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Abstract
Periodontitis is an inflammatory disease caused by oxidative stress and initiated by bacterial infection. The endogenous en‐
zyme system is dysfunctional in the periodontitis microenvironment. Currently, traditional clinical treatment cannot effi‐
ciently eliminate bacteria or relieve inflammation. To address this issue, we developed ultrasmall ruthenium nanoparticles 
(US-RuNPs) with multienzyme-like activity. Our results indicated that US-RuNPs with an amplified electric field had a supe‐
rior photothermal effect to large-sized RuNPs. Thus, US-RuNPs, through photothermal therapy (PTT), acted as “bacterial 
lysozyme” to eliminate planktonic pathogens and biofilms. In addition, the antioxidant enzyme-like activity of US-RuNPs 
was greater than that of large-sized RuNPs, and US-RuNPs could scavenge intracellular reactive oxygen species (ROS) and 
inhibit inflammation-related responses. More importantly, US-RuNPs demonstrated a satisfactory effect against periodontitis 
in vivo due to their synergistic antibacterial activity through PTT and antioxidant effects even in deep sites, decreasing the 
alveolar bone loss to root length ratio (ABL/RL) from 70.70% to 20.15% and increasing the collagen volume fraction from 
16.88% to 57.64%. Thus, US-RuNPs with approximately 2 nm diameter, mimicking multienzyme activity, have great poten‐
tial for the treatment of periodontitis.
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1　Introduction

Periodontitis is a chronic inflammatory disease of periodon‐
tal supporting tissues caused by local stimulation from den‐
tal plaque, occlusal trauma, and other local irritants [1, 2]. 
Over 10% of adults are affected by severe periodontal dis‐
ease, making it the 6th most common disease worldwide [3]. 
Importantly, periodontitis not only affects oral health, induc‐
ing swollen gums, gingival bleeding, formation of periodon‐
tal pockets, and tooth loss, but is also closely related to the 
development of Alzheimer’s disease, cardiovascular dis‐
ease, diabetes, rheumatoid arthritis, and other systemic dis‐
eases [4, 5].

Bacterial infection is the initial factor for periodontitis oc‐
currence [6]. On the one hand, pathogenic bacteria secrete 
virulence factors to damage cells [7]. On the other hand, 
they gather with other microorganisms to promote the for‐
mation of plaque biofilms, which act as barriers to mechani‐
cal and antibiotic therapy [8, 9]. Next, pathogens may enter 
the systemic circulation through the periodontal tissues, af‐
fecting the whole body [10, 11]. In addition, bacteria hyper‐
activate multinucleated neutrophils, triggering excessive re‐
active oxygen species (ROS) production. Under physiologi‐
cal conditions, ROS can be maintained at an appropriate 
concentration by the endogenous enzyme system. However, 
endogenous enzymes might become unstable and denature 
in the periodontitis microenvironment, leading to ROS 

accumulation [12]. The imbalance between the endogenous 
enzyme system and ROS levels exacerbates inflammatory 
responses [13, 14]. Inflammatory cytokines secreted by neu‐
trophils, macrophages, monocytes, and natural killer (NK) 
cells participate in the pathogenesis of periodontitis and 
may contribute to patient susceptibility [15–17]. Similarly, 
ROS dysregulation promotes osteoclast differentiation by 
activating nuclear factor-kappa B and mitogen-activated 
protein kinases, causing alveolar bone resorption in peri‐
odontitis [18, 19]. Therefore, bacterial elimination and ROS 
scavenging are key to periodontitis therapy.

In the clinic, scaling and root planning (SRP) is the prin‐
cipal approach to treating periodontitis. However, these me‐
chanical therapies are not ideal. First, the dental instruments 
can hardly reach deep periodontal pockets or root bifurca‐
tions [20]. Residual periodontal pockets provide a favorable 
environment for the regrowth of pathogens, thereby com‐
promising treatment efficacy. Although surgical interven‐
tions might deal with deep periodontal pockets, surgical 
therapy increases the anxiety, pain, and economic burden 
on patients. Moreover, both SRP and surgical therapy are 
technically demanding and require high levels of exper‐
tise [21]. In addition, SRP demonstrates limited efficacy in 
modulating host inflammatory responses, through which 
ROS subsequently induce tissue damage. Oral administra‐
tion of antibiotics and anti-inflammatory drugs not only re‐
sults in low drug concentrations in the periodontal pockets 
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but also easily leads to the emergence of drug-resistant bacte‐
ria, adverse gastrointestinal reactions, and systemic immune 
disorders [22, 23]. In Table S1 (supplementary information), 
we show current common periodontitis treatments, which 
are limited in terms of efficacy and procedures. Thus, there 
is a need for a more efficient method to treat periodontitis.

Nanozymes have the advantages of local delivery and 
minimally invasive administration, showing great promise 
for periodontal applications. Compared to natural enzymes, 
nanozymes can tolerate the harsh microenvironment of peri‐
odontitis, reduce production costs, and have catalytic activ‐
ity surpassing that of natural enzymes [24]. For example, 
ceria-based nanozymes show catalytic activity similar to 
catalase (CAT), superoxide dismutase (SOD), and peroxi‐
dase. Therefore, they can scavenge ROS and relieve tissue 
inflammation [25, 26]. To satisfy both antibacterial and anti-
inflammatory demands for periodontitis therapy, multifunc‐
tional nanozymes are the current trend. However, although 
nanozymes can be modified to enhance functionalities, for 
example, through the design of bi-metallic nanozymes and 
multicomponent nanomaterials, the addition of various ele‐
ments may increase biotoxicity [27].

