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SUMMARY

Post-implantation infections significantly threaten clinical outcomes due to limitations in traditional antibiotic 

therapies and challenges in meeting the complex requirements for both bacterial eradication and osteoim

munomodulation. Current approaches rarely eliminate biofilms and enhance osseointegration without com

plex additional components. Herein, we developed a hydrogenated titanium dioxide (TiO2) nanoscale honey

comb surface pattern (H-NCs) by leveraging the inherent TiO2 component on titanium (Ti) surfaces. These 

engineered H-NCs with oxygen vacancies narrowed the TiO2 band gap to 1.32 eV, facilitating generation 

of reactive oxygen species (ROS) and mild hyperthermia for biofilm elimination under near-infrared (NIR) light. 

In vitro and in vivo results demonstrated rapid elimination of 99.94% and 91.58% of Staphylococcus aureus 

(S. aureus) within 15 min of NIR irradiation, respectively. Moreover, the 90-nm honeycomb-like surface struc

ture directs macrophages by topographical cues, establishing a favorable osteoimmune microenvironment. 

THE BIGGER PICTURE Implant-associated infections and poor bone integration are major obstacles to the 

long-term success of orthopedic implants. Conventional antibacterial coatings often depend on exogenous 

agents or complex modifications, limiting their stability and clinical applicability. Here, we present a hydroge

nated titanium dioxide (TiO2) nanoscale honeycomb surface pattern (H-NCs) engineered onto titanium (Ti) im

plants. By introducing oxygen vacancies into the TiO2 surface pattern, this design integrates near-infrared 

(NIR)-responsive antibacterial activity with immune-modulatory topography, enabling rapid, on-demand bio

film elimination and enhanced osteogenesis. Leveraging intrinsic material properties, this agent-free approach 

overcomes the limitations of traditional methods. The H-NCs surface thus offers an effective and clinically rele

vant strategy for overcoming infection and bone integration barriers in orthopedic implant applications. 

Cell Biomaterials 1, 100213, December 23, 2025 © 2025 The Authors. Published by Elsevier Inc. 1 
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In general, this novel modified surface may address the challenges of implant-related infection and 

enhancing osteogenesis simultaneously.

INTRODUCTION

As the global population ages and trauma incidents rise, the de

mand for orthopedic procedures is increasing. For example, in 

the United States alone, over 2.8 million joint replacement sur

geries, such as hip and knee operations are performed annually, 

with a growth rate exceeding 10% each year.1–3 Despite strict 

adherence to aseptic procedures and prophylactic antibiotic in

terventions, implant-associated infections continue to pose a 

significant threat. In fact, these infections are not uncommon, 

as their rates can potentially exceed 30% in cases involving 

complex open fractures and revision surgeries.4–6 Although anti

biotics can be partially effective in preventing and managing in

fections, their usage in high doses and systemic exposure could 

lead to severe side effects.6–9 Furthermore, the risk of reinfec

tions persists after discontinuing the use of antibiotics.10 For 

example, postoperative recurrent infections can last for over 5 

years following implantation, presenting a reinfection risk of 

over 10%.11

Once pathogenic bacteria colonize the implant surface and 

form biofilms, it becomes challenging for the immune system 

and antibiotic treatments to eradicate them. For decades, 

addressing implant-associated infections has relied on a 

combination of invasive surgical procedures (such as one- or 

two-stage reimplantation) and long-term systemic antibiotic 

treatments.12–14 These approaches often result in a prolonged 

recovery time, substantial healthcare costs, and the potential 

of life-long functional impairment for patients. What is worse, 

the rapid evolution of multidrug-resistant bacteria presents an 

escalating challenge to traditional antibiotic-based treatment 

methods.15,16 Moreover, postoperative bacterial infections often 

accompany chronic inflammation and delayed bone-to-implant 

integration, thereby compromising the overall success of im

plantation surgeries. This highlights the increasing need for 

developing non-invasive and effective strategies to eliminate 

biofilm infections on implant surfaces and regulate osteoimmune 

responses to enhance bone-to-implant integration.

To address this issue, one potential solution lies in the devel

opment of in situ functional implant surfaces. For decades, re

searchers have been working on developing implant surface 

coatings to carry antibacterial agents such as antibiotics,17 metal 

ions (e.g., silver, zinc, and copper ions),18–20 antimicrobial pep

tides,21,22 and other components.23–25 These surface modifica

tion strategies aim to prevent bacterial adhesion, eliminate bac

teria, and, in some cases, achieve a balance between their 

antibacterial capability and promotion of bone regeneration.24,26

However, these coatings possess several limitations: (1) their ca

pacity to carry antibacterial or bioactive agents is limited; (2) their 

antibacterial efficiency and potential toxicity to normal cells 

depend on the release of the incorporated agents, and managing 

this release in complex in vivo physiological environments re

mains challenging; (3) the coating will inevitably fail as the loaded 

agents are released or degraded. When the coating’s effective

ness fades, reinfection may still occur over time. Once biofilms 

develop, repeated surgery and costly treatments become 

unavoidable.

Exogenous stimulus-responsive antibacterial surfaces have 

attracted considerable interest in research due to their high anti

bacterial efficiency and in situ controllability. For instance, 

photodynamic therapy (PDT) is an exogenous stimulus-respon

sive antibacterial technique that utilizes reactive oxygen species 

(ROS) generated by photo-responsive materials under light as 

the primary bactericidal agents.27,28 Moreover, ROS toxicity to 

mammalian cells is minimal if exposure is temporary, as previ

ously reported.29 However, the development of photo-respon

sive surfaces generally necessitates the incorporation of addi

tional constituents, such as photosensitizers or complex 

components.28–31 This means the transition from research envi

ronments to clinical applications often faces challenges due to 

stability concerns and the extensive approval process necessary 

for translation.

To overcome these limitations, we focused on titanium dioxide 

(TiO2), the native passivation layer that spontaneously forms on 

titanium (Ti) implants. Ti is widely used in dental and orthopedic 

applications due to its biocompatibility and mechanical strength. 

The intrinsic TiO2 layer on Ti implants not only ensures biocom

patibility but also exhibits photocatalytic properties.32 However, 

the spontaneously formed TiO2 layer has limited therapeutic util

ity due to its band gap (Eg) (3.0–3.2 eV) and rapid electron-hole 

recombination, which restrict its light absorption to the ultraviolet 

(UV) region.33 This limitation restricts its application in the 

biomedical field due to the poor penetration power of UV light 

into the deep layers of human tissues.34 In this study, we engi

neered a hydrogenated TiO2 nanoscale honeycomb surface 

pattern (H-NCs) via high-temperature hydrogenation. This pro

cess introduced oxygen vacancies, narrowing the Eg and shift

ing the light absorption spectrum of TiO2 into the near-infrared 

(NIR) window.35–37 Unlike previously reported approaches that 

require complex additional components, our strategy enables 

NIR-activated antibacterial effects while preserving the TiO2 

honeycomb-like surface structures. This enhancement allows 

the surface to exhibit exceptional photo-responsive antibacterial 

properties without altering the intrinsic surface components of 

clinically used Ti implants.

