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a b s t r a c t 

Periodontitis is a biofilm-related disease characterized by damage to the periodontal tissue and the de- 

velopment of systemic diseases. However, treatment of periodontitis remains unsatisfactory, especially 

with deep-tissue infections. This study describes rationally designed multifunctional photothermocatalytic 

agents for near-infrared-II light-mediated synergistic antibiofilm treatment, through modification of Lu- 

Bi 2 Te 3 with Fe 3 O 4 and poly(ethylene glycol)-b-poly(l-arginine) (PEG- b -PArg). Notably, 1064-nm laser ir- 

radiation led to photothermal/thermocatalytic effects, resulting in the synergistic generation of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) and consequent damage to the biofilm. This 

treatment was based on the thermoelectric and photothermal conversion properties of Lu-Bi 2 Te 3 , the 

peroxidase-like catalytic capacity of Fe 3 O 4 , and the guanidinium polymer, PEG- b -PArg. Oxidative damage 

to biofilm was further enhanced by H 2 O 2 , resulting in the effective elimination of biofilm both in vitro 

and in vivo . These findings suggest that this synergistic therapeutic strategy is effective for the clinical 

treatment of periodontitis. 

Statement of significance 

The current treatment for periodontitis involves time-consuming and labor-intensive clinical scaling of 

the teeth. The present study is the first to assess the efficacy of a photothermal catalyst for periodontitis 

treatment. This used near-infrared-II light at 1064 nm to induce oxidative damage in the biofilm, resulting 

in its degradation. The synergistic photothermal/thermoelectric effect produced deep tissue penetration 

and was well tolerated, and can kill the biofilm formed by periodontitis pathogens up to 5 orders of 

magnitude, effectively treating the biofilm-induced periodontitis. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Biofilms are structurally complex bacterial communities, where 

he bacteria are encased in a self-produced extracellular polymeric 

atrix (EPS) [ 1 , 2 ]. Biofilm-associated diseases represent a major 

ublic health hazard [2] with periodontitis being the sixth most 

ommon biofilm-associated disease worldwide [3] . Periodontitis is 

haracterized by periodontal pockets, reduced tooth attachment, 
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nd alveolar bone loss, eventually leading to tooth loss [4] . Clinical 

reatment of periodontitis involves removing the plaque biofilms 

y scaling, root planing, and the use of antibiotics [4] . However, 

hese treatments remain unsatisfactory due to the limited access 

f non-surgical mechanical debridement to deep periodontal pock- 

ts and furcation areas [5] , the low susceptibility of biofilm to tra- 

itional antibiotics [6] , and the increasing antibiotic resistance of 

acteria [7] . It is thus necessary to find an effective solution to this 

roblem. 

Photothermal therapy (PTT) uses photothermal agents (PTAs) to 

onvert harvested light into localized heat energy. It is a popu- 

ar choice for the eradication of free bacteria and biofilm through 

yperthermia-induced cell membrane destruction and protein de- 
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aturation [ 8 , 9 ]. However, there are few reports of the use of PTT

or periodontitis treatment because of the difficulty of removing 

he deep-located lesions of periodontitis through traditional visi- 

le and first near-infrared (NIR-I) light-triggered PTT alone. [10] . 

otably, NIR-II light-triggered PTT is a more appropriate alternative 

o NIR-I as it has the capability of deeper tissue penetration [11] , 

nd relatively high tolerance (i.e., tissue maximum permission ex- 

osure (MPE) of 1 W/cm 

2 for NIR-II of 1064 nm and 0.33 W/cm 

2 

or NIR-I of 800 nm) [ 12 , 13 ]. It thus has the potential to solve the

roblems of PTT treatment of periodontitis. Thus, exploiting appro- 

riate PTAs activated in the NIR-II window may have significant 

otential. 

One nanomaterial, a bismuth-based chalcogenide Bi 2 Te 3 
anosheet, was recently developed as a promising PTA for PTT due 

o its strong NIR-II absorption and high photothermal conversion 

fficiency (PCE) [14] . However, the thermoelectric effect of these 

anosheets at near room temperature has rarely been explored 

n antibacterial applications. Thermoelectric materials can induce 

lectron-hole separation, generate a voltage by utilizing tempera- 

ure differences, and serve as thermocatalysts for the generation 

f the superoxide anion ( ·O 2 
−) and related catalytic activity [15] . It

s worth noting that ·O 2 
− and its reduced form H 2 O 2 are the two

ajor reactive oxygen species (ROS) [16] that exert antibacterial 

ction by inducing oxidative stress to damage biomolecules [ 17 , 18 ].

owever, ·O 2 
− and H 2 O 2 are not effective for removing biofilm. 

otably, among various ROS, the hydroxyl radical ( ·OH) is one of 

he most potent oxidizing agents [19] and can bind covalently to 

iomolecules causing damage to DNA, lipids, and proteins [ 20 , 21 ]. 

eroxidase (POD)-like enzymes can catalyze hydrogen peroxide 

H 2 O 2 ) to produce ·OH. The resulting destruction of cell mem- 

ranes could increase the sensitivity of bacterial cells to heat [22] , 

nd the heat generated from the PTT could subsequently enhance 

he quantity of ·OH generated by the catalytic reaction [23] . 

