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Background: Periodontitis, one of the most common oral diseases caused by bacterial infection which affects gums, periodontal
ligament and alveolar bone, is a leading cause of tooth loss in adults. Current clinical treatments, such as scaling or antibiotics, often
result in incomplete biofilm removal or can contribute to drug resistance.

Methods: To address these limitations, a nanozyme comprising platinum, copper, and selenium was developed, which was then
incorporated into a thermoresponsive hydrogel.

Results: When applied to periodontal pockets and exposed to 808 nm laser irradiation, the hydrogel became soft, dissolving to release
the nanozyme. This nanozyme demonstrated superoxide dismutase (SOD)-like and catalase (CAT)-like activity, reducing excess
reactive oxygen species (ROS) while displaying strong antibacterial and anti-inflammatory effects.

Conclusion: This photothermal nanozyme hydrogel showed excellent biocompatibility and has the potential to overcome the
challenges of current periodontitis treatments.
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Introduction

Periodontitis, a common oral disease encountered in clinical practice, is a chronic inflammation affecting the gingiva and
periodontal tissues, primarily caused by dental plaque and calculus.'™ Its prevalence increases with age, affecting
a significant portion of middle-aged individuals. Periodontitis is not only a major contributor to tooth loss but is also
considered a risk factor for cardiovascular diseases, ultimately impacting patients’ quality of life.*

The oral environment is moist, warm, and nutrient-rich, allowing external bacteria to proliferate, adhere to teeth, and
migrate along their surfaces.®’ This leads to the formation of periodontal pockets and subsequent tissue inflammation.
Treatment approaches for periodontitis include both non-surgical and surgical options.® For mild to moderate cases,
scaling and occasionally antibiotics are used; however, advanced periodontitis often requires the removal of subgingival
infections and bacteria from periodontal pockets, sometimes necessitating surgical interventions such as soft tissue and
bone grafting to prevent tooth loss.”'! These treatments are often painful, and antibiotic use may result in incomplete
biofilm removal in deep pockets, promoting bacterial resistance and reducing treatment efficacy.'>'® Furthermore,
uncontrolled drug release can limit therapeutic effectiveness. Given the role of excessive reactive oxygen species
(ROS) in driving inflammation in periodontitis, it is essential to develop innovative therapies with controlled, extended
drug release that provide both antibacterial and anti-inflammatory effects.
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Recent studies have highlighted innovative nanomedicine approaches for disease treatment including periodontitis.'*~
!9 Effective therapy for periodontitis hinges on reducing inflammation and promotion tissue recovery.”’ To this end,
numerous advanced nanoplatforms have been developed to enhance the periodontal microenvironment.?'>* Certain
nanoparticles with inherent antibacterial properties can effectively disrupt plaque biofilms.'®*** Unlike standard
antibiotic therapy, these nanoplatforms minimize the possibility of antimicrobial resistance. For instance,
a nanoplatform based on AuAg nanoparticles was shown to reduce bacterial presence and lower ROS levels under near-
infrared (NIR) laser irradiation, thereby facilitating tissue healing in surrounding areas.’® Other approaches focus on
modulating the microenvironment, such as through ROS scavenging, to support tissue repair.>’ 2’ Chen’s team reported
that nanoparticles derived from green tea effectively clear excessive ROS to treat periodontitis, also could modulate the
inflammatory microenvironment.>® Other nanomaterial designs, such as cerium oxide nanoparticles, utilize enzyme-
mimicking characteristics, known as nanozyme activity, to eliminate hydroxyl radicals through superoxide dismutase
(SOD)-like properties.*! For instance, Wang’s team reported a self-assembled nanozyme platform for treatment of
periodontitis by its SOD and catalase (CAT) activity.”> Wei’s team developed a glutathione peroxidase (GPx) mimicking
nanozyme which consumed ROS and remodeled bone.** However, achieving controlled, sustained release of nanodrugs
to maintain therapeutic efficacy throughout treatment remains a significant challenge.