Apart from the eradication of bacterial infection, a proper im

mune response at the bone-implant interface is crucial for deter

mining the success of bone-to-implant integration. Building on 

our previous findings that the TiO2 nanoscale honeycomb 

surface pattern (NCs) can modulate immune responses and 

promote bone-to-implant integration,38,39 we specifically de

signed the proposed H-NCs to address both bacterial infection 

and osseointegration challenges simultaneously. Upon NIR 

irradiation, the tailor-made H-NCs generate substantial ROS 

and mild hyperthermia via oxygen-vacancy-enriched TiO2, 

effectively eliminating implant-associated bacterial infections. 

Moreover, the preserved honeycomb-like surface structure ex

hibits superior osteoimmune modulation capability, thereby pro

moting bone-to-implant integration (Scheme 1). In summary, this 
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agent-free, structure-based strategy overcomes the limitations 

of existing surface modifications by concurrently achieving 

controllable, NIR-driven antibacterial performance and immuno

modulatory effects through a simple and translatable process.

RESULTS AND DISCUSSION

Synthesis and characterization of H-NCs

As illustrated in Figure 1A, NCs were first established on the Ti 

implant surface using a customized method that employed poly

styrene spheres as sacrificial templates.39 Following this, the 

NCs underwent hydrogen plasma treatment to generate oxygen 

vacancies on the surface, resulting in H-NCs. The photographs 

in Figure 1B reveal a color change from a blue NCs surface to 

a black H-NCs surface. In comparison to polished Ti surfaces, 

a unique honeycomb-like surface structure was observed on 

the NCs surface, which remained intact after the hydrogenation 

process on the H-NCs surface. Atomic force microscopy (AFM) 

confirmed comparable surface roughness among polished Ti, 

NCs, and H-NCs (Table S1). The structure of NCs and H-NCs 

on Ti surfaces was further investigated using high-resolution 

transmission electron microscopy (HR-TEM). As shown in 

Figure 1C, the lattice spacings of 3.43 Å in NCs closely match 

to the lattice spacing of the (101) planes of anatase TiO2.40

Notably, curved lattices were observed in H-NCs, suggesting 

the presence of lattice defects.41

The crystalline structure of the samples was characterized by 

X-ray diffraction (XRD). As shown in Figure 1D, NCs and H-NCs 

show identical diffraction peaks of anatase TiO2. The surface el

ements of the different samples were further analyzed using 

X-ray photoelectron spectroscopy (XPS). Beyond the consistent 

detection of Ti and O, no additional elements were identified in 

both NCs and H-NCs (Figure 1E). As shown in Figure 1F, the 

high-resolution Ti 2p spectra of polished Ti surfaces and NCs 

exhibited two peaks at 459.1 and 464.9 eV, corresponding to 

Ti4+.42 However, these peaks shifted toward lower binding en

ergies in the H-NCs spectra, indicating a higher electron density 

in H-NCs.43 Neither NCs nor H-NCs showed obvious Ti3+ peaks, 

suggesting that the amount of Ti3+ was very low in both samples. 

Furthermore, the deconvolution of the O 1s peak indicated that 

the ratio of the percentage of defective oxygen in H-NCs was 

32.65%,44 which was much higher than that of Ti3+ content, sug

gesting the oxygen vacancies were the main defects (Figure 1G). 

In addition, electron paramagnetic resonance (EPR) was em

ployed to examine oxygen vacancy and Ti3+ across the samples. 

As shown in Figure 1H, no signs of Ti3+ were detected, while 

H-NCs exhibited an oxygen vacancy related signal at g = 

2.003,41 which corresponds with the results of XPS. These re

sults indicate that hydrogenation successfully introduced oxy

gen vacancies on the surface of H-NCs.

Photocatalytic and photothermal performance of H-NCs

The generation of ROS in different samples was first investigated 

using dichlorofluorescein diacetate (DCFH-DA), which captures 

ROS and produces 2′,7′-dichlorofluorescein (DCF) fluorescence. 

As shown in Figure 2A, no ROS were detected in any samples 

without NIR irradiation. After 15 min of NIR irradiation, NCs 

generated only a negligible amount of ROS. In comparison, 

Scheme 1. Schematic illustration of H-NCs on Ti implants, enabling NIR-activated antibacterial effects via enhanced ⋅OH generation and 

mild hyperthermia, and promoting bone-to-implant integration through immunomodulatory surface topography.
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Figure 1. Surface characterizations of different samples 

(A) Schematic illustration of the H-NCs preparation process using polystyrene spheres as sacrificial templates, followed by hydrogen plasma treatment. 

(B) Representative photographs and SEM images of samples. Scale bar in SEM images, 200 nm. 

(C) Representative HR-TEM images of NCs and H-NCs. Scale bar, 2 nm. 

(D) XRD patterns of Ti, NCs, and H-NCs. 

(E) XPS survey spectra from 200 to 1,200 eV for Ti, NCs, and H-NCs. 

(F) Ti 2p spectra of Ti, NCs, and H-NCs. 

(G) O 1s spectra of Ti, NCs, and H-NCs. 

(H) EPR spectra of Ti, NCs, and H-NCs.
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Figure 2. Photocatalytic and photothermal performance of different samples 

(A) ROS generation detected by DCFH-DA assay (n = 3). 

(B) Photocurrent generation of Ti, NCs, and H-NCs under NIR irradiation. 

(C) PL spectra of Ti, NCs, and H-NCs 

(D) EIS curves of Ti, NCs, and H-NCs. 

(E) UV-vis-NIR DRS of Ti, NCs, and H-NCs. 

(F) Corresponding Tauc plots derived from the UV-vis-NIR spectra. 

(G) ESR spectra of superoxide radical (⋅O2− ) generated by Ti, NCs, and H-NCs after 15 min NIR irradiation. 

(H) ESR spectra of singlet oxygen (1O2) generated by Ti, NCs, and H-NCs after 15 min NIR irradiation. 

(I) ESR spectra of hydroxyl radical (⋅OH) generated by Ti, NCs, and H-NCs after 15 min NIR irradiation. 

(J) Valence band XPS spectra of NCs and H-NCs. 

(K) Schematic illustration comparing the DOSs of H-NCs and NCs. 

