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A B S T R A C T   

Early childhood caries (ECC) is a public healthcare concern that greatly reduces the quality of life of young 
children. As a leading factor of ECC, cariogenic biofilms are composed of acidogenic/aciduric pathogens and 
extracellular polysaccharides (EPSs), creating an acidic and protected microenvironment. Antimicrobial photo
dynamic therapy (aPDT) is a noninvasive, painless, and efficient therapeutic approach that is suitable for treating 
ECC. However, due to the hyperfine structure of cariogenic biofilms, most photosensitizers (PSs) could not access 
and penetrate deeply in biofilms, which dramatically hamper their efficiency in the clinic. Herein, bioresponsive 
nanoparticle loaded with chlorin e6 (MPP-Ce6) is developed, which largely increases the penetration depth (by 
over 75%) and retention (by over 100%) of PS in the biofilm compared with free Ce6. Furthermore, MPP-Ce6- 
mediated aPDT not only kills the bacteria in preformed biofilms but also inhibits multispecies biofilm formation. 
A rampant caries model is established to mimic ECC in vivo, where the population of cariogenic bacteria is 
decreased to 10% after MPP-Ce6-mediated aPDT. Importantly, the number and severity of carious lesions are 
efficiently reduced via Keyes’ scoring and micro-CT analysis. This simple but effective strategy can serve as a 
promising approach for daily oral hygiene in preventing ECC.   

1. Introduction 

Dental caries remains a global public health problem, with more than 
2.4 billion individuals affected worldwide [1]. Early childhood caries 
(ECC) is a more aggressive and rapidly developed caries that affects 
more than 90% of 3- to 5-year-old young children [2]. Dental caries has 
multifactorial etiologies, including host factors, bacteria, substrate, and 
time [3], where cariogenic microbiota-mediated biofilms, also known as 
dental plaques, play a decisive role in the development of dental caries. 
During the formation of dental plaque, “pioneer” species, such as 
Streptococcus sanguinis (S. sanguinis), adhere to the tooth surfaces firstly. 
Acidogenic/aciduric species, such as Streptococcus mutans (S. mutans) 
and Streptococcus sobrinus (S. sobrinus), aggregate subsequently. Bacte
rial communities wrap themselves within the bacterial self-produced 

extracellular polysaccharides (EPSs), forming a highly 
diffusion-limiting ecosystem [4,5]. When dietary carbohydrates, such as 
sucrose, glucose, and fructose, are available, they are fermented by 
cariogenic pathogens to produce organic acids, which in turn promote 
the flourishing of cariogenic bacteria and ultimately create an acidic 
microenvironment within the biofilm (pH: 4.5–5.5) [6–8]. Conse
quently, the low-pH niches demineralize the structure of the tooth and 
lead to carious lesion formation. Thus, eliminating cariogenic bacteria 
and biofilms is important for preventing ECC. 

The oral commensal microbiome forms a diverse, dynamic, and 
unique ecosystem, which is helpful for the host to defend external risks 
as well as prevent oral and systemic diseases [9–11]. On occasions, the 
imbalance of oral homeostasis could lead to dental caries, periodontitis, 
halitosis, and even system diseases [10,12,13]. Therefore, it is of great 
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significance for dentists to develop precise therapeutic methods against 
pathogenic biofilms without disturbing the microbiome homeostasis 
and surrounding mucosal tissues [14]. Recently, multiple types of 
pH-responsive nanoplatforms are developing [8,15–17], which could 
deliver drugs in the acid niches specifically. As the relatively low pH 
value is a distinguishing feature of cariogenic biofilms, this 
acid-responsive method may offer us a promising opportunity for pre
venting dental caries and at the same time protecting the normal oral 
ecosystem. 

Antimicrobial photodynamic therapy (aPDT) enjoys an unflagging 
interest among scientists in preclinical research for oral and dental ap
plications owing to its strong bactericidal efficiency, noninvasive nature, 
precise spatiotemporal control, and minimal side effects [18–21]. Cur
rent photosensitizers (PSs) used for aPDT are mainly classified into 
porphyrin, chlorophyll, and phthalocyanine compounds [19,22]. 
Among them, chlorin e6 (Ce6), an FDA-approved second-generation PS, 
obtained from natural chlorophyll, has demonstrated brilliant superi
orities, including a high generation efficiency of reactive oxygen species 
(ROS), short photosensitizing period, good absorption of red light, and 
minimal dark toxicity [23,24]. However, despite these merits, the 
negative charge and poor water solubility of Ce6 greatly hamper its 
penetration and internalization ability in cariogenic biofilms and bac
teria that possess the same charge, which are bottlenecks for its further 
application in the clinic [18,20,25]. In addition, microbiota-mediated 
biofilms possess a hyperfine structure, which provides physical and 
biological shelters for bacteria, protecting them against antimicrobial 
agents, including PSs [14,26]. Therefore, there is a tremendous need to 
modify PSs to enhance their penetration, retention, and internalization 
in highly structured cariogenic biofilms and bacteria [27]. 