Ruthenium (Ru) is a transition metal in group 8. Re‐
cently, Ru nanozymes have shown several attractive fea‐
tures in the biomedical field. First, Ru is a redox-active ele‐
ment and Ru nanozymes exhibit efficient interconversion 
between redox couples, which endows Ru nanozymes with 
antioxidant enzyme-like activity to scavenge ROS [28, 29]. 
Recent studies reported that Ru nanozymes could be used 
for the prevention and treatment of oxidative stress-related 
diseases such as acute kidney injury and central post-stroke 
pain [30, 31]. Moreover, Ru nanozymes have satisfactory 
biosafety. Liu et al. proved the biosafety of Ru nanozymes 
in vivo after long-term therapy [30]. Wu et al. found that 
the cell viability was unaffected at concentrations of Ru 
nanozymes up to 1.2 mg/mL [32]. Although some nano‐
medicines exhibit undesirable interactions with red blood 
cells, Ru nanozymes failed to cause evident hemolysis [31]. 
In addition, Ru nanozymes can be used as photothermal 
agents (PTAs) to remove bacteria through photothermal 
therapy (PTT) [33–35]. In particular, Ru nanozymes with 
positive charges can selectively bind to bacteria with nega‐
tive charges [36]. Then, under laser irradiation, they break 
up cell walls and denature biomacromolecules. This bacteri‐
cidal process is like that of phage lysozyme, which specifi‐
cally recognizes the bacterial cell wall and degrades pepti‐
doglycan, thereby causing bacterial lysis and death [37]. 
Thus, we refer to this PTT activity of Ru nanozymes as 
“bacterial lysozyme-like activity.” This antibacterial method 
shows broad-spectrum antimicrobial activity, prevents the 
formation of plaque biofilms, and decreases the potential 
of bacterial resistance [38]. Despite concerns about heat 
damage to the nearby tissues caused by PTT, there are 

promising approaches to reducing side effects such as de‐
veloping PTAs with specific interaction with bacteria, con‐
trolling irradiation parameters, and combining PTT with 
other antibacterial therapies [39–41].

Although Ru nanozymes exhibit many advantageous 
properties, the efficient delivery of nanozymes to the target 
sites is key to clinical success. Tissues containing complex 
structures with significant depth may impede nanozyme ac‐
cumulation around target sites, decreasing drug efficacy [42]. 
Nanozyme size greatly influences drug transport. The pre‐
ferred size for intravenous injection is 2–200 nm [43]. Al‐
though larger nanozymes can avoid being filtered out from 
the bloodstream by the kidneys, smaller nanozymes are 
more advantageous for tissue penetration [44]. Furthermore, 
the enzyme-like activity of nanozymes in the form of 
nanoparticles is substantially improved by decreasing their 
size [45]. Based on the above, we developed ultrasmall ru‐
thenium nanoparticles (US-RuNPs) as nanozymes with a di‐
ameter of approximately 2 nm. US-RuNPs had better 
multienzyme-like activity than large-sized RuNPs. We 
proved that under near-infrared (NIR) laser irradiation, 
US-RuNPs could fight against Fusobacterium nucleatum 
(F. nucleatum) and Porphyromonas gingivalis (P. gingivalis) 
effectively. Further, US-RuNPs exhibited a protective effect 
on cells under oxidative stress. Then, a rat model of peri‐
odontitis was used to investigate the therapeutic effect of 
US-RuNPs in vivo. Given their ultrasmall size and electro‐
static adsorption to bacterial surfaces, US-RuNPs could be 
delivered into deep sites of periodontal pockets, and de‐
crease bacterial colonization through PTT. Furthermore, 
US-RuNPs regulated the immune microenvironment through 
continuous ROS scavenging and promoted the regeneration 
of periodontal tissues. Overall, our research suggests that 
US-RuNPs are potential therapeutic agents for periodontitis.

2　Results

2.1　Preparation of US-RuNPs

First, US-RuNPs with a diameter of approximately 2 nm 
were synthesized using an emulsion-based solvothermal 
method (Fig. 1a). Subsequently, X-ray diffraction (XRD) 
analysis was carried out to investigate the chemical compo‐
sition of US-RuNPs. Data were analyzed in comparison 
with the standard card for RuO2 (PDF #43-1027) from the 
powder diffraction file (PDF) database provided by the In‐
ternational Center for Diffraction Data, indicating the pres‐
ence of RuO2 peaks in US-RuNPs (Fig. 1b). X-ray photo‐
electron spectroscopy (XPS) analysis indicated that US-
RuNPs were composed primarily of oxidized Ru, which 
constituted over 90% of the composition (Fig. 1c; Fig. S1a 
in the supplementary information). To further evaluate the 
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Fig. 1  Characterization of US-RuNPs. (a) TEM image of US-RuNPs. (b) XRD analysis of US-RuNPs. (c) Normalized Ru 3p XPS spectrum of 
US-RuNPs. Photothermal images (d) and temperature change curves (e) of different US-RuNPs concentrations under NIR laser irradiation at 
2 W/cm2. (f) PCE of US-RuNPs. (g) FDTD numerical simulations of RuNPs at the single-particle nanoscale (g1) and global effects from 
nanoparticles with the normalized projected area (g2). (h) SOD-like activity of US-RuNPs. (i) Oxygen generation ability of US-RuNPs in the 
presence of H2O2. (j) Michaelis–Menten fitting curve of the US-RuNPs. Data are shown as mean±standard deviation (n=3). TEM: transmission 
electron microscope; FDTD: finite-difference time-domain; PCE: photothermal conversion efficiency
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properties of US-RuNPs, their surface was functionalized 
with methoxypolyethylene glycol thiol 2000 mPEG2k-SH 
to increase their water stability, resulting in the successful 
fabrication of monodisperse US-RuNPs with good colloidal 
stability (Fig. S1b in the supplementary information).

2.2　US-RuNPs exhibited outstanding 
photothermal properties

First, the photothermal performance of US-RuNPs was 
evaluated. The temperature of US-RuNPs displayed a 
concentration-dependent trend (Figs. 1d and 1e) as well as a 
power-dependent response under NIR laser irradiation 
(Fig. S2a in the supplementary information). Notably, the 
temperature of US-RuNPs (40 μg/mL) increased to 57 °C 
after 10 min NIR laser irradiation (2 W/cm2). Moreover, 
US-RuNPs showed robust photothermal stability, maintain‐
ing maximum temperatures over six heating and cooling 
cycles under NIR laser irradiation (Fig. S2b in the supple‐
mentary information). The photothermal conversion effi‐
ciency (PCE, η) of US-RuNPs was determined to be 41.7%, 
corroborating their adept photothermal conversion capa‐
bility (Fig. 1f). To explore the mechanism underlying the 
commendable photothermal properties of US-RuNPs, we 
synthesized larger-sized RuNPs with approximately 4 
and 6 nm diameters (Fig. S3a in the supplementary infor‐
mation). As depicted in Fig. S3b (supplementary informa‐
tion), the smallest-sized RuNPs exhibited the greatest 
photothermal effect under NIR laser irradiation at the 
same concentration. Furthermore, finite-difference time-
domain (FDTD) numerical simulations revealed that the 
smaller-sized RuNPs had an amplified electric field both 
at the single-particle nanoscale and the global effects from 
the nanoparticles with the normalized projected area 
(Fig. 1g).