(L) Temperature changes of Ti, NCs, and H-NCs after 15 min NIR irradiation (n = 3). Data are presented as mean ± SD.
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H-NCs demonstrated superior photocatalytic performance, pro

ducing a significantly higher amount of ROS. Figure 2B shows 

photocurrent densities of different samples under NIR irradia

tion. Compared with polished Ti and NCs, H-NCs exhibited a 

stronger photocurrent density, indicating an enhanced spatial 

charge separation ability.45 This result was further confirmed 

by photoluminescence (PL) spectra (Figure 2C). The quenched 

characteristic peaks of H-NCs suggest the lowest radiative 

recombination rate of photogenerated electron-hole pairs and 

a longer electron lifetime.46 The efficient carrier transfer was 

further evidenced by the reduction in the photocarrier transfer 

barrier of H-NCs, as indicated by the electrochemical imped

ance spectroscopy (EIS) results (Figure 2D). Among all samples, 

H-NCs exhibited the lowest impedance, indicating that the 

H-NCs could reduce electrochemical impedance and conse

quently promote charge transfer.47

To investigate the photocatalytic performance of H-NCs 

based on its Eg, the light absorption capabilities of different sam

ples were assessed using UV-vis-NIR diffuse reflectance spectra 

(DRS). As shown in Figure 2E, H-NCs exhibited a substantial 

enhancement in absorbance compared with polished Ti surfaces 

and NCs from 200 to 1,200 nm, which can be attributed to the 

increased oxygen deficiency.48 Based on the DRS results, 

Tauc plots were generated to measure the Eg of NCs and 

H-NCs (Figure 2F). The Eg of NCs was calculated to be approx

imately 3.22 eV, slightly greater than that of bulk anatase TiO2. In 

comparison, the calculated Eg of H-NCs was reduced to 1.32 eV, 

which was below the energy level of 808-nm NIR photons 

(1.53 eV).49 This allowed H-NCs to undergo electron transitions 

and subsequently generate photoelectron-hole pairs upon expo

sure to 808-nm NIR radiation. The color transformation from blue 

on NCs to black on H-NCs can be attributed to the presence of 

oxygen vacancies,50 which reduced the Eg and contributed to 

the expansion of the light absorption range. The stability of the 

H-NCs surface was demonstrated by observing no color 

changes in the H-NCs over a period of 1 year after preparation.

Next, electron spin resonance (ESR) spectra were used to 

measure the types of ROS generated by different samples under 

NIR irradiation. Three major ROS, including superoxide radical 

(⋅O2− ), singlet oxygen (1O2), and hydroxyl radical (⋅OH), were 

measured. As shown in Figures 2G and S1A, no significant differ

ence was detected in the ⋅O2− signal among different samples. 

Although a slight increase in the 1O2 signal at different time points 

(Figure S1B) was observed, the difference between the three 

groups after 15 min of NIR irradiation became insignificant 

(Figure 2H). In contrast, an intensified ⋅OH signal was detected 

in H-NCs under 808-nm NIR irradiation throughout different 

measuring time points (Figures 2I and S1C). These results indi

cate that ⋅OH was the primary generated ROS by H-NCs under 

808-nm NIR irradiation.

To further understand the underlying mechanism of ROS gen

eration, the density of states (DOSs) of the valence band 

maximum (VBM) of NCs and H-NCs were measured using VB- 

XPS (Figure 2J). The typical valence band DOS characteristics 

of TiO2 were observed on NCs, with the edge of the maximum 

energy at about 2.58 eV (vs. vacuum). Thus, the VBM of NCs 

could be calculated to be 2.74 eV (vs. NHE) according to the for

mula EVB (vs. NHE) = φ + EVB (VB-XPS) − 4.44, where φ is the 

work function of the instrument (4.6 eV).51 The Eg of NCs is 

3.22 eV, as calculated by the Tauc plots, thus the conduction 

band minimum (CBM) would be at about − 0.48 eV. As shown 

in Figure 2J, the VBM of H-NCs energy blue-shifts toward the 

vacuum level at approximately 2.30 eV. Thus, the VBM 

(vs. NHE) could be calculated to be 2.46 eV. According to the 

Tauc plots result, the Eg of H-NCs is 1.32 eV, resulting in a calcu

lated CBM of H-NCs of approximately 1.14 eV.

Figure 2K illustrated the ROS generation mechanism under 

808-nm NIR irradiation. The presence of oxygen vacancies leads 

to an extended tail and narrows the Eg of H-NCs,52 which was 

calculated to be 1.32 eV (Figure 2F). This narrowed Eg 

(<1.53 eV) allows electrons to be excited from the VB to the 

CB under 808-nm NIR irradiation.49 The oxygen vacancies in 

anatase TiO2 can act as trap sites for photogenerated electrons, 

promoting the separation of electron-hole pairs. This enhanced 

charge separation may lead to a higher concentration of holes 

in the valence band, which can then participate in the oxidation 

of H2O or OH− to produce ∙OH radicals.

An increase in local temperature can affect the functionality 

of proteins and membrane permeability in bacteria, impacting 

their metabolism.28,53,54 The enhanced light absorption of 

H-NCs not only facilitated ROS generation but also elevated 

the surface temperature within 15 min upon irradiation under 

NIR (Figures 2L and S2A). H-NCs exhibited the best photo

thermal performance compared with other samples, with the 

final temperature reaching 55.4◦C (Figure S2B). The consis

tent heating/cooling curves indicated that H-NCs exhibited 

exceptional photothermal stability, with no significant temper

ature change observed after multiple irradiation cycles 

(Figure S2C).

As summarized in Table S2, compared with NCs, H-NCs pre

serve the honeycomb-like surface structure while exhibiting effi

cient NIR responsiveness. Defect engineering endows H-NCs 

with significantly enhanced ROS generation and photothermal 

effects under 808-nm irradiation, without compromising their 

unique surface topography.

In vitro antibacterial performance

The spread plate method was used to investigate the antibacte

rial performance of different samples against Staphylococcus 

aureus (S. aureus) (Figure S3). S. aureus on the polished Ti sur

face, NCs, and H-NCs were subjected to either 15 min of NIR 

irradiation (indicated by -NIR(+) following the sample names) or 

no NIR treatment (indicated by -NIR(− ) following the sample 

names). Subsequently, S. aureus treated on different samples 

were diluted and spread on agar plates. None of the samples ex

hibited significant antibacterial performance without NIR irradia

tion. After 15 min of NIR irradiation, a slight increase in the anti

bacterial ratio was observed in the Ti-NIR(+) and NCs-NIR(+) 

groups, with 24.53% and 29.47% respectively, compared with 

the Ti-NIR(− ) as the control group (Figure 3A). The limited sup

pression of S. aureus in the Ti-NIR(+) and NCs-NIR(+) groups 

could be attributed to the weak photothermal effect, which had 

a minor impact on the viability of S. aureus.28,54 However, the 

mild heat alone was insufficient to effectively eliminate 

S. aureus. In comparison, H-NCs combined effective ROS gen

eration and an enhanced photothermal effect, leading to a rapid 
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elimination of bacteria and achieving an impressive antibacterial 

ratio of 99.94% within 15 min of NIR irradiation.

