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Regulation of immune microenvironments 2
by polyetheretherketone surface topography
for improving osseointegration
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Abstract

Optimizing the immune microenvironment is essential for successful implant osseointegration. In this study, four
different nano/microstructures were fabricated on polyetheretherketone (PEEK) substrates by varying the agitation
speed during sulfonation to influence osteoimmunomodulation and implant integration. The results indicate that
nano/microstructures with minimal dimensions (SP450) inhibit actin polymerization by reducing calcium influx
through PIEZO1, activating the anti-inflammatory M2 macrophage phenotype. Among the tested specimens, SP450
exhibited the lowest expression levels of tumor necrosis factor-a and interleukin-13 while releasing the highest
levels of anti-inflammatory factors, including interleukin-4 and interleukin-10. This optimized immune environment
promotes the osteogenesis of MC3T3-E1 pre-osteoblasts and enhances the osseointegration of PEEK implants.
Transcriptomic analysis and validation experiment further revealed that SP450 inhibits osteoclastic differentiation
by down-regulating transforming growth factor-32 and suppressing the NF-kB signaling pathway. These findings
suggest that manipulating the surface topography of PEEK implants is an effective strategy for enhancing
osseointegration with promising clinical applications.
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Introduction

Polyetheretherketone (PEEK) has received increasing
interest as an alternative to metal in orthopedics and
dental implantology. This is attributed to its excellent
mechanical properties, low cytotoxicity, thermal/chemi-
cal stability, and natural radiolucency. The polymer has
been approved by The US Food and Drug Administration
for use in the human body [1, 2]. As a thermoplastic poly-
mer, PEEK may be processed through three-dimensional
(3D) printing technology to manufacture customized
implants with complex structures to meet the require-
ments of personalized and precise repair [3, 4]. Because
the modulus of elasticity of PEEK is comparable to that of
cortical bone (3—4 GPa), this alleviates implant loosening
caused by stress shielding (a biomechanical phenomenon
causing adaptive changes in bone strength and stiffness
around metallic implants) and reduces peri-implant bone
resorption [5, 6]. However, the inherent biological iner-
tia and poor osteoinductivity of PEEK severely impede its
integration with native bone tissues. Formation of fibrous
wrapping around implants fabricated from PEEK results
in expedited implant failure [7].

Modifications have been conducted recently to improve
the osteogenic activity of PEEK. Commonly used surface
modification methods include deposition techniques
(incorporating bioactive particles or metal coating onto
the PEEK surface) and modification of surface topogra-
phy (sulfonation, plasma treatment, and laser treatment)
[8, 9]. Nevertheless, these methods are associated with
problems such as poor coating stability, complicated fab-
rication process, and high cost. Sulfonation is a simple
and effective modification method that can quickly form
porous structures and provide a rough surface for loading
bioactive molecules or further treatment [10, 11]. Zhao et
al. first reported the fabrication of a 3D porous network
on the surface of PEEK using sulfonation. The sulfonated
PEEK exhibited improved bioactivity, biocompatibility,
osseointegration, and bone-implant bond strength [12].
Ouyang et al. further demonstrated that hydrothermal
treatment enhanced both osseointegration and antibac-
terial resistance of sulfonated PEEK [13]. The authors
previously fabricated an irregular porous monolayer
on the surface of PEEK by sulfonation and nitrification.
The osteogenic activity of the monolayer structure was
similar to that of a 3D porous network in vitro, while its
osseointegration potential was significantly improved in
vivo [14].

Osteoimmunology refers to the study of the interface
between the skeletal system and the immune system. A
favorable osteoimmunological environment is required
to facilitate bone regeneration and repair. After implant
placement, the bone-implant interface is rapidly filled
with a fibrin coagulum enriched with growth factors and
cytokines. The coagulum contains platelets, erythrocytes,
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neutrophils, macrophages (M®), and debris of cortical
and trabecular bone [15]. Among the cellular compo-
nents, M®s play a central role in the early stage of bone
remodeling. Activated M®s proliferate and switch into
two major subtypes coined M1 and M2, respectively.
Specifically, the recruited M®s that reach the implant
surface are activated into the M1 phenotype. This is fol-
lowed by the secretion of tumor necrosis factor (TNF)-a,
interleukin (IL)-1f, IL-6, and IL-12 to promote pathogen
killing and activation of inflammation [16, 17]. The M1
phenotype typically stays at the injury site for 3—4 days
after injury. After that, the phenotype changes to M2. The
M2-phenotypic M®s release anti-inflammatory cyto-
kines, including IL-4, IL-10, and transforming growth
factor (TGF)-p [18, 19]. These signals from the local
environment benefit vascularization and bone regen-
eration. Nevertheless, prolonged or unrestrained reten-
tion of M1 M®s may cause damage to the surrounding
cells or tissues due to their excessive production of pro-
inflammatory cytokines. The latter is detrimental to
biomaterial-mediated tissue repair and regeneration and
may ultimately cause failure of implants [20, 21]. Hence,
timely switching of M®s from the M1 to the M2 pheno-
type during tissue repair is highly conducive to osseointe-
gration and bone regeneration.

The polarization capability of M®s is sensitive to the
physicochemical properties of biomaterials. Surface
properties (e.g., surface charge, chirality, wettability, and
stiffness) and surface topography (e.g., surface rough-
ness, 2D topography, and 3D geometry) have been impli-
cated in the biological response of M®s when they are
approaching or in contact with biomaterials [22, 23].
Previous studies showed that RAW 264.7 M®s cultured
in vitro on rough surfaces were activated to the M2 phe-
notype compared to those cultured on polished surfaces.
This finding suggests that nanomaterials with rough
surfaces have the potential to promote wound repair
and bone regeneration [24, 25]. The authors previously
reported that TiO, nanotubes with a diameter of 70 nm,
among all length scales investigated, could induce the dif-
ferentiation of RAW 264.7 M®s to the pro-healing M2
phenotype. Nanotubules of that dimension augmented
the osteogenic potential of mesenchymal stem cells and
the angiogenic ability of human umbilical vein endothe-
lial cells via multiple paracrine signaling [26]. To date,
the underlying mechanism of how surface topographical
cues regulate M® behaviors and the immune microenvi-
ronment is unknown.

In this study, a series of nano/microstructures with dif-
ferent dimensions were fabricated on PEEK substrates by
controlling the agitation speeds of sulfonation (Fig. 1).
Morphology change, polarization, and inflammatory
response of M®s on different nano/microstructures were
systematically examined. MC3T3-E1 pre-osteoblasts
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Fig. 1 Schematic illustration of this study. The “lotus-type” topography on PEEK was fabricated within a short time by controlling the agitation speed of
sulfonation. The minimal dimension (SP450) showed greater potential in reducing calcium influx through PIEZO1 to modulate nonactivated macrophage
polarization to an anti-inflammatory M2 phenotype, inducing the secretion of anti-inflammatory cytokines, and suppressing osteoclastic differentiation
of macrophages through the inhibition of NF-kB signaling pathway by down-regulating TGF-32. The favorable local immune environment eventually

facilitates new bone formation and osseointegration

were cultured directly with different PEEK nano/micro-
structures or with M® supernatant collected after
exposure to PEEK nano/microstructures in vitro. The
osteogenic differentiation potential of the cultured pre-
osteoblasts was then evaluated. In vivo experiments
were performed to verify the osseointegration capacity
of functionalized implants. Finally, transcriptomic analy-
sis and validation experiments were used to elucidate the

potential mechanisms by which PEEK surface topogra-
phy influences immunomodulation.

