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Osteomyelitis exhibits bone defects in an inflammatory and acid microenvironment. As a crucial factor in this
inflammation responses, the macrophage-osteoclast axis is absolutely the core to regulate. The research explored
a shell-core structured biomaterial, consisting of a gelatin nanoparticle (GNP) platform loaded with bone
morphogenetic protein 9 (BMP9) and coated with a metal phenolic network (TA-Ce), which exhibited adaptive
sensitivity to pH values. Extracellularly, it rapidly responded to lower pH, achieving specific release in an in-
flammatory microenvironment. Intracellularly, it impacted the formation, function, and differentiation of oste-

oclasts through the macrophage-osteoclast axis, thereby promoting bone defect repair. In vivo and in vitro studies
showed GNPs-BMP9@TA-Ce regulated osteoclasts to optimize osteomyelitis treatment strategies, highlighting
the potential of modified nanobiomaterials for clinical application.

1. Introduction

Osteomyelitis (OM) is an inflammatory process accompanied by
bone destruction, caused by an infecting microorganism. These in-
fections frequently manifest in the cortex, marrow, periosteum and the
surrounding soft tissue [1]. OM is also associated with trauma, surgery,
soft tissue spread, or periprosthetic implants. Current clinical treatment
for chronic OM includes radical surgical debridement of the necrotic and
infected tissues, along with prolonged courses of antibiotics [2,3].
Despite these measures, many patients experience prolonged bone re-
covery or develop comorbidities. Sometimes, bone grafting surgeries are
adopted to confront the bone loss. OM presents a significant clinical
challenge, associated with compromised quality of life, extensive
morbidity, and even hospitalization [2].

Staphylococcus aureus (S. aureus) and its products can potently
stimulate resorptive bone loss in OM, with direct actions (e.g., producing
acid and proteases) leading to bone tissue destruction, alongside exac-
erbated leukocyte survival pathways [1,4,5]. They also directly increase
osteoclasts formation and activity [6]. Bone destruction predominantly
results from an uncoupling of osteoclasts and osteoblasts activities. Bone

healing involves complex physiological processes initiated by the early
regulation of inflammation [7]. In the inflammatory microenvironment,
diversified immune cells are activated and release inflammatory factors
including TNF-a, COX-2, Th17, IL-1, IL-3, etc. These factors regulate the
osteoclast Rankl-Rank-OPG signaling pathway, triggering its differenti-
ation and maturation. The acid environment caused by early bacterial
infection promotes inflammatory polarization of macrophages. Mean-
while, a process driven by cytokines from activated cytotoxic T cells may
prolong the presence of M1 macrophages, possibly by delaying their
differentiation into more M2 macrophages [8-10]. A persistent, un-
controlled inflammatory environment further abnormally activates os-
teoclasts, leading to pronounced bone destruction. Additionally, more
inflammatory mediators concomitantly depress OPG expression in os-
teoblasts and S. aureus similarly inhibits osteoblast production of
RANKL decoy receptor [11]. These provide multifaceted mechanism of
bone resorption at lesion sites. Notably, there is a close connection be-
tween OM biological events and osteoclasts. To match multiple levels of
biological events, repair complex inflammatory microenvironments and
promote bone healing, an integrated nanoplatform with multi-
functionality and intelligent drug delivery capabilities is required.

* Corresponding author. The Affiliated Hospital of Stomatology of Chongqing Medical University, Songshi North Road, Yubei District, Chongqing, China.
** Corresponding author. The Affiliated Hospital of Stomatology of Chongqging Medical University, Songshi North Road, Yubei District, Chongqing, China.
E-mail addresses: hmzhang@hospital.cqmu.edu.cn (H. Zhang), chentao1985@hospital.cqmu.edu.cn (T. Chen).

https://doi.org/10.1016/j.mtbio.2025.101777

Received 13 January 2025; Received in revised form 30 March 2025; Accepted 16 April 2025

Available online 17 April 2025

2590-0064,/© 2025 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0009-0002-1646-0434
https://orcid.org/0009-0002-1646-0434
https://orcid.org/0000-0002-4341-0128
https://orcid.org/0000-0002-4341-0128
https://orcid.org/0000-0002-3467-2898
https://orcid.org/0000-0002-3467-2898
https://orcid.org/0000-0002-5658-5525
https://orcid.org/0000-0002-5658-5525
mailto:hmzhang@hospital.cqmu.edu.cn
mailto:chentao1985@hospital.cqmu.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2025.101777
https://doi.org/10.1016/j.mtbio.2025.101777
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Zeng et al.

Promoting bone repair in the lesion area and antibiotics treatment sys-
temically, may be a novel approach to relieve OM. Substantial potential
exists for developing tissue-engineered constructs as novel therapeutic
options in clinics [12]. The properties of certain nanomaterials, such as
realizing in situ cell therapy, pH responsiveness, collectively serve as the
rationales to design a sustained-release bioresponsive drug delivery
materials system [13-16].

The appropriate pH value of microenvironments is crucial for the
physiological function and health. It may be affected by various factors,
such as the accumulation of local metabolic products and inflammatory
responses, leading to pH fluctuations. Deviations from the normal bone
tissue pH of 7.2-7.4, which represents the homeostation, have been
linked to various pathological conditions, including local and systemic
inflammatory disorders [17,18]. Mature osteoclasts secrete organic
acid, maintaining a local acid microenvironment at the inflammatory
site, further lowering the pH. Numerous evidences indicate that the
inflammatory bone destruction is attributed to an increase in the num-
ber of bone-resorbing osteoclasts. However, anti-resorptive therapy
alone failed to prevent bone loss in an inflammatory condition. Bone
resorption is a multi-step process involving precursor cell proliferation,
differentiation into osteoclasts (osteoclastogenesis), and degradation of
organic/inorganic structures by mature resorptive cells [19,20].
Therefore, regulating osteoclasts efficiently, combined with systemic
anti-inflammatory treatment, could be a crucial strategy for drug
development aimed at preventing inflammatory bone destruction.