To further investigate in vitro antibacterial performance, live/ 

dead fluorescent staining was conducted using two fluorescent 

dyes, N, N-dimethylaniline N-oxide (DMAO) and Ethidium Homo

dimer III (EthD-III) (Figures 3B and 3C). DMAO is a green nucleic 

acid fluorescent dye that stains both live and dead bacteria, 

whereas EthD-III is a red nucleic acid fluorescent dye that stains 

only dead bacteria with damaged cell membranes. S. aureus 

survival rates were consistent across all groups, except for 

H-NCs-NIR(+), which aligned with the spread plate count results.

In order to explore the antibacterial mechanism of H-NCs 

under NIR irradiation, evaluation of changes in bacterial 

morphology, protein leakage, and the permeability of the cyto

plasmic membrane were performed (Figure 3D). S. aureus ex

hibited typical spherical shapes, smooth surfaces, and distinct 

Figure 3. In vitro antibacterial evaluation 

(A) Antibacterial ratio of Ti, NCs, and H-NCs against S. aureus without NIR irradiation and after 15 min of NIR irradiation. 

(B) Live/dead fluorescence staining images of S. aureus on different samples. Scale bars, 200 μm. 

(C) Semi-quantitative analysis of the dead bacteria ratio from live/dead staining images. 

(D) SEM images of S. aureus on different samples. Scale bars, 500 nm. 

(E) Protein leakage from S. aureus detected by BCA assay after treatment with different samples. 

(F) ONPG hydrolysis indicating membrane permeability changes in S. aureus after treatment. 

(G) Schematic illustration of the antibacterial mechanism. n = 3 independent experiments per group, *p < 0.05 and **p < 0.01. Data are presented as mean ± SD.
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(legend on next page) 
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boundaries on Ti-NIR(− ). The morphologies of bacteria re

mained intact on both Ti and NCs surfaces, even after NIR treat

ment. In contrast, S. aureus on H-NCs-NIR(+) showed abnormal 

morphologies, characterized by loss of membrane integrity and 

wrinkled shapes, indicating bacterial death.55,56 The protein 

leakage from S. aureus on different samples following treatment 

with or without NIR irradiation was measured using a commercial 

bicinchoninic acid (BCA) assay kit (Figure 3E). The overall trend 

of results was consistent with the antibacterial findings. Protein 

leakage from S. aureus on all samples was negligible without 

NIR irradiation. Upon exposure to NIR, all samples showed a 

rise in protein leakage compared with their non-irradiated coun

terparts, with H-NCs exhibiting the most substantial protein 

leakage, exceeding 4.86 times that of the Ti-NIR(− ) as the control 

group. The permeability of the S. aureus cell membrane was 

then assessed via ortho-nitrophenyl-β-galactoside (ONPG) hy

drolysis (Figure 3F). The highest optical density (OD) at 420 nm 

for H-NCs-NIR(+) indicated that the cell membrane of 

S. aureus had been irreversibly damaged, consistent with the 

bacterial morphology observed using scanning electron micro

scopy (SEM).

In summary, H-NCs exhibited outstanding antibacterial effec

tiveness in vitro when subjected to NIR irradiation within a short 

duration of 15 min. Figure 3G demonstrates the antibacterial 

mechanism in which H-NCs rapidly generate both heat and a 

substantial amount of ROS upon NIR irradiation. The photother

mal effect undermines the bacterial cytoplasmic membrane’s 

structural integrity, leading to increased membrane permeability. 

This enabled ROS to infiltrate and impair bacterial enzymes and 

proteins. As a result, the sufficient ROS generated by H-NCs 

effectively eradicated the bacteria, causing the release of bacte

rial contents and ultimately leading to the rapid elimination of the 

bacteria.

In vitro regulation on macrophages

After confirming the antibacterial capability of H-NCs, we pro

ceeded to examine their immunomodulatory role in regulating 

a widely used murine macrophage cell line (RAW 264.7). The in

fluence of NIR irradiation on cells cultured on different samples 

was first evaluated (Figure S4). The 15-min NIR exposure 

showed no significant effect on macrophages, allowing us to 

focus on substrate-driven effects. Cell morphologies on different 

samples were observed using SEM. As shown in Figure 4A, 

abundant filopodia were observed in macrophages cultured on 

NCs, in contrast to the smooth boundary observed on the Ti sur

face. A similar cell morphology with abundant and stretching fi

lopodia was also found on H-NCs, suggesting that the hydroge

nation process did not influence the modulatory role of the 

honeycomb-like surface structures on macrophage morphol

ogies. Subsequently, we stained macrophages on different sam

ples with an M1 macrophage marker inducible nitric oxide syn

thase (iNOS) and an M2 macrophage surface marker (CD206). 

As shown in Figures 4B and 4C, NCs and H-NCs exhibited 

similar downregulation of iNOS and upregulation of CD206.

Macrophages are essential in the bone-to-implant integration 

process. For instance, an early inflammatory phase marked by 

the temporary presence of tumor necrosis factor-alpha (TNF-α) 

can trigger the regeneration process and facilitate the recruit

ment of mesenchymal stem cells (MSCs), which play a crucial 

role in bone regeneration.57,58 However, it is important to note 

that prolonged inflammation dominated by M1 macrophages, 

characterized by high levels of pro-inflammatory cytokines 

such as TNF-α and interleukin-1 beta (IL-1β), can lead to chronic 

inflammation, fibrous capsule formation, bone resorption, and 

even implant failure.58,59 A reduced inflammatory response and 

timely switching of macrophages from M1 to M2 phenotype is 

considered more favorable during the later stage of the regener

ation process.59,60 Therefore, a properly mediated osteoimmune 

microenvironment is vital for successful bone-to-implant inte

gration.39,61,62 We next explored the relationship between 

culturing time and macrophage polarization on different samples 

using real-time qPCR (Figure 4D) and ELISA (Figure 4E) after 

culturing macrophages on various surfaces for 24 and 48 h, 

respectively. The 24-h results revealed that despite no significant 

difference in TNF-α expression levels between NCs and H-NCs, 

the secretion levels of both TNF-α and IL-1β were suppressed. 

The pro-inflammatory response remained inhibited at 48 h, as 

indicated by both real-time qPCR and ELISA results. Similarly, 

no difference was observed in arginase-1 (ARG-1) at 24 h, but 

ARG-1 was upregulated alongside interleukin-10 (IL-10) later at 

48 h. The overall pattern of these results aligned with the afore

mentioned fluorescent staining at 48 h, suggesting that the 

honeycomb-like surface structure of both NCs and H-NCs can 

suppress M1 macrophages while promoting M2 macrophage 

polarization after 48 h of culturing. Furthermore, bone morpho

genetic protein-2 (BMP-2), a potent osteogenic inducer secreted 

by macrophages,63 showed comparable secretion levels be

tween NCs and H-NCs at 24 h but was significantly upregulated 

in both groups at 48 h. This delayed BMP-2 elevation coincided 

temporally with the M1-to-M2 phenotypic shift observed at 48 h, 

suggesting that the honeycomb-like topography orchestrates 

macrophage-mediated osteoimmunomodulation. By 48 h, the 

transition to M2 dominance established a regenerative microen

vironment characterized by synergistic secretion of BMP-2, 

Figure 4. Regulation on macrophages by H-NCs 

(A) Representative morphologies of macrophages on different samples. Scale bars, 20 μm (first row), 10 μm (second row), and 2 μm (third row). 

