression and higher
CD163 expression levels (Fig. 3D). Immunofluorescence analy-
sis further confirmed that DFO-PS suppressed the expression of
the M1 polarization marker iNOS (Fig. 3E) while enhancing the
expression of the M2 polarization marker CD206 (Fig. 3F).

These findings demonstrate that DFO-PS effectively pro-
motes M1-to-M2 macrophage polarization in vitro, resulting
in decreased pro-inflammatory cytokine secretion, enhanced
anti-inflammatory cytokine production, and elevated expres-
sion of osteoinductive and tissue repair factors.

3.4. Modulation of DFO-PS on macrophage polarization
in vivo
In vivo studies conducted on peri-implant tissue at 2 weeks
post-implantation demonstrated that DFO-PS modulated
macrophage polarization in a dose-dependent manner. RT-
PCR analysis revealed suppressed expression of M1 marker
CD86 mRNA concurrent with enhanced expression of M2
marker CD163 mRNA, exhibiting a clear dose-dependent rela-
tionship (Fig. 4A). Analysis of peri-implant tissue demonstrated
upregulated expression of osteoinductive factor BMP-2 and
tissue repair factor VEGF mRNA levels in DFO-PS treated
groups (Fig. 4B).

ELISA analysis of peri-implant tissue revealed that DFO-PS
significantly attenuated the secretion of pro-inflammatory

Merged

Fig. 4 Modulation of DFO-PS on macrophage polarization in vivo. Analysis of peri-implant tissue at 2 weeks post-subcutaneous implantation of DFO-
PS in mice: (A) RT-PCR analysis of M1 polarization marker (CD86) and M2 polarization marker (CD163) mRNA expression levels. (B) Quantitative
assessment of tissue repair factor (BMP-2 and VEGF) mRNA expression. (C) ELISA quantification of pro-inflammatory cytokines (TNF-o and IL-6) and anti-
inflammatory cytokines (IL-4 and IL-10). (D) Immunofluorescence evaluation of M1 polarization marker (iNOS) and M2 polarization marker (CD206)
expression.
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cytokines TNF-o and IL-6 while enhancing the production of
anti-inflammatory cytokines IL-4 and IL-10 (Fig. 4C). The
25DFO-PS group exhibited the most pronounced effects among
all treatment groups. Immunofluorescence analysis demon-
strated markedly decreased expression of M1 marker iNOS
accompanied by significantly enhanced expression of M2 mar-
ker CD206. These alterations showed a positive correlation with
DFO concentration, where higher DFO loading resulted in more
pronounced phenotypic changes (Fig. 4D).

These findings collectively demonstrate that subcutaneous
implantation of DFO-PS effectively promotes M1-to-M2 macro-
phage polarization in vivo, characterized by reduced pro-
inflammatory cytokine secretion, enhanced anti-inflammatory
cytokine production, and elevated expression of osteoinductive
and tissue repair factors.

3.5. Direct and indirect macrophage-mediated effects of DFO-
PS on rBMSC osteogenic differentiation in vitro

The in vitro studies demonstrated both direct and macrophage-
mediated effects of DFO-PS on rBMSC osteogenic differentia-
tion. Direct co-culture with DFO-PS significantly enhanced
rBMSC migration capacity (Fig. 5A) and upregulated the expres-
sion of osteogenic-related genes, including ALP, OCN, COL-1,
BMP-2, OPN, RUNX2, BSP, and OC (Fig. 5B). The osteogenic
potential demonstrated a positive correlation with DFO loading
concentration, as evidenced by enhanced ALP activity and
increased calcium deposition through ARS staining at day 14
(Fig. 5C).

The indirect effects mediated through macrophage-
conditioned medium revealed that RAW264.7 cells treated
with DFO-PS secreted factors that significantly enhanced
rBMSC chemotaxis (Fig. 5D) and promoted the expression of
osteogenic markers (ALP, OCN, COL-1, BMP-2, OPN, RUNX2,
BSP, and OC) (Fig. 5E). Furthermore, rBMSCs cultured in
macrophage-conditioned medium exhibited enhanced ALP
activity and increased matrix mineralization, as demonstrated
by intensified ALP and ARS staining at day 14 (Fig. 5F).