Photothermal therapy (PTT), which converts light energy into heat via specific mediating agents, is gaining traction in
disease treatment. Noble metals like bismuth, gold, silver, and platinum absorb light energy, exciting electrons to release
heat.** ¢ Organic agents, including carbon nanomaterials, black phosphorus, and MXenes, also demonstrate efficient
PTT conversion with enhanced biocompatibility.*” >° Studies have shown that some PTT agents can effectively eliminate
bacteria, making them promising for periodontitis treatment.**** Leveraging these advantages, a nanozyme hydrogel
was designed specifically for periodontitis therapy (Scheme 1). First, the PtCuSe nanozyme—composed of platinum (Pt),
copper (Cu), and selenium (Se)—was synthesized via chemical reduction. Pt based nanozymes were reported to possess
CAT like activity.* Both Se and Cu composed nanozymes showed potential in ROS scavenging due to SOD mimic
activity.***’ We assumed that the nanozyme composed of Pt/Cu/Se might show potential in CAT/SOD catalytic activity.
This nanozyme was then combined with a low-temperature hydrogel to form a uniform solution, which was applied to
periodontal pockets and tooth surfaces, forming a stable hydrogel layer. Under 808 nm laser irradiation, the nanozyme’s
PTT conversion raised the mixture’s temperature. This thermo responsive hydrogel became soft triggered by NIR
irradiation and release the nanozyme cargo. Acting as a ROS scavenger with both SOD-like and CAT-like properties,
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Scheme | PtCuSe nanozyme hydrogel for periodontitis treatment by anti-bacterial, ROS-scavenging, and anti-inflammatory action.
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this PTT-activated nanozyme hydrogel demonstrated potent antibacterial and disinfecting effects. It also promoted M2
macrophage polarization, supporting anti-inflammatory responses. Both in vitro and in vivo results confirmed that this
innovative, biocompatible approach is an effective method for periodontitis treatment.

Materials and Methods

Chemicals

Copper chloride (98%) and Sodium selenite pentahydrate (98%) were purchased from Aladdin (Shanghai).
Polyvinylpyrrolidone (PPV), chloroplatinic acid (AR), methanol (AR) were obtained from Sinopharm (Shanghai). All
reagents were used without further purify.

Characterization

The morphology of PtCuSe was captured using transmission electron microscope (TEM). Surface analysis of the PtCuSe
was carried out using X-ray photoelectron spectroscopy (XPS). Scanning electron microscope (SEM) was applied for
observation of PtCuSe hydrogel. An ultraviolet-visible absorption spectrometry (UV-VIS) was used for measurement of
absorbance of PtCuSe solution.

Synthesis of PtCuSe Nanozyme

First, 1 mL of methanol solutions of chloroplatinic acid, copper chloride, and sodium selenite (each at a concentration of
7 mg/mL) were added dropwise to 5 mL of polyvinylpyrrolidone (PVP) methanol solution (13.2 mg/mL) under
continuous stirring. The reaction mixture was then refluxed and heated for 3 hours. After the reaction, the methanol
was removed by rotary evaporation, followed by the addition of 10 mL deionized water. The resulting solution was
dialyzed and subsequently lyophilized for further use.

Synthesis of PtCuSe Nanozyme Hydrogel

Next, agarose with low melting property (Yarebio) was dissolved at under stirring at 70 °C (8% w/v) until the solution
became clear. During the process, PtCuSe was added with a final concentration of 2 mg/mL to obtain PtCuSe nanozyme
hydrogel.

Flow Cytometry Analysis

RAW264.7 cells (Procell, China) were seeded in 6-well plates at a density of 1x10° cells/well. After 24 h, cells were
treated in different groups including Negative, Control, LPS and LPS+PtCuSe+NIR. Then CD86 expression of RAW
264.7 cells in each group was detected using a flow cytometry analyzer.