(B) Fluorescence staining images of iNOS in macrophages on different samples, and corresponding quantification of fluorescence intensity. Scale bar, 100 μm. 

(C) Fluorescence staining images of CD206 in macrophages on different samples, and corresponding quantification of fluorescence intensity. Scale bar, 100 μm. 

(D) Relative mRNA expression levels of M1 macrophage-related genes (TNF-α and IL-1β) and M2 macrophage-related genes (IL-10 and ARG-1) at 24 and 48 h. 

(E) ELISA results of pro-inflammatory cytokines (TNF-α and IL-1β), anti-inflammatory cytokines (IL-10 and ARG-1), and pro-osteogenic cytokine (BMP-2) at 

24 and 48 h. 

(F) Volcano plot of differentially expressed genes in H-NCs compared with Ti. 

(G) Enriched KEGG pathways identified in H-NCs compared with Ti. 

(H) Differentially expressed genes contributing to KEGG pathway enrichment analysis. n ≥ 3 independent experiments per group, *p < 0.05 and **p < 0.01. Data 

are presented as mean ± SD.
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IL-10, and ARG-1—a cytokine profile known to promote bone 

regeneration while resolving inflammation.64–66 This temporal 

regulation balances early inflammatory signals required to 

initiate the regeneration process with the later M2-driven secre

tion of pro-regenerative factors, thereby fostering a favorable os

teoimmune environment for osteogenesis.

These findings, consistent with our previous study,39 revealed 

that macrophage behaviors, including cell morphologies, M1/M2 

gene expression level, and cytokine secretion profile, were indis

tinguishable between NCs and H-NCs. Although lattice pertur

bations and relaxation dynamics have been reported to influence 

cellular behavior,67 the nearly identical surface morphology and 

roughness parameters between NCs and H-NCs indicate that 

macrophage polarization was governed by shared topographical 

cues rather than lattice-specific mechanical properties. This 

suggests that surface topography driven immunomodulatory 

mechanisms override subtle crystallographic variations in modu

lating the osteoimmune microenvironment.

The underlying mechanism of H-NCs’ influence on macro

phage regulation was further explored through transcriptomic 

analysis. Compared with the polished Ti surface, the volcano 

plots revealed that macrophages cultured on H-NCs displayed 

619 upregulated and 1,100 downregulated genes (Figure 4F). 

These differentially expressed genes were collected and 

analyzed using the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) to identify significantly enriched signaling pathways be

tween H-NCs and Ti (Figure 4G). The differentially expressed 

genes contributing to these enriched KEGG pathways were 

further analyzed to generate heatmaps (Figures 4H and S5). 

Notably, several signaling pathways associated with M1 macro

phage activation, including IL-17 signaling pathway, TNF 

signaling pathway, mitogen-activated protein kinase (MAPK) 

signaling pathway, Toll-like receptor signaling pathway, nucleo

tide-binding oligomerization domain (NOD)-like receptor 

signaling pathway, and nuclear factor (NF)-kappa B signaling 

pathways,68–71 were downregulated. This downregulation was 

characterized by the decreased expression of genes typically 

associated with pro-inflammatory macrophage activation, such 

as IL-1β, MAPK11, and TNF.69,72 Moreover, the downregulation 

of the M1-associated gene CD80 corresponds with the observed 

decrease in pro-inflammatory genes and cytokine secretion, 

such as TNF-α and IL-1β (Figures 4D and 4E). In contrast, upre

gulation of genes like peroxisome proliferator-activated receptor 

delta (PPAR-delta) and retinoid X receptor alpha (RXRα), which 

are involved in the activation of the PPAR signaling pathway, 

were observed and are known to be associated with M2 macro

phage polarization.73 Our findings suggest that the honeycomb- 

like surface pattern preserved by the hydrogenation process 

plays a crucial role in modulating macrophage behavior. This 

pattern not only suppresses M1 macrophage polarization but 

also promotes M2 macrophage polarization. Importantly, both 

the enriched cell adhesion molecules (CAMs) KEGG pathways 

and the heatmap of differentially expressed genes (Figure S5) 

confirm their crucial role as key mediators in mechanotransduc

tion within this process. Specifically, L1 cell adhesion molecule 

(L1CAM) is associated with the RhoA/ROCK pathway, which is 

important for cytoskeletal remodeling and subsequent changes 

in cellular behavior.74,75 This observation aligns with previous 

findings that a nanosized honeycomb-like topography induces 

cytoskeletal remodeling and M2 polarization, primarily through 

the modulation of the RhoA/ROCK signaling pathway.39

In vivo antibacterial activity

Given the outstanding antibacterial efficiency and immunomod

ulatory effect on macrophages of H-NCs observed in vitro, we 

proceeded to assess the anti-biofilm efficacy and bone-to- 

implant integration of H-NCs using an S. aureus biofilm-infected 

bone-implant model in vivo. To minimize the number of animals 

used, Ti-NIR(+) (serving as the control group) and H-NCs-NIR(+) 

were selected for the in vivo experiments. The animal experiment 

procedure is illustrated in Figure 5A, prior to implantation sur

gery, rod-shaped Ti and H-HC samples were first immersed in 

S. aureus suspension and subsequently cultured for 48 h to 

enable bacterial colonization on the implant surfaces and form 

biofilm (Figure S6). A 2-mm defect was created in the tibia 

plateau area using a hand drill, and the implants with pre- 

cultured S. aureus biofilm were inserted into the defects. 

2 days after surgery, 15 min of NIR irradiation were applied to 

the surgical areas (Figure S7). In comparison to unmodified Ti, 

H-NCs still exhibited a photothermal response capability in the 

in vivo implantation model, and no tissue damage was seen after 

15 min of NIR exposure on the sutured tissue.

To evaluate the in vivo antibacterial performance, part of the an

imal cohort was sacrificed and samples were pulled out and rolled 

on agar plates, followed by 24-h culturing. Figure 5B demon

strates a substantial presence of bacterial colonies in the Ti-NIR 

(+) group, in contrast to the sparse colonies in the H-NCs-NIR(+) 

group. The antibacterial ratio for H-NCs-NIR(+) was determined 

to be 91.58%, suggesting the effective elimination of the pre-ex

isting S. aureus biofilm on the surface by H-NCs in vivo.

