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Introduction
Total joint arthroplasty (TJA) is one of the most success-
ful orthopedic surgical procedures of the 21st century, 
offering an effective solution for pain relief, joint func-
tion restoration, and improved long-term outcomes for 
patients [1, 2]. However, aseptic loosening of the pros-
thesis remains a significant late-stage complication, 
occurring in 5 to 10% of cases within 15 to 20 years post-
surgery [3, 4]. Extensive research indicates that biological 
factors are the primary cause of aseptic loosening around 
the prosthesis. Wear particles produced by prosthesis-
bone interaction trigger periprosthetic cells to release 
pro-inflammatory factors and chemokines, which lead to 
chronic aseptic inflammation and increased local oxida-
tive stress [5, 6]. The persistent inflammatory response 
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Abstract
Persistent and intense inflammation is recognized as the primary cause of wear-particle-induced aseptic osteolysis, 
which ultimately resulting in aseptic prosthesis loosening. Reducing inflammation plays a significant role in 
mitigating osteolysis, and the STING pathway has emerged as a promising therapeutic target for its prevention. 
Specifically, damaged periprosthetic cells of aseptic osteolysis release double-stranded DNA (dsDNA) into the 
osteolytic microenvironment, serving as a specific stimulus for the STING pathway. Herein, we found that layered 
double hydroxide (LDH) nanozyme exhibited a robust DNA-binding capacity primarily mediated by van der Waals 
interactions, which showed superior performance in inhibiting dsDNA-induced inflammation of aseptic osteolysis. 
Importantly, such binding capability enabled effective co-loading LDH with STING inhibitor C176, thus facilitating 
inhibition of the STING pathway. Such synergistic actions contributed to ameliorate the inflammatory milieu and 
remodel the osteolysis microenvironment successfully to reduce cranial bone damage, which was confirmed on 
animal model of osteolysis. Collectively, this strategy demonstrated an effective approach by utilizing synergistic 
effects to establish a positive feedback loop in the treatment of osteolysis, thereby alleviating TiPs-induced 
periprosthetic osteolysis and preventing postoperative complications.

Keywords  Inflammation, cGAS-STING pathway, Nanozyme, Oxidative stress, Osteolysis

DNA binding effects of LDH nanozyme 
for aseptic osteolysis mitigation through 
STING pathway modulation
Zi Fu1, Meng Zhang1*, Ying Huang1, Han Wang1, Wanting Hao1, Zeyang Liu1, Haiyan Guo1* and Dalong Ni1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12951-025-03458-z
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03458-z&domain=pdf&date_stamp=2025-5-27


Page 2 of 14Fu et al. Journal of Nanobiotechnology          (2025) 23:384 

disrupts the dynamic equilibrium of periprosthetic 
bone, resulting in enhanced osteoclastic activity and 
subsequent periprosthetic osteolysis [7–9]. Though the 
pathogenesis of periprosthetic osteolysis remains poorly 
defined, inflammation-induced imbalances in local bone 
metabolism are widely recognized as the primary cause. 
Therefore, controlling inflammation is essential for 
improving the periprosthetic bone microenvironment to 
restore balance in the inflammatory milieu [10, 11].

Stimulator of interferon genes (STING) has gathered 
significant interest as a potential treatment targets for 
inflammatory conditions [12–14]. Dysregulation of the 
STING pathway has been shown to promote aberrant 
innate immune responses [15], and further lead to the 
intracellular homeostasis disruption [16–18]. Moreover, 
studies indicated a positive correlation between STING/
tank-binding protein 1 (TBK1) and titanium particle 
(TiPs)-induced inflammatory response in macrophages. 
Since titanium is widely used in prosthesis implants, 
targeting STING could be a promising strategy for pre-
venting periprosthetic osteolysis. Given the crucial role 
of STING in inflammatory disorders, recent studies have 
developed several STING antagonists for inflammatory 
alleviation. For example, a small molecule drug C176 
was demonstrated to effectively inhibit STING activation 
[19, 20], thereby alleviating inflammation in conditions 
such as acute lung injury [21], rheumatoid arthritis [22], 
and pulmonary fibrosis [23]. Consequently, the C176 
as a STING signaling inhibitor may present a promis-
ing alternative therapy for addressing aseptic prosthetic 
loosening.