2.3　US-RuNPs exhibited SOD-like and 
CAT-like activity

Next, we investigated the antioxidant activity of US-
RuNPs. According to the SOD assay kit, 10 μg/mL of US-
RuNPs could effectively catalyze superoxide anions (·O2−) 
into oxygen and hydrogen peroxide (H2O2), demonstrating 
the robust SOD-like activity (Fig. 1h). The H2O2 decompo‐
sition capability of US-RuNPs was also evaluated. Both 20 
and 40 μg/mL of US-RuNPs displayed admirable CAT-like 
activity, as evidenced by O2 generation (Fig. 1i). The Mi‐
chaelis constant (Km) for US-RuNPs (27.16 mmol/L) was 
lower than that of the native CAT enzyme (57.67 mmol/L), 
suggesting 2.12-fold higher catalytic efficiency compared 
to that of the native enzyme (Fig. 1j). However, with in‐
creasing size, the catalytic efficiency of RuNPs decreased 
(Figs. S3c and S3d in the supplementary information).

Thus, it was certain that US-RuNPs possessed outstand‐
ing photothermal properties and antioxidant enzyme-like 
activity. Although they exhibited therapeutic potential, a 
more detailed evaluation of US-RuNPs in vitro and in vivo 
was required for the treatment of periodontitis.

2.4　US-RuNPs killed bacteria through PTT

F. nucleatum and P. gingivalis were selected as representa‐
tive periodontitis-causing bacteria to evaluate the antibacte‐
rial quality of US-RuNPs. Under NIR laser irradiation, 
40 μg/mL of US-RuNPs exhibited the best antibacterial ef‐
fect, showing close to 0% bacterial survival (Figs. 2a and 
2c). A weaker bactericidal ability was observed in the 
20 μg/mL group. However, there were almost no antibacte‐
rial effects without NIR laser irradiation regardless of US-
RuNPs concentration.

Subsequently, we investigated the capability of US-RuNPs 
to destroy or prevent biofilm formation. Similar to the previ‐
ous tests, the effect was positively correlated with US-RuNPs 
concentration under NIR laser irradiation (Figs. 2b and 2d). 
For a US-RuNPs concentration of 40 μg/mL, there were 
only sporadic colonies.

Further, scanning electron microscopy (SEM) was used 
to observe changes in bacterial morphology under US-
RuNPs treatment. As shown in Fig. 2e, the heat generated 
by US-RuNPs via PTT caused significant shrinkage of 
F. nucleatum and P. gingivalis.

2.5　US-RuNPs showed antioxidant effects 
in vitro

Human gingival fibroblasts (HGFs), typical periodontal-
associated cells, were used to test the ability of US-RuNPs 
to combat oxidative stress. Figure 3a reveals increased 
HGFs proliferation under US-RuNPs treatment compared 
with the H2O2 group. Moreover, the cell viability in the 
40 μg/mL group was close to that in the control group. 
2',7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) was 
employed to detect intracellular ROS. A higher US-RuNPs 
concentration yielded a greater antioxidant effect (Fig. 3b), 
and the fluorescent signal in the 40 μg/mL group was very 
weak, indicating the ability to eliminate ROS. The mito‐
chondrial membrane potential (MMP) and apoptosis detec‐
tion assay suggested that MMP changed due to H2O2 stimu‐
lation, leading to apoptosis. The capacity of US-RuNPs to re‐
sist oxidative stress strengthened with increasing concentra‐
tions, and the number of apoptotic cells decreased conse‐
quently (Fig. 3c).

Then, we investigated the impact of US-RuNPs on the 
proinflammatory responses of RAW 264.7 cells. As shown 
in Fig. 4a, lipopolysaccharide (LPS)-stimulated RAW 
264.7 cells expressed higher inflammatory genes, including 
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Fig. 2  Bacterial lysozyme-like effect of US-RuNPs. (a) Photos of bacterial colonies of F. nucleatum and P. gingivalis treated with different 
US-RuNPs concentrations with or without NIR laser irradiation. (b) 3D confocal images of F. nucleatum and P. gingivalis biofilms stained with 
SYTO 9 after different treatments. (c) Bacterial survival rate of F. nucleatum (c1) and P. gingivalis (c2) based on the number of bacterial colo‐
nies. (d) Relative fluorescence intensity of F. nucleatum (d1) and P. gingivalis (d2) biofilms. (e) SEM images of F. nucleatum and P. gingivalis 
under different treatments. Data are shown as mean±standard deviation (n=3). ***P<0.001
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Fig. 3  Antioxidant activity of US-RuNPs in vitro. (a) Live/Dead staining and cell viability of HGFs after culturing with H2O2 or US-RuNPs+
H2O2. (b) Fluorescence images and relative fluorescence intensity of intracellular ROS stained with DCFH-DA. (c) Images illustrating MMP 
changes and cell apoptosis of HGFs after cultured with H2O2 or US-RuNPs+H2O2. Living cells with MMP show red fluorescence while apoptotic 
cells show green fluorescence, and cell nuclei stained with Hoechst show blue fluorescence. Data are shown as mean±standard deviation (n=3). 
***P<0.001. BF: bright field
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Fig. 4  Anti-inflammatory performance of US-RuNPs in vitro. (a) Relative gene expression of RAW 264.7 cells stimulated with 1 μg/mL LPS for 
6 h and treated with different concentrations of US-RuNPs. Immunofluorescence images (b) and quantitative analysis (d) of iNOS protein ex‐
pression in RAW 264.7 cells after different treatments. Images (c) and quantitative analysis (e) of TRAP-positive cells cultured with RANKL 
and different concentrations of US-RuNPs. Black arrows indicate TRAP-positive cells. (f) TRAP activity by TRAP assay kit of RAW 264.7 cells 
after different processes. Data are shown as mean±standard deviation (n=3). **P<0.01, ***P<0.001. TRAP: tartrate-resistant acid phosphatase; 
RANKL: receptor activator of nuclear factor-kappa B ligand; DAPI: 4',6-diamidino-2-phenylindole
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inducible nitric oxide synthase (iNOS), tumor necrosis factor-
alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 
(IL-6), whereas treatment with 20 and 40 μg/mL of US-
RuNPs significantly reduced their expression. Similarly, the 
immunofluorescence of the iNOS protein confirmed the 
anti-inflammatory properties of US-RuNPs (Figs. 4b and 
4d). Finally, RAW 264.7 cells were stimulated with the re‐
ceptor activator of nuclear factor-kappa B ligand (RANKL) 
to develop a model of osteoclast differentiation. The num‐
ber of tartrate-resistant acid phosphatase (TRAP) positive 
cells and TRAP activity both decreased in a concentration-
dependent manner (Figs. 4c, 4e, and 4f). The expression of 
RANKL-induced osteoclast-related genes, including RANK, 
TRAP, nuclear factor of activated T cells cytoplasmic 1 
(NFATc1), and matrix metalloprotein-9 (MMP9), was simi‐
larly inhibited (Fig. S4 in the supplementary information).