Photographs of the surgical sites for both groups were taken us

ing a digital camera after 14 and 28 days (Figure 5C). On day 14, 

conspicuous secretions and pus were observed in the Ti-NIR(+) 

group, suggesting an intense inflammatory response in the tissue 

due to S. aureus infection. By the 28th day, the level of secretions 

had diminished, possibly due to the progression of the healing pro

cess over time. In contrast, observations on both days 14 and 28 

showed no evidence of secretions or pus in the H-NCs-NIR(+) 

group, indicating the successful eradication of S. aureus and a 

decreased inflammatory response.28 The Giemsa staining results 

are consistent with the observations in the photographs and the 

antibacterial evaluation results. As marked by red arrows, a sub

stantial amount of bacteria was present in the Ti-NIR(+) group on 

day 14. By day 28, the bacterial count had reduced, but a notable 

quantity was still visible in the Ti-NIR(+) group. In contrast, the H- 

NCs-NIR(+) group showed hardly any detectable bacteria.

In addition to eliminating bacterial infection, an appropriate 

immune response at the bone-implant interface is crucial for the 

success of implant-to-bone integration. As shown in Figures 5D 

and 5E, the pan marker of macrophages (CD68) was positively ex

pressed in both groups at both days 14 and 28, indicating the infil

tration of immune cells to the implantation area. Although TNF- 

α-positive macrophages were present in both groups at both 

days 14 and 28, the surface structure of H-NCs demonstrated its 

capability to alleviate the inflammatory response, with fewer 

TNF-α but more IL-10 fractions. In summary, these results indicate 
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that H-NCs can effectively eradicate S. aureus infection in vivo and 

reduce severe inflammatory responses.

Bone-to-implant integration in vivo

Further investigation was conducted into the bone-to-implant 

integration of H-NCs. Owing to the successful elimination of 

S. aureus biofilms and the modulated osteoimmune microenvi

ronment, a substantially greater quantity of new bone tissue 

was observed at the interface between bone and H-NCs in the 

micro-computed tomography (micro-CT) images taken on both 

days 14 and 28 (Figure 6A). As shown in Figure 6B, the calculated 

bone volume/tissue volume (BV/TV) ratios for Ti-NIR(+) and 

Figure 5. In vivo assessment of antibacterial and immune regulation on macrophages 

(A) Schematic illustration of the in vivo study design. 

(B) Remaining bacterial colonies on Ti and H-NCs rods extracted from bone tissue, and the corresponding calculated antibacterial ratio. 

(C) Photographs of implant sites and Giemsa staining of bone tissue surrounding the implants (scale bar for Giemsa staining, 20 μm). 

(D) Semi-quantitative analysis of positively stained cells in immunohistochemical images of CD68, TNF-α, and IL-10 at 14- and 28-days post-implantation. 

(E) Representative immunohistochemical staining of CD68, TNF-α, and IL-10 in bone tissue around the implants at 14 and 28 days. Scale bars, 100 μm. n ≥ 3 

independent experiments per group, *p < 0.05 and **p < 0.01. Data are presented as mean ± SD.
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H-NCs-NIR(+) at day 14 were 4.58% and 11.42%, respectively. 

On day 28, the BV/TV values for Ti-NIR(+) and H-NCs-NIR(+) 

were 7.3% and 18.63%, respectively.

The osteogenic condition of the tissue surrounding the implant 

was evaluated utilizing safranin-O/fast green staining, with green 

indicating osteogenic differentiation and red representing cartilage 

differentiation (Figure 6C). As shown in the semi-quantified results 

in Figure 6D, a higher proportion of osteogenic differentiation was 

observed at the interface of H-NCs-NIR(+) compared with Ti-NIR 

(+) (the implant position is marked by a dashed line) on both days 

14 and 28. In addition, almost no bone-like tissue (red) was 

observed at the bone-implant interface of Ti-NIR(+) in Van Gieson’s 

picrofuchsin staining images (Figures 6E and S8). In contrast, a 

substantial area of bony tissue was clearly observed on the surface 

of H-NCs-NIR(+). These in vivo results conclusively demonstrated 

that H-NCs-NIR(+) could effectively eliminate S. aureus biofilms 

and enhance osteogenesis simultaneously.

Conclusions

In summary, we have successfully developed a hydrogenated 

TiO2 surface pattern that achieved highly effective bacterial elim

ination through NIR-induced ROS and hyperthermia and 

enhanced osteogenesis via surface topography-induced os

teoimmunomodulation. The introduction of oxygen vacancies 

enhanced NIR light absorption and improved electron-hole sep

aration efficiency, contributing to the effective antibacterial per

formance observed both in vitro and in vivo within a short expo

sure period to exogenous NIR stimuli. Without the aid of 

additional components, this in situ treatment approach assures 

the osteoimmunomodulation and antibacterial capabilities. 

While this innovative strategy has demonstrated its potential in 

effectively addressing the challenges associated with post-im

plantation infections and simultaneously promoting bone-to- 

implant integration, its effectiveness in deeper joints such as 

the hip is constrained by the limited penetration depth of NIR 

light. Potential strategies to overcome this limitation include 

increasing the power density of the NIR light. However, this 

must be carefully balanced with safety considerations, such as 

controlling photothermal effects with pulsed light stimulation. 

Despite these limitations, we believe that this approach can 

contribute to the future management of implant-associated in

fections, demonstrating considerable promise for clinical trans

lation and ultimately improving clinical outcomes.

METHODS

Preparation of H-NCs

Ti substrates with diameters of 32 and 6 mm, and rods with a 

diameter of 2 mm and length of 6 mm were purchased from 

Shunhang Metal Materials. The 32-mm diameter samples were 

used for in vitro cell culture experiments, while the 6 mm diam

eter samples were assigned for in vitro antibacterial tests and 

Figure 6. Evaluation of in vivo bone-to-implant integration 

(A) 3D reconstructed micro-CT results. 

(B) Quantification of newly formed bone volume around the implants (BV/TV) based on micro-CT results. 

(C) Representative safranin-O and fast green staining images of tissue near the implants. Scale bars, 50 μm. 

(D) Semi-quantitative analysis of safranin-O and fast green staining images. 

(E) Van Gieson’s picrofuchsin staining images. Scale bars, 200 μm (upper), 50 μm (lower). n ≥ 3 independent experiments per group. p < 0.05, p < 0.01. Data are 

presented as mean ± SD.

Please cite this article in press as: Zhu et al., NIR-responsive hydrogenated TiO2 nanoscale honeycomb surface pattern for rapid S. aureus biofilm 

elimination and enhanced osteogenesis, Cell Biomaterials (2025), https://doi.org/10.1016/j.celbio.2025.100213

12 Cell Biomaterials 1, 100213, December 23, 2025 

Article
ll

OPEN ACCESS



other general assessments. Rod-shaped samples were utilized 

in in vivo studies. Monodispersed polystyrene spheres with 

90 nm diameter were purchased from Yuan Biotech.