In addition, ·O 2 
− and H 2 O 2 can play additional bactericidal roles 

n cascade reactions that generate other chemicals, such as ni- 

ric oxide (NO) and peroxynitrite(ONOO 

−). The reaction between 

O 2 
− and NO generates the toxic byproduct, ONOO −, a reactive ni- 

rogen species (RNS), that exerts nitrosative stress on biomacro- 

olecules, thus killing bacteria. Thus, NO was introduced into the 

urrent treatments. Unlike conventional antibiotics, NO has been 

idely applied as a gas therapy as it has broad-spectrum bacterici- 

al activities against biofilms [24] . It is reported to promote wound 

ealing by accelerating collagen deposition during the recovery of 

ounds [25] . Recently, local NO release has been shown to protect 

gainst and partially reverse endothelial dysfunction in periodon- 

itis, thereby protecting the cardiovascular system in patients with 

eriodontitis [26] . Since NO is extremely reactive, a donor such as 

-arginine (L-Arg), S-nitrosothiols (RSNOs), or N-diazeniumdiolates 

NONOates) is used when designing a NO delivery system [27–

0] . However, the rapid systemic clearance of RSNOs and the toxic 

ONOate byproducts limit their in vivo applications. Due to the 

resence of guanidine, biocompatible L-Arg can generate NO and L- 

itrulline catalyzed by NO synthase, H 2 O 2, and singlet oxygen( 1 O 2 ) 

 25 , 28 , 31–33 ]. In addition, these positively charged polar amino

cids and their derivatives [25] could also bind to biofilm sur- 

aces by electrostatic adsorption since the bacterial surfaces are 

egatively charged [34] . Therefore, synergy between the ideal NO 

onors and the PTT/ROS system can enhance the effectiveness of 

he anti-biofilm treatment. Considering the heat resistance of tis- 

ue and the MPE of NIR light, to fully demonstrate the potential, 

afety, and efficacy of this combined treatment strategy for peri- 

dontitis, the most direct and effective methods would be to fur- 

her increase the thermoelectricity, improve the PCE, or synergize 

ith other cascade methods to generate sufficient ROS/RNS. 

In this study, a synergistic nanoplatform comprising PTT and 

eat-induced ROS/RNS was developed for eradicating biofilm and 
520 
romoting the recovery of infected sites ( Fig. 1 ). The procedure 

nvolved the decoration of POD-like Fe 3 O 4 and PEG- b -PArg on 

utetium-doped Bi 2 Te 3 nanoplates to form BFA NPs (PEG- b -PArg- 

odified Lu-Bi 2 Te 3 @Fe 3 O 4 ). As the photothermocatalyst, Bi 2 Te 3 
ediated NIR-II-triggered PTT for direct bacterial killing. The ther- 

oelectric performance of the Bi 2 Te 3 was further improved by us- 

ng the Lu dopant, which can simultaneously reduce the κph by 

lloy-scattering and optimizing the carrier concentration [ 35 , 36 ], 

esulting in more ·O 2 
− and H 2 O 2 production during the PTT course. 

otably, H 2 O 2 could react with Fe 3 O 4 to generate highly toxic ·OH 

nd catalyze PEG- b -PArg to produce NO. Further, ONOO 

− was gen- 

rated once NO reacted with ·O 2 
−. Additionally, positively charged 

EG- b -PArg facilitated the adhesion of BFA NPs to the negatively 

harged bacterial surface [37] . The generated RNS and ROS can act 

s broad-spectrum antibacterial agents [ 38 , 39 ], primarily through 

amaging the cell membrane and DNA [ 40 , 41 ], increasing the 

ensitivity of the bacteria to heat. This study demonstrated that 

he synergistic PTT/ROS/RNS treatment was effective for biofilm- 

nduced periodontitis and could potentially be developed to treat 

ther bacterial infections. 

. Methods 

.1. Materials 

Reagents, including α-pinene, triphosgene, diethyl ether, N, N- 

imethylformamide (DMF), 1-Amidinopyrazole hydrochloride, tri- 

thylene glycol, polyvinylpyrrolidone (PVP), bismuth oxide (Bi 2 O 3 ), 

ellurium dioxide (TeO 2 ), sodium hydroxide (NaOH), glycerol, 

ron acetylacetonate, Lu 2 O 3 , Tm 2 O 3, Yb 2 O 3, Er 2 O 3, and 3,3 ′ ,5,5 ′ -
etramethylbenzidine (TMB), were purchased from Aladdin (Shang- 

ai, China). N- ε-benzyloxycarbonyl-L-lysine and HBr (5 mL, 33 

t.% in acetic acid) were obtained from Macklin (Shanghai, 

hina). Hexane was bought from TIANTAI (Guangzhou, China). 

etrahydrofuran (THF) was provided by Innochem (Beijing, China). 

PEG20 0 0-NH 2 was purchased from Ponsure Biological (Shanghai, 

hina). 

.2. Biofilm growth and harvesting 

Five hundred microliters of bacterial solution (10 5 CFU/mL) 

ere incubated in 48-well plates to form biofilms. Escherichia coli 

 E. coli , ATCC 25922) was cultured in lysogeny broth (LB), Staphy- 

ococcus aureus ( S. aureus , ATCC 29213) was cultured in tryptic 

oy broth (TSB), and Porphyromonas gingivalis ( P. gingivalis , ATCC 

3277) and Fusobacterium nucleatum ( F. nucleatum, ATCC 10953) 

ere cultured in brain heart infusion (BHI) broth with 5 μg/mL 

emin and 1 μg/mL menadione. P. gingivalis and F. nucleatum were 

ultured anaerobically. After the formation of the bacterial film, 

he medium was removed, the planktonic bacteria were care- 

ully washed away with phosphate-buffered saline (PBS), and the 

iofilms on the 48-well plates were harvested. 