Nanotechnology is readily expanding in the field of dentistry for 
infection control [28]. Among them, bioresponsive polymers have been 
widely used as drug carriers for combating bacteria and biofilm [8,25, 
29,30]. Polyethylene glycol-b-poly(2-(diisopropylamino)ethyl methac
rylate) (MPEG-b-P(PDA), MPP) is an amphiphilic and pH-responsive 

polymer, which could self-assemble into well-defined spherical nano
structures in neutral solution and disassemble in acidic conditions owing 
to the protonation of the tertiary amine [31–33]. In our previous study, 
MPP has been used to deliver chemotherapeutic drugs for combating 
cancer [32,33]. In this study, inspired by the similar acidic microenvi
ronment of dental caries and urgency to improve the solubility and 
stability of Ce6, MPP loaded with Ce6 (MPP-Ce6) was constructed and 
used to deliver Ce6 in the cariogenic biofilm specifically. Meanwhile, the 
performance of MPP-Ce6-mediated aPDT for inhibiting cariogenic bac
teria, biofilm, and the progression of ECC was investigated (Scheme 1). 

2. Results and discussion 

2.1. Rational design and characterization of MPP-Ce6 

The bioresponsive release and interaction of MPP-Ce6 with cario
genic biofilm through electrostatic attraction and acidic trigger were 
illustrated in Fig. 1A. To develop effective strategies for eliminating 
cariogenic bacteria in preventing dental caries, the specific features of 
different cariogenic bacteria need to be investigated. In this study, the 
acid-producing ability and surface charges of three representative bac
teria, S. mutans, S. sobrinus, and S. sanguinis, were explored. As shown in 
Fig. 1B, the pH values of different bacterial suspensions (S. mutans, 
S. sobrinus, S. sanguinis, or the mixed flora) were found to decrease 
continuously and ultimately reached approximately 4 in the presence of 
sucrose, which demonstrated the acid-producing and acid-tolerant 
ability of the three representative cariogenic bacteria. Cariogenic bac
teria extensively aggregate in biofilms to create acidic niches [1,7,14]. 
Furthermore, acidic niches promote acidogenic/aciduric bacteria to 
thrive and prolong the period of low pH in biofilms, which leads to tooth 
demineralization and progression of dental caries [4,34]. In addition, 
the surface charges of all three cariogenic bacteria were tested to be 
negative, with S. mutans and S. sanguinis being approximately − 30 mV 
and S. sobrinus being approximately − 5 mV (Fig. 1C), indicating that 

Scheme 1. Illustration of the bioresponsive polymeric nanoparticles loaded with Ce6 (MPP-Ce6) in mediating aPDT for preventing dental caries. Dental caries has 
multifactorial etiologies, including host factors, bacteria, substrate, and time. Cariogenic microbiota-mediated biofilms, the main factor of dental caries, create an 
acidic microenvironment and lead to the demineralization of teeth. The bioresponsive nanosized MPP-Ce6 could specifically release Ce6 in the microenvironment of 
acidic biofilms. After irradiation with a 660-nm laser, multispecies cariogenic bacteria were significantly killed, resulting in the excellent prevention efficiency of 
dental caries. 
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drugs with positive charges may be effective in targeting cariogenic 
bacteria. Most PSs are negatively charged and water insoluble, making 
them difficult to absorb into bacteria and exert their function [22,25]. 
Based on the abovementioned features of cariogenic bacteria and bio
films, in this work, bioresponsive polymeric nanoparticles loaded with 
Ce6 as a PS were designed to enhance the entrance of Ce6 into the hy
perfine structure of biofilms and bacteria, which is essential for pro
moting the antibacterial and anti-caries efficiency of aPDT. 

First, the synthesis of MPP was confirmed by 1H nuclear magnetic 
resonance (1H NMR; Fig. S1, Supporting Information). Ce6 was then 
loaded into the block copolymer via self-assembly. Contributing to the 
specific absorption peaks of Ce6 at 406, 506, and 663 nm, MPP-Ce6 was 

confirmed to be synthesized successfully via UV–vis spectroscopy 
(Fig. 1D). The red shifting of absorption peaks for MPP-Ce6 might be 
related to the π-π interaction between Ce6 molecules after being 
encapsulated into MPP (Fig. S2, Supporting Information). Transmission 
electron microscopy (TEM) images revealed that the morphology of 
MPP-Ce6 was round and homogenous (Fig. 1E). The diameter was 
calculated to be approximately 60 nm via TEM, which was consistent 
with the z-average diameter (54 nm) measured by dynamic light scat
tering (DLS) (Fig. 1F; Table S1, Supporting Information). DLS results 
showed that the zeta potential of Free-Ce6 was negative. After being 
encapsulated into the MPP, the charge of the modified Ce6 was trans
formed to positive (Fig. 1G). Due to the negative charge of bacteria and 