2.6　US-RuNPs displayed satisfactory 
therapeutic efficacy for periodontitis in vivo

Given the promising in vitro performance of US-RuNPs, 
the therapeutic efficacy of US-RuNPs in vivo was investi‐
gated in rats suffering from periodontitis. According to pre‐
vious studies, a rat model of periodontitis was achieved by 
ligature and P. gingivalis injection (Fig. 5a). Then, rats 
were randomly divided into four groups to receive different 
concentrations of US-RuNPs, followed by NIR laser irradia‐
tion every 3 d, as the US-RuNPs were nearly cleared from 
periodontal pockets within 72 h (Fig. S5 in the supplementary 
information). As shown in Fig. 5b, 40 μg/mL of US-RuNPs 
elevated the temperature to approach 55 °C within 10 min 
while the phosphate-buffered saline (PBS) control produced 
no obvious changes. Considering the influence of hyperther‐
mia on normal tissues, we detected Caspase-1 expression by 
immunohistochemical (IHC) staining. As shown in Fig. S6 
(supplementary information), there was no significant dif‐
ference among groups, indicating that the heat produced 
through PTT would not cause damage to normal tissues.

After treatment, the gingival crevicular fluid was col‐
lected to assess the bacterial burden. The number of bacte‐
rial colonies decreased in the 40 μg/mL group, indicating 
good antibacterial performance (Fig. 5c). Based on the 
micro-computed tomography (micro-CT) data, bone loss 
was suppressed by US-RuNPs (Fig. 5d). The ratio of alveo‐
lar bone loss to root length (ABL/RL) reached 70.70% in 
the PBS group (Fig. 5e), but declined to almost normal levels 
(20.15%) in the 40 μg/mL group. Meanwhile, the analysis 
of other bone parameters revealed greater bone volume per 
tissue volume (BV/TV) and trabecular thickness (Tb.Th), as 
well as smaller trabecular separation (Tb.Sp) under treat‐
ment with US-RuNPs. Hematoxylin and eosin (H&E) stain‐
ing showed the presence of remarkable immune cells in the 
PBS group (Figs. 6a and 6d). The result was consistent with 

IHC staining, which displayed higher IL-6 expression in peri‐
odontitis rats without US-RuNPs treatment (Figs. 6c and 6f). 
In contrast, 40 μg/mL of US-RuNPs could decrease inflam‐
matory infiltration. What’s more, soft tissue regeneration 
was evidenced by Masson staining (Figs. 6b and 6e), and the 
collagen volume fraction increased from 16.88% to 57.64%.

2.7　US-RuNPs showed good biocompatibility

The live/dead staining and cell counting kit-8 (CCK-8) as‐
say indicated good biocompatibility at different US-RuNPs 
concentrations without NIR laser irradiation. Although the 
cell viability of HGFs decreased after 1 d in the 20 and 
40 μg/mL groups under NIR laser irradiation, the cells 
could gradually proliferate and recover. On the 3rd day, 
there was no significant difference between the 20 μg/mL 
and control groups, while the cell viability in the 40 μg/mL 
group recovered to 78.86% (Fig. 7a).

We also confirmed the biosafety of US-RuNPs in vivo 
through H&E staining of vital organs, revealing no abnor‐
mal morphological or histological changes among groups 
(Fig. 7b).

3　Discussion

As one of the most prevalent diseases in the world, peri‐
odontitis is triggered by the colonization of bacteria. The 
gradual destruction of periodontal supporting tissues is 
caused by the imbalance between the endogenous enzyme 
system and the panic host inflammatory response [46]. Tra‐
ditional clinical therapy is not ideal due to its poor effi‐
ciency in bacterial elimination and immunoregulation. With 
the rise of nanotechnology, metal-based nanozymes have re‐
ceived the lion’s share of attention in periodontitis therapy. 
However, nanozymes that integrate both antibacterial prop‐
erties and antioxidant ability, which are key in periodontitis 
therapy, have rarely been reported. Taking convenient 
manufacturing, simple composition, and obvious effects as 
the principle, we introduced US-RuNPs as nanozymes with 
excellent bactericidal performance under NIR and ROS-
scavenging ability for periodontitis therapy in this study 
(Fig. 8).