To obtain H-NCs, NCs were first prepared on Ti substrates 

following our previously established method.39 In brief, polysty

rene spheres were ultrasonically dispersed in ethanol and subse

quently deposited onto a silicon slide positioned at the edge of a 

Petri dish containing 5.4 wt % Ti(SO4)2 solution, until a polysty

rene monolayer film covered the solution surface. The resulting 

polystyrene monolayer film and Ti(SO4)2 solution were then 

placed in a preheated 50◦C oven for 3 h, allowing TiO2 to form 

at the lower part of the polystyrene spheres through Ti(SO4)2 hy

drolysis. Following this, the film with formed TiO2 was gently 

transferred onto Ti substrates and rods and allowed to dry at 

room temperature overnight. NCs were obtained after calcina

tion at 500◦C for 2 h to remove the template polystyrene spheres. 

Finally, H-NCs were acquired through hydrogen plasma treat

ment using a plasma-enhanced chemical vapor deposition 

(PE-CVD) system with a flow rate of 20 sccm, power of 100 W, 

and temperature of 500◦C for 1 h.

Surface characterizations

The surface morphology was observed using a field emission 

SEM (Zeiss Sigma 500) after sputter-coating with gold, and 

the detailed microstructure was examined using HR-TEM 

(JEOL JEM-F200). The crystalline phase was analyzed by 

XRD (D8A25, Bruker) with a 2θ range from 20◦ to 80◦ and a 

step size of 0.02◦. Elemental composition and chemical states 

were analyzed by XPS (ESCALAB 250Xi, Thermo Scientific) 

with Al Kα radiation and an energy step size of 0.100 eV; the 

binding energy scale was calibrated to the C 1s peak at 

284.8 eV. Surface roughness was analyzed using AFM (Flex- 

Mount, Nanosurf). EPR spectra were obtained using an EPR 

spectrometer (Bruker EMXnano). UV-vis-NIR DRS were re

corded with a UV-vis-NIR spectrometer (UV-3600, Shimadzu). 

PL spectra were acquired using a fluorescence spectropho

tometer (Perkin-Elmer LS55).

Photodynamic and photothermal performance

An 808-nm laser source (FLMM-0808-862-005W, Hi-Tech Opto

electronics) was utilized as the irradiation source throughout this 

study. The photodynamic performance of various samples, in 

terms of ROS generation, was assessed using a DCFH-DA 

ROS assay kit. In brief, samples were immersed in the DCFH- 

DA solution and exposed to NIR (0.5 W cm− 2) for 15 min. The 

fluorescence intensity of DCF was measured at 525 nm using a 

microplate reader (SpectraMax i3, Molecular Devices). Current 

density and EIS were recorded using an electrochemical work

station (CHI660E, Shanghai Chenhua) with a three-electrode 

system. ROS levels in different samples were measured using 

an ESR spectrometer after being subjected to NIR irradiation 

for 0, 5, 10, and 15 min. In these ESR tests, 2,2,6,6-tetramethyl

piperidine (TEMP) was employed for detecting singlet oxygen 

(1O2), while 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was 

used for detecting superoxide radicals (∙O2− ) and hydroxyl rad

icals (∙OH).

The photothermal performance of various samples was exam

ined under NIR irradiation. Samples were placed in a 96-well 

plate containing 200 μL PBS solution and exposed to NIR irradi

ation. Temperature changes were monitored using a thermal 

imager (FLIR, E52).

In vitro antibacterial activity assay

S. aureus strain (ATCC 29213) was used to evaluate the in vitro 

antibacterial performance of different samples. samples were 

sterilized under UV light for 30 min before use. Then, 200 μL bac

teria suspension (1 × 107 colony-forming unit [CFU]/mL) was 

added into a 96-well plate with samples placed inside. For the 

NIR-treated group, the samples immersed in the bacterial sus

pension were exposed to NIR irradiation at a power density of 

0.5 W/cm2 for 15 min. For the non-NIR-treated group, the sam

ples with bacterial suspension were kept in the dark at room tem

perature for 15 min. After treatment, the bacterial suspensions 

from each well were diluted 40,000-fold, and 20 μL of the diluted 

suspension was spread onto Luria-Bertani (LB) agar plates. The 

number of colonies on agar plates was counted to calculate the 

antibacterial efficiency of different samples using the following 

formula: antibacterial ratio (%) = [N(control) − N(experiment 

group)]/N(control) × 100%.

Live/dead bacteria staining

Bacteria treated on different samples were stained with two fluo

rescent dyes, DMAO and EthD-III, using a commercial live and 

dead bacterial staining kit (Yeasen Biotechnology) following 

the manufacturer’s instructions. In brief, bacteria were cultured 

and treated with samples as described in the antibacterial test. 

Following this, the culture solution was replaced with DMAO/ 

EthD-III working solution and incubated for 15 min in the dark. 

Fluorescence images of stained bacteria on different samples 

were obtained using an inverted fluorescence microscope 

(AMAFD2000, Evos FL Auto 2).

Bacterial morphology

After treatment on different samples with or without NIR irradia

tion, bacteria were fixed with 2.5% glutaraldehyde and dehy

drated with a gradient ethanol solution (30%–100%). The bacte

rial morphologies of S. aureus on different sample surfaces were 

observed using an SEM (Zeiss Sigma 500).

Protein leakage

A BCA protein assay kit (Solarbio) was used to measure protein 

leakage from S. aureus. The bacterial suspension was first 

centrifuged and washed with PBS (4◦C, 6,000 rpm, 5 min) three 

times. The collected bacteria were then re-dispersed in PBS and 

diluted to an OD of 0.05–0.1 at 600 nm. Then, the diluted bacte

rial dispersion was treated with samples as described in the anti

bacterial test. After treatment, the bacteria were collected by 

centrifugation (4◦C, 6,000 rpm, 5 min). The resulting superna

tants (25 μL) were then mixed with the BCA working solution 

following the manufacturer’s instructions and incubated at 

37◦C for 30 min. The OD value at 562 nm was measured using 

a microplate reader.

Bacterial membrane permeability

ONPG was utilized to evaluate the changes in membrane perme

ability of S. aureus treated with various samples, modified from 
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our previously reported method.76 Briefly, S. aureus was first 

cultured in LB medium with 10 μg mL− 1 of isopropyl β-D-1-thio

galactopyranoside (IPTG, Sinopharm Chemical Reagent) at 

37◦C for 12 h. The bacteria were then centrifuged and washed 

with PBS three times at a speed of 6,000 rpm. The resulting bac

teria were diluted and treated with different samples, with or 

without NIR irradiation as described earlier. Finally, 15 μL treated 

bacteria was mixed with 15 μL ONPG (Sinopharm Chemical Re

agent), 10 μL dimethyl sulfoxide (7%), and 110 μL PBS in 96-well 

plates. The OD value was measured at 420 nm.