Fig. 1. Characterization of multispecies cariogenic bacteria and MPP-Ce6. A) Illustration of bioresponsive release and interaction of MPP-Ce6 with cariogenic biofilm 
(electrostatic attraction and acidic trigger). B) pH changes of three representative cariogenic bacteria as a function of time (Medium, brain heart infusion broth; S.m, 
S. mutans; S.s, S. sobrinus; S.a, S. sanguinis; Mix, the mixture of the abovementioned bacterial suspension). C) Zeta potentials of three representative cariogenic 
bacteria. D) UV–vis spectra of MPP, MPP-Ce6, and Free-Ce6. E) TEM image of MPP-Ce6. F) Size distributions of MPP and MPP-Ce6 as detected by DLS. G) Zeta 
potentials of MPP, MPP-Ce6, and Free-Ce6. H) Photographs of MPP-Ce6 and Free-Ce6 suspensions at 0 h and 48 h. I) ROS generation of MPP-Ce6 under the 660-nm 
laser as measured by UV absorption of DPBF. J) Release profiles of Ce6 from MPP-Ce6 at different pH values (pH 5.0, 6.5, and 7.4). 
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biofilms, the change in surface charge would promote the absorption of 
Ce6 into the biofilm and bacteria via electrostatic attraction [20]. In 
addition, the polydisperse index (PDI), loading efficiency (LE), and 
encapsulation efficiency (EE) of the particles are shown in Table S1, 
Supporting Information. The hydrophobicity and poor dispersity of 
many traditional PSs greatly hinder the development of aPDT [22,35]. 
As shown in Fig. 1H, compared with the rapid aggregation of Free-Ce6, 
the MPP-Ce6 solution exhibited good dispersibility and stability at 48 h. 
Moreover, the diameters, PDI, and zeta potentials hardly changed within 
11 days, which confirmed the good stability of MPP-Ce6 and MPP 
(Fig. S3, Supporting Information). Thus, modified with polymeric 
nanoparticles, the dispersity of Ce6 could be improved, which could 

overcome the difficulty of insufficient concentration at the site of bio
films. In this study, a 1,3-diphenylisobenzofuran (DPBF) probe was used 
to monitor the generation of ROS. As shown in Fig. 1I; Fig. S4, Sup
porting Information, MPP-Ce6 showed a great capability to produce ROS 
under 660-nm irradiation in a time-dependent manner, which indicated 
that MPP-Ce6 had antibacterial ability under the oxidative stress 
reaction. 

2.2. pH-responsive release of nanoparticles 

Targeting the acidic microenvironment of cariogenic biofilms, we 
used bioresponsive polymeric nanoparticles to achieve selective and 

Fig. 2. Internalization and penetration of MPP-Ce6 into planktonic bacteria and biofilms. A) Uptake efficiency of MPP-Ce6 and Free-Ce6 into S. mutans, S. sobrinus, 
and S. sanguinis. B) 3D images of multispecies biofilms detected by CLSM after incubation with PBS, Free-Ce6, and MPP-Ce6 (green fluorescence, multispecies biofilm 
labeled by SYTO 9; red fluorescence, Ce6; scale bar, 200 μm). C) Quantification analysis to measure the proportion of fluorescence intensity of Ce6 (red) versus 
biofilm (green). D) The penetration depth of MPP-Ce6 and Free-Ce6 in the biofilms. 
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precise PSs delivery at risk sites [8,14,29]. Ideally, bioresponsive 
nanoparticles could bind to the pellicle and EPS surfaces but only release 
drugs selectively in the cariogenic biofilm triggered by its acidic pH [7,8, 
14]. As shown in Fig. 1J, approximately 69% of Ce6 was burst released 
when the pH reached 5.0 within 9 h, 6% of Ce6 was released at pH 6.5, 
and almost no Ce6 was released at physiological pH (7.4). Consistent 
with our desire, MPP-Ce6 could release PS in a pH-dependent manner, 
owing to the protonation of the hydrophobic core PDA (Fig. S5, Sup
porting Information), which enhances the precision and specificity for 
drug delivery since the pH within the biofilm at active caries sites rea
ches 4.5–5.5 or even lower [8,36]. This “smart” release could increase 
the retention of PSs in situ and avoid the damage of aPDT to host oral 
tissues, providing new insights to improve the specific antibacterial ef
ficiency of aPDT. 

2.3. Absorption of MPP-Ce6 by planktonic bacteria and biofilms 

It is essential for antimicrobial agents to penetrate biofilms deeply 
and be taken up by planktonic bacteria effectively to exert the anti
bacterial effects [37,38]. However, the hydrophobic features and poor 

dispersity of Ce6 cause fluorescence quenching formation and insuffi
cient retention in biofilms and bacteria [18,20]. Currently, polycationic 
polymer-modified Ce6 is highly sought to improve the retention of hy
drophobic PSs in biofilm-mediated infection at at-risk sites [20,25,37]. 
To assess whether MPP-Ce6 could improve the absorption of Ce6 into 
planktonic bacteria and biofilms, flow cytometry and confocal laser 
scanning microscopy (CLSM) were conducted. First, the uptake effi
ciency of MPP-Ce6 by planktonic bacteria (S. mutans, S. sobrinus, and 
S. sanguinis) was evaluated by flow cytometry analysis. As shown in 
Fig. 2A, the uptake of MPP-Ce6 by the three bacteria was effectively 
increased compared with that of Free-Ce6. In addition, the internaliza
tion of MPP-Ce6 was upregulated in a concentration-dependent manner 
(Fig. S6, Supporting Information). 