PTT is increasingly used for biological applications due to 
its advantages compared to traditional antibiotics. As an es‐
sential factor for PTT, PTAs should possess high PCE [39]. 
It was reported that the PCE of Fe3O4 nanoparticles, Pt 
nanoparticles, and WO3−x was around 25% [47]. The PCE of 
the Ru-SiO2@polydopamine nanoplatform (synthesized by 
Deng et al.) and PdRu-RCE@PCM nanoparticles (synthe‐
sized by Cen et al.) were about 36% [48, 49]. In contrast, 
US-RuNPs used in our study exhibited a PCE of 41.7% 
(Fig. 1f). We attributed the commendable photothermal 
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Fig. 5  Therapeutic effect of US-RuNPs against periodontitis in vivo. (a) Schematic illustration of the establishment and treatment of periodonti‐
tis in rats. (b) Digital photos of temperature changes in periodontal tissues treated with different concentrations of US-RuNPs under NIR laser 
irradiation. (c) Photos and quantitative analysis of bacterial colonies in periodontal pockets after different treatments. (d) 3D micro-CT-
reconstructed and bucco-palatal section images of the maxillary molars. (e) Quantitative analysis of bone parameters after different treatments. 
Data are shown as mean±standard deviation (n=6). **P<0.01, ***P<0.001
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Fig. 6  Histological evaluation of periodontal tissues. (a) H&E staining (black arrows indicate immune cells). (b) Masson’s trichrome staining. 
(c) IHC staining of IL-6. (d–f) Quantitative analysis of histological features. Data are shown as mean±standard deviation (n=6). *P<0.05, **P<
0.01, ***P<0.001. IOD: integrated optical density
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Fig. 7  Biocompatibility of US-RuNPs. (a) Live/Dead staining and cell viability of HGFs after being treated with different concentrations of 
US-RuNPs with or without NIR laser irradiation. (b) H&E staining of vital organs in rats receiving different treatments. Data are shown as 
mean±standard deviation (n=3). ***P<0.001
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properties of US-RuNPs to their ultrasmall size. Metal 
nanoparticles generate heat when electromagnetic light 
waves resonate with the oscillation of surface electrons. In 
principle, improved PCE can be achieved by enhancing 
light coupling [50]. According to the Mie theory, both light 
absorption and scattering increase with the increase of 
nanoparticle size, as does the scattering-to-absorption ratio, 
which implies that light absorption is more determinant for 
smaller-sized nanoparticles [51]. Jauffred et al. considered 
that smaller-sized nanoparticles were more efficient absorb‐
ers when the absorption efficiency (Qabs) was defined as the 
absorption cross section (Cabs) normalized by the projected 
area [52]. Subsequently, the absorbed light induced both the 
excitation of free electrons and the generation of electric 
fields on the surface of the nanoparticles [53]. Our previous 
study revealed that the electric fields of nanoparticles were 
positively correlated with the localized surface plasmon 
resonance and the photothermal effect [54]. Thereby, 
smaller-sized RuNPs could enhance the coupling of light 
and produce stronger electric fields, improving the photo‐
thermal effect. Consistent with our hypothesis, US-RuNPs 
had amplified electric fields both on the nanoparticle sur‐
faces and in the nanoparticle spaces, significantly boosting 
the photothermal performance (Fig. 1g; Fig. S3b in the 
supplementary information). Furthermore, US-RuNPs had a 
high presence of oxidized Ru on the surface (Fig. 1c). The 
high positive charge density allowed US-RuNPs to selec‐
tively interact with the negatively charged surface of the 
bacteria. Under NIR laser irradiation, US-RuNPs could 
quickly remove bacteria (Figs. 2a–2d) by disrupting cell 

wall integrity (Fig. 2e). The bactericidal mechanism was a 
highly selective and efficient cell lytic process, analogous to 
that of phage lysozyme [55, 56].

US-RuNPs also exhibited superior antioxidant enzyme-
like activity (Figs. 1h–1j). Decreasing the size of RuNPs 
could increase SOD-like and CAT-like activities. Researchers 
discovered that ·O2− and the hydroperoxyl radicals (·OOH) 
could be easily adsorbed on the metal surface [57]. Thus, 
US-RuNPs with higher specific surface area could expose 
more active sites for substrates and display better SOD-like 
activity (Fig. S3c in the supplementary information) [58]. 
Moreover, a higher specific surface provided smaller-sized 
RuNPs with a higher proportion of oxidized Ru on the sur‐
face. The free energy barrier to decompose H2O2 was lower 
in oxidized Ru than in metallic Ru [59]. As a result, 
US-RuNPs had better CAT-like activity (Fig. S3d in the 
supplementary information). Because of their extraordinary 
antioxidant enzyme-like activity, US-RuNPs could protect 
HGFs under oxidative stress (Fig. 3a) and inhibit the inflam‐
matory responses of RAW 264.7 cells (Fig. 4a).

Finally, US-RuNPs displayed significant efficacy in peri‐
odontitis therapy in vivo. Modern studies have demon‐
strated that ROS generated by the host immune system in 
response to bacterial pathogen stimulation establish an 
oxidative-stressed environment that underlay the pathogen‐
esis of periodontitis [60, 61]. Above all, US-RuNPs under 
NIR exhibited bacterial lysozyme-like activity to fight 
against pathogens. In the clinic, deep periodontal pockets 
limit the efficiency of mechanical therapies. Moreover, 
some bacteria invade the gingival epithelium and dentinal 

Fig. 8  Schematic illustration of US-RuNPs in the principle of therapeutic mechanisms. US-RuNPs were synthesized using an emulsion-based 
solvothermal method. Compared to large-sized RuNPs, US-RuNPs enhanced light coupling and produced a stronger electric field, exhibiting 
bacterial lysozyme-like activity. Furthermore, US-RuNPs with a higher surface area and a higher proportion of oxidized Ru exhibited better an‐
tioxidant enzyme-like effects. Moreover, US-RuNPs could be delivered into the deep sites of the periodontal tissues. Thus, US-RuNPs efficiently 
removed bacteria and scavenged ROS in vivo, promoting the regeneration of periodontal tissues
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tubules, impeding the permeation of antibiotics [62, 63]. 
However, US-RuNPs, around 2 nm, could be easily deliv‐
ered into deep sites and traverse the tight connections of the 
epithelia [64]. Moreover, NIR light can penetrate deeper tis‐
sues than visible light because it experiences less scattering 
in biological tissues [65, 66]. Although hyperthermia had a 
slight impact on normal cells when killing bacteria, Kang 
et al. considered that the temporary effect of PTT was ac‐
ceptable because the duration of hyperthermia was very 
short and tissues had strong self-healing ability [67]. As our 
results indicated, US-RuNPs under NIR quickly reached 
high temperatures and killed bacteria in a short time, reduc‐
ing the possibility of side effects induced by hyperthermia 
on normal tissues (Figs. 5b and 5c; Fig. S6 in the supple‐
mentary information). Furthermore, US-RuNPs without 
NIR still could balance the microenvironment for inflamma‐
tion resolution by scavenging ROS. Their small size en‐
dowed US-RuNPs with excellent SOD-like and CAT-like 
activity even at the lower concentration, which indicated 
that they had a relatively long-term effect in the salivary en‐
vironment. Hence, US-RuNPs not only reduced infiltration 
of immune cells in soft tissues (Figs. 6a–6d), but also sig‐
nificantly promoted the regeneration of periodontal hard 
tissues (Figs. 5d and 5e). Moreover, nanoparticle elimination 
has important impacts on biosafety. Generally, small-sized 
nanoparticles are more easily cleared by the kidneys [64]. 
The biosafety of US-RuNPs in vivo was also proved in our 
study (Fig. 7b).