Results and discussion

Surface characterization of PEEK specimens

Sulfonation is a one-step manufacturing method for
surface modification of PEEK-based implants. Previ-
ous studies have demonstrated that the porous structure
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gradually became more evident and complicated with
increased sulfonation time [27, 28]. However, the surface
morphology was found to be different with the same sul-
fonation time across studies [27, 29, 30]. In the present
study, it was found that the surface topography of PEEK
was related to the agitation speed of magnetic stirring.
Accordingly, the sulfonation time was set as 30 s, and
the four experimental groups were named SP450, SP550,
SP650, and SP750 based on different agitation speeds
(450 rpm, 550 rpm, 650 rpm, and 750 rpm), respectively.
Figure 2a represents field emission-scanning electron
microscopy (FE-SEM) images of the surface topography
of the PEEK specimens. The polished PEEK surface was
relatively smooth, while the surface of SP450 and SP550

SP450

P

R,=63.43 £ 2.56 nm

SP550

R,=97.4+£5.14 nm
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showed “lotus-type” topography. The nano/microstruc-
tures changed from monolayer to multilayer with an
increase in agitation speed. The surfaces of SP650 and
SP750 showed a 3D porous network structure with sev-
eral layers of interconnecting pores. The average pore
sizes of the experimental groups SP450, SP550, SP650,
and SP750 were 239.37 £17.52 nm, 594.11+35.71 nm,
1322.38+123.71 nm, and 1566.97 +126.35 nm, respec-
tively (Fig. 2¢).

Sulfonation of PEEK depends on the collision of PEEK
and concentrated sulfuric acid [12]. Achieving a high
reaction rate from two immiscible reactants is challeng-
ing due to the limited contact area [31]. As agitation
speeds increase, the contact surface area between the two
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Fig. 2 Surface characterizations of PEEK specimens. (a) Surface morphology of different specimens examined with SEM. (b) Surface roughness of the
specimens examined by AFM. (c) Diameter distribution of different specimens. (d) Sulfur (S) concentration examined with EDS. (e) FTIR spectra of differ-
ent specimens. (f) XRD spectra of different specimens. a.u., arbitrary units. (g) Contact angles of water on different specimens. (h) Amount of adsorbed
fibronectin on different specimens. n=3 independent experiments per group; **P <0.01
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phases improves, resulting in various topographies on
PEEK. The topographical features of the PEEK specimens
were further analyzed by atomic force microscopy (AFM)
(Fig. 2b). Consistent with the SEM results, the roughness
of the sulfonated layer roughness increased with agita-
tion speed. Compared with the control P group, there
were a lot of pores on the surface of SP450. However, the
roughness of SP450, measuring approximately 50 nm,
closely resembled that of the P group. Given that the sur-
face roughness of bone is about 32 nm, the nano/micro-
structure of SP450 most closely approximated the natural
roughness of bone, making it an excellent mimic [32].

Energy dispersive spectroscopy (EDS) indicated that
the sulfur content of the sulfonated specimens was all
lower than 0.15% after ultrasonic cleaning with acetone
and hydrothermal treatment (Fig. 2d). Ouyang et al
reported that minimal sulfur release enhances cell pro-
liferation and antibacterial ability [13]. Infrared spectra
of the PEEK specimens, collected with the use of Fou-
rier transform-infrared spectroscopy (FT-IR) (Fig. 2e),
revealed a broad band at ~3200-3500 cm™' that was
ascribed to the OH vibrational peak of -SO;H. Additional
characteristic bands, such as the S=0O symmetric stretch-
ing vibration peak at 1050 cm™! and the O=S=0 asym-
metric stretching vibration peak at 1255 cm™?, indicated
the presence of -SO;H in the specimens derived from the
four experimental groups. These results indicated that the
residual H,SO, could be removed via ultrasonic cleaning
and hydrothermal treatment, but the covalently bonded
-SO;H groups on PEEK substrates were well retained.
X-ray diffraction (XRD) (Fig. 2f) showed that the char-
acteristic PEEK peaks decreased after sulfonation; those
peaks were further reduced upon increased agitation
speed. These results indicated that the introduction of
-SO;H disrupted the macromolecular arrangement of the
PEEK polymer, resulting in a decrease in crystallinity and
the formation of a porous structure.

Contact angles made by water on the surfaces of PEEK
specimens are summarized in Fig. 2g. Compared with
P, the contact angles of SP450, SP550, and SP650 sig-
nificantly decreased. The increase in hydrophilicity was
attributed to the incorporation of increasing numbers
of the hydrophilic -SO;H functional group. A previ-
ous study reported that the nanostructures on titanium
increased hydrophilicity through the capillary effect [33].
The number of nanopores in the experimental groups
decreased with increased agitation speed, which may
account for the increased contact angle. According to the
FT-IR results, -SO3H was also incorporated into SP750.
However, there was no difference in the contact angle
between P and SP750. These results were consistent with
the study of Wang et al., which suggested that a water
drop on the roughened surface might interact with a het-
erogeneous surface composed of the solid material and
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air trapped in the micro/nano-topography. This interac-
tion increases the contact angle on the porous heteroge-
neous specimens of the SP750 group [27]. Fibronectin,
a major non-collagenous glycoprotein in the extracel-
lular matrix, is of interest due to its role in mediating
cell-surface interaction [34]. Thus, the amount of fibro-
nectin adsorption on different specimens was examined
(Fig. 2h). Compared with P, the amount of fibronectin
adsorption on SP450, SP550, SP650, and SP750 signifi-
cantly increased. This increase may be attributed to the
larger pore size.

Sterilization is the final surface treatment procedure of
all implants, and also is one of the key factors that must
be considered before implementation. As a practical and
cost-effective sterilization option, autoclave treatment
is widely used to sterilize medical and surgical devices.
Previous studies demonstrated that autoclave steriliza-
tion could detrimentally affect the TiO, nanoporous
structures [35, 36]. This phenomenon may attribute to
the boiling and repeated expansion of water molecules
entrapped within the nanostructures; These processes
exert significant mechanical stress on the nanopore walls,
consequently undermining the structural integrity of
the walls [37]. In present study, the topography of PEEK
specimens remained unaltered after autoclave steriliza-
tion at 103.4 kPa, 121.3 °C for a duration of 30 min. On
one hand, the temperature employed in autoclave ster-
ilization is lower than the glass transition temperature
of PEEK [38]. On the other hand, when contrasted with
TiO, nanotubes assembled layer-by-layer on the surface
of titanium via hydrothermal treatment or electrochemi-
cal anodization, the nano/micro-pores formed by sul-
fonation on PEEK exhibit greater stability. The fact that
autoclaving has no discernible impact on PEEK topogra-
phy holds great promise for the future clinical translation
of sulfonated PEEK.

Biocompatibility of PEEK specimens

To study the in vitro biocompatibility of specimens, M®
and MC3T3-E1 pre-osteoblasts were seeded on each
group of PEEK specimens, respectively. Cell adhesion
is a critical process for subsequent cell proliferation and
functioning on biomaterials [39]. Based on the fluores-
cence staining results shown in Fig. 3a-b, the number of
M® nuclei for all groups increased with time (1-4 h).
There was little difference in the number of adherent
MO between 2-h and 4-h incubation. This observation
suggests that the M®s completed their adhesion process
after 2 h of incubation. At all time points, the number of
MC3T3-E1 pre-osteoblasts that adhered to the surface of
sulfonated specimens was significantly higher than those
that adhered to the smooth PEEK, which was the same as
that of M®s (Figure Sla-b). In addition, the quantity of
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Fig. 3 In vitro Raw 264.7 MOs behaviors on various nanostructures. (@) Adherent MOs that adhered to different PEEK specimens at 1 h, 2 h, and 4 h. Cell
nuclei were stained with DAPI; Scale bars: 200 um. (b) Histogram of M®s population that adhered to the PEEK specimens. (c) CCK-8 assay results of the
proliferation of M®s after 1.d, 3 d, and 7 d of culture on PEEK specimens with different dimensions. (d) SEM of the MOs morphology on different speci-
mens. (e) Quantitative cell spreading area and cell aspect ratio based on SEM images. n=3 independent experiments per group; *P<0.05 and **P <0.01

M® adhesion increased with the pore size of the nano/
microstructures [40].