However, before exerting bactericidal ability, MPP-Ce6 should first 
penetrate deeply into the cariogenic biofilm. Thus, we further investi
gated the penetration depth and amount of MPP-Ce6 in the biofilm using 
CLSM. An in vitro cariogenic biofilm model was constructed and treated 
with Free-Ce6 or MPP-Ce6 for imaging. CLSM images and the corre
sponding quantitative analysis showed that the retention of MPP-Ce6 in 
the biofilm was approximately two times higher than that of Free-Ce6 

Fig. 3. Biocompatibility and antibacterial efficiency of MPP-Ce6-mediated aPDT in vitro. A) Cell viability of normal human oral cells (HOKs and HGFs) upon 
treatment with MPP-Ce6 at different concentrations (0–5 μg mL− 1 Ce6 equivalent; ns, p > 0.05). B) Antibacterial efficiency of MPP-Ce6-mediated aPDT against 
S. mutans, S. sobrinus, and S. sanguinis (0–5 μg mL− 1 Ce6 equivalent; the dotted line represents 99% inhibition rate). C) Antibacterial efficiency of different treatments 
against S. mutans, S. sobrinus and S. sanguinis (Control, treatment with BHI only; MPP, treatment with MPP only; Free-Ce6, treatment with free Ce6 only; MPP-Ce6, 
treatment with MPP-Ce6 only; L, treatment with laser only; MPP+L, treatment with MPP upon laser irradiation; Free-Ce6+L, treatment with free Ce6 upon laser 
irradiation; MPP-Ce6+L, treatment with MPP-Ce6 upon laser irradiation; concentration of MPP-Ce6 and free Ce6, 0.1 μg mL− 1 Ce6 equivalent for S. mutans, 0.2 μg 
mL− 1 Ce6 equivalent for S. sobrinus and S. sanguinis; **, p < 0.01; ***, p < 0.001). D) Representative images of three species of bacterial colonies in the Control, Free- 
Ce6+L, and MPP-Ce6+L groups (dilution factors of 1:104 for S. mutans, 1:103 for S. sobrinus, and 1:106 for S. sanguinis). E) Morphological changes in bacteria treated 
with or without MPP-Ce6 upon laser irradiation by TEM (red arrows indicate the destruction of the bacterial structure; framed areas are enlarged on the right; scale 
bar, 200 nm). 
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(Fig. 2B and C). The penetration depth of Free-Ce6 in the biofilm was 
observed to be only 20 μm. Of note, MPP-Ce6 could increase the pene
tration depth by more than 75% (>35 μm), which provides a prereq
uisite for killing bacteria at deep biofilm depths (Fig. 2D). 

2.4. Antibacterial efficiency of MPP-Ce6-mediated aPDT 

The biocompatibility of MPP-Ce6 was first confirmed by the cell 
counting kit-8 (CCK-8) test. As shown in Fig. 3A, after incubation with 
different concentrations of MPP-Ce6 for 24 h in the dark, more than 75% 
of normal cells (human oral keratinocytes, HOKs; human gingival fi
broblasts, HGFs) still survived. Based on the excellent ROS generation 
efficiency, largely enhanced biofilm penetration, and increased bacterial 
internalization capability, the bactericidal activities of MPP-Ce6- 
mediated aPDT against the three representative cariogenic bacteria 
(S. mutans, S. sobrinus, and S. sanguinis) were then investigated. As 
depicted in Fig. 3B, the three cariogenic bacteria were effectively killed 
by MPP-Ce6-mediated aPDT in a dose-dependent manner, with a more 
than 99% inhibition rate at a relatively low concentration (loaded with 
0.1 or 0.2 μg mL− 1 Ce6). Afterwards, experiments were conducted to 
compare the bactericidal activity of MPP-Ce6-mediated aPDT with other 
groups (Fig. 3C and D; Fig. S7, Supporting Information), where the 
corresponding concentrations of Ce6 that induced a 99% bacterial in
hibition rate were selected for analysis (0.1 μg mL− 1 for S. mutans; 0.2 
μg mL− 1 for S. sobrinus and S. sanguinis). The results showed that, 
compared with other groups, MPP-Ce6 with light illumination exhibited 
a much better antibacterial ability. 

To further explore the bactericidal mechanism of MPP-Ce6-mediated 
aPDT, the structural and morphological changes of cariogenic bacteria 
were observed by TEM. As shown in the left panel of Fig. 3E, all three 
species of bacteria in the control group were spherical-shaped with a 
distinguishable and intact structure. However, after being treated with 
MPP-Ce6-mediated aPDT, the integrality of the bacterial structure was 
destroyed, and the cell walls tended to be irregular and wrinkled. 
Moreover, many holes were observed in all three species of bacteria, 
which might have resulted from the leakage of intracellular contents 
[39]. Consistent with other studies, aPDT could destroy the proteins, 
membrane lipids, and cell walls of bacteria [40]. Therefore, 
MPP-Ce6-mediated aPDT might successively induce the destruction of 
bacterial structures, leakage of intracellular contents, and ultimately 
cause bacterial death. 

2.5. Anti-biofilm efficiency of MPP-Ce6-mediated aPDT 

In the clinic, cariogenic biofilms hinder the entrance of antimicrobial 
agents into their deep structure and eventually result in treatment fail
ure [14]. To investigate the antibiofilm efficiency of MPP-Ce6-mediated 
aPDT, S. mutans, S. sobrinus, and S. sanguinis were selected to success
fully construct multispecies biofilms, which were verified via fluorescent 
in situ hybridization (FISH) analysis (Fig. 4A). S. sanguinis could act as a 
“pioneer” to colonize the salivary pellicle-coated tooth at an early stage 
and communicate with other cariogenic bacteria through specific re
ceptors on its surface, which is essential for biofilm formation [4,41]. As 
shown in the biofilm model (Fig. 4A), the population of S. sanguinis (red) 
was predominant in the whole three-dimensional (3D) structure of the 
biofilm. Additionally, S. mutans (green) and S. sobrinus (blue), as the 
main acid and EPS producers, were dispersedly embedded into the 
“scaffold” formed by S. sanguinis (Fig. 4A). Moreover, S. mutans colo
calized with S. sobrinus in the biofilm (Fig. 4A), which indicated that the 
two species might have a symbiotic relationship and accelerate the 
progression of caries when combined [42,43]. 