.3. Thermocatalytic antibacterial properties of Bi 2 Te 3 

To investigate the thermocatalytic antibacterial effects of Bi 2 Te 3 
Ps, planktonic bacteria and biofilms were both selected as mod- 

ls. After the addition of 100 μg/mL of material to the bacterial 

olutions (2 × 10 5 CFU/mL) or established biofilms, the test groups 

ere subjected to three thermal cycles in a water bath. In each cy- 

le, the wells were first exposed to a temperature of 45 °C in the 

ater bath for 5 min, followed by incubation at 25 °C for 5 min. 

he plate counting method was used to measure the antibacterial 

roperties. 
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Fig. 1. Preparation and biomedical application of BFA. Lu-Bi 2 Te 3 @Fe 3 O 4 was fabricated by a two-step solvothermal method. BFA was obtained by electrostatic attraction 

between Lu-Bi 2 Te 3 @Fe 3 O 4 and PEG- b -PArg. A rat periodontitis model was used to evaluate the anti-biofilm activity of BFA, showing eradication of biofilms after treatment. 
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.4. In vitro antibiofilm activity evaluation 

The antibiofilm experiments were divided into twelve 

roups: ( Ⅰ ) biofilms + PBS; ( Ⅱ ) biofilms + H 2 O 2 ; ( Ⅲ )

iofilms + BFA; ( Ⅳ ) biofilms + BFA + H 2 O 2 ; ( Ⅴ ) biofilms + PBS + NIR-

I; ( Ⅵ ) biofilms + H O + NIR-II; ( Ⅶ ) biofilms + BFA + NIR-
2 2 

521 
I; ( Ⅷ ) biofilms + BFA + H 2 O 2 + NIR-II; ( Ⅸ ) biofilms + BFL;

 Ⅹ ) biofilms + BFL + H 2 O 2 ; ( Ⅺ ) biofilms + BFL + NIR-II; ( Ⅻ )

iofilms + BFL + H 2 O 2 + NIR-II. The final concentrations of nanoplates 

nd H 2 O 2 in the wells of the plates were 100 μg/mL and 200 

M, respectively. After incubation for 1 h, groups V- Ⅷ and 

 - Ⅻ were subjected to three therapeutic cycles. In each cycle, 
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he wells were first exposed to NIR (1 W/cm 

2 ) for 5 min, followed

y incubation at 25 °C in a water bath for 5 min. After that, all

roups were incubated at 37 °C for another 3 h. 

A standard plate counting assay was employed to assess the an- 

ibiofilm activity of BFA. The bacteria embedded in biofilms were 

ispersed in sterile PBS. After serial dilutions in PBS, 100 μL of E 

coli and S. aureus suspensions were spread onto agar plates and 

ncubated at 37 °C. After 24 h, the bacterial colonies were analyzed 

s follows: 

ntibiofilm ratio ( % ) = 

N control − N experiment 

N control 

× 100% 

. gingivalis and F. nucleatum were diluted according to the gradient 

oint plate, and the difference in the dilution power was counted 

o calculate the bactericidal ability. 

Scanning electron microscopy (SEM) was used to observe the 

orphology of biofilms. The treated biofilms were fixed with 2.5% 

w/v) glutaraldehyde at 4 °C for 4 h after being washed with PBS 

nd dehydrated in gradient ethanol (30–100%). Finally, the samples 

ere sprayed with gold for SEM observation. 

SYTO 9 and propidium iodide (PI) stains (L13152 live/dead Ba- 

Light, Thermo Fisher Scientific) were employed to examine the 

ive/dead state of bacteria in the biofilms. First, samples were 

tained with SYTO 9 (6 μM) and propidium iodide (30 μM) for 15 

in in the dark at room temperature. Then, the stained biofilms 

ere observed by a fluorescence microscope (Nikon, Japan). 

.5. Biocompatibility of BFA in vitro 

Human gingival fibroblasts (HGFs) were incubated in Dulbecco’s 

odified Eagle medium (DMEM) supplemented with 10% fetal 

ovine serum, 100 μg/mL streptomycin, and 100 U/mL penicillin. 

he cultures were maintained at 37 °C under 5% CO 2 . MTT as- 

ays were used to measure the in vitro cytotoxicity of the BFA in 

GFs. HGFs were seeded into 96-well plates (1 × 10 4 cells per 

ell) overnight and then co-incubated with various concentrations 

f BFA ranging from 0 to 400 μg/mL for another 24 h. After that, 

he medium was removed, MTT solution (0.5 mg/mL, 100 μL) was 

dded to each well, and then the mixture was cultured for 4 h. Fi-

ally, the solution was replaced with 200 μL of dimethyl sulfoxide. 

fter the plates were shaken at room temperature for 15 min, the 

bsorption value at 490 nm of each well was determined with a 

pectrophotometric microplate reader (Bio Tek ELX808, USA). 

For morphological observation, HGFs (2 × 10 5 per well) were 

eeded in culture dishes overnight, and different concentrations of 

FA were added and incubated for a further 24 h. After fixation 

ith 4% paraformaldehyde, cells were stained with FITC-phalloidin 

Solarbio, China) followed by DAPI (Beyotime, China) for 15 min 

ach. The cells were then examined and imaged under confocal 

icroscopy (Nikon, Japan). For analysis of the effects of BFA on 

ells, the cells were seeded and cultured as above, after which they 

ere digested and washed twice with PBS. After staining with live- 

ead cell dye (Calcein/PI Cell Viability/Cytotoxicity Assay Kit, Bey- 

time, China) for 30 min, the cells were washed with PBS and an- 

lyzed by flow cytometry (FACSCalibur, Becton Dickinson, USA). 

.6. Rat experimental periodontitis model 

All animal experiments complied with the protocols of the Jilin 

niversity Committee for Animal Use and Care. Twenty-five Wistar 

ats (male, 8 weeks old) were randomly assigned to five groups, 

amely, the (I) PBS, (II) H 2 O 2 , (III) BFA + H 2 O 2 , (IV) BFA + NIR-II, and

V) BFA + H 2 O 2 + NIR-II groups. 