Nevertheless, there are some limitations in our study. 
First, the dental plaque in periodontitis is clinically more 
complex than the biofilms used in the experiment. It is bet‐
ter to evaluate the antiplaque effect of US-RuNPs on the 
dentin surface. Second, as periodontitis is linked with sys‐
temic health, it is meaningful to explore whether US-
RuNPs can exert therapeutic effects on periodontitis accom‐
panied by systemic disease. Finally, although our study pro‐
poses a more efficient treatment strategy, further research is 
needed to understand the underlying mechanism.

4　Conclusions

In this work, we synthesized US-RuNPs with a diameter of 
approximately 2 nm. The small size endowed US-RuNPs 
with special advantages in terms of their photothermal prop‐
erties and ROS-scavenging ability. As a result, NIR-
responsive US-RuNPs showed bacterial lysozyme-like ac‐
tivity to fight against periodontitis pathogens even in deep 
sites. Moreover, US-RuNPs without NIR could exhibit anti‐
oxidant enzyme-like activity continuously, ensuring sub‐
sequent periodontal tissue regeneration. Therefore, our 
study provides a minimally invasive, effective, and precise 
treatment strategy for periodontitis. We also believe that 

US-RuNPs hold promise for the treatment of other diseases 
with bacterial infection and unbalanced ROS metabolism.

5　Materials and methods

5.1　Synthesis and characterization of RuNPs

RuNPs were synthesized using the emulsion-based solvo‐
thermal method. For US-RuNPs, ruthenium chloride hy‐
drate (50 mg; Aladdin, China) was dissolved in distilled 
water (13 mL). Then, oleylamine (0.2 g) was dissolved in 
cyclohexane (2 mL; Aladdin) and added to the ruthenium 
chloride solution. After sonicating for 10 min and stirring 
for 1 h, the mixture was transferred into a Teflon-lined auto‐
clave (20 mL) and maintained at 160 °C for 12 h. After 
cooling to room temperature, cyclohexane (5 mL) was added 
to extract the US-RuNPs. After adding ethanol (15 mL; 
Sinopharm, China) to the extract liquor, the mixture was 
centrifuged for 10 min, and the precipitate was further 
washed in ethanol three times and redispersed in chloro‐
form (Sinopharm) for further use. For the large-sized 
RuNPs, 0.4 and 0.8 g of oleylamine were added to the reac‐
tion system to synthesize RuNPs with a diameter of ap‐
proximately 4 and 6 nm, respectively. The Ru concentration 
was measured by inductively coupled plasma mass spec‐
trometry (ICP-MS) (PerkinElmer NexION 300X, USA). 
Transmission electron microscopy (TEM) images were ob‐
tained using a Hitachi HT770 microscope (Hitachi High-
Tech, Japan). XRD patterns were acquired with a PANalyti‐
cal X’Pert PRO diffractometer (Malvern Panalytical, the 
Netherlands), while XPS was conducted on a Thermo Sci‐
entific ESCALAB 250 Xi XPS system.

5.2　Surface modification of RuNPs

mPEG2k-SH (10 mg) and RuNPs (1 mg) were mixed in 
chloroform (5 mL). After sonication for 1 h, the mixture 
was dried under rotary evaporation for 1 h. Then, distilled 
water (1 mL) was added to re-disperse the RuNPs. The ex‐
cessive mPEG2k-SH was removed by ultrafiltration. The 
hydrodynamic size was measured by dynamic light scatter‐
ing (DLS) using a Zetasizer Nano ZS90 (ZEN 3690, 
Malvern Instruments, UK).

5.3　Photothermal properties of RuNPs

To investigate their photothermal capacity, RuNPs in deion‐
ized water were transferred to 1.5-mL centrifuge tubes and 
irradiated under an 808-nm NIR laser. The temperature was 
measured every minute using a temperature controller 
(AI-518P, Yudian Automation Technology, China). The 
temperature changes were also recorded every 2 min using 
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an infrared thermographic camera (H21Pro, HIKMICRO, 
China). To study the photothermal stability of the RuNPs, 
40 μg/mL of RuNPs were exposed to an NIR laser at the 
power density of 2 W/cm2 for 10 min and cooled to room 
temperature. Then, the temperature was monitored for six 
on-off laser cycles. The following equations calculate the 
photothermal conversion efficacy (η):

η= hS ( )TMax−TSurr −QDis

I ( )1−10−A808
,

θ= T−TSurr
TMax−TSurr

,

t =−τs ln θ,

τs= mC
hS ,

QDis=hS (TMax,PBS−TSurr ) .

Here, h is the heat transfer coefficient of the container, S is 
the surface area of the container, TMax is the maximum tem‐
perature of the solution, TSurr is the room temperature, QDis 
represents the energy input of the background, I is the laser 
power, A808 is the absorbance value of the RuNPs at 808 nm, 
C and m indicate the heat capacity and mass of the solvent 
respectively, θ is introduced to obtain hS, T indicates the 
temperature at the corresponding time, τs is the time con‐
stant of the sample system, and TMax,PBS is the maximum 
temperature of PBS.

The FDTD solution software package (MEEP) was used 
to numerically calculate the near-field electromagnetic field 
distributions of the RuNPs.

5.4　SOD-like activity of RuNPs

The SOD-like activity of RuNPs at different concentrations 
(10, 20, and 40 μg/mL) was measured using a Superoxide 
Dismutase (SOD) Assay Kit-WST (Dojindo, Japan) follow‐
ing the manufacturer’s protocol.