TA and Cerium (IV) sulfate solution can form a flexible structure
when vigorously shaken under mild conditions, through the classic
Metal-Phenolic-Network (MPN) [21-23]. TA is a plant polyphenol
containing five catechol groups and five galloyl groups, and it is a strong
chelator for metal ions. During the reaction process, pH value is a key
factor affecting the stability of MPN. Under neutral or weakly basic
conditions, the catechol groups deprotonate, ensuring the formation of
the TA-Ce coordination network. Conversely, TA-Ce rapidly degrades
under acid conditions. In our early relevant studies [24-26], we have
used TA and Ce to form an adaptable “chain armor” for substrate sur-
faces, aiming to regulate the pathological microenvironment in a
responsive manner and ensure favorable osteointegration of the implant
and host bone. Accordingly, we synthesized a gelatin nanoparticle
(GNP) coated with a TA-Ce coordination network. Gelatin, a derivative
of natural protein hydrogels abundant in animal skin and bone, has been
widely used for biomedical applications such as osteoarthritis treatment
[27]. Superior characteristics of gelatin include beneficial biological
properties comparable to collagen, ease of processing into microspheres,
gentle gelling behavior, controllable degradation characteristics by
tailoring crosslinking conditions, and abundant presence of functional
groups that allow for further functionalization and modification via
chemical derivatization [27-31]. The reversible non-covalent in-
teractions (electrostatic interactions) between gelatin nanoparticles
enable the bottom-up assembly of gelatin particles into the continuous
particulate network. Bone morphogenetic protein 9 (BMP9) has been
reported as one of the most potent BMPs to induce bone remodeling
[32-35] and can be used for bone tissue engineering when combined
with some special biomaterials. We hypothesized that the modified
GNPs loaded with BMP9 could achieve sustained release, responsing to
the inflammatory microenvironment with a pH of approximately
5.5-6.5 [36]. When infected with S. aureus in an OM rat model, they are
capable of bone repair. Our TA-Ce coordination film leads to an adaptive
drug release through an effective biological response to the inflamma-
tory acidic microenvironment. Additionally, we found that BMP9 could
impede the precursors fusion, reduce osteoclasts differentiation, and
impact their bone resorption function. Collectively, the modified GNPs
with BMP9 offered an effective response to the inflammatory microen-
vironment and provided a new strategy for bone repair in OM rats.
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2. Materials and methods
2.1. Materials

Tannic acid (TA), Cerium (IV) sulfate, sodium hydroxide (NaOH),
hydrochloric acid (HCL), gelatin nanoparticle powder, BSA, RhodaMine
labeled BSA (BSA/RBITC), Murine sRank-Ligand (Rankl), Recombinant
Macrophage Colony Stimulating Factor 1 (M-CSF), Lipopolysaccharide
(LPS), Recombinant Mouse BMP9, phosphate buffered saline (PBS),
RPMI-1640, FBS, DMEM, Crystal Violet Staining Solution, penicillin-
streptomycin, Counting Kit-8, Tartrate-resistant acid phosphatase
(TRAP) staining kit, Phallotoxin, transwell, DAPI, RNAiso Plus reagent
and TB GreenTM Premix Ex Tagll, Rhodamine B (RhB), Lysotracker
Green DND-26, Hoechst 33342, DAPI, anti-IL-1, CY3 IgG, Triton X-100,
paraformaldehyde (PFA). All reagents were used directly without
further processing.

2.2. Preparation of GNPs@TA-Ce,GNPs-BMP9@TA-Ce and GNPs-BSA/
RBITC@TA-Ce, GNPs-BSA@TA-Ce

We synthesized the GNPs@TA-Ce using an established protocol.
Firstly, 40 mg GNPs were added to 40 mL sterile double distilled water
(ddH50). Then, TA solution (200 pL, 24 mmol/L) and Cerium (IV) sul-
fate (1.2 mL, 24 mmol/L) were sequentially added. Every step was
executed by vortexing for 10 s rapidly. Then, NaOH solution (120 pL, 1
M) was added to adjust the pH value above 8.0. Nanoparticles were
gathered by washing and centrifugation for three times. After freeze-
drying overnight, pure GNPs@TA-Ce were harvested finally.

GNPs@TA-Ce loaded with BMP9 (GNPs-BMP9@TA-Ce) were syn-
thesized by first reacting BMP9 solution (1 mL, 400 ng/mL) with 1 mg
GNPs powder in a tube at 4 °C overnight. After imbibition and swelling,
this gelatin was mixed with 10 mL ddH20 subsequently. Then, TA so-
lution (50 pL, 24 mmol/L) and Ce(SO4), (300 pL, 24 mmol/L) were
sequentially added. Every step was executed by vortexing for 10 s
rapidly. Then, NaOH solution (30 pL,1 M) was added to adjust the pH
value above 8.0. Finally, the materials were washed for three times.
After freeze-drying overnight, GNPs-BMP9@TA-Ce were harvested.

GNPs@TA-Ce loaded with BSA/RBITC (GNPs-BSA/RBITC@TA-Ce)
were synthesized by first reacting 40 mL BSA/RBITC solution (1 mg/mL)
with 40 mg GNPs powder at 4 °C overnight. After adequate imbibition
and swelling, this gelatin was mixed with 10 mL ddwater. Then, 200 pL
the TA solution (24 mmol/L) and 1.2 mL Cerium (IV) sulfate (24 mmol/
L) were added sequentially. Every step was executed by rapidly vor-
texing for 10s. After that, 120 pL NaOH solution (1 M) was added to
adjust the pH value above 8.0. Finally, the materials were washed for
three times. After freeze-drying overnight overnight, GNPs-BSA/
RBITC@TA-Ce were harvested. All the above operations should be
protected from exposure to light.

GNPs@TA-Ce loaded with BSA (GNPs-BSA@TA-Ce) were synthe-
sized by first reacting 40 mL BSA solution (1 mg/mL) with 40 mg GNPs
powder at 4 °C overnight. After adequate imbibition and swelling, this
gelatin was mixed with 10 mL ddwater. Then, 200 pL the TA solution
(24 mmol/L) and 1.2 mL Cerium (IV) sulfate (24 mmol/L) were added
sequentially. Every step was executed by rapidly vortexing for 10s. After
that, 120 pL NaOH solution (1 M) was added to adjust the pH value
above 8.0. Finally, the materials were washed for three times. After
freeze-drying overnight overnight, GNPs-BSA@TA-Ce were harvested.

2.3. Characterizations

Field-emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscope (TEM) were used to analyze the surface
morphology and elemental distribution of GNPs@TA-Ce. The ionic
composition was detected by EDX mapping and valences were tested by
XPS. Nanoparticles size were obtained by Dynamic light scattering
(DLS). Ray Diffractomer (XRD) was used to explore its structure.
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GNPs@TA-Ce and GNPs were dispersed in HPEPS (5 mM); Then the Zeta
potential was measured using a Zetasize® Nano-S instrument. Raman
spectrometer was used to detect chemical bond. UV-Vis spectrophotom-
eter was used to analyze absorbances.