A model of experimental periodontitis was then established in 

ll rats. Briefly, the bilateral maxillary first molars were ligatured 
522 
y a 4-0 silk placed around the cervical region in the subgingi- 

al region for 7 days. These rats received sugar water (100 g/L) to 

ccelerate microbial biofilm formation. Before treatment, the liga- 

ures were all removed. Treatment for periodontitis was performed 

n the presence of BFA, H 2 O 2, and NIR once daily for 7 days. In de-

ail, BFA (100 μg/mL) and/or H 2 O 2 (200 μM) were first injected lo- 

ally into the gingival sulcus of the inflamed areas, after which the 

roups requiring irradiation were then exposed to 1064 nm laser 

1 W/cm 

2 , 3 cycles of 5 min each). After treatment, all the animals 

ere sacrificed, and the maxillae and major organs were harvested 

or further analysis. 

Swabs of the plaque biofilms were collected from the molars 

or bacterial colony counting. First, the bacterial suspensions were 

erially diluted and then plated on the LB agar. After incubation 

or 24 h at 37 °C, the growing colonies were counted. Next, the 

ard tissues, including maxillae and teeth, were scanned by micro- 

T (Bruker SkyScan, Antwerp, Belgium). For histological analysis, 

he maxillae were fixed and immersed in paraffin wax and then 

ut into tissue slices (5 μm thick). The sections were then stained 

ith hematoxylin and eosin (H&E) or Masson’s trichrome stain. 

.7. Characterization 

Transmission electron microscopy (TEM, Tecnai F20, FEI, USA) 

as employed to obtain TEM, HRTEM, HAADF-STEM, and EDS ele- 

ent mapping images. The zeta potentials of different nanoplates 

ere measured by a Malvern Zetasizer (NanoZS, Malvern, UK). 

PS spectra were collected by X-ray photoelectron spectroscopy 

Thermo ESCALAB 250Xi, Thermo Fisher Scientific, USA) for ele- 

ent analysis. X-ray diffraction (XRD, D8 FOCUS, Bruker, Germany) 

as employed to determine the crystalline structure. 

.8. Statistical analysis 

All the experiments were performed at least three times. The 

ata are presented as the means ± standard deviation, and differ- 

nt letters above the bars in the graphs indicate significant differ- 

nces at p < 0.05. Differences were assessed by one-way ANOVA 

ollowed by Tukey’s test for multiple comparisons. 

. Results and discussion 

.1. Synthesis and characterization of BFA 

Fig. 1 illustrates the preparation of BFA NPs. First, the thermo- 

lectric performance of rare-earth-doped Bi 2 Te 3 was investigated, 

ncluding Lu, Tm, Yb, and Er. A maximal amount of thermocat- 

lytic generation of ·O 2 
− was obtained for Lu-Bi 2 Te 3 consisting of 

% Lu (Fig. S1a, b). Notably, at a temperature difference of 20K, 

u- Bi 2 Te 3 (100 μg/mL) could generate 13.68 μM ·O 2 
− and 1.2 

M H 2 O 2 (Figs. S1a and 3 f). Therefore, Lu-Bi 2 Te 3 was selected and

unctionalized with Fe 3 O 4 via a two-step solvothermal method. 

he proportions of the individual elements were measured by in- 

uctively coupled plasma mass spectrometry (ICP-MS), with the re- 

ult Bi 24.7459%, Te 22.6642%, Fe 18.5817 %, and Lu 0.2340%, re- 

pectively. The crystalline structure of Lu-Bi 2 Te 3 @Fe 3 O 4 was then 

etermined by X-ray diffraction (XRD). The XRD patterns (Fig. S2) 

howed the co-existence of the diffraction peaks of Bi 2 Te 3 at 27.7, 

7.8, 41.1, 50.3, 57.1, and 62.3 and Fe 3 O 4 at 30.1 (220), 35.4 (311),

3.1 (400), and 53.4 (422) as compared to the standard card of 

i 2 Te 3 (JCPDS 15-0863) and Fe 3 O 4 (JCPDS19-0629), confirming the 

uccessful preparation of Lu-Bi 2 Te 3 @Fe 3 O 4 NPs. The as-obtained 

u-Bi 2 Te 3 @Fe 3 O 4 was further functionalized with PEG- b -PArg poly- 

er via electrostatic attraction. Specifically, the PEG- b -PArg block 

opolymer (Mn = ∼90 0 0 g/mol) was synthesized in three reaction 

teps: ring-forming, deprotection, and guanidation (Fig. S3). The 
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Fig. 2. Characterization of BFA. (a) TEM and HRTEM images of BFA. (b) Elemental mapping (C, N, O, Fe, Lu, Te, Bi) images of BFA. (c) XPS spectra of BFA. (d) ζ -Potentials of 

Lu-Bi 2 Te 3 , Lu-Bi 2 Te 3 @Fe 3 O 4 , BFL and BFA. (e) The zeta potential stability of the BFA nanoplates. (f) Measured and expanded Seebeck coefficient of Lu-Bi 2 Te 3 . (g) Temperature- 

dependent resistivity of Bi 2 Te 3 @Fe 3 O 4 with or without Lu. Data represent mean ± SD (n = 3) and were analyzed by one-way ANOVA (p < 0.001) followed by Tukey’s post-hoc 

test. Different letters above the bars indicate significant differences at p < 0.05. 
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nalysis of the chemical shifts and integral area from the 1 H NMR 

pectra confirmed the successful synthesis of PEG- b -PArg (Fig. S4). 