Live/dead staining and CCK-8 assays were performed
to assess cell viability. With increasing culture time,
almost no dead cells (stained red) were observed on any
of the surfaces at any time point (Figure S1c). Regard-
ing cell proliferation, Figure S1d shows a higher rate of
metabolic activity of osteoblasts on sulfonated PEEK at
day 3, which was significantly enhanced at day 7. Cell
absorbance values increased as the cell culture time of
MO®Os increased from 1 to 7 days (Fig. 3c). The sulfonated
PEEK specimens were more adept at promoting M® pro-
liferation than the smooth PEEK specimens after 7 days
of culture. Moreover, M® proliferation on the sulfonated
specimens increased with pore size. These results sug-
gested that all the specimens supported osteoblast and
M®O growth with no perceptible cytotoxicity.

Low-magnification SEM images showed that all five
specimens promoted osteoblast adhesion and spreading
(Figure Sle). Osteoblasts cultured on sulfonated PEEK
showed extended and flat lamellipodia compared to the
control P group. As mentioned previously, the increased
hydrophilicity can facilitate extracellular matrix pro-
tein adhesion to varying degrees, providing numerous

spacing sites for clusters of adhered integrin to promote
cell spreading [41]. The strong adhesion of actin fila-
ments, which creates a network of elongated fibers on the
sulfonated PEEK, is expected to facilitate osteogenesis.
Figure 3d shows the morphology of M®s after 3 days
of culture. The M®s were sparsely distributed over the
P specimens. In contrast, the M®s grew in clusters on
the sulfonated specimens. The M®s that grew on top of
SP450, SP550, and SP650 specimens exhibited an irregu-
lar shape with cytoplasm spread out, whereas those that
grew on P and SP750 specimens bulged up and appeared
spherical. High magnification images of the M®s on the
sulfonated PEEK specimens revealed abundant filopodia,
many of which had penetrated the pores of the nano/
microstructures. In contrast, the M®s present on the P
specimens only developed a few filopodia that contacted
the smooth PEEK surface. In addition, more particu-
late matter could be seen on the surface of M®s on the
sulfonated specimens. These results demonstrated that
PEEK nano/microstructures may influence M® spread-
ing and secretion. Quantitative analyses of cell spreading
area and cell aspect ratio based on SEM images (Figure
S2) are shown in Fig. 3e. The M®s present on SP750 had
a lower spreading area than the other four groups. This
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observation suggests that excessive pore size restricted  Effects of the specimen surface characteristics on

cell spreading and filopodia formation. There was no sig-  inflammatory responses of M®s
nificant difference in cell aspect ratio among different  Activated M®s switch polarization states in response
groups. to topographic cues derived from nanomaterials pres-

ent in the wound microenvironment [42, 43]. Hence, the
effects of PEEK nano/microstructures on M® polariza-
tion were further investigated (Fig. 4a). Inducible nitric
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oxide synthase (iNOS) and C-C chemokine receptor
type 7 (CCR7) are two critical markers of M1 M® [44,
45], whereas CD206 is highly expressed on the cell sur-
face of M2 M®s [46]. Double immunostaining of iNOS
and CD206 was performed to examine the polarization
status of M®s attached to different PEEK groups. Expres-
sion of iNOS was significantly down-regulated in M®s
attached to the SP450 and SP550 specimens. Conversely,
CD206 expression was up-regulated in M®s attached to
the SP450 and SP550 specimens (Fig. 4b-c).

Both CCR7 and CD206 were further used for flow
cytometry to confirm the M® phenotypes on different
PEEK specimens (Fig. 4d). The proportions of CCR7-
expressing M1 M®s on different PEEK nano/micro-
structures were: P (37.1%)>SP750 (22.1%)>SP550
(14.5%) > SP650 (13.7%) > SP450 (9.36%). The proportions
of CD206-expressing M2 M®s on different PEEK nano/
microstructures were: P (11.4%) < SP750 (12.8%) < SP650
(16.0%) < SP550 (40.1%) <SP450 (42.0%). These results
indicate that SP450 and SP550 specimens induced M®s
to switch to the M2 phenotype. Figure 4e summarizes the
expression of M1 M®-related and M2 M®-related genes.
Similar to protein expression, the SP450 specimens had
the lowest expression levels of the M1 M®-related gene
(iINOS and IL-1f) but the highest expression levels of
M2 M®O-related genes (CD206 and IL-4). The secre-
tion of M®-associated cytokines was evaluated using
enzyme-linked immunosorbent assay (ELISA) (Fig. 4f).
Compared with the other groups, M®s that adhered to
the SP450 specimens secreted the smallest amounts of
pro-inflammatory cytokines (IL-1p and TNF-a) but the
largest amounts of anti-inflammatory cytokines (IL-4 and
IL-10). These results further demonstrated that SP450
was more effective in promoting M® polarization to the
anti-inflammatory M2 phenotype, thereby shifting the
inflammatory response toward a healing response.

Macrophages are recognized as a bridge between
inflammation and disease resolution due to their phe-
notypic plasticity [47]. Nanostructured surfaces have
demonstrated promising effects on reducing inflamma-
tion, cytokine production, and macrophage polarization
[48]. For example, Zhu et al. showed that honeycomb-
like TiO, structures on titanium substrates enhanced M2
polarization as the surface scale decreased [24]. Simi-
larly, titanium nanotubular surfaces with smaller scales
were associated with higher expression of M2 markers
and anti-inflammatory cytokines [49, 50]. In the pres-
ent study, irregular nano/microstructured surfaces with
smaller scales significantly induced M2 phenotype polar-
ization compared to larger-scale specimens, likely due
to the prevalence of nanostructures on SP450. However,
the underlying mechanisms and cellular events remain
unclear.
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Effect of mechanical cues from nano/microstructures on
macrophage activation

Transcriptomic analysis of M®s cultured on smooth
PEEK and SP450 was performed to elucidate how PEEK
nano/microstructures regulated the immune response
of M®s. Figure 5a shows the overall distribution of gene
expression in each group, which was uniform. Com-
pared with the smooth PEEK, SP450 up-regulated 226
differential expression genes (DEGs) and down-regu-
lated 168 DEGs (Fig. 5b). Eight DEGs were selected for
experimental validation through RT-qPCR. The result
was consistent with the RNA sequencing results (Figure
S3a-b). Figure 5c shows the hierarchical clustering heat-
map. The DEGs between the two groups were analyzed
using the Gene Ontology (GO) enrichment method. All
gene enrichment terms were divided into three catego-
ries: biological process, cellular component, and molec-
ular function. The top 15 enriched terms in each DEG
category are shown in Fig. 5d. The genes enriched in the
“biological process” category were predominantly innate
immune response, immune system process, inflamma-
tory response, cell adhesion, and regulation of transcrip-
tion. In the “cellular component” category, DEGs were
clustered in cytoplasm, plasma membrane, endoplasmic
reticulum, and cytoplasmic vesicle. In the “molecular
function” category, DEGs were significantly enriched in
protein binding, calcium ion binding, adenosine triphos-
phate binding, and actin binding. It is worth noting that
calcium ion binding and actin binding are both down-
regulated (Fig. 5e). These results indicated that M®
polarization may be closely related to the synthesis and
transport of proteins, dynamic membrane binding, and
cytoskeletal assembly.

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis was performed to identify the signaling
pathways involved in regulating M® phenotype switch-
ing and the immune microenvironment. Figure 5e shows
representative up-regulated and down-regulated signal-
ing pathways. In addition to cell adhesion molecules,
cholesterol metabolism was up-regulated. Cholesterol
crystals are considered potent drivers of inflammation
in M®s and have been shown to activate NLRP3 inflam-
masomes to promote IL-1p production [51, 52]. Previ-
ous studies reported that cellular cholesterol efflux may
decrease intracellular lipid deposition and up-regulate
M2 M® polarization [53, 54]. Therefore, nano/micro-
structures may mediate M® polarization by regulating
cholesterol metabolism. In addition, Rap1l, MAPK, IL-17,
FoxO, cAMP, and Ras signaling pathways were down-reg-
ulated, which may be related to M® polarization [55-58].