The presence of pro-inflammatory factors poten-
tially trigger various pathological signal transductions 
[24, 25]. In light of this, eliminating these factors may 
be an effective approach for STING pathway remodel-
ing. Specifically, in the context of wear particle-induced 
inflammation and periprosthetic osteolysis, dam-
aged periprosthetic cells release double-stranded DNA 
(dsDNA) into the osteolytic microenvironment, serving 
as a specific stimulus for the STING pathway [26]. Upon 
recognition of this cell-free DNA (cfDNA) by cyclic 
GMP-AMP synthase (cGAS), STING recruits kinases 
such as TBK1 and activates interferon regulatory fac-
tor 3 (IRF3), promoting their phosphorylation (p-TBK1 
and p-IRF3) [27]. Therefore, dsDNA removement could 
reduce STING activation and subsequently attenuate 
the inflammatory response. Specially engineered bio-
materials have been designed to eliminate cfDNA, with 
examples including those capable of adsorbing and 
sequestering cfDNA to inhibit DNA-induced immune 
responses in macrophages [28, 29]. Among these bioma-
terials, layered double hydroxides (LDHs) offer several 
advantages for drug delivery, including targeted delivery, 
slow release, improved bioavailability and reduced side 

effects [30–32]. Moreover, LDHs can efficiently scavenge 
dsDNA and simultaneously deliver STING antagonists to 
inhibit the STING pathway, suggesting its great potential 
for osteolysis therapy.

Besides, extant research indicates a close interdepen-
dence between oxidative stress and inflammation [11, 
33]. High levels of reactive oxygen species (ROS) and 
oxidative stress products in inflammatory environments 
amplify pro-inflammatory responses and cellular dam-
age, leading to increased ROS production. Thus, effective 
scavenging of excess ROS to assuage oxidative stress is 
considered as a necessary step for alleviating inflamma-
tion [34, 35]. LDHs with superoxide dismutase (SODase) 
activity are capable of stably scavenging ROS due to their 
excellent antioxidant activity, which can also be loaded 
with anti-inflammatory drugs to further reduce inflam-
mation. Such dual functionality is consistently effective 
in various anti-inflammatory treatments, making LDHs 
a promising candidate to be employed in osteolysis 
therapy.

In this study, a SODase-like CoAl-LDH (abbreviated 
as “LDH”) was developed to capture cfDNA and locally 
loaded with C176 (abbreviated as “LDH/C”) for peri-
prosthetic osteolysis treatment (Scheme 1). The LDH/C 
intervenes in cfDNA-associated pro-inflammatory sig-
naling and synergistically inhibits the STING signaling 
pathway. Additionally, the SODase-like enzyme activity 
of the LDH plays an integral role in regulating oxidative 
stress levels in the local microenvironment. A systematic 
investigation was conducted to examine the capacity and 
mechanism of LDH/C binding to cfDNA and its impact 
on the regulation of inflammation in a mouse model of 
TiPs-induced aseptic osteolysis. The LDH/C was found 
to mitigate the inflammatory response by inhibiting the 
cGAS-STING pathway and the subsequent NF-κB signal-
ing cascade. Additionally, SODase-like enzyme activity 
of LDH/C effectively reduces the intracellular accumu-
lation of ROS and further regulate the inflammatory 
response by reshaping the oxidative stress environment. 
Consequently, these interactions inhibit the differen-
tiation of macrophage precursors into osteoclasts, thus 
regulating aberrant bone homeostasis. This approach 
integrates STING pathway inhibition with the scaveng-
ing of ROS and the removal of cfDNA to form a positive 
self-reinforcing cycle. In this way, the proposed strategy 
effectively counters the effects of TiPs-induced peripros-
thetic osteolysis and minimizes the risk of postoperative 
complications.

Results and discussion
Synthesis and characterization of LDH and LDH/C
The LDH was prepared following a modified protocol 
of the reported method (Fig. 1a). Transmission electron 
microscopy (TEM) images revealed that the synthesised 
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LDH exhibited a nanosheet morphology with the mean 
diameter of 51 nm (Fig. 1b, S1). Energy-dispersive X-ray 
spectroscopy (EDS) analysis revealed the presence of 
Co, Al, and O in the prepared nanosheet. The nano-
structure of the nanosheets was further confirmed using 
atomic force microscope (AFM), revealing a thickness of 
approximately 1.39 nm (Fig. 1c-d). However, this value is 
significantly larger than the theoretical thickness value of 
a monolayer LDH, which can be attributed to the pres-
ence of charge-balancing anions and formamide [36]. 
The pattern obtained from X-Ray diffractometer (XRD) 
showed a higher angle (39.6°) shift of the (015) diffraction 
peak, suggesting the lattice stretching in the (015) plane 
and the possible introduction of defects in the prepared 
LDH (Fig. 1e). The speculation was further confirmed by 
electron spin resonance (ESR) spectroscopy, as the signal 
at g = 2.003 was detected, demonstrating the presence of 
oxygen vacancies in LDH (Fig. 1f ) [37]. In addition, the 
prepared LDH was further investigated by X-ray pho-
toelectron sSpectroscopy (XPS) to show the chemical 
states of the metals surrounding the surface vacancy sites 
(Fig. 1g, S2). The peaks of Co 2p3/2 and 2p1/2 were identi-
fied at 780.68 eV and 796.68 eV, respectively. The peak of 

2p3/2 exhibited a proximity to the reported peak position 
(780.81 eV) in the relevant literature [38], indicating the 
coexsistence of Co2+ and Co3+, which suggested a compa-
rable chemical nature for both species. The ratio of Co3+/
Co2+ was calculated to be 1.23, which represented the 
active component of Co-based nanozymes [39], endow-
ing LDH with superior SODase-like activity.