After multispecies biofilms were successively constructed, biofilm 
eradication and biofilm inhibition efficiency of MPP-Ce6 mediated aPDT 
were further evaluated (Fig. 4B). First, to explore the therapeutic ability 
of MPP-Ce6-mediated aPDT against multispecies biofilms, a 12-h-old 
biofilm was prepared and then treated with MPP-Ce6 plus 660-nm 

light illumination. Live/dead bacterial staining was then performed, 
and the results showed that bacteria in the multispecies biofilm were 
effectively killed by MPP-Ce6-mediated aPDT in a dose-dependent 
manner (Fig. 4C). To determine whether the preformed biofilm would 
also be eliminated by MPP-Ce6-mediated aPDT, crystal violet staining 
was performed to quantify the biofilm biomass after different treatments 
(Fig. S8, Supporting Information). The results showed that aPDT had no 
effect on eliminating the preformed biofilm, which is attributed to the 
complex structure of the biofilm constituted with microbes and EPS 
[14]. Although the pre-formed biofilm was hardly disrupted after 
MPP-Ce6-mediated aPDT, the cariogenic bacteria, which produce the 
acid and virulence factors, had been blocked, preventing further tooth 
damage. Second, to investigate the ability of MPP-Ce6-mediated aPDT to 
inhibit the formation of cariogenic biofilms, treatments were conducted 
throughout the biofilm progression (every 24 h, three times), which is 
consistent with daily oral hygiene activities. For field–emission scanning 
electron microscopy (FE-SEM) analysis, a cariogenic biofilm was con
structed on saliva-coated hydroxyapatite (sHA) to mimic the true oral 
environment. 

As shown in the control group of Fig. 4D, the cariogenic biofilm 
without any treatments had a complex porous 3D microstructure, where 
microbial communities possessing a beaded structure were embedded 
into the EPS scaffold. However, in the MPP-Ce6+Laser groups, the 
biofilms were sharply reduced, and the number of bacteria was signifi
cantly decreased in a concentration-dependent manner (Fig. 4D). 
Consistently, crystal violet staining results confirmed the down
regulation of biofilm biomass (Fig. 4E and F). In addition, the level of 
water-insoluble polysaccharide, which reflects the number of EPS in 
biofilms, was measured via anthrone assay. The results showed that 
water-insoluble glucan was also reduced after MPP-Ce6-mediated aPDT 
(Fig. 4G). These results suggest that MPP-Ce6-mediated aPDT not only 
kills the bacteria in preformed biofilms but also inhibits biofilm for
mation by repressing bacterial progression and EPS production. In 
addition, the three concentrations of MPP-Ce6 were chosen in this part 
via gradient concentration tests previously performed (Fig. S9, Sup
porting Information). 