he peak at δ 8.02 ppm was attributed to the HNCO-protons and 

7.81ppm to the -NH 2 protons δ 1.18, 1.21. 1.3, 1.52, 2.74, and 

.47 ppm could be assigned to the protons of PArg. TEM images 

f the as-prepared BFA nanoplates ( Fig. 2 a, b) showed hexagonal 

anoplates, 230 nm in diameter, with the deposition of granular 

aterials on their surface, indicating that Fe 3 O 4 NPs were success- 

ully assembled with Lu-Bi 2 Te 3 . High-resolution TEM (HR-TEM) im- 

ges further revealed periodically arranged lattice fringes with an 

nteratomic spacing of 0.22 nm corresponding to the (110) planes 

f Lu-Bi 2 Te 3 and 0.29 nm corresponding to the (220) planes of 

e 3 O 4 ( Fig. 2 a). Further, the element mapping images revealed the 

omogeneous distribution of the C, N, O, Fe, Lu, Te, and Bi ele- 

ents in the BFA ( Fig. 2 b). X-ray photoelectron spectroscopy (XPS) 

as used to analyze the BFA’s elemental composition and surface 

alence states ( Fig. 2 c). The high-resolution Fe 2p spectrum (Fig. 

5a) revealed characteristic peaks with binding energies of 710.4 

V and 714.8 eV that could be attributed to Fe (2p3/2), and peaks 

t 723.8 eV and 731.7 eV to Fe (2p1/2), consistent with the valent 
523 
alues of Fe in Fe 3 O 4 [42 , 43] . Meanwhile, the peaks at 159.1 eV

nd 164.4 eV were due to Bi (4f7/2) and Bi (4f5/2), respectively 

Fig. S5b) and the two strongest peaks at 576 eV and 586.3 eV 

orresponded to Te (3d5/2) and Te (3d3/2), respectively (Fig. S5c). 

urthermore, the PEGylation of Lu-Bi 2 Te 3 @Fe 3 O 4 was confirmed 

y changes in the zeta ( ζ ) potential. At first, Lu-Bi 2 Te 3 @Fe 3 O 4 

Ps showed a negative ζ potential ( −7.47 ± 2.2 mV), which in- 

reased to 45 ± 4 mV after the chelation with PEG- b -PArg. The 

ormation of BFL (PEG-b-PLys-modified Lu-Bi 2 Te 3 @Fe 3 O 4 ) NPs was 

lso similarly confirmed (40.5 ± 3.6mV), suggesting the positively 

harged guanidine or amine neutralized the negative charges of Lu- 

i 2 Te 3 @Fe 3 O 4 ( Fig. 2 d). In addition, such large ζ potential values,

ong-term zeta potential stability ( Fig. 2 e), and long-term stability 

n physiological solution (Fig. S6) further reflected colloidal stabil- 

ty, which is critical for biological applications. 

The thermoelectric properties of the samples were next inves- 

igated, as illustrated in Fig. 2 f. Unsurprisingly, the Seebeck co- 

fficient of the sample exhibited a typical negative temperature- 

ependent feature, indicating that the classic charge carrier dom- 

nant was not the same as that in the Ref. [44] , where the
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Fig. 3. Functional analysis of as-synthesized BFA. (a) Temperature changes of BFA (100 μg/mL) with different 1064 nm irradiation power (0.5, 1.0, 1.5 W/cm 

2 ). (b) Temper- 

ature change curves of BFA at different concentrations (0, 50, 100, 200, 400 μg/mL) under NIR irradiation (1 W/cm 

2 ). (c) Thermal images of BFA with different times and 

concentrations under 1064 nm irradiation (1 W/cm 

2 ). (d) Photothermal stability test of BFA under irradiation with 4 on/off cycles. (e) Linear time data versus –ln θ was 

obtained from the cooling period. (f) Lu-Bi 2 Te 3 -mediated (5mg/mL) H 2 O 2 generation under different temperature differences. (g) NO release from BFA (100 μg/mL) under 

H 2 O 2 incubation (0, 100, 200, 400 μM). (h) UV-vis absorption spectra of TMB solution with different treatments (BFA: 100 μg/mL). Data represent mean ± SD(n = 3) and 

were analyzed by one-way ANOVA (p < 0.001) followed by Tukey’s posthoc test. Different letters above the bars indicate significant differences at p < 0.05. 
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honon scattering behaviors were more suited to describe the 

emperature-regulated Seebeck coefficient. 

The Seebeck coefficient in metal systems can also be written as 

he Mott formula as follows: 

 = 

π2 k 2 B T 

3 e 

σ ′ ( ε F ) 
σ ( ε F ) 

here σ represents the energy-dependent electrical conductiv- 

ty, the resistivity of the BFA sample at different temperatures 

as measured to verify the evolution pattern corresponding to 

he thermoelectric behaviors ( Fig. 2 g). On the one hand, it also 

howed obvious temperature-dependent characteristics. The mea- 

ured sample resistivities indicated that the system used in this 

esearch was still semi-conductive. Thus, the intrinsic mechanism 

eflected from the Mott formula also revealed that the thermoelec- 

ric behavior of the sample was phonon-scattering controlled. 

Interestingly, Lu doping significantly improved BFA’s electrical 

onductivity. The reason may is that carrier tunneling appeared 

hrough heterogeneous interfaces among Fe 3 O 4 NPs thus, their 

ulk electric conductivity increased. In addition, Lu-doped BFA 

howed thermoelectric performances as high as ∼100 μV/K level. 
524 
his phenomenon was also indicated in the subsequent in vivo ap- 

lications. 