Hemolysis Assay

Blood samples were collected from healthy C57BL/6J mice. Next, red blood cells (RBC) were separated by centrifuga-
tion for preparation of RBC suspension. Then PtCuSe was added into RBS suspension at different concentrations. Saline
and DI water was added as negative and positive control respectively. After 2 h, supernatants were collected after
centrifugation (1500 rpm) and absorbance at 540 nm was measured using a Microplate reader.

In Vitro Anti-Planktonic Bacterial Ability Test

For bacterial biofilm formation, experiments were conducted using a concentration of approximately 10° CFU/mL.
Porphyromonas gingivalis (P. gingivalis) was subjected to various treatments including: (1) Control; (2) NIR; (3) PtCuSe;
(4) PtCuSe+NIR. The final concentration of PtCuSe in group (3) and (4) was 100 pg/mL and an 808 nm laser with
a density of 1 W/cm? was applied for light irradiation for 1 min. 80 puL of each bacterial suspension was spread on blood
agar plates, which were incubated anaerobically at 37°C for 5 days. The remaining suspensions were transferred to a 96-
well plate for optical density measurement at 600 nm. Similar bacterial biofilms on agar plates in each group were
prepared using Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli).
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gqRT-PCR Measurements

After polarization by LPS, RAW 264.7 cells were divided into 5 groups: (1) Control; (2) LPS; (3) LPS+NIR; (4) LPS
+PtCuSe; (5) LPS+PtCuSe+NIR. The final concentration of PtCuSe in group (4) and (5) was 100 ug/mL and an 808 nm
laser with a density of 1 W/cm? was applied for light irradiation for 1 min. Then the supernatant of culture medium and
cells in each group were collected. First the total RNA of RAW 264.7 cells was extracted. After reversion transcribed into
cDNA, RNA level was measured using a real-time fluorescence quantitative polymerase chain reaction (QRT-PCR) test
system in various treatment groups.

Animal Models

Male C57BL/6J mice aged 8 weeks were purchased from Vital River (Beijing). After the mice were weighed and
anesthetized by intraperitoneal injection of 2% tribromoethanol at a dose of 20 mL/kg of body weight, the periodontitis
model was established on the right side of the maxilla. First, the interproximal space between the first and second molars
was separated and 5-0 silk thread was used for ligatures. A 3 mm bent end of the ligature is placed subgingivally to avoid
damaging the oral soft tissue while preserving the integrity of the gingival epithelium. The mice are then placed on
a heating pad to recover.

Periodontitis Treatment Efficacy in Vivo

After a week of establishment of models, mice were separated into (1) Sham; (2) PBS; (3) NIR; (4) PtCuSe; (5) PtCuSe
+NIR. PtCuSe (2 mg/mL, 10 uL) was injected through gingivals sulcus and 5 min laser irradiation with an 808 nm laser
with a density of 1 W/ecm? was performed. Finally, the maxilla with teeth on the model side is harvested and fixed for
hematoxylin and eosin (H&E) staining, Masson staining and microcomputed tomography (microCT) analysis.

Biosafety Evaluation in Vivo
Healthy male C57BL/6J mice were divided into two groups with various treatment including: (1) Control; (2) PtCuSe
+NIR. 14 days After treatment, blood samples were harvest for biochemistry test.