2.6. MPP-Ce6-mediated aPDT for dental caries in vivo 

To further verify the effectiveness of MPP-Ce6-mediated aPDT in 
vivo, 15-day-old rats were used to establish a rodent caries model to 
mimic ECC [8,16]. From day 21, MPP-Ce6-mediated aPDT and other 
treatments were performed for three consecutive days and then applied 
every two days. During the process of caries model establishment and 
aPDT treatments, oral sampling and colony-forming unit (CFU) counting 
were conducted regularly to monitor the population of cariogenic mi
crobes (Fig. S10, Supporting Information). After rats were sacrificed, 
carious lesions were assessed via Keyes’ scoring and micro-CT analysis 
(Fig. 5A). As shown in the upper panel of Fig. 5B, no bacterial colonies 
on selective media were found in the first sampling at day 17, indicating 
that the indigenous oral microorganisms were effectively inhibited after 
antibiotic treatments. After inoculation of cariogenic bacteria for three 
consecutive days, the colonization of Streptococcus spp. reached 
approximately 1 × 105 CFU mL− 1 at day 20, suggesting that bacterial 
infection was well established (Fig. 5B and C). Subsequently, during the 
treatments of MPP-Ce6-mediated aPDT, more than 90% of the cario
genic organisms were inhibited (reduced by 1 log unit, Fig. 5B,D; 
Fig. S11, Supporting Information), whereas the bacterial number of the 
Free-Ce6+Laser group decreased slightly, which indicated the superb 
antibacterial effects of MPP-Ce6-mediated aPDT in vivo. The specific 
sampling results of every rat and the statistical significance of antibac
terial efficiency are also presented (Fig. 5D). Based on the outstanding 
antibacterial efficiency of MPP-Ce6+Laser treatment in vivo, we specu
lated that MPP-Ce6-mediated aPDT might also inhibit the progression of 
dental caries. The morphology and color of the teeth collected at day 47 
indicated that most of the lesions on the teeth were pit-and-fissure caries 
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Fig. 4. Antibiofilm efficiency of MPP-Ce6-mediated aPDT in vitro. A) Construction of multispecies biofilms detected by FISH analysis (scale bar, 200 μm; green, 
S. mutans; blue, S. sobrinus; red, S. sanguinis). B) Scheme of dual-mode antibiofilm efficiency (biofilm eradication test and biofilm inhibition test). C) Live/dead 
bacterial staining of multispecies biofilms after different treatments for the biofilm eradication test (scale bar, 200 μm; green, live bacteria; red, dead bacteria; 
Control, treatment with BHI only; L, treatment with laser only; MPP-Ce6, treatment with MPP-Ce6 only; MPP-Ce6+L, treatment with MPP-Ce6 upon laser irradi
ation). D) FE-SEM images, E) crystal violet staining, F) crystal violet staining’s quantification results, and G) water-insoluble polysaccharide measurements of 
multispecies biofilms after different treatments for the biofilm inhibition test (scale bar, 2 μm; *, p < 0.05; ***, p < 0.001). 
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Fig. 5. In vivo assessment of MPP-Ce6-mediated aPDT for dental caries. A) Schedule of rodent caries model construction, therapeutic approaches with different 
treatments, and assessments of antibacterial/anti-caries efficacy. B) Representative images of surviving bacterial colonies on MSB agar plates for different treatment 
groups at 17, 20, and 47 days (Control, treatment with BHI only; L, treatment with laser only; MPP-Ce6, treatment with MPP-Ce6 only; Free-Ce6+L, treatment with 
free Ce6 upon laser irradiation; MPP-Ce6+L, treatment with MPP-Ce6 upon laser irradiation). C) CFU counting for surviving bacterial colonies at 17, 20, 23, 29, 35, 
41, and 47 days. D) Statistical analysis of surviving bacterial colonies after MPP-Ce6-mediated aPDT (**, p < 0.01; ***, p < 0.001). E) Representative photographs 
upon stereoscopic microscopy of the occlusal surface of rodent teeth treated as noted at day 47. 
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(Fig. 5E), which was similar to dental caries that happens in humans. 
Moreover, compared with other groups, carious lesions in the 
MPP-Ce6+Laser group were smaller, and the enamel surfaces were more 
integrated (Fig. 5E). 

To further quantify the specific caries-preventing effects of MPP-Ce6- 
mediated aPDT, Keyes’ scoring and micro-CT analysis were conducted 
to evaluate the depth and degree of carious lesions in different groups 
[8,16,44]. As shown in Fig. 6A, murexide staining (red) was used to label 
the area and depth of carious lesions according to Keyes’ scoring, which 
were divided into the following four levels: enamel only (E), slightly 

dentinal (Ds, <1/4 of the dentin region), moderate dentinal (Dm, 
1/4–3/4 of the dentin region), and extensive dentinal (Dx, >3/4 of the 
dentin region) [45,46]. Importantly, the staining results showed that the 
severity of carious lesions was sharply decreased in the MPP-Ce6+Laser 
group (Fig. 6A). Quantification results showed that the scoring of E on 
the smooth surface was significantly decreased in the MPP-Ce6+Laser 
group (Fig. 6B). Moreover, the severity of carious lesions on the sulcal 
surface was quantified based on four levels, including total lesions 
(E+Ds+Dm+Dx), initial lesions (Ds+Dm+Dx), moderate lesions 
(Dm+Dx), and extensive lesions (Dx) (Fig. 6C), where total lesions 

Fig. 6. Anti-caries efficacy after different 
treatments as evaluated by Keyes’ scoring 
and micro-CT analysis. A) Representative 
images of carious lesions stained by murex
ide (60 mg mL− 1) on the smooth surface and 
sulcal surface with teeth of different sever
ities (green arrows, affected enamel only, E; 
blue arrows, affected slight dentinal, within 
1/4 of the dentin, Ds; purple arrows, affected 
moderate dentinal, 1/4–3/4 of the dentin, 
Dm; red arrows, affected extensive dentinal, 
beyond 3/4 of the dentin, Dx; Control, 
treatment with BHI only; L, treatment with 
laser only; MPP-Ce6, treatment with MPP- 
Ce6 only; Free-Ce6+L, treatment with free 
Ce6 upon laser irradiation; MPP-Ce6+L, 
treatment with MPP-Ce6 upon laser irradia
tion). B) and C) Statistical analysis of Keyes’ 
scoring on the smooth surface and sulcal 
surface based on the depth and extent of 
carious lesions (total lesions, 
E+Ds+Dm+Dx; initial lesions, Ds+Dm+Dx; 
moderate lesions, Dm+Dx; extensive lesions, 
Dx; *, p < 0.05; **, p < 0.01; ***, p < 0.001). 
D) 3D reconstruction of micro-CT images of 
maxillary molars in different groups, sepa
rated enamel (blue) by setting the density 
threshold above 11000 Hounsfield units. E) 
2D scale sagittal images of the maxillary 
molars analyzed by micro-CT (red arrows, 
caries lesion sites).   
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represent the incidence of caries and others indicate the severity of 
caries. Remarkably, the incidence and severity of caries were signifi
cantly reduced in the MPP-Ce6+Laser group (Fig. 6C). 