The calcium signaling pathway was examined to under-
stand how nano/microstructure regulates M® polar-
ization. This pathway was significantly decreased in the
KEGG analysis. Calcium influx has been reported to play
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a critical role in promoting M® inflammatory activation
[59]. The PIEZO1 channel is a novel type of mechano-
sensitive ion channel that regulates the influx of several
cations, including Ca?* [60]. Based on the DEG results,
it was found that the mRNA expression of PIEZO1 was
down-regulated in M®s cultured with SP450, compared
to the control P group (Figure S3a). This finding was con-
sistent with the gPCR and western blot results (Figure
S3b; Fig. 6a-b).

Yodal, a specific agonist of Piezol, significantly
increased the protein expression of PIEZO1 in M®s cul-
tured with SP450 at a concentration of 20 uM (SP450Y),
as shown by western blot analysis (Fig. 6a-b). Figure 6¢
shows that the M®s cultured with SP450 had the low-
est calcium content, which increased after the applica-
tion of Yodal. The Ca®" influx mediated by PIEZO1 has
been reported to promote actin polymerization [61]. The
actin cytoskeleton, important in the modulation of M®
inflammatory activation, was altered in response to the
manipulation of PIEZO1 [44, 62]. Changes in actin result-
ing from PIEZO1 modulation were evaluated by staining
with phalloidin, which binds to F-actin (Fig. 6d-e). Yodal-
mediated channel activation significantly enhanced
F-actin fluorescent intensity compared to M®s cultured
with SP450. In addition, SP450 significantly reduced
F-actin fluorescent intensity when compared with the P

group. Polarization-related protein expression was also
evaluated. Macrophages cultured with SP450 switched
to the M1 phenotype after the application of Yodal
(Fig. 6f-g). These results suggest that the expression of
PIEZO1 was down-regulated by SP450, suppressing the
inflammatory activation of M®s. This suppression facili-
tates M® polarization toward the M2 phenotype. Previ-
ous studies have shown that PIEZO1 and actin interact
positively to enhance inflammatory activation in M®s.
Mechanical cues, such as stiffness and surface topogra-
phy, regulate macrophage polarization by modulating
PIEZO1 activity [61, 63]. In vitro experiments conducted
in this work revealed that the nanostructures on SP450
reduced PIEZO1-mediated calcium influx and inhibited
actin polymerization, promoting macrophages toward
the M2 phenotype (Fig. 6h). These findings suggest that
biomaterial designs targeting PIEZO1 activity may offer a
promising strategy to control tissue inflammation.

Effect of immune microenvironment generated by M®s on

osteogenic differentiation of osteoblasts

Recruitment of osteoblasts to the implant surfaces for
new bone formation is influenced by the immune micro-
environment [39]. Accordingly, the regulatory role of M®
cytokines on osteogenic differentiation of osteoblasts was
investigated using an indirect co-culture system (Fig. 7a).
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Fig. 6 SP450 down-regulates PIEZO1 to modulate M®s activation in vitro. (a) Western blot images of PIEZO1 from M®s cultured on different specimens
or treated with 20 uM Yoda1. (b) Quantification of Piezo1 expression. (c) Quantitative analysis of calcium levels. (d) Representative fluorescent images
of actin. (e) Quantification of actin. (f) Western blot images of ARG1 and iNOS. (g) Quantification of ARG1 and iNOS expression. (h) As the dimensions
of nanostructures increased, Ca?* influx mediated by the Piezo1 channel promoted actin polymerization. Positive regulation between actin and PIEZO1
enhanced inflammation through upregulation of inflammatory markers, such as iNOS. n=3 independent experiments per group; **P<0.01

The MC3T3-E1 pre-osteoblasts were cultured in a condi-
tioned medium that comprised a 1:1 ratio of M® super-
natant and osteogenic medium. The sulfonated PEEK
specimens exhibited slightly increased alkaline phos-
phatase activity on day 7 and day 14 (Fig. 7b). Alkaline
phosphatase (ALP) activity in the SP450 group was mark-
edly improved after supplementation of the osteogenic
medium with M® supernatant (Fig. 7c). All specimens
cultured in conditioned media demonstrated positive
alkaline phosphatase staining results on day 7 and day 14
(Fig. 7d). There was significantly more insoluble blue-vio-
let nitroblue tetrazolium-formazan in specimens derived
from the SP450 group. The results of extracellular matrix
mineralization by the differentiated osteoblasts were sim-
ilar to the alkaline phosphatase activity (Fig. 7e, Figure
S4a).

The expression of osteogenesis-related genes, includ-
ing runt-related transcription factor 2 (Runx2), alkaline
phosphatase (Alp), osteopontin (Opn), and osterix (Ost)
was further examined with reverse transcriptase-quan-
titative polymerase chain reaction (RT-qPCR) (Fig. 7f).
Cytokines released by M1 M®s (TNF-a and IL-1P)
inhibit osteogenic differentiation and activate osteoclas-
tic bone resorption [15]. In the present study, MC3T3-E1
pre-osteoblasts exposed to the specimens derived from
the SP650 and SP750 groups exhibited nondistinctive
or even negative effects on inducing osteogenic differ-
entiation. This is probably attributed to the influences of
inflammatory cytokines secreted by M1 M®s. In con-
trast, the expression of osteogenesis-related genes was
significantly up-regulated in specimens from the SP450
and SP550 groups. This is probably attributed to anti-
inflammatory IL-4 and IL-10 in the supernatant derived
from pro-healing M2 M®s in the SP450 and SP550
groups that promote osteogenic differentiation of the
MC3TS3-E1 pre-osteoblasts. Western blot analysis results
of pre-osteoblasts cultivated for one week showed no
significant difference in the expression levels of RUNX2,
BMP2, and OCN between the P and SP750 groups. How-
ever, these expression levels were significantly lower than
those shown in the SP450 group (Figure S4b-c). Based
on this analysis, it is reasonable to conclude that SP450
enhanced osteogenesis and exhibited immunomodula-
tory activities in vitro.

To understand the potential underlying mechanisms
by which M®s influence osteogenic differentiation, gene
expression in pre-osteoblasts cultured on SP450, with or
without a conditioned medium, was analyzed using RNA

sequencing. According to the DEGs clustering heatmap
and volcano plot, 327 up-regulated genes and 159 down-
regulated genes were identified in the group in which
the conditioned medium was added, compared with the
group without the conditioned medium (Figure S5a). GO
analysis of the DEGs was performed using the OmicStu-
dio platform. Differential gene expressions were identi-
fied in genes related to the cell membrane (e.g., calcium
ion transport, sodium ion transport, transmembrane
transport), the cytoskeleton (e.g., cytoskeleton organiza-
tion, regulation of cell shape, structural constituents of
cytoskeleton), transcription, cell adhesion, and cell prolif-
eration (Figure S5b). The results indicated that the super-
natant collected from M®s cultured on SP450 explicitly
altered transcriptional gene expression, cytoskeleton, and
cellular morphology of the pre-osteoblasts.

KEGG analysis of DEGs was subsequently performed
to identify the potential pathways activated by the M®
supernatants (Figure S5d). In the “Metabolism” category,
pyrimidine metabolism, steroid hormone biosynthesis,
and purine metabolism were most enriched. Different
signaling pathways were enriched in the “Environmen-
tal Information Processing” category. Those pathways
included the calcium signaling pathway, TNF signaling
pathway, ECM-receptor interaction, cell adhesion mole-
cules, PI3K-AKT signaling pathway, cGMP-PKG signaling
pathway, cAMP signaling pathway, TGF-beta signaling
pathway, and Ras signaling pathway. Several genes asso-
ciated with calcium signaling pathways, such as Cacnali,
Grml, and P2rx7, were up-regulated in pre-osteoblasts
cultured with conditioned medium. Cacnali encodes
the alpha subunit of T-type calcium channels, associated
with osteogenic differentiation in bone marrow stem cells
[64]. Grm1 encodes metabotropic glutamate receptors,
which are crucial for normal bone matrix production and
skeletal development [65]. In addition, P2rx7, the recep-
tor of SAA3 (up-regulated in macrophages from SP450,
Figure S3a-b), plays a key role in osteogenesis [66]. These
findings suggest that macrophages cultured on SP450
may mediate osteogenic differentiation of pre-osteoblasts
through SAA3 secretion.