Results and Discussion

The PtCuSe nanozyme was first synthesized using a chemical reduction method. Transmission electron microscopy (TEM)
images (Figure 1A) show that the PtCuSe nanozyme exhibits an ultrasmall nanoparticle morphology. After being incorporated
into an agarose gel, the resulting PtCuSe nanozyme hydrogel is shown in Figure 1B. Elemental mapping proved that Pt, Cu
and Se dispersed in hydrogel (Figure 1C). To further analyze the surface chemical composition, X-ray photoelectron
spectroscopy (XPS) was conducted, confirming the presence of Pt, Cu and Se within the nanozyme (Figure S1). Further
analysis of high-resolution spectra of Pt, Cu and Se verified the chemical property of the nanozyme. As shown in Figure 1D,
both Pt (0) and Pt (IV) existed in the nanozyme with atomic percentage of 85% and 15% respectively. Cu orbit analysis in
Figure 1E verified the Cu (I)/Cu and Cu (II) in PtCuSe. Finally, it can be inferred that both Se (II) and Se (IV) was included in
this nanozyme (Figure 1F). Next, the CAT and SOD-like properties of the nanozyme at different concentrations were
evaluated. As illustrated in Figure 1G, PtCuSe incubated with H,O, resulted in significant O, release compared to H,O,
alone, with higher PtCuSe concentrations yielding greater O, production efficiency. PtCuSe demonstrated the ability to
scavenge toxic *OH and <O, radicals, as shown in Figure 1H and 1. The scavenging efficiency for both «OH and +*O,~ was
concentration-dependent, with PtCuSe at 200 pg/mL removing over 40% of *OH and 60% of *O, . These results confirm that
the PtCuSe nanozyme was successfully synthesized with robust dual CAT- and SOD-like activities.

The photothermal performance of the PtCuSe nanozyme was subsequently assessed. Using an 808 nm laser at an energy
density of 1 W/cm?, PtCuSe solutions at various concentrations were irradiated. Results indicated that the PtCuSe nanozyme
exhibited concentration-dependent photothermal activity (Figure 2A). At a concentration of 20 pg/mL, the solution’s
temperature rose above 45°C within 5 min of irradiation, reaching a therapeutically effective level. Further, the nanozyme’s
photothermal response remained stable over multiple heating and cooling cycles (Figure 2B), demonstrating its photothermal
stability. The calculated photothermal conversion efficiency of PtCuSe was 18.4%, significantly higher than that of commer-
cial indocyanine green-5-carboxylic acid (ICG) at 3.1% (Figure 2C and D). The PtCuSe nanozyme also displayed broad-
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wavelength absorption, enhancing its potential as a photothermal agent and thereby PtCuSe nanozyme hydrogel became soft
effectively under 808 nm laser irradiation. The appearance of hydrogel remained consistent in at 37 °C after a week which
verified its stability in this atmosphere (Figure S2). Overall, PtCuSe was shown to be an excellent candidate for mild
photothermal therapy.

Before conducting in vivo applications, the biocompatibility of the PtCuSe nanozyme was evaluated. PtCuSe was
introduced into cell culture medium at concentrations ranging from 0 to 200 pg/mL to assess its impact on cell viability in
Raw 264.7 cells. As shown in Figure 3A, most of cell survived after co-incubation with PtCuSe at various concentrations.
Further analysis using CCK-8 kit in Figure 3B confirmed that cell viability remained above 90% even at the highest
concentration of 200 pg/mL, indicating excellent cytocompatibility. Hemolysis rate analysis was conducted to examine
hemocompatibility, and as shown in Figure 3C, no significant hemolysis was observed at 200 ug/mL. Overall, these results
demonstrate that the PtCuSe nanozyme has an outstanding degree of biocompatibility.
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Figure 2 Photothermal performance of PtCuSe nanozyme hydrogel. (A) The photothermal effect of PtCuSe nanozyme hydrogel under various treatments. (B) Temperature
change profiles with repeated irradiation cycles. (C) Photothermal conversion efficiency calculation. (D) UV-vis absorption spectra.
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The antibacterial effect of PtCuSe combined with NIR irradiation was next evaluated using a plate-counting method.
P, gingivalis, a primary pathogen in periodontitis that damages the immune system and periodontal supporting tissues, was
selected alongside E. coli and S. aureus for antibacterial assessment. Representative plate images of various bacteria under
different treatments are shown in Figure 4A. There was no significant difference between the Control and NIR-only groups,
suggesting that NIR alone had minimal antibacterial activity. With PtCuSe treatment alone, bacterial counts decreased, though
visible colonies remained. In contrast, the PtCuSe + NIR treatment showed marked bacterial inhibition, demonstrating
maximum antibacterial efficacy.