.2. Photothermal properties of BFA 

The temperature of the BFA solutions (100 μg/mL) increased 

apidly from 25 °C to 41.2 °C even at low power densities (0.5 

/cm 

2 ), as shown in Fig. 3 a–c. Additionally, the temperature of 

he BFA solutions at a low concentration (50 μg/mL) increased re- 

arkably ( �T = 16.8 °C) compared with DI water ( �= 8 °C) after a

0-min exposure to 1064 nm light at 1 W/cm 

2 . The temperature 

f 400 μg/mL BFA solutions was increased to 74 °C ( �T = 49 °C)

t 1 W/cm 

2 irradiation, indicating photothermal conversion. The 

orresponding absorption spectra in the near-infrared II region are 

hown in Fig. S7. Next, the photothermal stability of BFA was deter- 

ined by irradiation with 1064 nm light at 1 W/cm 

2 for 4 ON/OFF 

ycles. As shown in Fig. 3 d, the temperature elevation curve of the 

FA solution did not show any significant change during the re- 

eated irradiation, revealing their photothermal stability. The PCE 

 η) of BFA was calculated to be 34.14 % in DI water ( Fig. 3 e). Thus,

ut together, these results confirm that BFA could be an ideal PTA 

or NIR-II PTT. 
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Fig. 4. Biosafety assay of BFA. (a) Proliferation of HGFs incubated with different concentrations of BFA (0, 25, 50, 10 0, 20 0, 40 0 μg/mL) for 24 h. (b) Fluorescent images 

of staining in HGFs after incubation with various concentrations of BFA for 24 h. (c) Flow cytometry was used to detect the proportion of live/dead cells with different 

concentrations of BFA in 24 h (Q4-live cell %). Data represent mean ± SD (n = 3) and were analyzed by one-way ANOVA (p < 0.001) followed by Tukey’s posthoc test. 

Different letters above the bars indicate significant differences at p < 0.05. 
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.3. Detection of released ·OH and NO gas release in vitro 

NO release via ROS catalysis of guanidine was confirmed by 

he Griess assay. The detection principle is based on the fact that 

O is readily oxidized to NO 2 
− in aqueous solution, which reacts 

ith the Griess reagent to generate colored compounds. The ab- 

orbance was recorded at 546 nm, and the content of NO could 

e calculated from the standard curve. As shown in Fig. 3 g, the 

FA-mediated NO production was H 2 O 2 concentration-dependent 

ithin 10 0-40 0 μM. There was no NO production without H 2 O 2 

ddition, and after being treated with 200 μM of H 2 O 2 , 4.5 μM
525 
O was detected. Previous reports have shown that only 4 μM NO 

ould effectively eradicate biofilms [25] . 

Moreover, TMB was employed to detect the generation of ·OH 

hrough POD-like reactions, as it can be oxidized into blue-colored 

MB (oxTMB) by ·OH with an absorbance maximum at 652 nm. 

s shown in Fig. 3 h, the solutions showed the strongest absorp- 

ion peak at 652 nm in the presence of H 2 O 2 (10 mM) and TMB

1 mM), indicating that the ·OH generation was triggered as Fe 2 + 

as oxidized by H 2 O 2 . Furthermore, the catalytic activity was pro- 

ortional to the BFA in the concentration range of 25-400 μg/mL 

Fig. S8a). Since elevated temperatures can enhance POD-like cat- 
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Fig. 5. Antibiofilm activity of BFA (100 μg/mL). (a,c) Images of bacterial colony formation after different treatments. (b,d) Live/dead 3D fluorescence staining images of 

biofilms after different treatments. (e,g) Fluorescence images of biofilm thickness. (f,h) The average thicknesses of biofilms in the different treatment groups were analyzed 

by one-way ANOVA (p < 0.001) followed by Tukey’s post-hoc test. Different letters above the bars indicate significant differences at p < 0.05. 
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lytic capacity [22] , the influence of temperature on the POD-like 

erformance of BFA was investigated. As shown in Fig. S8b and c, 

he absorption intensity at 652 nm increased by 31.9% from 25-55 

C, indicating that the catalytic activity increased by 31.9%. There- 

ore, the enhanced reaction efficiency was attributed to the in- 

reased ionization with an increase in temperature [23] . Tereph- 

halic acid (TA) was further employed to verify the generation of 

OH, based on TA could react with ·OH to produce fluorescent 2- 

ydroxyl terephthalic acid (TAOH) with an emission maximum at 

35nm. As shown in Fig. S9, the obvious fluorescence peak con- 

rmed the generation of ·OH. 

.4. In vitro biocompatibility 

In addition to the physicochemical properties, biocompatibil- 

ty is also essential for the bioapplications of BFA NPS. Thus, the 

n vitro cytotoxicity of different concentrations of BFA for hu- 

an gingival fibroblasts (HGFs) was evaluated by MTT assays and 

ive/Dead cell staining, followed by flow cytometry. As shown in 

ig. 4 a, c, there was no obvious cytotoxicity after 24 h at BFA 

oncentrations up to 100 μg/mL, while specific cytotoxicity was 

bserved at 200 and 400 μg/mL, most likely due to ·OH gener- 
526 
ted by the POD-like catalysis. However, there were no noticeable 

hanges in the cell morphology even at the high concentration of 

00 μg/mL ( Fig. 4 b). In addition, the long-term toxicity of BFA, and

he toxicities under various treatment conditions, are discussed 

n Supporting Information Fig. 10. These results indicate that BFA 

howed good biocompatibility in vitro and was consequently suit- 

ble for in vivo experiments. 

.5. In vitro antibiofilm activity 

Encouraged by the positive effects of the BFA NPs, we in- 

estigated their synergistic anti-biofilm activity in vitro against 

he pathogenic periodontal bacteria, P. gingivalis and F. nucleatum 

anaerobes), as well as the infection model bacteria S. aureus and E. 

oli (aerobic or facultative anaerobes, hereafter referred to as aer- 

bes). 