2.4. pH-responsive drug release

Cumulative drug release amounts of GNPs-BSA/RBITC@TA-Ce were
measured using Cary 5000 UV-Vis spectrophotometer. First, a calibra-
tion curve was obtained by plotting the absorbance BSA/RBITC at 495
nm as a function of increasing concentration. GNPs-BSA/RBITC@TA-Ce
were dispersed in buffers of different pH values 5.5 and 7.4 individually
with cellulose ester dialysis membranes (MWCO 10kd). The samples
need to be kept away from light with gentle shaking. Quantitative su-
pernatants were withdrawn at periodic intervals, and equal amounts of
buffer were added back to the main sample. The collected supernatants
were analyzed using UV-Vis spectroscopy to calculate BSA/RBITC
release with the previous calibration curve.

Cumulative drug release amounts of GNPs-BSA@TA-Ce were
measured by UV-Vis spectrophotometer 2500. First, a calibration curve
was obtained by plotting the absorbance BSA at 240 nm as a function of
increasing concentration. GNPs-BSA@TA-Ce were dispersed in buffers
of different pH values 5.5 and 7.4 individually with cellulose ester
dialysis membranes (MWCO 10kd). Quantitative supernatants were
withdrawn at periodic intervals, and equal amounts of buffer were
added back to the main sample. The collected supernatants were
analyzed using UV-Vis spectroscopy to calculate BSA release with the
previous calibration curve.

GNPs@TA-Ce were dispersed in buffers of different pH values 5.5
and 7.4 individually to detect Ce release by ICP-OES.

2.5. In vitro degradation

Weigh out several 400 mg samples of the freeze-dried GNPs-
BSA@TA-Ce powder.

Place each sample in 40 mL PBS (pH 7.4) at 37 °C for degradation.
Record the dry

weight of the samples after freeze-drying at each time point, and then
calculate the in

vitro degradation rate of the GNPs-BSA@TA-Ce.

2.6. Culture of S. aureus and RAW 264.7

S. aureus was cultured in Luria—Bertani medium, washed twice (0.9
% NaCl solution) and centrifugated (6000 rpm, 10 min) for further
experiment use. RAW 264.7 were cultured in growth medium (1 %
penicillin streptomycin, 10 % FBS, 89 % DMEM) at 37 °C, 5 % CO2.

2.7. Isolation and culture of BMDMs

Male mice aged 4-6 weeks were sacrificed with carbon dioxide, and
their tibias were aseptically collected. The bone marrow was flushed out
with basic medium (BM) [89 % 1640 medium, 10 % FBS, 1 % penicillin-
streptomycin]. A 40 pm cell strainer was used to sieve the bone marrow
suspension. Then it were lysed (with red cell lysis buffer) and centri-
fuged (500g, 5 min). The cell precipitate was then resuspended in
complete medium(BM with 50 ng/mL M-CSF)and incubated at 37 °C
and 5 % CO2. Non-adherent cells were collected after 24 h for further
culture. Two or three days later, the adherent cells (BMDMs) were ready
for further experiment.

2.8. Induction of osteoclasts and different biomaterials treatment
BMDMs were incubated with a density of 2 x 10° cells/cm? onto 24-

well and 48-well plates in osteoclastogenic medium (BM with 50 ng/mL
RANKL and 50 ng/mL M-CSF). The medium was refreshed every two
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days. LPS (10 ng/mL) was introduced into osteoclastogenic medium
after 24 h. Cultures in 24-well plates were subjected to qPCR. Cultures in
24-well plates with cell slides were subjected to cytoskeleton staining,
immunofluorescence staining and subcellular localization of GNPs@TA-
Ce in BMDMs. Cultures in 48-well plates were used for TRAP staining.

Materials of different groups (GNPs-BMP9 0.25 mg/mL, GNPs@TA-
Ce 0.25 mg/mL, GNPs-BMP9@TA-Ce 0.25 mg/mL) were added into
the osteoclastogenic medium for biological materials treatment in the
gPCR, cytoskeleton staining, immunofluorescence staining experiments.

2.9. Phalloidin fluorescence staining

For detection of the cytoskeleton and cell morphology of osteoclasts,
BMDMs were seeded at 1 x 10° cells/cm? on the surface of cell slides in
24-well plates with osteoclastogenic medium. After treatment with
different materials for 72 h, cells were fixed with 4 % PFA, washed with
PBS, and permeabilized with 0.2 % Triton X-100 in PBS. Samples were
incubated with Alexa Fluor 488 phalloidin and counterstained with
DAPI. Images were acquired in LSCM.

2.10. Immunofluorescence staining

After treatment with different materials for 24 h, cells were fixed
with 4 % PFA, washed with PBS, and permeabilized with 0.1 % Triton X-
100. Next, samples were incubated with IL-1p monoclonal antibody,
followed by incubation with anti-IgM AF594 and DAPI. Images were
captured by LSCM. The 3D surface plot was analyzed using ImageJ. A
higher peak indicated more pronounced infiltration.

2.11. Subcellular localization of GNPs@TA-Ce in BMDMs

We synthesized RhB labeled GNPs@TA-Ce as follows: firstly, 40 mg
GNPs were added to 40 mL ddH30. Then, TA solution (200 pL, 24 mmol/
L) and RhB (200 pL, 0.4 mmol/L) and Cerium (IV) sulfate (1.2 mL, 24
mmol/L) were added. Every step was executed by vortexing for 10 s
rapidly. Then, NaOH solution (120 pL, 1 M) was added to adjust the pH
value above 8.0. Nanoparticles were gathered by washing and centri-
fugation for three times. RhB labeled GNPs@TA-Ce were harvested
finally.

After treatment with LPS (10 ng/mL) for 6 h, BMDMs were added
fresh medium (containing 10 pg/mL RhB labeled GNPs@TA-Ce) and
incubated for 4 h and 24 h. Discard the medium, wash each well with
PBS three times, add fresh medium with LysoTracker Green staining for
30 min at 37 °C. Discard the medium, wash each well with PBS three
times, add Hoechst for 8 min at room temperature. Observe the sub-
cellular localization of GNPs@TA-Ce in BMDMs by LSCM.