Quantitative antibacterial rates for P. gingivalis, E. coli, and S. aureus are presented in Figure 4B-D. The PtCuSe +
NIR treatment achieved the highest elimination rate for P. gingivalis, exceeding 80%. Meanwhile, among all treatments,
PtCuSe + NIR displayed the most substantial antibacterial effects on both E. coli as well as S. aureus, while PtCuSe
alone provided comparatively lower antibacterial rates. For P. gingivalis, the photothermal effect mediated by PtCuSe
increased the antibacterial rate by 1.3 times compared to PtCuSe alone. In addition, the antibacterial rate of PtCuSe +
NIR group was higher than that in PtCuSe group for both E. coli and S. aureus. These results demonstrate the potent
antibacterial properties of PtCuSe + NIR, highlighting its potential in periodontitis treatment.

The anti-inflammatory effects of PtCuSe combined with NIR were evaluated by investigating macrophage polarization.
Initially, inflammation was induced using lipopolysaccharide (LPS). The expression levels of cytokines, including tumor necrosis
factor-alpha (TNF-a), an M1-related pro-inflammatory cytokine, and transforming growth factor-beta (TGF-), an M2-related
anti-inflammatory cytokine, were measured using quantitative PCR (qQPCR). As shown in Figure SA and B the LPS group
exhibited a significant increase in mRNA expression of TNF-a and a decrease in TGF-f. In stark contrast, the LPS+PtCuSe +
NIR group demonstrated significant suppression of the pro-inflammatory cytokine TNF-a while promoting the expression of the
anti-inflammatory cytokine TGF-B. The expression of CD86, a marker associated with M1-type macrophages, was analyzed
using flow cytometry. Figure 5C illustrates that the number of CD86+ in the PtCuSe + NIR group was significantly reduced
compared to the LPS group, which is supported by the representative flow cytometry images shown in Figure 5D-G. Since
excessive ROS plays an important role in oxidative damage, we examined the ROS content in cells after various treatments. As
shown in Figure SH, ignorable green fluorescence signal was detected in both Negative and control group while by contrast,

>

Control NIR PtCuSe PtCuSe+NIR B w

lis

gingiva

Antibacterial rate (%)

P.

100+

Antibacterial rate (%)

S. aureus

100+

E. coli

50+

Antibacterial rate (%)

1 2 3 4

Figure 4 Evaluation of antibacterial potential. (A) Representative photographs showing bacterial viability. Antibacterial rate of various treatment groups against (B) P. gingivalis,
(C) S. aureus, and (D) E. coli. group |: control; group 2: NIR; group 3: PtCuSe; group 4: PtCuSe+NIR. Data are presented as mean * SD. (n=3), *** p<0.001.
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obvious green fluorescence was observed in LPS group. However, LPS+PtCuSe + NIR group showed significant reduction of
ROS amount, indicating the anti-oxidant property of PtCuSe + NIR. These findings indicate that PtCuSe + NIR promotes the
transformation of macrophages from the M1 type to the M2 type, thereby exerting anti-inflammatory effects.