In vivo osseointegration and inflammatory responses of
the implants

The in vitro results reported thus far suggested that
SP450 induced polarization of M®s into the M2 phe-
notype and that PEEK nano/microstructure has a scale-
dependent effect on regulating M® polarization and
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0.1343 +0.0122 mm, respectively. These values were sig-
nificantly higher than those derived from the P and SP750

osteogenic differentiation. Hence, SP450 and SP750,
the PEEK nano/microstructures with the minimum

and maximum dimensions, were used to conduct in
vivo validation experiments (Fig. 8a). Micro-computed
tomography (micro-CT) of reconstructed 3D models
showed significantly more new bone formation in the
SP450 group after 4 weeks of implantation (Fig. 8b).
This observation was verified with quantitative analy-
sis of the micro-CT data (Fig. 8c). Values for bone vol-
ume fraction (BV/TV), trabecular number (Tb.N),
and trabecular thickness (Tb.Th) values for SP450
were 0.2199+0.0032%, 1.7164+0.0447 mm~!, and

groups. The trabecular separation (Tb.Sp) value for
SP450 was 0.4486 + 0.0040 mm, lower than values derived
from the other two groups. New bone formation at the
bone-implant interfaces was visualized using methylene
blue-acid fuchsin staining (Fig. 8d). The newly formed
bone was in close contact with the SP450 implant, with a
higher bone-implant contact ratio than the P and SP750
groups (Fig. 8e). In contrast, only a small amount of new
bone was seen in defects coupled with the P and SP750
implants. The new bone in these two groups exhibited
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Fig. 8 In vivo osseointegration of PEEK implants prepared from P, SP450, and SP750. (@) Schematic of the placement of PEEK implants. (b) Micro-CT im-
ages of reconstructed 3D images of surrounding bones without implants. (c) Corresponding quantitative analysis of micro-CT results of BV/TV, Tb.N, Tb.Sp,
and Tb.Th. (d) Histological images of methylene blue-acid fuchsin staining. () Bone-implant contact ratio. (f) Sequential fluorescent labeling. (g) Analysis
of the fluorochrome-labeled new bone area. (h) Representative immunofluorescence staining of CD206 and iNOS. (i) Quantitative analysis of CD206 and
iNOS positively-stained areas. (j) Representative immunohistochemical staining of IL-4 and IL-6. (k) Quantitative analysis of positively stained cells. n=3

independent experiments per group; *P<0.05 and **P <0.01

point contact, and spaces between the newly formed
bone and the implant surface were apparent. Fluorescent
labeling confirmed the light microscopy staining results
that implants prepared from SP450 had better new bone
formation around the implants than those prepared from
P or SP750 (Fig. 8f). Quantitatively, the percentages of
the tetracycline hydrochloride-labeled area (orange) and
calcein-labeled area (green) were significantly higher in
the SP450 group than that of the P and SP750 groups
(Fig. 8g). These results validated that SP450 effectively
promoted osseointegration in vivo. Immunofluores-
cence staining of CD206 and iNOS (Fig. 8h) showed that
the in vivo defects in the SP450 group had significantly
a higher proportion of CD206" M®s and a significantly
lower proportion of iNOS* M®s (Fig. 8i). Cytokine pro-
files in rat femur defects were subjected to histochemi-
cal staining (Fig. 8j). Significantly more IL-4 and less IL-6
were identified in the SP450 group (Fig. 8k). These results
indicate that implantation of SP450 reduced inflamma-
tion response in the vicinity of the surgical defects and
facilitated a more favorable immune microenvironment
for osseointegration.

The immune system plays a pivotal role in early osseo-
integration at the implant-bone interface. Upon implant
placement, acute inflammation is initiated, characterized
by neutrophil recruitment and activation [20]. Mono-
cytes are subsequently recruited and differentiate into
macrophages, influenced by implant topographies [15].
PEEK implants with nanostructures enhance macro-
phage recruitment, reduce PIEZO1-mediated calcium
influx, and inhibit actin polymerization, facilitating a
switch from M1 to M2 macrophage phenotypes. This
promotes osteogenesis by secreting anti-inflammatory
cytokines like IL-4 and IL-10, thereby fostering an osteo-
immune microenvironment conducive to early bone for-
mation and implant stability.

SP450 inhibited osteoclastogenesis of M®s in vitro and in
vivo

The enriched KEGG pathways mentioned above included
the osteoclast differentiation-related pathway, which was
also down-regulated, in addition to the calcium signaling
pathway (Fig. 5e). Macrophages are one of the precursors
of osteoclasts and share the same myeloid cell lineage
as osteoclasts [67]. The M1 M®s have a higher poten-
tial for osteoclastic differentiation than M2-M®s upon
stimulation by receptor activator of nuclear factor kB

ligand (RANKL) in vitro [68, 69]. Apart from fusing and
differentiating into osteoclasts, M®s may be involved in
regulating osteoclast-mediated bone resorption. The M1
M®Os secrete pro-inflammatory TNF-«, IL-1fB, and IL-6
to mediate the RANKL/RANK system to promote bone
destruction by osteoclasts [70-72]. In contrast, IL-4, an
anti-inflammatory cytokine, prevents osteoclastogen-
esis by inhibiting the activation of NF-kB and MAPK,
reducing the expression of RANKL signaling [73]. IL-10
secreted by M2 M®s inhibits osteoclastic activity by
blocking the production of aforementioned pro-osteo-
clastic cytokines [74]. Hence, stimulating M®s toward
M2 polarization and suppressing osteoclastogenesis are
of great importance in refraining excessive bone resorp-
tion during the early stage of bone remolding.

Bone resorption is the process in which mature osteo-
clasts decompose bone tissue by secreting catabolic fac-
tors. Cathepsin K (CTSK) and tartrate-resistant acid
phosphatase (TRAP) are two principal proteases that
participate in the degradation of type I collagen and
resorption of bone matrix [75]. Osteoclast-related gene
expression of M®s cultured with smooth PEEK or SP450
was examined using qRT-PCR. As shown in Fig. 9a, gene
expressions of CTSK and TRAP on SP450 were lower
on M®s cultured with smooth PEEK, which was consis-
tent with the result of KEGG analysis. In addition, TRAP
staining was performed on paraffin sections to detect
osteoclast activity in vivo. Unlike the result derived from
smooth PEEK, TRAP-positive areas were hardly seen in
the SP450 specimens (Figure S6). These results suggest
that the surface topography of SP450 may inhibit osteo-
clastogenesis. To understand how surface topography
regulates M® behavior, the authors focused on DEGs
related to osteoclastogenesis based on RNA-sequencing
results. The mRNA expression of transforming growth
factor-beta 2 (TGF-B2) was significantly down-regulated
in the SP450 specimens. Several members of the TGF-
superfamily, such as TGF-1, myostatin, and activin A,
are important regulators of osteoclastogenesis. These
factors regulate osteoclast differentiation through a
mechanism dependent on RANKL/RANK interplay [76].
Nevertheless, the role of TGF-B2 in osteoclastogenesis
is rarely mentioned in the literature, and the underlying
mechanism has not been fully elucidated.

RAW?264.7 M®s differentiate into multinuclear mature
osteoclasts upon stimulation by RANKL. To investigate
the inhibitory effect of nano/microstructured surface
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topography on osteoclastic differentiation and the role
of TGF-B2 in this process, M®s were seeded on smooth
PEEK or SP450 and incubated with RANKL (100 ng/
mL). After 4 days of osteoclastic induction, TRAP
staining showed the appearance of multinucleated and
TRAP-positive osteoclasts on smooth PEEK, while there
were only a few multinucleated cells on SP450 (Fig. 9b).
Quantitative analysis of TRAP-stained cells further dem-
onstrated that the number of multinucleated and TRAP-
positive osteoclasts significantly decreased in the SP450
group (Fig. 9¢). Likewise, gene expression of TGF-$2 was

significantly downregulated in cells cultured on SP450
(Fig. 9d).