Defect engineering is a promising approach for 
enhancing the catalytic performance of nanozymes with 
oxygen vacancies recognized as an effective strategy, 
which has been already applied for regulating nano-
zymes [40, 41]. The SODase-like enzyme activity was 
evaluated using a pyrogallol self-oxidation method, with 
UV-Vis absorbance measured at a wavelength of 325 nm 
[42]. The synthesized LDH exhibited SODase-like activ-
ity with concentration-dependent behaviors (Fig. 1h), as 
evidenced by the typical substrate interaction observed 
in the natural enzyme under physiological circum-
stances. The clearance performance demonstrated a posi-
tive trend with increasing dosage, with 82% scavenging 
activity at concentrations reached to 100  µg/mL, which 
is comparable to the efficiencies of reported SODase-
mimicking nanozymes in the literature [43–45]. The 

Scheme 1  The synergistic mechanism for the mitigation of aseptic osteolysis with LDH/C-based therapeutics
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UV-Vis spectroscopic analysis confirmed the successful 
fabrication of LDH/C, as evidenced by distinct absorp-
tion features observed in the spectra of LDH, C176, 
and nanocomposite LDH/C (Figure S3). Moreover, the 
dynamic light scattering (DLS) analysis demonstrated 

that the mean diameter of LDH/C was found to be 59 nm 
(Figure S1). The binding of C176 to LDH occured via 
intermolecular forces, which subsequently enhance the 
solubility of C176. With increasing amounts of C176 
added, the C176 loading efficiency of LDH exhibited a 

Fig. 1  Characterization of LDH and LDH/C. (a) The preparation schematic of LDH and LDH/C. (b) TEM image, bright-field image, dark-field image, and 
corresponding element mapping of LDH nanosheets. (c) AFM image, and (d) corresponding thickness of LDH. (e) XRD patterns and (f) EPR spectra of LDH 
nanosheets. (g) A high-resolution XPS spectrum of Co 2p in LDH nanosheets. (h) The SODase activity of LDH nanosheets with different concentration. The 
quantitative data in h reported as means ± S.D. from three independent replicates, and statistical significance was ascertained by a Student’s t-test, with 
signifiers for P-values at *P < 0.05, **P < 0.01, and ***P < 0.001)
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gradual increase, reaching a maximum of 18.9% load-
ing content at a drug addition concentration of 0.5 mg/
mL (Figure S4-S5). Thus, LDH/C with 18.9% C176 was 
selected for further experiments. This standard of LDH/C 
was thus selected for subsequent experiments. The rapid 
release of the drug was achieved within the initial 12  h 
period, with a cumulative release of 29%. After then, a 
decrease in release rate was noted, with a continuous and 
gradual release of C176 from the LDH/C reached to 47% 
after 96  h (Figure S6). All the results demonstrated the 
successful preparation of LDH/C.

The binding capacity and colocalization analysis of DsDNA 
and LDH/C
The free dsDNA induces expression of inflammatory fac-
tors through the activation of the STING pathway, serv-
ing as a pivotal driver of inflammation. The accumulation 
of free dsDNA can lead to sustained overactivation of 
STING signaling, exacerbating pathological inflamma-
tion and contributing to the development of autoim-
mune responses. This highlights the critical importance 
of eliminating free DNA to maintain immune homeosta-
sis and prevent pathological inflammation. To elucidate 
the molecular basis of LDH nanosheets on dsDNA, the 
interaction between LDH nanosheets and dsDNA frag-
ments was investigated utilizing molecular dynamics 
(MD) simulations. The initial and final conformations of 
dsDNA binding to the surface of LDH nanosheets were 
demonstrated in Figure S7, and some snapshots were 
captured to illustrate the binding process (Fig.  2a, S8). 
To characterize the molecular bindings in the trajecto-
ries, the number of atomic contacts between dsDNA and 
LDH nanosheets was calculated quantitatively (Fig.  2b). 
In the initial stages, the dsDNA did not make contact 
with the surface of the LDH nanosheets. At approxi-
mately 19 nanoseconds, the number of contacts mark-
edly increases to approximately 56, and the ends of the 
double-stranded DNA establish direct interactions with 
the LDH nanosheets. Subsequently, following a period 
of greater than 19 nanoseconds, the number of contacts 
remains relatively stable, indicating that the binding pro-
cess is complete by forming stable bondings between 
dsDNA and LDH nanosheets.