2.12. gPCR

BMDMs were incubated with osteoclastogenic medium and materials
of different groups for 48 h. The transcription of osteoclasts-related
genes were evaluated, including nuclear transcription factor of acti-
vated T cells c1 (NFATc1), DC-specific transmembrane protein associ-
ated with antigen processing (DC-SATMP), cathepsin K (CTSK), matrix
metallopeptidase 9 (MMP9), and Tartrate-resistant acid phosphatase
(TRAP). Quantitative RT reactions were performed by using iQ™
SYBR® Green Supermix and iQ™S5 Multicolor Real-Time PCR Detection
System according to the manufacturer’s recommendations. The primers
and GAPDH used as the internal control were as follows: NFATc1, for-
ward 5-TGTTCTTCCTCCCGATGTCT-3' and reverse 5-CCCGTTGCT
TCCAGAAAATA-3’; DC-SATMP, forward 5- TCCTCCATGAACAAA-
CAGTTCCAA-3' and reverse 5° AGACGTGGTTTAGGAATGCAGCTC-3’;
CTSK, forward 5-CTGCTGGTA ACGGATCAGCTC CCCAGA-3 and
reverse 5-CCAAGGAGCCAGAACCTTCGAAACT-3’; MMP9, forward 5'-
TGGTGTGCCCTGGAACTCA-3' and reverse 5-GGAAAC TCA-
CACGCCAGA AGA-3’; TRAP, forward 5'-
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Scheme 1. The design of microenvironment responsive GNP-BMP9@TA-Ce and its mechanism of OM treatment by osteoclast regulation.

CTGGAGTGCACGATGCCAGCGACA-3 and reverse 5-
TCCGTGCTCGGCGATGGACCAGA-3’; GAPDH, forward 5-AAA
TGGTGAAGGTCGGTGTG-3' and reverse 5-TGAAGGGGTCGTTGATGG-
3.

2.13. Trap staining

After osteoclastogenic induction for 5 days with biomaterials treat-
ment of different groups, cells were washed twice and fixed with 4 %
PFA for 15 min, followed by permeabilization with 0.1 % Triton X-100
for 10 min. Fixed cells were stained using TRAP stain kit for 30 min in
the darkat 37 °C, following the manufacturer’s instructions. TRAP +
multinuclear (nuclei >3) cells were counted(randomly select 6 fields of
view at 100x magnification, repeating 3 times).

(— \/ BMP9 (AV;\VM

f&ﬁ"'t?;‘ —

GNP-BMP9

GNP-BMPY@TA

2.14. OM animal model with bacterial

All animal experiments were approved by the Animal Ethics Com-
mittee of Chongqing Medical University. All experiments followed the
ARRIVE guidelines. Sprague—Dawley (SD) rats (250—320 g, male) were
housed under Specific pathogen-free (SPF) conditions. For the con-
struction of the OM animal model, a defect (1.5 mm x 1.5 mm) was
created in the tibias. Rats were assigned to four groups to study the ef-
fects of OM repair as group 1 (control), group 2 (OM), group 3 (4-week
GNPs-BMP9@TA-Ce treatment), group 4 (12-week GNPs-BMP9@TA-Ce
treatment) randomly (n > 3). Apart from the control group, all others
were injected with S. aureus bacterial suspension (1 x 10° CFU/mL) into
the defects. Then the defects of treatment groups (4-week and 12-week
GNPs-BMP9@TA-Ce treatment groups) were injected with 200 pL GNPs-
BMP9@TA-Ce. Rats were euthanized with carbon dioxide at the time
point of week 4 or week 12. Their tibias were harvested for further

GNP-BMP9@TA-Ce

Fig. 1. Steps of GNP-BMP9@TA-Ce synthesis.
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Fig. 2. Synthesis, structural properties and characterization of the GNPs-BMP9@TA-Ce

(A) the synthetic compents of GNPs@TA-Ce. I) Gelatin network formed by the crosslinking of positive and negative charges. II) Molecular structure of TA. III) The
nucleus and surrounding electron arrangement of Cerium atom. (B) SEM images of GNP (I) and GNP@TA-Ce (II). Scale bar: 100 nm. (C) TEM images of GNP (I) and
GNP@TA-Ce (II). Scale bar in image I: 25 nm. Scale bar in image II: 50 nm. (D) Photographs showing that the GNPs powder, GNPs@TA-Ce powder, and their
hydrogel samples. (E) EDX mapping of GNP (I) and GNP@TA-Ce (II). Scale bar in image I: 20 nm. Scale bar in image II: 50 nm. (F) XRD patterns of GNPs and
GNPs@TA-Ce. (G) D)High resolution XPS spectra of Ce 3d for GNPs@TA-Ce. IDIron ratio of Ce (IV) and Ce (III) in GNPs@TA-Ce. (H) Particle size analysis of GNPs and
GNPs@TA-Ce detected through DLS. (I) Zeta potential analysis of GNPs and GNPs@TA-Ce.

experiments.
2.15. Micro-CT test

Bone repair was detected by Micro-CT. The scanning parameters
were set as follows: exposure time 3000 ms, resolution 6 pm, 70 kV, 112
pA. 3D images of the area of interest were reconstructed for further
analysis using CT80 and Materialise Magics 24.0. Bone volume/tissue
volume (BV/TV) and Tb.N were calculated for quantitative analysis.

2.16. Statistical analysis

SPSS 20.0 was used for data analysis. The comparison of quantitative
data was conducted by one-way ANOVA. Post comparisons were pre-
sented by tukey’s post hoc important difference test. P* <0.05 means
statistically significant.

3. Results and discussion
3.1. Synthesis and characterization of GNPs@TA-Ce

Gelatin nanoparticles powder was provided by Huanova Biotech
(Shenzhen, China) and prepared based on a previously reported two-
step desolvation method. The synthesis and osteoclast regulation of
GNPs-BMP9@TA-Ce responsive to inflammatory microenvironment was
shown in Scheme 1. Procedures of GNPs-BMP9@TA-Ce synthesis is
shown in Fig. 1. BMP9 was loaded into the GNPs through swelling and
imbibition action. TA-Ce film was assembled by combining TA and Ce on
the surface of GNPs, through the classic MPN system. The main synthetic
components, including GNPs, Tannic Acid (TA), and Ce(SO4), were
shown in Fig. 2A. Significantly, the multiple hydroxyl groups of TA
provided abundant electrons for the active Ce (III) and Ce (IV), facili-
tating the formation of MNP-Ce.