Acid-producing bacteria-induced demineralization of the tooth is 
one of the most important features of dental caries, and can be visualized 
by micro-CT as a supplemental method to analyze carious lesions [44, 
47]. As presented in Fig. 6D, the teeth in the MPP-Ce6+Laser group had 
more intact enamel (blue), which was stripped and reconstructed from 
the maxillary molars. Moreover, the enamel in the MPP-Ce6+Laser 
group had fewer demineralization sites (shadows marked by red arrows) 
according to the corresponding sagittal slice images (Fig. 6E). However, 
for the other groups, the number and area of demineralization sites in 
the pit and fissure were more extensive and even reached the pulp 
cavity, indicating the serious destruction of dental tissue in these groups. 
The above results demonstrated that MPP-Ce6-mediated aPDT was 
efficient at killing multispecies cariogenic bacteria and preventing the 
progression of dental caries. 

The biocompatibility of MPP-Ce6-mediated aPDT in vivo was 
assessed via histological analysis of the oral mucosa and main organs, 
body weight monitoring, and blood biochemistry detection. First, to 
prove the safety of treatments on the tissue near the irradiation site, 
tongue and palate mucosa were collected for hematoxylin and eosin 
(H&E) staining (Fig. 7A), where no oral mucosa diseases, such as hy
peremia, erosion, ulcer, inflammation, hydrops, and necrosis, were 

observed after different treatments. During the treatment period, the 
body weights of the rats continuously grew and no difference was 
observed among the five groups (Fig. 7B). In addition, blood biochem
istry analyses were conducted to assess renal and liver function. Alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline 
phosphatase (ALP) in serum were measured to assess liver function, and 
no significant difference was observed for the MPP-Ce6+Laser group 
compared with the other groups (Fig. 7C–E). Additionally, no signifi
cance was detected among the different groups concerning renal func
tion, which was indicated by the levels of blood urea nitrogen (BUN) and 
serum creatinine (CREA) (Fig. 7F and G). Furthermore, the histopatho
logical structures of the major organs (heart, liver, spleen, lung, and 
kidney) remained unchanged in all groups (Fig. S12, Supporting Infor
mation). These results demonstrated that MPP-Ce6-mediated aPDT is a 
biocompatible way to inhibit dental caries progression. 

3. Conclusion 

In this work, a simple but efficient method was developed to combat 
cariogenic bacteria for preventing dental caries. In particular, a con
ventional PS, Ce6, was encapsulated into a bioresponsive nanoparticle, 
triggering the release of Ce6 in the acidic microenvironment within the 
cariogenic biofilm. Owing to the excellent dispersity and stability, small 
size, and negative to positive charge conversion of MPP-Ce6, the uptake 

Fig. 7. Biocompatibility of MPP-Ce6-mediated aPDT in vivo. A) H&E staining of the oral mucosa from different groups (scale bar, 100 μm). B) Body weight changes of 
rats with different treatments. C-G) Blood biochemistry analysis of liver function (ALT, AST, and ALP) and kidney function (BUN and CRET) (ns, p > 0.05). 
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efficiency of MPP-Ce6 in cariogenic bacteria as well as the penetration of 
MPP-Ce6 in the cariogenic biofilm were drastically enhanced. Impor
tantly, MPP-Ce6-mediated aPDT exhibited a strong antibacterial effi
ciency against S. mutans, S. sobrinus, and S. sanguinis in vitro. Moreover, 
MPP-Ce6-mediated aPDT exhibited outstanding antibiofilm efficiency, 
which not only killed the bacteria in mature biofilms but also inhibited 
multispecies biofilm formation in vitro. Furthermore, in an ECC rodent 
model, MPP-Ce6-mediated aPDT remarkably inhibited the growth of 
cariogenic bacteria and significantly reduced the number and severity of 
carious lesions, indicating that multispecies bacteria-induced ECC could 
be controlled and prevented effectively. In addition, MPP-Ce6-mediated 
aPDT resulted in no signs of adverse effects on host tissues in vivo. For 
clinical translation, we speculate that this promising therapeutic 
approach would be useful in the management of ECC. MPP-Ce6 could be 
added into toothpaste or mouthwash, which can be combined with a 
laser attached to an electric toothbrush or water flosser. This is quite 
promising to promote the cleaning efficiency of traditional oral hygiene 
in the control and prevention of biofilm-associated dental caries. 

4. Experimental section 

Materials: Ce6 was obtained from J&K Scientific Ltd. Poly (ethylene 
glycol) methyl ether (MPEG, Mn = 2000), PDA, dimethyl sulfoxide 
(DMSO), N, N-dimethylformamide (DMF), DPBF, and aluminum oxide 
(Al2O3) were purchased from Sigma-Aldrich Chemical Co., Llc. Trie
thylamine (TEA, 99%), 2-bromoisobutyryl bromide (BIBB, 98%), copper 
(I) bromide (CuBr, 99%), and bacitracin were obtained from Shanghai 
Aladdin Bio-chem Technology Co., Ltd. Brain heart infusion (BHI) broth 
was obtained from Beijing Land Bridge Technology Co., Ltd. Mitis sali
varius agar and potassium tellurite were purchased from Shandong 
Tuopu Biol-Engineering Co., Ltd. CCK-8 was obtained from Dojindo 
Laboratories. Sucrose, crystal violet, and anthrone were purchased from 
Sinopharm Chemical Reagent Co., Ltd. 