The plate counting method was first used to test the antibiofilm 

fficiency of the BFA NPs (Fig. S11). Lu-Bi 2 Te 3 NPs alone were em- 

loyed to exclude the effects of Fe 3 O 4 and guanidium and reveal 

he thermoelectric catalytic abilities of BFA for antibacterial and 

iofilm removal. Notably, for planktonic bacteria, 75% S. aureus and 

2.5% E. coli were killed under a temperature difference of 20 K 
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Fig. 6. Morphological analysis of biofilms (BFA: 100 μg/mL). SEM images of the morphological changes of biofilms after various treatments. 
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elow 45 °C in 3 thermal cycles (Fig. S12a), indicating that ther- 

oelectric catalysis of Lu-Bi 2 Te 3 could induce sufficient ROS to kill 

lanktonic bacteria. However, only low antibiofilm efficiency could 

e observed under the same conditions (Fig. S12b), suggesting that 

 larger temperature difference or more prolonged treatment time 

as needed to generate sufficient ROS to eliminate biofilms. Inci- 

entally, 3% H 2 O 2 is commonly used in the clinical rinsing of pe- 

iodontal pockets, and the residual H 2 O 2 can be used for supple- 
527 
entary treatment after rinsing. Thus, a low concentration of H 2 O 2 

an trigger the related reaction of BFA or BFL. When biofilms were 

ncubated with BFL and H 2 O 2 , the antibiofilm efficacies were 15% 

nd 12% for S. aureus and E. coli , respectively, suggesting that the 

oxic ·OH generated by the POD-like reaction exhibited a limited 

ntibiofilm effect (Fig. S13a, b). In contrast, the inhibition rates of 

iofilms treated with BFA and H 2 O 2 were 31.25% and 25% for S. 

ureus and E. coli , respectively, indicating that the generated NO 
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Fig. 7. In vivo anti-biofilm effects of BFA (100 μg/mL). (a) Schematic diagram of the process of periodontitis treatment. (b) In vivo real-time thermographic images under NIR 

irradiation (1064 nm, 1W/cm 

2 ). (c, d) Bacterial colonies separated from the infectious sites on agar plates and corresponding quantitative analysis of antibacterial efficiency. 

(e) Corresponding quantitative analysis of CEJ-ABC distance. (f) 3D reconstructions of the maxillary molar area by micro-CT. The yellow dotted lines mark the distance 

between CEJ and ABC, and the double arrows indicate the ABL in the mesiobuccal and distobuccal regions. (g) Images of H&E-stained periodontal tissues from different 

treatment groups. Data represent mean ± SD(n = 3) and were analyzed by one-way ANOVA (p < 0.001) followed by Tukey’s post-hoc test. Different letters above the bars 

indicate significant differences at p < 0.05. 
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nhanced the treatment effects (Fig. S11b, c) due to the gener- 

ted NO and ROS. The antibiofilm efficacies were 58.3% and 53% 

or S. aureus and E. coli , respectively, in the PTT/ROS synergistic 

reatment group (Fig. S11b, c). After treatment of the biofilms with 

FL + H 2 O 2 + NIR-II, the antibiofilm efficacies reached 80% and 72% 

or S. aureus and E. coli, respectively (Fig. S13a, b) . These enhanced 

ntibiofilm properties may be related to the POD-like reaction in- 

uced by the addition of exogenous H 2 O 2 . The synergetic effect can 

e attributed to the heat produced in the PTT process that accel- 

rated ·OH generation [45] and, consequently, ROS-mediated ox- 

dative damage, enhancing the sensitivity of bacterial cells to heat 

46] . Notably, when the biofilms were incubated with BFA + H 2 O 2 

nd exposed to the 1064 nm laser, the antibiofilm efficacies were 

7.5% and 92.5% for S. aureus and E. coli, respectively (Fig. S11b, 

), demonstrating the enhanced antibiofilm activity of the PTT/ROS 

ystem in the presence of NO, indicating greater diffusion of NO 

nto the interior of the biofilm [47] . In contrast, local hyperther- 

ia only kills the bacteria on the biofilm surface [25] . Further, NO 

ould also combine with ·O 

−
2 

to produce the highly toxic peroxyni- 

rite (ONOO −). Notably, S. aureus was more sensitive to antibiofilm 

reatments than E. coli, mainly because the former contained more 

egatively charged surfaces that made interaction with the pos- 

tively charged surfaces of BFA NPs more feasible. Moreover, al- 

hough the cell walls of E. coli are thinner [48] , E. coli grow much

aster than S. aureus [49] . 

We then we used the gradient dilution method to explore the 

illing of anaerobic bacteria. In contrast to the aerobic bacteria, 

he anti-membrane effects were greatly improved in the anaero- 

ic bacteria. It can be seen from Fig. 5 a,c that the presence of ex-

genous hydrogen peroxide (200 μM) reduced nearly 1 log CFU, 

nd the reduction was rapidly compensated for by the logarithmic 

rowth of the remaining bacteria. BFA killed almost 2-3 log CFU 

f bacteria by thermoelectrocatalysis only. Interestingly, the syner- 

istic effect of BFA + H 2 O 2 and BFA + NIR resulted in essentially the

ame reduction in the numbers of F. nucleatum, reaching 3 log CFU, 

nd P. gingivalis, reaching 4 log CFU. Under the combined action 

f the three agents, the bacterial biofilm was reduced by five or- 

ers of magnitude, indicating their coordination and joint action 

o achieve the best anti-membrane effect. 

Scanning electron microscopy (SEM) was used to examine mi- 

rostructural alterations in the biofilms after the different treat- 

ents. As seen in Fig. 6 , there were numerous bacteria em- 

edded in the extracellular polymeric substance (EPS), main- 

aining interconnections between the cells in the control group. 