Images detected by SEM compared between GNPs (Fig. 2BI) and
GNPs@TA-Ce (Fig. 2BII) revealed the GNP@TA-Ce was shell-core
structure with a flexible layer. TEM images comparing GNPs and
GNPs@TA-Ce showed that TA-Ce uniformly coated the GNPs (Fig. 2CI),
confirming the synthesis of GNPs@TA-Ce (Fig. 2CII). Photographs
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Fig. 3. Schematic images of pH-responsive TA-Ce and the response of GNPs@TA-Ce to the different microenvironment

(A) Chemical structures of TA-Ce in different pH environments. I) Schematic images of TA-Ce in different pH environments. II) Raman spectra image of GNPs@TA-Ce
in pH 5.5 (black spectra) and pH 7.4 (red spectra). (B) the response of GNPs-BSA/RBITC@TA-Ce to the different pH values. I) the cumulative BSA/RBITC release of
GNPs-BSA/RBITC and GNPs-BSA/RBITC@TA-Ce in pH 5.5 and 7.4. II) the cumulative BSA/RBITC release of GNPs-BSA/RBITC@TA-Ce in pH 5.5 and 7.4. (C) Ce
Concentration released by GNPs@TA-Ce in pH 5.5 and 7.4. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

showed two different forms of GNPs@TA-Ce (Fig. 2D). Similar to GNPs,
freeze-dried GNPs@TA-Ce powder was easy to store, enabling large-
scale production of biomaterials. Moreover, they can form hydrogels
quickly through reaction with solutions. The favorable fluidity and
deformability ensured local medication application, whether by injec-
tion or external use. EDX mapping demonstrated that C and Ce (con-
tained within the TA-Ce) were further filmed on GNPs (Fig. 2EI),
forming GNPs@TA-Ce (Fig. 2EII) with Ce well-dispersed in the film. Due
to the assembly of TA, rich in benzene rings and hydroxyl groups, the
content of C and O in GNPs@TA-Ce underwent significant changes
(Fig. S1). The XRD pattern of GNPs@TA-Ce indicated their amorphous
structure (Fig. 2F). XPS confirmed the successful modification of Ce ions
on GNPs. The XPS spectra of Ce 3d in GNPs@TA-Ce was shown in
Fig. 2GI. As shown in Fig. S2, the spectrum of Ce 3d revealed charac-
teristic peaks at 881.75, 884.78, 886.51, 899.53, and 915.74eV attrib-
uted to Ce 3d 5/2 and Ce 3d 3/2 of Ce (IV); Peaks at 902.92, 905.11 and
909.24 eV were attributed to Ce 3d 5/2 and Ce 3d 3/2 of Ce (III). Ce (IV)
to Ce (III) ratio was 2.26:1 (Fig. 2GII). Ce (IV), exhibiting high oxidase-
like activity, was reduced to form Ce (III) with the electron-donating
effect from TA in an alkaline environment, further confirming the for-
mation of MPN-Ce. In general, the precise modification method enabled
the film’s suitability for multiple substrates. Compared to other sub-
strates, GNPs possess distinctive properties, including low biotoxicity,
surface and boundary effects, and small size effects [37,38]. Absolutely,
GNPs@TA-Ce also exhibited good biocompatibility (Fig. S3). The ratio

of particle surface area to volume increases as its diameter decreases
significantly [39]. The high surface area of GNPs@TA-Ce is likely to
result in different properties, compared to other objects coated with
MPN films. Furthermore, DLS was used to demonstrate the different
dimension of GNPs and GNPs@TA-Ce. Due to the TA-Ce film, average
diameters of GNPs@TA-Ce were marginally larger (Fig. 2H). The dif-
ference in zeta potential further proved the successful film modification,
as it showed in Fig. 21

3.2. pH responsive release manner of GNPs@TA-Ce

Compared with traditional modification, microenvironment-
responsive delivery to tissue offers unprecedented strategy and re-
duces toxic side effects for precisely targeted treatment towards to the
microenvironment [16]. The pH value of the inflammatory microenvi-
ronment is lower. Thus, we investigated the bio-decomposition behavior
of GNPs@TA-Ce in different pH buffers between physiological condi-
tions (pH 7.4) and OM environments (pH 5.5).

During the assembly process of TA-Ce (Fig. 3AI), the catechol and
galloyl groups of TA provide active electrons, forming coordination
bonds with Ce (III) and Ce (IV) to generate supramolecular network
structures in an alkaline condition. Depending on different pH values,
TA-Ce can form mono-complexes, bi-complexes, or tri-complexes.
However, these coordination bonds are pH-dependent. When the pH is
lowered to acid conditions, the competition between hydrogen ions and
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metal ions for chelation occurs, and some of the phenolic hydroxyl
groups on the polyphenol molecules are protonated by hydrogen ions in
the acid environment, causing the TA-Ce to become unstable or even
disintegrate. Raman spectroscopy was employed to analyze the
GNPs@TA-Ce obtained under different pH conditions. The characteristic
peaks observed at 426 em™! and 518 cm™! correspond to the Ce-O
stretching vibration. Compared with pH 5.5, the higher intensity
observed at pH 7.4 indicated enhanced formation of Ce-O bonds and
greater participation of Ce in the chemical complexation within TA-Ce.
We used BSA/RBITC as a model drug to simulate cumulative release
experiments in vitro. GNPs loaded with BSA/RBITC (GNPs-BSA/RBITC)
were used as the control group, while GNPs-BSA/RBITC@TA-Ce were
used as the experimental group. The cumulative drug release was
calculated by measuring the concentration of BSA/RBITC in solutions of
different pH values through a concentration-release standard curve