5.5　CAT-like activity of RuNPs

Different volumes (0.05, 0.10, and 0.20 mL) of 1 mg/mL 
RuNPs and 0.05 mL of 100 mmol/L H2O2 (Sinopharm 
Chemical Reagent Co., China) were added to deionized wa‐
ter to a final volume of 5 mL. The final concentrations were 
1 mmol/L H2O2 and 10, 20, or 40 µg/mL RuNPs in the sys‐
tem. The generated oxygen concentration was evaluated us‐
ing an oxygen electrode with a Dissolved Oxygen Meter 
JPB-607 (INESA Scientific Instrument Co., China) at room 
temperature.

The CAT-like activity of RuNPs was measured kineti‐
cally at different H2O2 concentrations (12.5, 25, 50, 100, 
and 200 mmol/L) with a fixed Ru concentration of 5 μg/mL 

in 5 mL deionized water. Briefly, the time-dependent change 
in dissolved oxygen concentration after H2O2 addition was 
recorded, and the initial velocities (v0) were calculated from 
the linear range of the first 30 s. The v0 values were plotted 
against H2O2 concentrations, and the Michaelis–Menten 
curve was fitted using GraphPad Prism 8.0.2.

5.6　Antibacterial test

F. nucleatum (ATCC 25586) and P. gingivalis (ATCC 
33277) were used to evaluate the antimicrobial activity of 
US-RuNPs. Bacteria were cultured in fastidious anaerobe 
broth (FAB; Solarbio, China) in an anaerobic incubator at 
37 °C.

A total of 100 μL of the bacterial suspension at a density 
of 106 CFU/mL (CFU: colony-forming unit) was seeded in 
a 96-well plate. Different US-RuNPs concentrations (10, 
20, or 40 μg/mL) were added into FAB with or without 
NIR laser irradiation (2 W/cm2, 10 min). Bacteria cultured 
without US-RuNPs were used as the control group. After 
48 h, 20 μL of diluted bacterial suspension was spread onto 
Columbia blood agar (BKMAM, China). Then, the agar 
plates were anaerobically incubated at 37 °C for 96 h, and a 
camera was used to record the CFU. The bacterial survival 
rate (rbs) was calculated using the following formula:

rbs= CFUsExperiment
CFUsControl

×100%,

where CFUsControl represents the average number of bacterial 
colonies in the control group and CFUsExperiment represents 
the number of bacterial colonies in the experimental groups.

To investigate the anti-biofilm effect of US-RuNPs, ster‐
ilized cell climbing sheets were placed in a 24-well plate. A 
500-μL bacterial suspension at a density of 107 CFU/mL 
was seeded onto the sheets. Bacterial groups were the same 
as above. After 72 h, the sheets were washed three times 
with PBS (Servicebio, China). Then, the biofilms were 
stained with SYTO 9 (Invitrogen, USA) according to the 
manufacturer’s instructions and observed using a laser con‐
focal microscope (Leica, Germany).

In a separate experiment, the sheets were rinsed three 
times with PBS after 48 h of culture. The bacteria on the 
sheets were fixed with 2.5% glutaraldehyde solution (Sino‐
pharm, China) at 4 °C overnight, followed by dehydration 
with a graded ethanol series (30%, 50%, 70%, 90%, and 
100%). After drying, samples were treated with gold sputter‐
ing for SEM (Nova Nano 450, Czech) observation.

5.7　Cell culture

HGFs (Pricella, China) and RAW 264.7 cells (Oricell, 
China) were chosen for in vitro experiments. Cells were 
cultured in media consisting of Dulbecco’s modified Eagle 

538



Bio-Design and Manufacturing (2025) 8:524–542

medium (DMEM; Cienry, China), 10% fetal bovine serum 
(FBS; Gibco, USA), and 1% penicillin-streptomycin (Viva‐
cell, China) with 5% CO2 at 37 °C. The media were changed 
every 2 d.

5.8　Biocompatibility assay in vitro

A total of 100 μL of HGFs suspension was seeded in a 
96-well plate at a density of 2.5×103 cells/well. After 24 h, 
the cells were treated with different concentrations of 
US-RuNPs (10, 20, and 40 μg/mL). Cells cultured without 
US-RuNPs were set up as the control group. In the NIR 
groups, the cells were exposed to NIR laser irradiation at 
2 W/cm2 for 10 min. After 24 and 72 h, we replaced the su‐
pernatant with 100 μL of fresh media and 10 μL of CCK-8 
solution (Glpbio, China) and incubated cells at 37 °C for 
2 h. The absorbance at 450 nm was measured using a micro‐
plate reader (Molecular Devices, USA), and the cell viabil‐
ity was calculated using the following formula:

Cell Viability=ODExperiment/ODControl×100%, (1)
where ODExperiment and ODControl represent the optical den‐
sities of the experimental and control groups, respectively.

In a separate experiment, we replaced the supernatant 
with 4 μmol/L Calcein acetoxymethyl ester (Calcein AM) 
and 4.5 μmol/L propidium iodide (PI) (MKBio, China) and 
incubated cells at 37 °C for 15 min. Then, cells were ob‐
served using an inverted fluorescence microscope (EVOS 
M5000, Invitrogen) for live/dead staining.

5.9　In vitro antioxidant efficacy of US-RuNPs

A total of 100 μL of HGFs suspension was seeded into a 
96-well plate at the density of 2.5×103 cells/well. After 24 h, 
cells were cocultured with 500 μmol/L H2O2 and different 
US-RuNPs concentrations (10, 20, and 40 μg/mL) for an‐
other 24 h. Cells cultured in the medium without treatment 
were used as the control group. Cell viability was evaluated 
by the CCK-8 assay and calculated using Eq. (1).

In a separate experiment, cells were treated with 4 μmol/L 
Calcein-AM and 4.5 μmol/L PI, incubated at 37 °C for 
15 min, and observed using an inverted fluorescence micro‐
scope for live/dead staining.

The Reactive Oxygen Species Assay Kit (Beyotime, 
China) was used to detect the intracellular ROS level. To 
that end, 500 μL of HGFs suspension was seeded in a 
24-well plate at a density of 1×104 cells/well. Cell treat‐
ment was the same as above. Then, cells were washed with 
PBS three times and incubated with 10 μmol/L DCFH-DA 
at 37 °C for 20 min. The intracellular ROS level was ob‐
served using an inverted fluorescence microscope.