PS is composed mainly of proteins, extracellular DNA (eDNA), 

ipids, and polysaccharides, providing a stable 3-D structure for 

he biofilm to protect bacterial cells from the external environ- 

ent and provide nutrition [50] . The bacteria also showed typical 

od-shaped or spherical morphologies with integrated cell mem- 

rane structures. Surprisingly, numerous nanoplates were observed 

dhering to the biofilms due to electrostatic interactions. After 

 2 O 2 treatment, some cell walls appeared deformed, although 

ost bacteria still clumped together, indicating that H 2 O 2 could 

nly cause limited damage to the bacteria. Both BFA + NIR-II and 

FA + H 2 O 2 killed more bacteria than the H 2 O 2 group. The bac-

eria appeared collapsed, swollen, shriveled, or even cracked due 

o cell lysis [51] . Notably, the most severe damage to the bacte- 

ia was caused by treatment with BFA + H 2 O 2 + NIR-II, implying that

TT assisted by ROS and RNS resulted in significant antibiofilm 

ctivity. 

Live/dead (green/red) staining assays were done to evalu- 

te the synergistic antibiofilm effects. Green fluorescence-labeled 

TYO-9 indicated live bacteria, and red fluorescence-labeled PI 

ndicated dead bacteria. Samples treated with BFA + NIR-II and 

FA + H 2 O 2 displayed relatively strong red fluorescent signals and 

elatively weak green fluorescent signals compared with those 
529 
reated with PBS, H 2 O 2 , NIR-II, H 2 O 2 + NIR-II, and BFA, indicative

f biofilm degradation resulting from hyperthermia or ROS. Fur- 

her, almost all biofilms emitted red fluorescence after treatment 

ith BFA + H 2 O 2 + NIR-II, indicating that the cell membranes were 

everely damaged ( Fig. 5 b,d). In addition, the vast majority of bac- 

erial biofilms were completely removed. After combined treat- 

ent, the antibiofilm effect was evaluated by the biofilm thickness 

 Fig. 5 e,g). The thickness of P. gingivalis biofilm was significantly 

educed from 31.09 ± 1.58 μm to 7.40 ± 4.26 μm, while that of F. 

uucleatum was reduced from 39.89 ± 2.48 μm to 7.85 ± 4.02 μm 

 Fig. 5 f,h). This result also reflected significant biofilm removal. 

.6. In vivo antibiofilm performance of BFA 

A model of experimental periodontitis was established in rats 

o explore the antibiofilm activity of BFA in vivo . The details of 

he establishment and treatment of animal periodontitis models 

re shown in the schematic diagram in Fig. 7 a. The ∞ -ligature 

ethod ( Fig. 7 b) was used on the first maxillary molars of the 

ats. The infected rats were randomly divided into five groups 

ith different treatments (PBS, H 2 O 2 , BFA + H 2 O 2 , BFA + NIR-II, and

FA + H 2 O 2 + NIR-II). First, the in vivo photothermal performance of 

FA-treated samples was evaluated ( Fig. 7 b). After NIR-II irradia- 

ion (1 W/cm 

2 , 5 min), the temperature of the region affected by 

eriodontitis increased from 34.9 °C to 53.8 °C, demonstrating the 

bility of BFA to produce photothermal effects in vivo . After 7 days 

f treatment, the bacteria around the infected site were cultured 

nd counted after spreading on plates for a quantitative evaluation 

f the antibiofilm activity after seven days of treatment. The an- 

ibacterial efficacy of BFA + H 2 O 2 + NIR-II reached 94.3 %, indicating 

ts ability to destroy biofilm ( Fig. 7 c, d). Further, micro-CT analy- 

is was used to determine the alveolar bone loss (ABL) due to in- 

ammation ( Fig. 7 f). The degree of ABL is defined as the distance

etween the cementoenamel junction (CEJ) and the alveolar bone 

rest (ABC), taking the average of the mesiobuccal and distobuc- 

al distances. Notably, BFA + H 2 O 2 + NIR-II treatment decreased the 

inear CEJ-ABC distance compared to PBS, H 2 O 2 , BFA + H 2 O 2 , and

FA + NIR-II ( Fig. 7 e). Thus, the results verified that BFA-mediated 

ynergistic therapy efficiently eradicated biofilms, inhibited inflam- 

atory bone resorption, and promoted soft tissue repair. In addi- 

ion, the in vivo biosafety was further evaluated by histological im- 

ges of the stomach after gavage and H&E staining of the major 

rgans, including the heart, lung, liver, spleen, and kidney (Figs. 

14,15). The results revealed no damage or histological abnormali- 

ies. Based on these results, it can be concluded that BFA NPs hold 

reat potential in the clinical therapy of biofilm-induced periodon- 

itis. 

. Conclusion 

In summary, a PTT and heat-mediated ROS and RNS synergistic 

ystem was established for the treatment of biofilm-induced pe- 

iodontitis based on the photothermocatalytic activity of BFA NPs. 

he positive charges on the BFA NPs facilitated binding to the neg- 

tively charged bacterial surfaces. Further, the thermoelectric and 

hotothermal effects of the NPs led to the simultaneous genera- 

ion of PTT and ROS under 1064 nm irradiation. The generated ROS 

hen reacted with Fe 3 O 4 and PEG- b -PArg to generate ·OH and NO, 

eading to the effective eradication of the biofilm by the generated 

eat, ROS, and RNS both in vitro and in vivo . Further, the results of

he study demonstrated that the released NO could also promote 

issue healing by stimulating angiogenesis and alleviating the dam- 

ge caused by periodontitis. Thus, this nanoplatform provides an 

dvanced strategy for the treatment of periodontitis in the clinic 

s well as other biofilm-induced deep-tissue infections. 
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