To gain insight into the adsorbed molecular determi-
nants and the interaction mechanisms of dsDNA to LDH 
nanosheets, the interaction energies including van der 
Waals (vdW) and Coulomb (Coul) energies have been 
calculated (Fig.  2c). It is noteworthy that the Coul and 
vdW energies decreased to -6.73  kJ/mol and -66.08  kJ/
mol, respectively, at approximately t = 19 ns during the 
adsorption process. The pronounced decay of the vdW 
energy in comparison to the Coul energy indicates the 
preponderance of vdW interactions in dsDNA-LDH 
binding. Root mean square deviations (RMSDs) were 

further employed to evaluate the structural stability of 
dsDNA upon adsorption onto LDH nanosheets. The 
RMSD profiles exhibited mild fluctuations, indicating 
that the dsDNA retained its structural integrity through-
out the MD trajectory (Fig. 2d). Atomic contact numbers 
and interaction energies exhibit slight fluctuations in 
the final stage of simulation, suggesting that the simula-
tion is convergent. Furthermore, the minimum distance 
between base pairs and LDH nanosheets also reaches a 
stable value of 0.22  nm after t > 19 ns, providing addi-
tional evidence that the binding between dsDNA and 
LDH nanosheets exhibits high stability (Fig. 2e).

The interaction between dsDNA and LDH nanosheets 
was then investigated through agarose gel electrophore-
sis. Agarose gel electrophoresis showed that no dsDNA 
signals were discernible in the lanes of LDH-treated 
DNA, exhibiting minimal movement in comparison 
to naked DNA. This indicated a pronounced affinity 
between LDH nanosheets and DNA (Fig. 2f ). While the 
movement of dsDNA was markedly slowed down as 
well, the binding ability of LDH/C to dsDNA was slightly 
weaker than that of LDH, as indicated by the presence of 
faint dsDNA signals in the corresponding lanes. Besides, 
when the dsDNA concentration was as high as 30 µg/mL, 
up to 90% of the dsDNA was adsorbed by LDH, indicat-
ing that LDH has an efficacious DNA adsorption capac-
ity (Fig. 2g). Moreover, prolonging the incubation period 
of the different samples with DNA led to enhanced effi-
ciency in DNA binding, reaching a plateau after approxi-
mately one hour (Fig. 2h).

The effects of LDH and LDH/C on the viability of Raw 
264.7 cells were investigated by CCK8 and live/dead cell 
staining assays. The results demonstrated that the cells 
remained viable following LDH and LDH/C treatment, 
with no significant change in the proportion of live cells. 
This indicated that LDH and LDH/C were biocompat-
ible and did not exhibit significant cytotoxic side effects 
(Figures S9-S10). In addition, the presence of LDH and 
LDH/C did not result in a decline in cell viability over 
time, and the proportion of live cells remained consis-
tent (Figure S11), furhter verifying the low cytotoxic side 
effects. To further assess the ability of LDH/C to clear 
free DNA from cells, colocalization analysis of FITC-
labelled nanosheets (FITC-LDH and FITC-LDH/C) and 
Cy5.5-labelled dsDNA was carried out. CpG 1826, a clas-
sic oligonucleotide, was utilized to simulate the released 
dsDNA from damaged cells. As shown in Fig.  2i, LDH 
and LDH/C could be effectively internalized into the cells, 
whereas both FITC-labelled nanosheets and Cy5.5-CpG 
have high colocalization rates, with Pearson coefficients 
value of 0.847 and 0.746, respectively. These findings 
indicated that both LDH and LDH/C possess remarkable 
intracellular dsDNA-binding abilities to effectively elimi-
nate free DNA, thereby inhibiting the STING activation 
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Fig. 2  LDH/C exhibits strong dsDNA-binding capabilities and effectively eliminates free dsDNA. (a) Representative snapshots for the binding process 
of dsDNA to LDH nanosheets at different key time points. (b) The time evolution of the contact number for the dsDNA adsorption process to the LDH 
nanosheets. (c) The van der Waals (vdW) and coulombic (Coul) energies between the dsDNA and the LDH nanosheets. (d) The root-mean-square devia-
tion (RMSD) of dsDNA presented as a function of simulation time. (e) Time evolution of the minimum distance of the base pair from the LDH surface. 
(f) Agarose gel electrophoresis of free dsDNA, dsDNA + LDH, and dsDNA + LDH/C on 1.5% agarose gel. (g) The dsDNA binding percentages of LDH with 
various DNA concentration. (h) The dsDNA binding percentages of LDH or LDH/C as a function of incubation time. (i) Representative images, relative 
fluorescence intensity spectra, and Pearson’s coefficient (Rr) of Raw 264.7 cells incubation with dsDNA (red), LDH (green), and DAPI staining (blue) for 
intracellular colocalization measured (scale bars: 2.5 μm). (j) The scheme of dsDNA absorption by LDH/C. The quantitative data in g and h reported as 
means ± S.D. from three independent replicates, and statistical significance was ascertained by a Student’s t-test, with signifiers for P-values at *P < 0.05, 
**P < 0.01, and ***P < 0.001
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caused by dsDNA. In a word, the results derived from 
MD simulations, agarose gel electrophoresis, and intra-
cellular colocalization experiments collectively provide 
robust support for the hypothesis that LDH/C possesses 

the ability to bind DNA. By absorbing free DNA, LDH 
effectively inhibits the inflammatory response elicited by 
macrophage activation (Fig. 2j).