Encouraged by the in vitro antibacterial and anti-inflammatory results of PtCuSe combined with NIR, the feasibility of this
treatment for periodontitis was evaluated in vivo. First, PtCuSe hydrogel was applied on gingival sulcus of C57BL/6J and
irradiated with laser. After 14 days, blood samples were obtained for further analysis. As shown in Figure S3, blood
biochemical test data of control and PtCuSe + NIR group demonstrated no significant difference which suggest negligible
systematic toxicity of PtCuSe + NIR. A periodontitis model was established in the right maxilla of C57BL/6J mice through
surgical intervention. One week after model establishment, the mice were divided into five groups and subjected to various
treatments. Following observation, the mice were sacrificed, and the maxillae, along with the teeth on the model side, were
harvested for further analysis. Micro-computed tomography (micro-CT) was employed to assess the bone microstructure and
morphology in detail (Figure 6A), while Hematoxylin and Eosin (H&E) staining was used to evaluate therapeutic effects
(Figure 6B). Apparent alveolar bone loss was observed in both the PBS and NIR groups, with only slight improvement noted
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Figure 6 Evaluation of anti-periodontitis effects using mild photothermal therapy mediated by the PtCuSe nanozyme hydrogel. (A) 3D micro-CT reconstructed images and
sagittal view of maxillary molars. (B) HE and (C) Masson staining images of periodontal tissue. (D)-(G) The quantitative statistics in various treatment groups. Data are
presented as mean = SD (n=3), F** p<0.001.
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in the PtCuSe group. In contrast, significant alleviation of bone resorption was observed in the PtCuSe + NIR group, attributed
to the SOD-like activity of PtCuSe and the antibacterial effects of photothermal therapy. Compared to the sham group, both the
PBS and NIR groups exhibited lymphocyte and granulocyte infiltration, along with a significant collagen loss. The PtCuSe
group displayed connective tissue hyperplasia with minimal granulocyte infiltration. Masson staining confirmed higher
positive area of 78% in PtCuSe + NIR group than other treatment groups (Figure 6C), confirming that periodontitis was
alleviated. Quantitative analysis of bone properties and trabecular parameters in each treatment group is presented in
Figure 6D-G. Bone volume (BV) significantly decreased in the PBS and NIR groups, indicating successful model establish-
ment, while tissue volume (TV) showed no significant differences across all groups. Interestingly, BV and BV/TV returned to
levels comparable to the sham group in the PtCuSe + NIR group. Trabecular thickness (Tb.Th), a key indicator of bone health
and periodontitis progression, was quantified, showing that PtCuSe + NIR treatment significantly increased Tb.Th values. The
results demonstrated that PtCuSe + NIR treatment could not only alleviate inflammation but also enhance bone recovery. In
conclusion, photothermal therapy mediated by PtCuSe nanozyme hydrogel effectively enhances therapeutic efficacy against
periodontitis through its antibacterial and anti-inflammatory activities.

Conclusion

In conclusion, a PtCuSe nanozyme hydrogel was fabricated for the treatment of periodontitis. Upon injection into the
periodontal pocket, the nanozyme hydrogel underwent a sol-gel transformation, triggered by 808 nm laser irradiation,
which was facilitated by the photothermal conversion properties of PtCuSe. The results of in vitro experiments
demonstrated that, upon laser irradiation, PtCuSe displayed an improved antibacterial effect by effectively eliminating
P gingivalis, a key pathogen in periodontitis treatment. PtCuSe was found to scavenge significant amounts of ROS owing
to its SOD- and CAT-like properties, which alleviated oxidative stress in the affected area. The treatment involving
PtCuSe-mediated photothermal therapy was shown to polarize M1 macrophages into M2 macrophages, resulting in
a reduction of pro-inflammatory cytokines, such as TNF-q, and an increase in anti-inflammatory cytokines, such as TGF-
B, as verified by qT-PCR. In a mouse model of periodontitis, PtCuSe combined with NIR was found to prevent bone loss
and enhance alveolar bone regeneration, attributed to the ROS-scavenging, antibacterial, and anti-inflammatory effects of
the PtCuSe nanozyme hydrogel mediated by mild photothermal therapy. In addition, the PtCuSe hydrogel not only
alleviates periodontitis but also reduces side effects by in situ release of nanozymes from a thermo-responsive hydrogel
triggered by NIR. This study introduces an innovative approach to treating periodontitis through the use of
a photothermal nanozyme hydrogel.
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