(Fig. S4A). We found GNPs were more prone to burst release in a
physiological environment with pH 7.4; However, due to the protection
of the TA-Ce film, GNPs@TA-Ce can release drugs more gently. In cases
requiring higher drug stability, degradation resistance, or a gradual
release pattern, core-shell or inner-outer architectures can protect the
drug from the surrounding milieu, maximizing its in vivo delivery effi-
ciency [40]. Moreover, in an acid condition with pH 5.5, GNPs@TA-Ce
responded quickly to pH changes, releasing an adequate amount of
drugs; Subsequently, its release calmed down, allowing for sustained
drug release in the local lesion area, maintaining a long-term effective
drug concentration (Fig. 3BI). More interestingly, when comparing the
drug release activity of GNPs@TA-Ce in different microenvironments
with different pH values, we discovered that once the low pH triggered,
the “smart” GNPs@TA-Ce could respond sensitively to the acidic
microenvironment. They released more drugs to rapidly relieve the
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0.001, ns: no significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

disease, then (after about 16 h) they resumed sustained release char-
acteristics in the acidic microenvironment (Fig. 3BII). To reduce the
interference of fluorescence, We further used BSA as a model drug to
investigate the release behavior of GNPs@TA-Ce at pH 5.5 and pH 7.4.
The experimental procedures were performed as previously described
about BSA/RBITC release. The cumulative BSA release was calculated by
measuring the concentration of BSA in solutions of different pH values
through the concentration-release standard curve (Fig. S4BI). Consistent
with prior findings, these results reaffirm the pH-responsive release
characteristics of GNPs@TA-Ce as shown in Fig. S4BII. Based on the
above conclusion, we used ICP to detect the Ce concentration to further
study the release behavior of GNPs@TA-Ce in the acidic condition at the
early stage. Interestingly, the Ce concentration remained low, indicating
the stability of GNPs@TA-Ce under the physiological condition. This
indicated GNPs@TA-Ce can carry targeted drugs. However, under the
acidic condition with the pH of 5.5, the Ce concentration rapidly
increased within 0-5 h, suggesting continuous and rapid decomposition
of the “film” and a large amount of drug release simultaneously. The
GNPs@TA-Ce made rapid and precise responses to the low pH value to

achieve an effective drug concentration in a timely manner. After 5-10
h, the release began to level off, exerting a long-term effect on the local
lesion. The ICP results were basically consistent with the cumulative
release experiment.

Images (Fig. S5) by TEM showed that the spherical structure of
GNP@TA-Ce was more significantly destroyed in an acidic microenvi-
ronment (pH 5.5), compared with those in vitro physiological conditions
(pH 7.4). As TA-Ce failed under acidic conditions, swelling and imbi-
bition effects were pronounced, leading to a larger volume. This
demonstrated the degradation process of GNPs@TA-Ce and its pH-
responsive capacity.

In general, GNPs@TA-Ce can depolymerize rapidly in a pH-
responsive manner under inflammatory conditions. Then, GNPs@TA-
Ce showed sustained release capabilities to implement long-term
medication treatment smartly.

3.3. Effect of GNPs-BMP9@TA-Ce on BMDMs

To study the effect of GNPs-BMP9@TA-Ce on osteoclast precursors,
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we co-cultured different groups of biomaterials (GNPs-BMP9, GNPs-
BMP9@TA-Ce, GNPs@TA-Ce) with LPS-induced BMDMs. To ensure
the sustained effect of biomaterials on BMDMs, we simulated the
biodegradation in vitro for 7 days; we used BSA as the simulated drug
and detected the degradation of GNPs-BSA@TA-Ce and GNPs-BSA
separately, in PBS, at 37 °C. The degradation profiles were given in
Fig. 4A. No significant difference in cumulative degradation between
GNPs-BSA@TA-Ce and GNPs-BSA. Approximately 20 % of GNPs-
BSA@TA-Ce had undergone degradation in 7 days. We further exam-
ined the biotoxicity of GNPs@TA-Ce and their degradation byproducts
on BMDMs using CCK8 assay (Fig. 4B). The results of cell viability tests
on 1 day, 3 day and 7 day suggested the by-products and residual
undegraded gelatin still exhibited negligible cytotoxicity toward
BMDM:s. These results indicated that GNPs@TA-Ce showed low cyto-
toxicity after incubation with BMDMs at the experimental concentra-
tion. It made the effective utilization of GNPs-BMP9@TA-Ce in vitro and
in vivo possible.

To further study the effect of GNPs-BMP9@TA-Ce on BMDMs, we
labeled GNPs@TA-Ce red fluorescence with RhB, lysosomes green with
LysoTracker and nuclei blue with Hoechst. BMDMs were treated with
LPS for 6 h to induce inflammatory stimulation. After co-culture with
GNPs@TA-Ce for 4 h, a amount of orange staining (the overlap of green
and red fluorescence) was observed in the cytoplasm of BMDMs
(Fig. 4CI). It demonstrated that GNPs@TA-Ce were mainly endocytosed
by BMDMs through the endolysosomal pathway. The pH value in lyso-
somes is about 5.5-6.5, which can further accelerate the decomposition
of TA-Ce and conduct the subsequent responsive release. After incuba-
tion for 24 h, rich red fluorescence was observed in the cytoplasm
(Fig. 4CII), which suggested that GNPs@TA-Ce escaped from lysosomes
successfully in BMDMs because of the proton sponge effect. These
confirmed that GNPs@TA-Ce could undergo lysosome-mediated endo-
cytosis in BMDMs and exhibit pH-response within acidic lysosomal
compartments.

BMDMs stimulated with LPS (10 ng/mL) were treated with different
biomaterial groups. IL-13 were marked by immunofluorescence stain-
ing, analyzed by quantitative fluorescence intensity measurement using
ImageJ. As shown in Fig. 4D, much higher level of IL-1p after 24 h in the
LPS group compared with CON group confirmed the inflammatory
microenvironment. In representative images (Fig. 4D), suppression of IL-
1p associated red fluorescence was observed in GNPs@TA-Ce and GNPs-
BMP9@TA-Ce groups after 24 h co-culture, demonstrating their anti-
inflammatory efficacy. Whereas GNPs-BMP9 showed no significant
impact. These results suggested that the anti-inflammatory effects on IL-
1B was primarily mediated by TA-Ce rather than BMP9. This observation
aligned with our previous studies demonstrating the anti-inflammatory
capacity of TA-Ce, potentially attributable to the biological activity of Ce
[24-26].