Osteoclastogenesis is characterized by a cascade
of reactions involving multiple pathways and factors.
Briefly, RANKL interacts with its receptor RANK to
recruit TRAF6 and activate a cascade of intracellular
signaling pathways [77]. Among these pathways, NF-xB
is an important downstream transcription factor of the
RANKL-RANK signaling pathway. The classic NF-xB
pathway involves the degradation of IxBa, which allows
nuclear translocation of the p65 subunit of NF-kB and
NF-kB-dependent gene expression [78]. To further
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explore the potential underlying mechanism of TGE-
B2 in osteoclastogenesis, TGF-B2 was overexpressed
to examine its effect on the NF-kB signaling pathway.
GV658-TGF-B2 plasmids were transfected into M®s,
and TGF-B2 expression in positive cells was analyzed
with green fluorescent protein imaging and qRT-PCR
(Fig. 9e-f). Uninfected and infected M®s were seeded
on SP450, and M®s were incubated with RANKL (100
ng/mL) for 4 days to induce osteoclastic differentiation.
Overexpression of TGF-B2 increased the expression of
CTSK. The result suggests that TGF-B2 overexpression
increased osteoclastic differentiation of M®s (Fig. 9g-
h). Furthermore, TGF-f2 overexpression significantly
increased RANKL-induced degradation of IkBa and the
ratio of p-p65/p65 (Fig. 9g-h). These results suggest that
the surface topography on SP450 suppressed osteoclastic
differentiation of M®s by inhibiting the NF-kB signaling
pathway via down-regulation of TGF-B2. Nevertheless,
further studies are required to examine the interaction
between signaling pathways involved in this process.

Conclusions

A series of PEEK nano/microstructures with different
dimensions were fabricated for the first time by control-
ling the agitation speed of sulfonation. The mechanism of
how PEEK surface topography cues regulate M® polar-
ization and the immune microenvironment was eluci-
dated in the present study. Surface features on the PEEK,
especially SP450, induced polarization of M®s to the
pro-healing M2 phenotype through down-regulation of
pro-inflammation genes (iNOS, IL-1p) and cytokines (IL-
1B, TNF-a), as well as up-regulation of anti-inflammation
genes (CD206, IL-4) and cytokines (IL-4, IL-10). The sur-
face structure of SP450 reduced PIEZO1-mediated cal-
cium influx and inhibited actin polymerization, thereby
facilitating M®s toward M2 polarization. The optimal
immune microenvironment created by SP450 relieved
inflammatory response and promoted osteogenic dif-
ferentiation of pre-osteoblasts in vitro. Moreover, SP450
suppressed osteoclastic differentiation of M®s by inhib-
iting the NF-kB signaling pathway via down-regulation
of TGF-p2. Consequently, the SP450 surface topography
enhanced de novo bone formation and osseointegration.
Results from the present study may provide a simple
and efficient solution for improving osseointegration
of PEEK-containing bone repair materials. Future stud-
ies involving more implant sites, extended time-points,
and larger animal models are needed to further investi-
gate the impact of SP450 surface characteristics on the
immune response.
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Methods

Samples preparation and characterization

Biomedical grade PEEK (Shaanxi Jukang Gaobo Medi-
cal Technology Co., LTD, China) was machined into
17x17x2 mm for in vitro testing. PEEK rods (@
1.8x4.0 mm) were used for animal experiments. All
PEEK plates were mechanically polished with 600- to
2000-grit silicon carbide papers (Matador, Germany) and
ultrasonically cleaned in acetone, ethanol, and deionized
water in sequence. PEEK substrates were treated with
concentrated sulfuric acid (95-98 wt%, MilliporeSigma,
Burlington, MA, USA) for 30 s with different agitation
speeds (450 rpm, 550 rpm, 650 rpm, and 750 rpm), and
were named SP450, SP550, SP650, and SP750, respec-
tively. The polished PEEK, the control group, was
denoted as P. Magnetic stirring was used throughout the
entire acid etching process at room temperature to obtain
a uniform porous structure. After sulfonation, the SP450,
SP550, SP650, and SP750 specimens were submerged
in deionized water for 10 min. The sulfonated speci-
mens were cleaned ultrasonically in acetone for 10 min.
Hydrothermal treatment was then performed at 100 °C
for 4 h to remove residual sulfuric acid. The PEEK speci-
mens were dried at room temperature. All specimens
were sterilized with autoclaving prior to use (121.3 °C,
103.4 kPa for 30 min).

The surface topography and structure of the prepared
surfaces were inspected by FE-SEM (S-4800, Hitachi,
Japan). EDS (SDD550, IXRF, USA) was used to ana-
lyze the elemental composition of the PEEK specimens.
The roughness of the prepared surfaces was examined
by AEM (Keysight 5500, Keysight Technologies, USA).
Crystallinity was investigated using an XRD (XRD-7000,
Shimadzu, Japan). FT-IR (FT-IR-8400 S, Shimadzu,
Japan) was used to analyze the chemical groups of the
specimens. Surface wettability was measured with a con-
tact angle goniometer (Kruss, Germany), and deionized
water was used as the test liquid. For protein absorp-
tion, the specimens were put into the 12-well plate. 500
pL 20 pg/mL EN was added into each well and incubated
for 2 h at 37 °C. The total amount of adsorbed FN on dif-
ferent specimens was examined by BCA protein assay kit
(CWBIO, China).

Cell culture

The murine-derived macrophage cell line RAW 264.7,
and newborn mouse calvaria-derived MC3T3-E1 sub-
clone 14 pre-osteoblasts were kindly provided by the
Stem Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) and a-MEM (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), respec-
tively, containing 1% penicillin-streptomycin (InCellGene
LLC, Burlington, Ont, Canada) and 10% fetal bovine
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serum (Gibco) at 37 °C in an incubator of 5% CO,. Cell
inoculation density was 1x10* cells/well unless other-
wise specified. The M®s were seeded onto PEEK speci-
mens in 12-well plates. Supernatants were collected and
centrifuged after 3 days of incubation. To investigate the
influence of M®s on osteogenesis, the supernatants col-
lected from M®s were mixed with osteogenic medium at
a 1:1 ratio, as was designated the conditioned medium.
The osteogenic medium consisted of a complete cell
medium supplemented with 50 pg/mL ascorbic acid, 10
nM dexamethasone, and 10 mM [-glycerophosphate
(Solarbio, China). The culture medium was replaced with
the conditioned medium obtained from different PEEK
surfaces on alternate days after the pre-osteoblasts had
been seeded.

Cell behavior of MC3T3-E1 pre-osteoblasts cultured on
different PEEK specimens

MC3T3-E1 adhesion

After 1 h, 2 h, and 4 h of culture, the specimens were
washed with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde. After staining with
4,6-diamidino-2-phenylindole (DAPI, RSKBIO, China)
and washed with PBS, cell adhesion was examined using
a fluorescence microscope.

Cytotoxicity and MC3T3-E1 proliferation

Cytotoxicity and cell proliferation were evaluated by a
Calcein/PI live/dead viability/cytotoxicity assay kit (Bey-
otime, China) and a cell counting kit (CCK-8, Yeasen,
China) according to the instructions, respectively.
MC3T3-E1 cells were seeded on the specimens and
cultured for 1 d, 3 d, and 7 d. For cytotoxicity assay, the
specimens were rinsed once with PBS, and then 500 pL of
working solution containing 1 uL/mL Calcein AM and PI
mixture in PBS was dropped on each specimen surface.
After 20 min of incubation in the dark, the specimens
were observed by the CLSM. For the cell proliferation
assay, 1 mL fresh medium (900 pL cell culture medium
and 100 puL CCK-8 solution) was added to each well.
Optical density (OD) was determined at 450 nm after
incubating at 37 °C for 2 h.