Macrophage culture

RAW 264.7 macrophages were cultured in Dulbecco’s modified 

Eagle’s medium (HyClone) containing 1% penicillin-strepto

mycin (Gibco) and 10% fetal bovine serum (Gibco). Cells were 

incubated at 37◦C in a 5% CO2 atmosphere, with the culture me

dium replaced daily. The modulatory effects of different samples 

on macrophages, including alterations in cell morphology, 

macrophage polarization, and cytokine secretion levels were 

investigated.

Cell morphology observation under SEM

Cell suspension of RAW 264.7 macrophages (1 × 105 cells/mL) 

was cultured on different samples for 24 h, then fixed with 

2.5% glutaraldehyde for 2 h, and sequentially dehydrated with 

ethanol (30%–100%). The cell morphologies of RAW 264.7 mac

rophages on different samples were examined using an SEM 

(Hitachi S4800 FEG SEM).

Immunofluorescence staining

The RAW 264.7 macrophages were cultured on samples for 48 h, 

then fixed with 4% paraformaldehyde for 20 min, permeabilized 

with 0.25% Triton X for 20 min, and blocked by 1% bovine serum 

albumin for 1 h. Cells on the samples were then incubated with 

primary antibodies against CD206 and iNOS (Abcam) at a 

1:100 dilution at 4◦C overnight. Next, cells were incubated with 

Alexa Fluor 488 conjugate anti-mouse secondary antibody for 

30 min and stained with DAPI. Immunofluorescence-stained 

cells on the samples were observed using a confocal laser scan

ning microscope (Zeiss, LSM 800).

Quantitative real-time PCR

Total RNA from cells cultured on different samples for 24 and 

48 h was first isolated using an RNA kit (OMEGA) following 

the manufacturer’s instructions. The isolated RNA was 

reverse-transcribed to cDNA using PrimeScript RT Master 

Mix (TaKaRa). Real-time qPCR was performed on a 

QuantStudio 5 Real-Time PCR System (Thermo Fisher Scienti

fic) for internal reference for GAPDH, M1 markers TNF-α and IL- 

1β, and M2 markers IL-10 and ARG-1. The synthesized primers 

are shown in Table S3.

ELISA

To measure the cytokines produced by macrophages cultured 

on different samples, macrophages were first cultured on sam

ples for 24 and 48 h to collect supernatants. The secretion of cy

tokines TNF-α, IL-1β, IL-10, ARG-1, and BMP-2 was then 

measured using commercial ELISA kits (Shanghai Jianglai 

Industry).

Transcriptomic analysis

RAW 264.7 macrophages were cultured on samples for 48 h as 

mentioned above. After culturing, macrophages on samples 

were lysed by trizol reagent (Thermo Fisher Scientific) and stored 

at − 80◦C before sequencing. RNA sequencing was performed 

using Illumina HiSeq X10 (Illumina). The value of gene expression 

was transformed as log10 (transcripts per million reads [TPM] + 

1). The data analysis and visualization were performed using a 

free online platform (www.bioinformatics.com.cn).

In vivo evaluation

All animal experiments were approved by the Animal Research 

Committee of Bestcell Model Biological Center, Wuhan, China 

(ethics approval number, BSMS 2024-06-07A). Male Sprague- 

Dawley rats (250–300 g) were randomly divided into three 

batches for three time points (days 2, 14, and 28) and two 

groups: Ti + NIR(+) and H-NCs + NIR(+) (n ≥ 3 at each time point). 

Before implantation, rod-shaped samples were cultured in 

S. aureus suspension (1 × 107 CFU/mL) at 37◦C for 48 h. Animals 

were anesthetized with pentobarbital (30 mg/kg, 1% [w/w]). De

fects were then created in the tibia plateau area of the rats using 

a 2-mm-diameter twist drill bit at 8,000 rpm. During drilling, phys

iological saline was used for cooling until the bone marrow was 

exposed. Following the drilling procedure, the surgical area 

was cleaned using gauze. The samples were then slightly 

pressed to fit into the defects on both legs of the rats, and the 

wounds were finally sutured. 2 days after surgery, 15 min of 

NIR irradiation were applied to the surgical area. One batch of 

animals were sacrificed after NIR treatment, and the corre

sponding samples were removed for in vivo antibacterial activity 

assay. The collected samples were rolled on agar plates and 

incubated at 37◦C for 24 h. The number of colonies was counted 

to calculate the antibacterial efficiency. The other two batches of 

animals were sacrificed 14 and 28 days after surgery for micro- 

CT and histopathological analysis.

Micro-CT analysis

Micro-CT analysis was conducted using a micro-CT system 

(SkyScan 1176, SkyScan) to examine the harvested tibias 

with implants. The major scanning parameters included an 

80 kV source voltage, 313 μA source current, and 345 ms 

exposure time. The acquired scan images were reconstructed 

with the CTvox and CTVol software (SkyScan) to generate 

3D representations of the overall bone morphology and 

microarchitecture around the implants. The region of interest 

(ROI) was defined as a 180-μm circular band extending 

radially outward from the implant surface, in line with refer

enced methodologies.77 New bone volume (BV/TV) values 

were determined using the Data Viewer and CTan Program 

(Skyscan).

Histopathological analysis

The harvested samples were randomly allocated for further his

topathological analysis. Following decalcification, the samples 

were embedded in paraffin, sectioned at 5-μm thickness, and 
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stained with Giemsa, as well as safranin-O and fast green. Immu

nohistochemistry staining was performed using antibodies for 

CD68 (Boster), TNF-α (Bioss), and IL-10 (Bioss).

Tissue morphologies were digitally scanned using a digital 

slide scanner (3DHistech Pannoramic Midi) and analyzed with 

CaseViewer software (3DHistech). For both immunohistochem

istry staining images and safranin-O and fast green staining im

ages, random samples from each group (n = 6) were selected for 

semi-quantitative analysis using the Image-Pro Plus software. 

Specifically, the analysis of safranin-O and fast green staining 

images assessed the osteogenesis ratio (green representing os

teogenesis, while red or orange indicated cartilage) within a re

gion extending approximately 200 μm from the implant surface.

For Van Gieson’s picrofuchsin staining, hard tissue processing 

was conducted according to our previous study.78 The 

embedded samples were sectioned longitudinally along the 

implant and ground to a thickness of 50–70 μm before being 

stained with Van Gieson’s picrofuchsin. Images of the Van Gie

son’s picrofuchsin staining were obtained using a digital slide 

scanner.

Statistical analysis

All experiments were evaluated as mean values ± standard 

deviation of at least three tests. A one-way analysis of variance 

(ANOVA) program combined with a Student’s t test was used 

to evaluate the statistical significance of the variance. Values 

of *p < 0.05 and **p < 0.01 were considered statistically 

significant.
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