3.4. Effect of GNPs-BMP9@TA-Ce on osteoclasts in LPS-induced
inflammatory microenvironment

Osteoclasts are well-defined and distinctive in bone marrow, origi-
nating from myeloid progenitor or osteal macrophages. Since the origin
from monocytes/macrophages were confirmed, more research showed
that immature cells of the monocytes/macrophages lineage and mature
osteal macrophages can differentiate into osteoclasts. As the important
regulatory network in bone metabolism diseases, macrophage-osteoclast
axis is attracting increasing research attention [41-44]. Under the
stimulation of M-CSF, hematopoietic stem cells in the bone marrow
produce monocytes/macrophages lineage, which further differentiate
into osteoclasts induced by RANKL. Formation of osteoclastst requires
the fusion and multinucleation of macrophages [45]. In vitro experi-
ments, BMDMs were induced to undergo osteoclastogenesis by M-CSF
and Rankl together. LPS (10 ng/mL) was used to simulate the inflam-
matory environment. After biomaterials of different groups treatment,
we studied the effect of GNPs-BMP9 (0.25 mg/mL).
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GNPs-BMP9@TA-Ce (0.25 mg/mL) and GNPs@TA-Ce (0.25 mg/mL) on
osteoclasts respectively according to the experimental timeline
(Fig. 5A).

3.4.1. Suppression of osteoclasts formation by GNPs-BMP9@TA-Ce

We evaluated the effect of biomaterials on osteoclasts formation with
TRAP staining (Fig. 5B). Monocytes/macrophages first commit and
become TRAP + mononuclear cells, defined as preosteoclasts; Pre-
osteoclasts subsequently fuse to form TRAP + multinuclear cells (TRAP
4+ MNCs), defined as osteoclasts. Cells with fewer nuclei are less mature
compared to larger multinuclear cells. In this study, osteoclasts with 3—4
nuclei were defined as more naive, and those with more than 4 nuclei
were considered more mature.

According to the number of nuclei in TRAP + MNCs under a light
microscope, we quantified the number of osteoclasts in each treatment
group.

As shown in Fig. 5B, osteoclastogenesis was induced successfully by
50 ng/mL Rankl in all groups on day 6. It was visually observed the 10
ng/mL LPS group induced more TRAP + MNCs (Fig. 5BII) compared to
the control group (without LPS) [Fig. 5BI], suggesting the osteoclasts
were activated by the inflammatory microenvironment. Among the
treatment groups (all with 10 ng/mL LPS), the quantity of TRAP + MNCs
generation and osteoclasts size in the GNPs-BMP9 (Fig. 5BIII) and GNPs-
BMP9@TA-Ce (Fig. 5BVI) groups were significantly lower than others.
There were more naive osteoclasts. This result demonstrated the
inhibitory effect of BMP9 (100 ng/mL) on osteoclasts formation under
inflammatory conditions, consistent with another related research [46];
The number of TRAP + MNCs in the GNPs@TA-Ce group was also lower
than that in the LPS group and relevant osteoclasts size was significantly
smaller, indicating the suppression of TA-Ce on osteoclasts formation.
Considering the biocatalytic enzyme properties of TA-Ce under some
certain conditions [26], this result may be related to the energy meta-
bolism of osteoclasts. Interestingly, TA-Ce and BMP9 exhibited syner-
gistic inhibitory effects on the osteoclasts formation in an inflammatory
microenvironment.

Among the TRAP + cells in the treatment groups, The quantity of
preosteoclasts in GNPs-BMP9 and GNPs-BMP9@TA-Ce group remained
at a relatively lower level compared to the LPS group, indicating their
potential impact on osteoclasts differentiation.

3.4.2. Suppression of osteoclasts function by GNPs-BMP9@TA-Ce

The adhesion between macrophage cells is partially mediated by E-
cadherin and integrin, with subsequent cytoskeletal rearrangement.
Finally, DCSTAMP mediating membrane fusion, leading to osteoclasts
formation through cell-cell fusion [47]. The macrophages close to each
other by chemotaxis effect, induced by M-CSF. Fused multinuclear cells
are reprogrammed to perform specific functions. The completion of
osteoclast differentiation is marked by the expression of mature
markers, such as MMP9, TRAP and CTSK [48,49]. The RNA expression
of CTSK (Fig. 5CI) was significantly down-regulated after 48 h of
treatment in the biomaterial groups, indicating the BMP9 and TA-Ce
suppression of its expression collaboratively. CTSK protease de-
composes gelatin, elastin, and collagen, playing an important role in the
bone repair [50,51]. This revealed GNPs-BMP9 could inhibit the func-
tion of mature osteoclasts. The RNA expression of TRAP (Fig. 5CII) was
also decreased in GNPs-BMP9, GNPs-BMP9@TA-Ce and GNPs@TA-Ce
groups, consistent with the staining result. MMP9 is essential in bone
and cartilage repair, regulating osteoclast migration to target tissues
[52,53]. The RNA expression of MMP9 (Fig. 5CIII) was significantly
down-regulated after 48 h of treatment in the GNPs-BMP9@TA-Ce
group.

Consistently, osteoclasts function-associated genes (Trap, MMP9 and
CTSK) were significantly down-regulated after 48 h in the GNPs-
BMP9@TA-Ce group. These results indicated that osteoclasts function
was weakened by the collaborative effect of BMIP9 and TA-Ce.

NFATc1 has been demonstrated as an indispensable regulatory factor
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in the pathway of osteoclast formation and differentiation, also playing a
significant role in osteoclast activation, fusion, and bone resorption
functions [54]. NFATc1 directly regulates the expression levels of target
genes by binding to promoter regions, ultimately affecting the formation
and functional activity of osteoclasts, such as CTSK, MMP-9, and TRAP
[55]. In this study, GNPs-BMP9@TA-Ce inhibited the expression of these
osteoclast-related genes. Therefore, the inhibition of osteoclast differ-
entiation by biomaterials was likely to work by downregulating the
expression of these related genes and ultimately reducing the expression
level of NFATc1. However, the inhibitory effect of GNPs-BMP9@TA-Ce
on these osteoclast-related genes was stronger than that on NFATc1
(Fig. 5CIV), and the reason for this phenomenon required further study.

The RNA expression of DC-STAMP gene exhibited no statistically
significant differences after 24 h or 48 h in biomaterials treatment
groups. This observation may be associated with the degree of osteoclast
differentiation studied herein. Cell-cell fusion into multinucleated cells
signifies osteoclast differentiation, encompassing the fusion of macro-
phages with other macrophages, monocytes, and various multinuclear
cells. During this process, DC-STAMP typically serves as a fusion marker
[56]. Our monitoring of DC-STAMP RNA expression on day 4 and day 5
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revealed that these timepoints were not optimal for detecting cell fusion.

3.4.3. Suppression of osteoclast differentiation by GNPs-BMP9@TA-Ce

An increased number of nuclei and larger cell size generally indicate
more effective products secreted by osteoclasts, reflecting a stronger
bone resorption capability [57].