Fig. 3 (See legend on next page.)
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LDH/C inhibited the elevation of intracellular ROS
Oxidative stress and inflammation are interdependent 
processes that concurrently occurred in an inflamma-
tory milieu. In such contexts, elevated levels of ROS and 
oxidative stress byproducts can significantly augment the 
pro-inflammatory response. The clearance of ROS can 
assist in the reduction of oxidative stress, which in turn 
suppresses the pro-inflammatory response and contrib-
utes to the alleviation of inflammation. The prepared 
LDH nanosheets have been displayed to exhibit SODase-
like activity, which can be attributed to the numerous 
vacancies on its surface, facilitating the scavenging of 
ROS and the alleviation of cellular damage caused by 
oxidative stress. The intracellular ROS scavenging abil-
ity of LDH was evaluated, and the cells were treated with 
TiPs, which were employed to simulate the effect of TiPs 
in contact with macrophages in vitro. The cellular immu-
nofluorescence (IF) staining data revealed that both Raw 
264.7 and bone marrow-derived macrophages (BMDMs) 
treated by TiPs exhibited a markedly elevated level of free 
radical fluorescence when compared to the cells of the 
control group. Concomitantly, the addition of LDH and 
LDH/C led to a substantial suppression of the fluores-
cence signal and the intracellular fluorescence intensity 
was markedly diminished, which is indicative of its scav-
enging capacity for free radicals (Figs. 3a-b, S12-S13).

LDH/C inhibited overactivation of the STING pathway in 
vitro
Based on the above findings regarding LDH/C’s ability 
to bind dsDNA and scavenge elevated levels of ROS, the 
inhibitory effect of LDH/C on the STING pathway was 
further explored. The TiPs were selected as stimuli that 
activated the STING pathway through the TBK1/IRF3 
axis, thereby triggering an inflammatory response. The 
effects of LDH/C on TiPs-induced STING activation in 
BMDMs were examined to investigate its therapeutic 
potential. The addition of LDH resulted in a significant 
reduction in the expression of p-TBK1 and p-IRF3, while 
LDH/C further decreased the expression of p-TBK1 
and p-IRF3 to a level comparable to that observed in 
the untreated condition (Figs.  3c-e, S14). The potential 
mechanism by which LDH/C inhibiting the STING path-
way was represented in Fig. 3f. As anticipated, the immu-
nofluorescence images in Figs.  3g-i revealed a similar 

pattern to that in the immunoblotting data with a sig-
nificant reduction of p-TBK1 expression observed in the 
presence of LDH and LDH/C. These results indicate that 
LDH/C exerted a more pronounced inhibitory effect on 
STING than other agents.

Activation of the NF-κB signaling pathway plays a piv-
otal role in macrophage inflammation. However, exces-
sive stimulation can precipitate a severe inflammatory 
response and subsequent tissue damage, which may 
ultimately result in the onset of chronic inflammatory 
disorders. Inhibiting overactivation of the dysregulated 
pathway represents an imperative strategy for treat-
ing existing diseases. Well as expected, immunofluores-
cence staining demonstrated the co-localisation of p65 
with the nucleus(Fig. 4a), indicating that p65, which was 
typically distributed in the cytoplasm, translocated into 
the nucleus in the presence of TiPs. This suggested the 
activation of NF-κB signalling pathway. Notably, p65 in 
LDH- or LDH/C-treated macrophages exhibited mini-
mal translocation, retaining a predominantly cytoplasmic 
distribution. The results of the co-localisation analysis 
of p65 with the nucleus corroborated this observation 
(Fig. 4a, S15-S16). It can thus be concluded that LDH/C 
exerts an inhibitory effect on TiPs-induced macrophage 
inflammation.

LDH/C alleviated inflammation and inhibited osteoclasts 
resorption function
The preponderance of evidence underscores the criti-
cal role of peri-implant inflammation in the etiology of 
implant failure. Histological analyses of soft tissue biop-
sies from failed osteobiological implants reveal a marked 
inflammatory response associated with aggregates of 
titanium particles [46, 47]. The potential of LDH/C to 
inhibit TiPs-induced inflammatory responses was further 
investigated. The expression levels of the pro-inflamma-
tory cytokines TNF-α and IL-6 were assessed by qPCR 
and ELISA. The results demonstrated that the presence 
of LDH and LDH/C resulted in a significant suppres-
sion of TiPs-induced overexpression of TNF-α (Fig.  4b 
and d). Concomitantly, IL-6 production was also found 
to be significantly reduced (Fig.  4c and e). The LDH/C 
group exhibited a particularly pronounced suppression of 
inflammation, as evidenced by a significant reduction in 
inflammatory cytokine secretion.