These findings demonstrate that DFO-PS promotes osteo-
genic differentiation of rBMSCs through both direct effects,
potentially mediated by surface-enriched DFO, and indirect
macrophage-mediated effects via modulation of macrophage
secretory profiles.

3.6. Osteogenic effects of DFO-PS after 8-week femoral
implantation

The osseointegration efficacy of DFO-PS was evaluated in a rat
femoral defect model over an 8-week period. Micro-CT analysis
revealed enhanced peri-implant bone formation in DFO-PS
treated groups (Fig. 6A). Quantitative assessment demonstrated
increased BMD, BIC, BV/TV, Tb.N, and Tb.Th values, accom-
panied by decreased Tb.Sp, indicating enhanced bone growth
and remodeling in DFO-PS treated specimens (Fig. 6B).
Sequential fluorescence labeling demonstrated a concentration-
dependent increase in new bone formation, with the 25DFO-PS
group exhibiting the most substantial osteogenic response
(Fig. 6C). Van Gieson staining revealed enhanced collagen fiber

2788 | Mater. Adv, 2025, 6, 2781-2793

View Article Online

Materials Advances

formation in the peri-implant region (Fig. 6D), indicating improved
extracellular matrix organization and bone formation.

Biomechanical testing demonstrated a significant dose-
dependent increase in maximum pull-out force with increasing
DFO concentration (Fig. 6E), indicating enhanced implant
stability and osseointegration. These findings collectively
demonstrate that DFO-PS effectively enhances new bone for-
mation in vivo, while simultaneously improving implant stabi-
lity through enhanced bone-implant integration.

4. Discussion

PEEK has emerged as an outstanding biomaterial for orthopedic
applications, offering several crucial advantages. Its mechanical
properties closely match human cortical bone, which helps
reduce stress shielding, while providing excellent wear resis-
tance and long-term stability. PEEK’s clinical benefits include
radiolucent properties allowing artifact-free medical imaging,
outstanding chemical stability, and proven biocompatibility.'®
Additionally, PEEK’s ability to be modified through sulfonation
(SPEEK) and its suitability for surface functionalization make it
ideal for our application where both mechanical performance
and surface modification capability are essential.'® The incor-
poration of PDA into our material design strategy plays a crucial
role in modulating macrophage responses. PDA’s unique surface
chemistry, characterized by catechol and quinone groups,
enables specific interactions with cell membrane proteins and
extracellular matrix components.?° Studies have demonstrated
that PDA-modified surfaces exhibit excellent biocompatibility
and can regulate immune cell response.”’ PDA surface modifica-
tion can effectively reduce the immune response to implanted
biomaterials. Specifically, PDA coating decreased macrophage
adhesion and activation, leading to reduced inflammatory cell
infiltration and fibrous capsule formation around the implants.
These findings suggest that PDA surface modification can serve
as a simple yet effective strategy to modulate immune responses
and improve the biological performance of implanted
materials.>” In this study, DFO-PS was synthesized by combining
PDA with SPEEK and loading DFO, utilizing the adhesive proper-
ties of the intermediate layer to facilitate functional bone
remodeling material formation while employing exogenous sti-
mulation of PDA and DFO to modulate immune responses and
promote osseointegration. The findings demonstrate that DFO-
PS enhances new bone formation and prosthetic integration
through multiple pathways and mechanisms. These results
contribute significantly to improving artificial joint adaptability,
biocompatibility, and surgical success rates, potentially prolong-
ing post-operative joint functionality, thereby providing crucial
guidance and innovation for artificial joint technology develop-
ment and patient rehabilitation.