In mature osteoclasts, distinct filopodias and ruffled borders on the
actin ring (as in Fig. 6Al) are crucial for adhering to bone tissue and
exerting bone resorption, which are important for osteoclasts adhereing
to the bone tissue surface and exerting bone resorption. Naive osteo-
clasts (Fig. 6AIl) are characterized by fewer nuclei, a smaller cell size, a
more regular shape, and weaker bone resorption function. As shown in
Fig. 6B, phalloidin fluorescence staining demonstrated that treatment
with GNPs-BMP9@TA-Ce reduced the number of osteoclasts, particu-
larly the larger ones, and decreased the average nuclear count. These
findings further corroborate the results of PCR and TRAP staining,
suggesting that GNPs-BMP9@TA-Ce can inhibit the formation and
function of osteoclasts in an inflammatory microenvironment.

Surprisingly, in the GNPs-BMP9 and GNPs-BMP9@TA-Ce groups,
most osteoclasts underwent significant morphological changes:
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elongated filopodias, disappearance of ruffled borders, thinner and
smaller actin rings, decreased cell size, and a more regular, round cell
shape (Fig. 6C). These features suggested the presence of more immature
osteoclasts, preosteoclasts, and even macrophages. The GNPs@TA-Ce
group did not exhibit these characteristics. This result indicated that
BMP9 could affect osteoclast maturation, which was rarely reported in
previous studies, providing novel insights into the mechanism of BMP9’s
effect on osteoclasts.

3.5. In vivo bone repair effect of GNPs-BMP9@TA-Ce

To assess the in vivo effects of GNPs-BMP9@TA-Ce, an OM model of
SD rats was constructed to evaluate its therapeutic potential. A defect
(diameter 1.5 mm, depth 3 mm) in the tibia was created. S. aureus
suspension was injected into the defect to introduce an OM model [58].
One week after the surgery, abnormal bone proliferation can be seen
around the defect in Micro-CT images (Fig. S6A). The success of the OM
model was further confirmed by an AlamarBlue colorimetric assay of S.
aureus from tibial tissue (Fig. S6B). The experimental procedure was
outlined in Fig. 7A. To assess in vivo effects of GNPs-BMP9@TA-Ce, rats
tibias were obtained at 4 weeks and 12 weeks. The images (Fig. 7B)
showed better recovery of bone quality on the defect area in the
GNPs-BMP9@TA-Ce treatment group. The 4-week treatment of
GNPs-BMP9@TA-Ce group achieved more bone repair confirmed by
BV/TV quantitative and Tb. N results (Fig. 7C). Micro-CT images
demonstrated that the OM group had a larger bone defect area compared
to the 4-week treatment group (Fig. 7D). It also showed better bone
reconstruction at the site of bone defects (Fig. 7E). These results
collectively reflected bone repair effects in an inflammatory microen-
vironment. Meanwhile, The full blood analysis and liver and kidney
function indices of the 4-week treatment group demonstrated the good
biocompatibility of GNPs-BMP9@TA-Ce (Figs. S7 and S8). Regulating
osteoclast function and differentiation in an inflammatory environment
is a major challenge for OM bone repair. To determine whether
GNPs-BMP9@TA-Ce modulates bone repair in vivo, tibial paraffin sec-
tions of rats were analyzed by histological staining. Hematoxylin-eosin
(H&E) staining (Fig. 7F) showed extensive infiltration of inflammatory
cells, including multinuclear giant cells and neutrophils in the OM
group, accompanied by lower bone mass. In the 4-week treatment
group, more bone tissue was observed. The 12-week treatment group
clearly showed more structured, dense bone tissue. Masson’s trichrome
staining (Fig. 7G) confirmed significant osteoclast activity and abnormal
osteogenesis in the OM group, moderate changes in the 4-week
GNPs-BMP9@TA-Ce treatment group, and minimal changes in the
12-week treatment group, aligning with the CT and H&E staining re-
sults. Additionally, more new collagen was observed in the 12-week
treatment group. Trap staining (Fig. 7H) and osteoclasts number anal-
ysis of 4-week and 12-week treatment groups showed more
TRAP-positive cells in the 4-week treatment group compared with the
OM group, indicating active bone repair in the early stages of chronic
inflammation. In later treatment stages, a decrease in osteoclasts was
observed, accompanied by bone growth in the treated area. Overall,
GNPs-BMP9@TA-Ce effectively modulated bone repair in an inflam-
matory microenvironment.

In conclusion, GNPs-BMP9@TA-Ce can effectively repair bone de-
fects in OM rats. When injected into the infected bone defect area, GNPs-
BMP9@TA-Ce impacte osteoclast biological activity. The acidic and
inflammatory microenvironment triggers the release activity of GNPs-
BMP9@TA-Ce, enabling responsive sustained release and enhancing
drug effects. Degradation of the GNPs-BMP9@TA-Ce shell exposes
BMP9, whose properties directly facilitate bone reconstruction. In
summary, GNPs-BMP9@TA-Ce successfully promote bone repair in
response to an inflammatory microenvironment.
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4. Conclusion

Most research on bone defect treatment has focused on extensive
antibiotic use and surgery [59,60]. However, promoting bone repair in
an inflammatory environment is often overlooked. Given the crucial role
of the macrophage-osteoclast axis in the bone-immune system, we
synthesized a biomaterial, GNPs-BMP9@TA-Ce, with a "shell-core"
structure to exert bone regulation. GNPs-BMP9@TA-Ce integrates the
electron-donating effect of TA’s multi-hydroxy groups with Ce, forming
a classic MPN-Ce network system that achieves pH-responsive release
under inflammatory conditions. GNPs@TA-Ce leverages the advantages
of GNPs as nanocarriers, capable of loading osteogenic, antibacterial,
and anti-inflammatory drugs. We explored the bone repair effect of
GNPs-BMP9@TA-Ce in an inflammatory environment using BMP9 as an
example and discovered its impact on osteoclast formation, differenti-
ation, and function. It demonstrated sensitivity to pH values, confirming
that GNPs-BMP9@TA-Ce can rapidly release adequate drugs and
maintain stable drug release at an effective concentration in an in-
flammatory microenvironment. Consequently, GNPs-BMP9 @TA-Ce
successfully achieved bone remodeling in OM rats. In conclusion,
GNPs-BMP9@TA-Ce effectively responds to the inflammatory micro-
environment, regulating the macrophage-osteoclast axis to achieve bone
repair.
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