(See figure on previous page.)
Fig. 3  LDH/C inhibited over-activation of the STING pathway in vitro. (a) Representative images of Raw 264.7 cells for ROS detection with DCFH-DA 
(green) and DAPI staining (blue) after different treatments, scale bar: 100 μm. (b) Relative fluorescence intensity quantitative analysis of Raw 264.7 cells 
for ROS detection after different treatments. (c) Representative immunoblotting of p-IRF3, IRF3, p-TBK1, TBK1, and STING in BMDMs after indicated treat-
ments, and GAPDH was employed as a control. (d-e) The relative protein expression quantitative analysis of (d) p-TBK1/TBK1, and (e) p-IRF3/IRF3. (f ) 
Diagrammatic representation of the mechanism by which LDH/C inhibits the STING pathway. (g) Representative images of Raw 264.7 cells for TBK1 and 
p-TBK1 (green), RhB-phalloidin (red), and DAPI (blue) staining after different treatments (scale bar: 20 μm). (h-i) The relative fluorescence intensity quantita-
tive analysis of (h) p-TBK1, and (i) p-TBK1/TBK1 in Raw 264.7 cells after various treatments. The quantitative data in b, d-e, and h-i reported as means ± S.D. 
from three independent replicates, and statistical significance was ascertained by a Student’s t-test, with signifiers for P-values at *P < 0.05, **P < 0.01, and 
***P < 0.001
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The infiltration of wear particles into the surrounding 
tissue will stimulate the overproduction of inflammatory 
cytokines, which will in turn lead to the polarization of 
macrophages into the M1 phenotype and the production 
of osteoclasts [48]. The impact of LDH on macrophage 
polarization was initially evaluated via flow cytometry. 
The findings indicated that macrophage polarization 
towards the M1 phenotype remained unaltered follow-
ing treatment with varying concentrations of LDH (Fig-
ure S17-S18), suggesting that LDH does not markedly 
induce macrophage polarization towards the M1 phe-
notype within the concentration range tested. Following 
the induction of macrophages to polarize towards the M1 
type by TiPs (100 mg/mL), these polarized macrophages 
were subsequently co-incubated with LDH or LDH/C. As 
shown in Fig.  4f, M1-type polarization of macrophages 
was markedly attenuated following co-incubation with 
LDH or LDH/C, suggesting that LDH and LDH/C pos-
sess the capacity to mitigate the M1-type polarization of 
macrophages.

Subsequently, the potential for inhibiting osteoclast 
activation was examined in the co-culture system of 
LDH/C and BMDMs. The osteoclast-specific TRAP 
staining demonstrated a striking reduction in both the 
number and area of osteoclasts and TRAP-positive cells 
in both the LDH and LDH/C groups (Fig. 4g and h and 
S19). Particularly, the LDH/C group exhibited a mark-
edly more pronounced inhibition of osteoclast activation 
than the LDH group. The cytoskeletal staining further 
revealed that the number of both osteoclasts and F-actin 
rings were dramatically diminished and the podosome 
belt structure were impaired after treatment with LDH/C 
(Fig. 4i, S20). The release of TiPs from implants has been 
demonstrated to provoke a pronounced inflammatory 
response in macrophages as well as facilitating the osteo-
clastogenesis [49]. Our results indicate that LDH/C pos-
sesses the capacity to diminish the overall expression of 
both the inflammatory cytokines and osteoclastogenesis 
(Fig. 4j), thereby demonstrating its potential therapeutic 
role in the prevention of TiPs-induced osteolysis.

RNA-seq analysis of LDH/C
Following the identification of the role of LDH/C in scav-
enging ROS and anti-inflammatory thereby inhibiting 
osteoclastogenesis in vitro, an investigation was con-
ducted to determine whether LDH/C might also have a 
protective role in the pathological setting of TiPs-induced 
osteolysis. To this end, high-throughput RNA sequenc-
ing (RNA-seq) was performed on differently treated Raw 
264.7 cells in order to investigate the intrinsic molecular 
processes via which LDH/C affects osteoclastogenesis. 
The preliminary findings of the GO and KEGG analy-
sis, which was conducted on the basis of whole genome 
sequencing of the cells, indicated that the overall status 

of the TiPs-treated cells was poor, which were severely 
damaged (Figure S21-S23). To further investigate the 
inflammatory inhibitory effect of LDH/C, whole genome 
sequencing analysis of LDH/C-treated cells was con-
ducted. A total of 1,368 genes exhibited statistically sig-
nificant differential gene expression, with 400 genes 
being up-regulated and 968 genes being down-regulated 
between the LDH/C and PBS groups under TiPs treat-
ment (adjusted P-value cut-off < 0.05). Of all the genes 
analyzed, Hmox-1 and Gclm exhibited the most pro-
nounced upregulation (Fig.  5a-c). A heatmap was gen-
erated related nuclear factor erythroid 2-related factor 2 
(Nrf2) and its downstream targets to illustrate the signifi-
cant activation by LDH/C (Fig. 5d).