This study demonstrated that DFO-PS exhibited excellent
properties and biocompatibility. Loading DFO onto the porous
surface or within SPEEK effectively enhanced the surface
bioactivity and drug release characteristics of DFO-PS. Superior
biocompatibility is fundamental for developing next-generation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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artificial joint prosthesis materials. DFO-PS prepared at
concentrations <25 mg mL~" exhibited favorable cellular
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Fig. 5 Direct and indirect macrophage-mediated effects of DFO-PS on rBMSC osteogenic differentiation in vitro. Direct effects following 14-day co-
culture of DFO-PS with rBMSCs: (A) Transwell migration assay of rBMSCs. (B) Expression analysis of osteogenic-related genes. (C) ALP activity and Alizarin
Red S (ARS) staining for extracellular calcium deposition. Macrophage-mediated effects through the macrophage-conditioned medium: Following the
2-day co-culture of DFO-PS with RAW264.7 macrophages, the conditioned medium was collected and applied to rBMSCs for 14 days, analyzing (D)
rBMSC migration capacity via the transwell assay, (E) oteogenic gene expression profiles, and (F) ALP activity and extracellular matrix mineralization via

ARS staining.
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and peripheral blood cell and biochemical parameter Investigation of the synergistic mechanisms between DFO-
analyses confirmed the excellent in vivo biocompatibility of PS and rBMSCs revealed both direct and indirect osteogenic
DFO-PS. effects. DFO-PS directly stimulated peri-implant bone growth in
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Fig. 6 Osteogenic effects of DFO-PS after 8-week femoral implantation. (A) Micro-CT analysis and 3 dimensional reconstruction of new bone
formation. (B) Quantitative bone parameters: Bone mineral density (BMD), bone-implant contact ratio (BIC%), bone volume fraction (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). (C) Sequential fluorescence labeling of new bone formation. (D) Van
Gieson staining for bone tissues (3 stands for the implant position of different materials). (G) Pull-out mechanical testing: Schematic experimental
procedure and the maximum pull-out force measurements (n = 3, *p < 0.05, vs. control group for B and E; n = 3).
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rat femur by upregulating target genes involved in rBMSC
osteogenic differentiation, including ALP, OCN, COL-1, BMP-2,
OPN, RUNX2, BSP, and OC. These genes encode matrix proteins
and transcription factors crucial for osteoblast proliferation,
differentiation, and matrix formation. Dey et al>* demon-
strated that Symphytum officinale promotes BMSC osteogenic
differentiation genes RUNX2, OPN, OC, and ALP, suggesting its
potential use in orthopedic implant surface coatings. Ding
et al.”* found that ginsenoside compound K induces rBMSC
osteogenic differentiation genes and increases new bone BMD,
BV/TV, and callus volume. Akshaya et al.>* identified valproic
acid as a promising surface modification coating for artificial
joint prostheses, showing good affinity with mouse BMSCs and
promoting osteogenic differentiation. In this study, it was
found that DFO-PS could promote osteogenesis through indir-
ect mechanisms by interacting with RAW264.7 macrophages,
releasing osteoinductive factor BMP-2 and tissue repair factor
VEGF, which promoted peri-implant bone formation by indu-
cing adjacent mesenchymal stem cell differentiation.

DFO-PS demonstrated significant modulatory effects on
macrophage polarization by suppressing M1 markers (CD86
and iNOS) while enhancing M2 markers (CD163 and CD206),
thereby facilitating the M1-to-M2 polarization of RAW264.7
macrophages. M1 macrophages are primarily involved in
inflammatory responses and early tissue repair, whereas M2