MC3T3-E1 morphology

After 3 days of culture, the cells were fixed in 2.5% glu-
taraldehyde and dehydrated gradually in an ascending
ethanol series (30%, 50%, 70%, 80%, 90%, and 100%). The
morphology of MC3T3-E1 cells cultured on different
PEEK specimens was observed with FE-SEM after drying
and sputter coating with platinum.
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Immune responses of M®s cultured on different PEEK
specimens

M® morphology

After 3 days of culture, the morphology of M®s was
observed by the SEM following the standard procedures
detailed in MC3T3-E1 morphology.

M® adhesion

After 1 h, 2 h, and 4 h of culture, the initial adhesion
behavior of M®s on the specimens was visualized by
DAPI staining as the previous description in MC3T3-E1
adhesion.

MO proliferation

After 1 d, 3 d, and 5 d of culture, the proliferation of
M®s on various PEEK specimens was evaluated as the
previous description in Cytotoxicity and MC3T3-E1
proliferation.

Immunofluorescence staining

After 3 d of culture, the M®s were fixed with 4% para-
formaldehyde at room temperature, permeabilized with
0.2% Triton X-100 (G-Clone, China), and blocked with
10% goat serum (Incellgene). The M®s were subse-
quently incubated with the primary antibodies of CD206
(mouse-anti-mouse, 60143-1-Ig, Proteintech, Rosemont,
IL, USA) and iNOS (rabbit-anti-mouse, AF0199, Affinity
Biosciences, China), with 1:500 dilution at 4 °C overnight.
The specimens were incubated with the mixed secondary
antibodies of Dylight 594 goat-anti-mouse IgG and Flour
488 goat-anti-rabbit IgG (both 1:500 dilution). Cell nuclei
were stained with DAPI for observation with CLSM (TiE
A1l Plus, Nikon, Japan).

Flow cytometry

Macrophages were seeded on different specimens at a
density of 3x 10* cells/well and incubated for 3 days. The
M®s were then blocked with 1% bovine serum albumin
for 30 min at room temperature. The cells were incu-
bated with Alexa Fluor 488-conjugated CCR7 and phyco-
erythrin-conjugated CD206 (Biolegend, USA) for 1 h at
37 °C. After washing twice with PBS, the cells were ana-
lyzed with a flow cytometer (Cytomics™ FC 500, Beck-
mancoulter, USA). 1 x 10* cells were analyzed in each test.

Gene expression of M@s

Macrophages were seeded on different specimens at a
density of 3x10* cells/well and incubated for 3 days.
Total cellular RNA was extracted with Trizol reagent
(Invitrogen, Thermo Fisher Scientific) following the
manufacturer’s instructions. Complementary DNA was
synthesized with Hifair III 1st Strand ¢cDNA Synthe-
sis SuperMix (Yeasen, China). Gene expression of M1
markers IL-1p and iNOS, and M2 markers IL-4 and



Zhao et al. Journal of Nanobiotechnology (2025) 23:199

CD206, was determined using a real-time PCR system
(ABI7500, Applied Biosystems, Waltham, MA, USA)
with 2xTSINGKE MASTER qPCR Mix (TsingKe Biologi-
cal Technology, China). The primer sequences are listed
in Table S1.

Enzyme-linked immunosorbent assay (ELISA)

Macrophages were seeded on different specimens at a
density of 3x 10 cells/well. After 3 days of culture, the
culture media were collected and centrifuged. The super-
natants were utilized for analyses. The concentrations
of IL-1B, TNF-a, IL-4, and IL-10 were measured with
ELISA kits (Cloud-Clone Corp., Katy, TX, USA), follow-
ing the manufacturer’s instructions.

Osteogenic differentiation of pre-osteoblasts in vitro
Alkaline phosphatase staining and activity

After 7 days and 14 days of osteogenic induction, the dif-
ferentiated osteoblasts were fixed in 4% paraformalde-
hyde and washed thrice with PBS. The fixed cells were
stained with the 5-bromo-4-chloro-3-indolyl-phosphate/
nitroblue tetrazolium alkaline phosphatase (ALP) color
development kit (Beyotime, China) according to the
manufacturer’s protocol. Optical images were taken with
an inverted microscope (Lecia, Germany). For quanti-
tative evaluation of ALP activity, the osteoblasts were
lysed with 1% Triton X-100. Absorbance was recorded
at 405 nm using an ALP assay kit (Beyotime, China). The
ALP levels were normalized to the total intracellular pro-
tein content.

Alizarin red S staining

After 7 days and 14 days of osteogenic induction, the
differentiated osteoblasts were fixed in 4% paraformal-
dehyde and washed thrice with PBS. The differentiated
osteoblasts were incubated in Alizarin red S solution
(Solarbio, China; pH=4.2) for 10 min at room tempera-
ture. After washing with deionized water, the stained
osteoblasts were examined with an inverted microscope
(Lecia, Germany). For quantitative analysis, the speci-
mens were dissolved in 1 mL of 10% cetylpyridinium
chloride (Tianjin Guangfu Fine Chemical Research
Institute, China) for 1 h. The eluate was transferred to a
96-well plate. Absorbance was recorded at 562 nm using
a microplate reader (BioTek, Winooski, VT, USA).

Gene expression of differentiated osteoblasts

After 7 days and 14 days of osteogenic induction, the
expression of osteogenesis-related genes Runx2, Alp,
Opn, and Ost were measured by qRT-PCR. The primer
sequences are listed in Table S1.
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Protein expression of differentiated osteoblasts

After 7 days of osteogenic induction, the expression of
osteogenesis-related proteins RUNX2, BMP2, and OCN
were measured by western blot. Whole protein extrac-
tion was performed with RIPA buffer containing 100
mM protease and phosphatase inhibitor cocktail (Beyo-
time, China). The protein specimens were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto a polyvinylidine difluoride
membrane (MilliporeSigma). The protein-containing
membrane was blocked with protein-free rapid block-
ing buffer (EpiZyme Biotechnology, China) and blot-
ted with primary antibodies at 4 °C overnight. The
primary antibodies used were RUNX2 (Santa, sc-390351,
1:1000), BMP2 (Santa, sc-137087, 1:1000), OCN (Santa,
s¢-365797, 1:1000). This was followed by incubation with
secondary antibodies (Affinity Biosciences, Cincinnati,
OH, USA) at room temperature. Membrane bands were
visualized using the ChemiDoc imaging system (Bio-Rad,
Hercules, CA, USA) and analyzed using Image] software.
Glyceraldehyde 3-phosphate dehydrogenase was used as
endogenous control.

In vivo evaluation

Surgical procedure

Animal experiments were approved by the Laboratory
Animal Ethical Inspection, School of Stomatology, Air
Force Military Medical University (registration number:
2020-017), China. A rat femur implantation model was
used to evaluate the immune response and osseointe-
gration of the PEEK specimens in vivo. Eighteen male
Sprague-Dawley rats (350-400 g, specific-pathogen-
free grade) were randomly divided into three groups: P,
SP450, and SP750. Surgical procedures were performed
on both femurs of each rat. The rats were anesthetized
with 30 mg/kg of 1.5 (w/v) pentobarbital for surgery.
Cylindrical femoral defects (approximately 1.8 mm in
diameter and 4 mm deep) were created in the distal
femur above the medial femoral condyle under saline
irrigation. Rod-shaped PEEK implants were then inserted
into the bony crypts. The wounds were sutured in layers.
To prevent infection, all rats were injected with 50 kU/kg
penicillin for the first three days after operation.