These changes were further explored by gene set-
enrichment analysis, which confirmed the potent induc-
tion of the anti-inflammatory response by LDH/C. 
Indeed, the inflammatory pathways such as TNF signal-
ing and NF-κB signaling were the most affected pathway 
in LDH/C-treated cells with a strong enrichment in anti-
oxidant genes (Fig.  5e-f ). As expected, KEGG pathway 
analysis of gene set-enrichment also confirmed the pro-
tective properties of treatments against osteolysis since 
innate immune pathways such as C-type lectin recep-
tor signaling, Toll-like receptor signaling, and NOD-like 
receptor signaling, were ranked among the most down-
regulated pathways upon LDH/C treatment (Fig.  5f ). 
The enrichment of down-regulated genes in nucleic acid 
perception and immunity pathways such as Epstein-
Barr virus infection and Hepatitis C points towards the 
involvement of activators of the innate immune cGAS-
STING pathway, which could potentially explain the 
existence of free DNA and RNA. Indeed, the reduction 
of cfDNA may be achieved by the binding of LDH and 
cfDNA (Fig. 2j), which serves to inhibit innate immunity. 
These findings are in accordance with the existing litera-
ture on innate immune responses to TiPs [50].

LDH/C inhibited TiPs-induced mouse calvarial osteolysis in 
vivo
Encouraged by the effect of LDH/C on modulating 
STING activation and inflammation in vitro, the effects 
in a mice model of TiPs-induced inflammation osteolysis 
were further explored (Fig. 6a). Prior to the application of 
LDH/C in vivo, the systemic toxicity of LDH/C in mice 
was evaluated. No death and no significant changes in 
the bodyweights of the mice in each group were observed 
during the experimental period (Figure S24). Addition-
ally, there were no discernible differences in the routine 
blood and blood biochemical parameters of the mice dis-
tributed across the various experimental groups (Figures 
S25-S26). Furthermore, the examination of liver and kid-
ney tissue sections showed normal histology, indicating 
good biocompatibility of LDH/C (Figure S27).
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Fig. 4  LDH/C alleviates inflammation and inhibits osteoclast activation. (a) Representative images and intracellular colocalization fluorescence intensity 
spectra of Raw 264.7 cells incubation with p65 (green) and DAPI staining (blue) (scale bars: 10 μm and 5 μm). (b-c) The relative expressions level of (b) 
TNF-α and (c) IL-6 assessed by qPCR. ELISA of (d) TNF-α and (e) IL-6. (f) The M1 macrophages assessed by flow cytometry and the quantification of the 
positive rate of M1 macrophages with treatment of separate experimental groups. (g) Representative TRAP staining images of osteoclasts (scale bar 
= 500 μm). (h) Quantitation of number of TRAP-positive multinucleated cells with varying treatments. (i) Representative images for podosome belts with 
green fluorescent F-actin (scale bar = 500 μm). (j) A description of the mechanism of LDH/C-induced inhibition of osteoclast activation. The quantitative 
data in b-f and h reported as means ± S.D. from three independent replicates, and statistical significance was ascertained by a Student’s t-test, with signi-
fiers for P-values at *P < 0.05, **P < 0.01, and ***P < 0.001
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As demonstrated by the 3D reconstructed images 
and transverse sections of mouse crania in Fig.  6b, the 
TiPs experimental group, which served as the osteolysis 
model, exhibited severe erosion of the cranium, accom-
panied by notable thinning of the bone and destruction 
of cranial sutures. These observations confirmed the suc-
cessful construction of the osteolysis model. A compari-
son of the TiPs group with the other three experimental 
groups revealed a significantly reduced area of oste-
olysis in the mouse cranium, indicative of an alleviating 
effect of LDH, C176, and LDH/C on the destruction of 
bone erosion. Of note, the lowest degree of osteolysis 
was observed in the cranial bones of mice in the LDH/C 
group, thereby demonstrating the most evident inhibi-
tory effect of LDH/C on TiPs-induced inflammatory 

osteolysis. The statistical analysis of bone-related param-
eters revealed that the bone mineral density, bone vol-
ume fraction, and trabecular number of the cranium of 
mice in the TiPs experimental group were significantly 
reduced in comparison to the sham-operated group, 
while trabecular separation was significantly increased. 
In contrast, the administration of LDH/C treatment 
was found to reverse the TiPs-induced changes in bone 
parameters, which significantly suppressed the severity of 
TiPs-induced osteolysis (Fig. 6c and f ).