SPEEK

M2 polarization

Fig. 7 Mechanisms of DFO-PS-mediated osteogenic differentiation.
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macrophages exhibit anti-inflammatory and tissue-regenerative
properties. The M2 macrophage-induced microenvironment has
been shown to promote BMSC osteogenic differentiation.”®>®
Recent studies have demonstrated various approaches to enhance
osteogenesis through macrophage modulation. Wang et al.*®
identified adrenomedullin 2 as an effective joint prosthesis coat-
ing that induces M2 polarization and subsequent BMSC osteo-
genic differentiation, showing favourable bone healing properties
in type 1 diabetic rat tibial fracture models. Hamlet et al*
demonstrated that titanium alloy surface modification signifi-
cantly upregulated CD163 expression, promoting M2 polarization
and enhancing TGF-BMP signaling pathway-related gene expres-
sion. B-Tricalcium phosphate (B-TCP), as reported by Zheng,*
promoted M2 polarization through CD206 upregulation, subse-
quently enhancing the expression of osteogenic genes including
ALP, OPN, OC, Runx2, COL-1, and ATF in BMSCs. Additionally,
Romero-Lopez et al.** found that IL-4-supplemented photocros-
slinked methacrylated gelatin 3D hydrogel scaffolds increased
CD206, CCL17, and CCL18 expression, creating an osteogenic
microenvironment through M2 polarization.

DFO-PS enhanced new bone formation and osseointegration
by promoting calcium deposition and collagen fiber formation,
thereby strengthening the bone-implant interface. This effect
was achieved through reduced pro-inflammatory cytokine
secretion (TNF-o. and IL-6) and increased anti-inflammatory

Bone Marrow
Mesenchymal Stem Cell
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factors (IL-4 and IL-10), while simultaneously stimulating
osteoinductive factor BMP-2 and tissue repair factor VEGF
production. Geng et al.** demonstrated strontium ranelate’s
ability to suppress TNF-o and IL-1f secretion while promoting
RunX2, OCN, and OPG expression. Kamboj et al.>* developed a
400-um pore size scaffold using silicon powder and wollasto-
nite, which enhanced IL-8 and TGF-B expression, creating an
osteoimmune environment conducive to BMSC differentiation.
Croes et al.>® identified TLR-2 activators derived from inacti-
vated S. aureus as potential joint interface coatings, demon-
strating reduced inflammatory infiltration and enhanced bone
formation.

While our current study demonstrates encouraging func-
tional outcomes, including enhanced M2 macrophage polariza-
tion, improved angiogenesis, and superior osseointegration by
DFO-PS implantation, further mechanistic investigations would
strengthen our findings. Building on other researchers’
groundbreaking works,*® our future work will focus on (1)
exploring detailed molecular mechanisms, particularly the
HIF-1a pathway and its downstream effects; (2) investigating
the cross-talk between immune cells and BMSCs in response to
DFO-PS; (3) incorporating advanced characterization techni-
ques for surface-biological interactions; (4) examining the
temporal relationship between immunomodulation and
enhanced bone formation.

In summary, DFO-PS promotes bone regeneration and pros-
thetic integration through multiple mechanisms as shown in
Fig. 7: (1) enhancing osteogenic gene expression (ALP, OCN,
COL-1, BMP-2, OPN, RUNX2, BSP, and OC), (2) modulating
macrophage polarization from M1 to M2 phenotype, and (3)
creating a pro-regenerative microenvironment through cyto-
kine modulation. These findings suggest DFO-PS as a promis-
ing component for next-generation joint prostheses with
significant clinical translation potential.

5. Conclusions

This study successfully developed DFO-PS, a novel multifunc-
tional material, for artificial joint prostheses, by immobilizing
DFO on SPEEK through PDA-mediated modification. DFO-PS
demonstrated enhanced osseointegration through multiple
mechanisms, including upregulation of osteogenic genes, M1-
to-M2 macrophage polarization, and optimization of the local
microenvironment. In vivo evaluation revealed a 1.22-fold
increase in trabecular thickness and a 1.51-fold enhancement
in maximum pull-out force compared to controls. These find-
ings establish DFO-PS as a promising candidate for next-
generation artificial joint prostheses with integrated biominer-
alization and immunomodulation properties, offering signifi-
cant potential for clinical translation.
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