Sequential fluorescent labeling

At 7 and 14 days post-surgery, three rats from each group
were randomly selected for intraperitoneal injection with
25 mg/kg tetracycline hydrochloride (MilliporeSigma)
and 20 mg/kg calcein (MilliporeSigma). Four weeks after
surgery, all rats were euthanized using excess pentobar-
bital sodium. Femurs with implants were harvested and
fixed in 4% paraformaldehyde for 48 h at 4 °C for subse-
quent use.
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Micro-computed tomography

Each implant-containing femur was scanned with a
micro-CT system (Inveon MM CT, SIEMENS, Ger-
many). The scanning parameters were set at 80 kV and
500 pA, with 1000 ms of exposure time and a resolution
ratio of 39 pm. A 2.0 mm diameter and 4.0 mm deep
cylindrical region was taken as the volume of interest.
The scanned images were 3D reconstructed using the
analyzing software (Inveon Research Workplace 2.2). The
reconstruction parameters used to evaluate new bone
formation mainly consisted of new bone volume to total
volume, trabecular thickness, trabecular number, and
trabecular separation.

Histological and immunostaining evaluation

Six rats from each group were divided into two subgroups
for analysis. One subgroup was used for undecalcified
sections with sequential fluorescent labeling, while the
other was used for decalcified sections with non-sequen-
tial fluorescent labeling. For undecalcified sections,
femur condyle specimens with implants were embedded
in methyl methacrylate and cut into 200-pm-thick serial
sections. Each section was ground and polished to 50 pum
thick for fluorescent double-labeling evaluation and
methylene blue-acid fuchsin staining (Solarbio, China).
For decalcified sections, the femur condyle samples were
demineralized in 10% ethylenediamine tetra-acetic acid
(pH 7.2) for 2 weeks at 37 °C. The solutions were changed
every three days. Subsequently, the decalcified speci-
mens were dehydrated using an ascending ethanol series,
embedded in paraffin and prepared for paraffin sections
with a thickness of 5 pm.

The paraffin sections were deparaffinized, rehydrated,
and then treated with sodium citrate buffer (RSKBIO,
China) to retrieve the antigen. For immunofluorescence
staining, sections were blocked in 10% goat serum (Ince-
llgene) and incubated with primary antibodies of iNOS
(mouse-anti-rat, ab210823, 1:100 dilution, Abcam Plc,
UK) and CD206 (rabbit-anti-rat, ab300621, 1:100 dilu-
tion, Abcam), overnight at 4 °C. The treated specimens
were incubated with mixed secondary antibodies consist-
ing of Flour 488 goat-anti-rabbit IgG (1:500 dilution) at
room temperature. Cell nuclei were labeled with DAPI
solution. Sections were sealed with a mounting medium
for antifading (Incellgene, USA) and scanned by CLSM.
For immunohistochemistry, hydrogen peroxide was used
for blocking. The sections were incubated with primary
antibodies consisting of IL-6 (rabbit-anti-rat, DF6087,
1:100 dilution, Affinity Biosciences) and IL-4 (rabbit-anti-
rat, AF5142, 1:100 dilution, Affinity Biosciences) at 4 °C.
The treated sections were then incubated with secondary
antibodies (Zhongshan Golden Bridge Biotechnology,
China) at 37 °C. The color was revealed with DAB chro-
mogenic solution and counterstained with hematoxylin.
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Protein expression in cells was detected with an opti-
cal microscope and analyzed with the Image ] software
(National Institute of Health, Bethesda, MD, USA).

Transcriptome sequencing and data analysis

Transcriptome sequencing of M®s

Macrophages were seeded on smooth PEEK and SP450
at a density of 3x10* cells/well. After culturing for 3
days, total RNA was isolated from the cells and purified
with Trizol reagent (Invitrogen). The RNA amount and
purity of each sample were quantified using NanoDrop
ND-1000 (NanoDrop, Wilmington, DE, USA). RNA
sequencing was performed with an illumine Novaseq™
6000 (LC-Bio Technology Co., Ltd., China) following the
manufacturer’s recommended protocol. Bioinformatic
analysis was performed using the OmicStudio tools (http
s://[www.omicstudio.cn/tool).

Protein expression of M@s

To investigate the mechanism of how topography directly
affects macrophage phenotype, M®s were seeded on
smooth PEEK and SP450 at a density of 3 x 10* cells/well.
M®s in the third group were seeded on SP450 with 20
UM Yodal for 10 h. Western blot was used to analyze the
protein expression of PIEZO1, ARG1, and iNOS. The
protocol followed the standard procedures detailed in
Protein expression of differentiated osteoblasts. The pri-
mary antibodies used were PIEZO1 (Affinity, DF12083,
1:1000), ARG1 (Affinity, DF6657, 1:1000), iNOS (Affinity,
AF0199, 1:1000).

Ca’* concentration

M®s cultured on different specimens were lysed, and
Ca" concentration was evaluated by a calcium colo-
rimetric assay kit (Beyotime, China), according to the
manufacturer’s protocol.

Immunofluorescence staining

The M®s were fixed with 4% paraformaldehyde at room
temperature and permeabilized with 0.2% Triton X-100
(G-Clone, China). The M®s were subsequently incubated
with phalloidin-TRITC (Cohesion, CRG1039) with 1:200
dilution at room temperature. Cell nuclei were stained
with DAPI for observation with CLSM (TiE Al Plus,
Nikon, Japan).

TGF-f32 overexpression and cell culture

In vitro TGE-B2 overexpression was achieved via trans-
fection with mouse TGF-B2 overexpression plasmid
(Genechem, China). The M®s (30-50% confluence)
were transfected with plasmid and lipofectamine 3000
reagents (Thermo Fisher Scientific), following the manu-
facturer’s protocol. Twelve hours after the transfection,
the original medium was replaced with fresh medium,
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and the cells were incubated for 3 days. Forty-eight hours
after transfection, the macrophages were examined with
an inverted fluorescence microscope. The overexpression
efficiency of TGF-B2 was measured with qRT-PCR.

The M®s were seeded onto SP450 at a density of
3x10* cells/well. The cells were left untransfected or
were transfected with GV658-TGF-2 plasmid. At 6 h
after transfection, the culture medium was changed to
regular DMEM. 100 ng/mL RANKL (PeproTech, USA)
was added to each group to induce differentiation of the
MOOs into osteoclasts. The culture medium was refreshed
every 2 days.

Trap staining

TRAP staining of M®s was performed after 4 days of
osteoclastogenesis induction. The cells were fixed with
4% paraformaldehyde and stained using a TRAP staining
kit (Solarbio, China).

Gene expression of M@s after osteoclastogenesis induction
Expression of osteoclastic-related genes Ctsk, Trap, c-Fos,
and Nfatcl were measured by qRT-PCR. The primer
sequences are listed in Table S1.

Protein expression of M@s after osteoclastogenesis induction
Expression of osteoclastic-related proteins CTSK, p65,
p-p65, and IkBa were measured by western blot, follow-
ing the standard procedures detailed in Protein expres-
sion of differentiated osteoblasts. The primary antibodies
used were CTSK (Abcam, ab19027, 1:1000), p65 (Cell
Signaling Technology, Danvers, MA, USA, 8242, 1:1000),
p-p65 (Cell Signaling Technology, 3033, 1:1000), IkBa
(Cell Signaling Technology, 9242, 1:1000).

Transcriptome sequencing of differentiated osteoblasts
Osteoblasts were seeded on smooth PEEK or SP450 at a
density of 1x 10* cells/well. Osteoblasts incubated with-
out the conditioned medium were used as the control.
Osteoblasts incubated in M® conditioned medium were
designated the experimental group. After culturing for
7 days, total RNA was isolated from the cells and puri-
fied with Trizol reagent (Invitrogen). RNA sequencing
followed the procedures described in Transcriptome
sequencing of M®s.

Statistics

All experiments were performed at least three times.
All data were presented as the mean +standard devia-
tion. Statistical analysis was performed with one-way or
two-way analysis of variance, followed by Tukey post-hoc
test, after ascertaining that the normality and homosce-
dasticity assumptions of the data sets were not violated.
Statistical significance was considered at *P<0.05 and
**P<0.01.
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