To investigate cell apoptosis caused by ROS, a mito‐
chondrial membrane potential and apoptosis detection kit 

(Beyotime) was used. As above, cells were washed with 
PBS three times after being cultured with H2O2 or 
US-RuNPs+H2O2 for 24 h. Then, cells were stained with 
Annexin V-FITC, Mito-Tracker Red CMXRos, and Hoechst 
according to the manufacturer’s instructions and observed 
using an inverted fluorescence microscope.

5.10　In vitro anti-inflammatory evaluation of 
US-RuNPs

For this, 500 μL of the RAW 264.7 cell suspension was 
seeded in a 24-well plate at a density of 3×104 cells/well. 
After 24 h, LPS (Sigma-Aldrich, USA) was added to the 
media at 1 μg/mL for another 6 h. Then, the supernatant 
was replaced by media containing different concentrations 
of US-RuNPs (10, 20, and 40 μg/mL). Cells cultured in me‐
dia without treatment were set up as the control group. 
After 24 h, cells were collected using TRIzol (Thermo, 
USA). The expression of pro-inflammatory related genes, 
including iNOS, TNF-α, IL-1β, and IL-6, was evaluated by 
a real-time fluorescence quantitative polymerase chain reac‐
tion (qPCR) assay. The primer sequences used in qPCR 
were described in Table S2 (supplementary information).

In a separate experiment, cells were washed with PBS 
three times, fixed with 4% paraformaldehyde (Solarbio) for 
20 min, and permeabilized with 1% Triton X-100 for 10 
min. After blocking with 2% bovine serum albumin (BSA; 
Solarbio) and 2% FBS for 1 h, cells were incubated with 
iNOS antibody (1∶400; Cell Signaling, #13120, USA) at 
4 °C overnight. Then, cells were washed with 0.05% 
Tween-20 (VETEC, USA) and incubated with iFluor 488 
Conjugated Goat anti-rabbit IgG Polyclonal Antibody 
(1∶500; HUABIO, China) at room temperature for 2 h. 
Then, cells were washed again with 0.05% Tween-20 and 
stained with 4',6-diamidino-2-phenylindole (DAPI; Apply‐
gen, China). iNOS-positive cells were observed using an 
inverted fluorescence microscope.

5.11　In vitro effect of US-RuNPs on osteoclast 
differentiation

A total of 500 μL of the RAW 264.7 cell suspension was 
seeded in a 24-well plate at a density of 1×104 cells/well. 
After 24 h, cells were treated with 50 ng/mL RANKL 
(MCE, USA) and different concentrations of US-RuNPs 
(10, 20, and 40 μg/mL) for 7 d. Cells cultured in media 
without treatment were used as the control group. TRAP-
positive cells were stained by a TRAP staining kit (Service‐
bio, China) and observed with an inverted microscope 
(Olympus, Japan). To further investigate the effect of US-
RuNPs on osteoclast differentiation, cells were lysed with a 
radio immunoprecipitation assay (RIPA) lysis buffer (Apply‐
gen) after culture and the TRAP activity of the cells was 
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quantified using a TRAP assay kit (Beyotime). In addition, 
the expression of osteoclast-related genes, including RANK, 
TRAP, NFATc1, and MMP9, was evaluated by qPCR. The 
primer sequences used in qPCR were described in Table S2.

5.12　Animal experiment

Six-week-old female Sprague–Dawley rats (Slaccas, China) 
were chosen to test the therapeutic effect of US-RuNPs 
in vivo. Rats were anesthetized with 1% pentobarbital sodium 
(Sigma-Aldrich) by intraperitoneal injection. Then, a nylon 
thread with a diameter of 0.2 mm (Chenghe, China) was liga‐
tured around the maxillary second molar. Meanwhile, 100 μL 
of P. gingivalis suspension was injected around the maxillary 
second molar every 2 d. After two weeks, we removed the 
threads and checked the periodontitis models. Then, rats were 
treated with 100 μL of PBS or different concentrations of US-
RuNPs solution (10, 20, and 40 μg/mL) accompanied by 
NIR laser (2 W/cm2, 10 min) irradiation every 3 d for 
another 14 d. Normal rats were used as a control group. 
Temperature changes in periodontal tissues were recorded 
every 2 min by the infrared thermographic camera.

After treatment, sterile paper points were placed into the 
gingival sulcus of the maxillary second molars for 30 s and 
placed in 1.5 mL of sterilized PBS. Then, 10 μL of bacterial 
suspension was inoculated into 990 μL of FAB. After 48 h of 
anaerobic culture at 37 °C, the bacterial spread plate method 
was applied to evaluate the antibacterial efficacy in vivo.

Then, all rats were euthanized. The maxillary alveolar 
bone was fixed with 4% paraformaldehyde. For micro-CT 
analysis, samples were scanned using a CT imaging system 
(Milab, the Netherlands) and ABL/RL and BV/TV were cal‐
culated, while Tb.Th and Tb.Sp were measured.

For histological evaluation, samples were decalcified, 
embedded in paraffin, and cut into slices. Then, H&E stain‐
ing, Masson’s trichrome staining, and IHC staining of IL-6 
(1∶200; Abcam, ab290735, UK) and Caspase-1 (1∶400; 
Proteintech, 22915-1-AP, USA) were performed. All sec‐
tions were observed using an upright optical microscope 
(Olympus). H&E staining of vital viscera including the 
heart, liver, spleen, lungs, and kidneys was carried out to 
evaluate the in vivo biosafety of US-RuNPs.

In another experiment, the retention of US-RuNPs in 
the periodontal pockets was investigated. After treatment 
with 40 μg/mL of US-RuNPs solution, sterile paper points 
were placed into the periodontal pockets for 30 s and 
placed in 1.5 mL of deionized water at 12, 24, 36, 48, and 
72 h. The concentration of US-RuNPs was then detected 
by ICP-MS.

US-RuNPs Retention=CTime/40×100%,
where CTime represents the concentration of US-RuNPs at 
each time.

5.13　Statistical analysis

Quantitative data from ≥3 independent experiments were re‐
ported as mean±standard deviation. A one-way analysis of 
variance with Tukey’s post-hoc test was used for statistical 
analysis using GraphPad Prism 8.0.2. P<0.05 was consid‐
ered statistically significant (*P<0.05, **P<0.01, ***P<
0.001).

Supplementary Information  The online version contains supplemen‐
tary material available at https://doi.org/10.1631/bdm.2400436.
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