The results of the micro-CT analysis were corrobo-
rated by the findings of the H&E staining, which demon-
strated that LDH/C significantly alleviated the severity 
of cranial bone destruction induced by TiPs. Addition-
ally, the inflammatory response was markedly reduced, 

Fig. 5  Differentially expressed genes (DEG) and involved pathway of Raw 264.7 cells treated with TiPs followed by LDH/C treatment. (a) Volcano plot 
showing the distribution and expression changes of differential genes in the TiPs and TiPs + LDH/C groups. Genes highlighted in blue (indicating down-
regulated genes) and red (indicating upregulated genes) with absolute fold change > 2 and P value < 0.05, respectively. (b) The number of different genes 
after treated by TiPs and TiPs + LDH/C. (c) Heatmap of significantly differentially expressed genes from TiPs + LDH/C vs. TiPs (adjusted P-value cut-off 
< 0.05). (d) Heatmap of significantly differentially expressed genes with inflammation from TiPs + LDH/C vs. TiPs. (e, f) The (e) GO, and (f) KEGG enrichment 
of downregulated DEG in the TiPs and TiPs + LDH/C groups
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Fig. 6  LDH/C mitigates the pathological manifestations associated with TiPs-induced mice inflammation osteolysis. (a) The experimental timeline for 
conducting the mice inflammation osteolysis experiment in vivo. (b) Micro-CT scanner reconstructions and transverse sections (pseudocolor) of the 
calvarial anatomy from each experimental cohort. Quantitatively analyzed parameters of (c) bone mineral density (BMD), (d) bone volume percentage 
(BV/TV), (e) trabecular number (Tb.N.), and (f) trabecular separation (Tb.Sp). (g) Calvaria sections from each mouse group subjected to H&E staining (scale 
bar = 50 μm). (h) Calvaria sections from each mouse group subjected to TRAP staining (scale bar = 50 μm). Immunohistochemical assays and quantitative 
analysis for (i) p-TBK1, (j) p-p65, (k) TNF-α, and (l) IL-6 (all marked in red while DAPI marked in blue) (scale bars at 200 μm and zoomed in at 100 μm for 
detailed images). The quantitative data in c-f and i-l reported as means ± S.D. from five independent replicates, and statistical significance was ascertained 
by a Student’s t-test, with signifiers for P-values at *P < 0.05, **P < 0.01, and ***P < 0.001
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accompanied by a notable decline in the number of 
inflammatory cells (Fig.  6g and S28). The TRAP stain-
ing further revealed that LDH/C treatment resulted in a 
reduction in the number of TRAP-positive osteoclasts, 
thereby attenuating bone erosion by inhibiting osteo-
clast differentiation and formation (Fig. 6h and S29). Fur-
thermore, immunofluorescence staining demonstrated 
that the activation of the STING pathway was inhibited 
by LDH/C treatment, with a notable reduction in the 
expression of p-TBK1 (Fig.  6i and S30-S31). Similarly, 
the expression level of p-p65 demonstrated a consistent 
and statistically significant downward trend (Fig.  6j and 
S32-S33). IF stain analysis revealed that tissues from 
LDH/C-treated mice exhibited a significant reduction 
in M1 markers (CD86⁺) alongside increased M2 mark-
ers (CD206⁺) compared to TiPs group (S34-S35). As 
anticipated, the immune-fluorescence staining results 
for TNF-α and IL-6 were in accordance with the in vitro 
expression levels, and LDH/C demonstrated its capability 
to attenuate the inflammatory response caused by TiPs 
(Fig. 6k and l, and S36-S39). In a word, LDH/C was found 
to efficiently suppress the level of oxidative stress and 
STING signaling at the site of inflammation, attenuating 
the pathological changes associated with TiPs-induced 
inflammatory osteolysis in vivo.

Conclusion
Herein, a synergistic approach was proposed to manage 
aseptic inflammation surrounding the periprosthesis, 
aiming to normalize local bone metabolism and thereby 
mitigate wear-particle-induced periprosthetic osteolysis. 
The synthesized LDH/C showed antioxidant nano-enzy-
matic activity, effectively modulating oxidative stress lev-
els within the local microenvironment. Such SODase-like 
activity improved the inflammatory microenvironment, 
thereby remodeling the bone homeostasis. Additionally, 
LDH/C was found to simultaneously adsorb dsDNA and 
inhibit STING activation. The effective binding of cfNDA 
on LDH was primarily facilitated by van der Waals 
energy, which in turn interfered with cfDNA-associated 
pro-inflammatory signaling and intercellular communi-
cation. Combined with C176 that selectively block and 
suppress hyperactivation of the cGAS-STING signaling 
cascade, the proposed strategy synergistically inhibited 
the STING pathway and reduced oxidative stress lev-
els, contributing to the alleviation of osteolysis-related 
inflammation and pathology. Our study offers new ave-
nues for clinical intervention in periprosthetic osteolysis, 
as well as new perspectives into regulatory strategies for 
key inflammatory mediators and the disruption of pro-
inflammatory signaling.
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