Bacterial strains: Three standard bacterial strains were used in the 
antibacterial experiments. S. mutans (UA159 & ATCC 700610), 
S. sobrinus (ATCC 27352), and S. sanguinis (SK36 & ATCC BAA-1455D-5) 
were resuscitated in BHI broth and cultured overnight under micro
aerobic conditions with 5% CO2 at 37 ◦C. The optical density (OD) value 
of the bacterial suspension at 600 nm was adjusted to 0.8 (1 × 109 CFU 
mL− 1). BHI agar as a solid medium was used for the growth of mono
clonal bacterial colonies. For the cariogenic animal experiment, dental 
plaques were acquired using oral swabs and then dispersed in 
phosphate-buffered saline (PBS; HyClone) via sonication. As a selective 
medium, mitis salivarius agar with bacitracin (0.2 units mL− 1) and po
tassium tellurite (0.01 mg mL− 1; MSB agar) was used for isolation of 
Streptococcus spp. 

Cell lines: HGFs (ATCC) and HOKs (ATCC) were used as normal cells 
in the cytotoxicity assay. HGFs were cultured in α-Minimum Eagle Me
dium (α-MEM; HyClone). HOKs were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) containing high glucose (HyClone). The 
abovementioned cell culture media was supplemented with 10% fetal 
bovine serum (FBS; Gibco) and 1% penicillin/streptomycin (P/S; Gibco). 
Cells were cultured at 37 ◦C with 5% CO2. 

pH changes in the bacterial suspension: Two milliliters (1 × 107 CFU 
mL− 1; n = 3) of the bacterial suspension (S. mutans, S. sobrinus, 
S. sanguinis, or mixture of the abovementioned) was added to BHI broth 
(20 mL) with 1% sucrose. At 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h, 
bacterial suspension (2 mL) was removed for pH measurement. 

Zeta potentials of bacteria: The bacterial suspension (1 × 109 CFU 
mL− 1; n = 6) was diluted 100-fold with double-distilled water (ddH2O). 
Then, the zeta potentials of bacteria were assessed using DLS (Nano 
ZS90 Malvern). 

Preparation of nanoparticles: MPP was synthesized according to our 
previous report [33]. To prepare MPP-Ce6, first, MPP (10 mg) and Ce6 
(1 mg) were dissolved in DMSO (1 mL). Afterwards, DMSO was dropped 
into the reaction flask containing 2 mL of water along with ultrasonic 

vibration and stirred for 30 min. Finally, the mixture was transferred to a 
dialysis bag (MW = 3500) and dialyzed for 48 h. 

Characterization of nanoparticles: The hydrodynamic diameters and 
zeta potentials of MPP and MPP-Ce6 were measured by DLS at 25 ◦C. 
TEM (JEM-2100) was used to observe the structure of MPP-Ce6 diluted 
on the copper grid. Then, one hundred particles were randomly selected 
to calculate the diameter of MPP-Ce6 in TEM. MPP-Ce6 and Free-Ce6 
was dispersed in ddH2O at RT, respectively. Subsequently, photo
graphs were recorded at 0 h and 48 h to determine the dispersity of the 
nanoparticles. In addition, the hydrodynamic diameters and zeta po
tentials of the nanoparticles at 1, 3, 5, 7, 9, and 11 days were measured 
to evaluate the stability of MPP-Ce6. 

Drug loading: The amount of Ce6 loaded in MPP-Ce6 was measured 
using a microplate reader (Tecan SPARK-10 M; excitation/emission 
wavelength, Ex/Em, 405/600 nm). First, the prepared nanoparticles (50 
μL) were redistributed into water (2.95 mL; HCl concentration, 0.1 mol 
L− 1) and stirred for 48 h in the dark. Afterwards, the concentration of 
Ce6 was read by a microplate reader. In addition, the LE% and EE% were 
calculated according to the following formulas: 

LE (%) = weight of Ce6 encapsulated in MPP-Ce6/weight of MPP- 
Ce6 × 100% 
EE (%) = weight of Ce6 encapsulated in MPP-Ce6/weight of Ce6 in 
feed × 100% 

pH-responsive release: The drug release behavior of MPP-Ce6 was 
investigated in different PBS buffers (pH = 7.4, 6.5, or 5.0) at 37 ◦C. 
Briefly, MPP-Ce6 (1 mL; loaded with 100 μg mL− 1 Ce6) was added into a 
dialysis bag and then placed in different PBS buffers (30 mL). At selected 
time points, suspension (1 mL) was removed from the PBS buffer, and 
fresh medium (1 mL) was added to the solution outside of the dialysis 
bag. Finally, the concentration of Ce6 was measured using a microplate 
reader. 

ROS generation in vitro: DPBF reagent was used to explore the ROS 
generation efficiency of MPP-Ce6 in vitro. MPP-Ce6 (loaded with 5 μg 
mL− 1 Ce6) or PBS (pH 7.4) was first mixed with DPBF solution (1 mg 
mL− 1 in DMF). Then, the liquid was irradiated with a 660-nm laser 
(LWRPD-1.5F, Laserwave Co., Ltd; 0.5 W cm− 2), and the fluorescence 
signal at 410 nm was recorded at specific time points (0, 2, 4, 6, 8, and 
10 min) [48]. Additionally, the absorbance of the fluorescence signal 
without laser irradiation was set as F0. 

Uptake efficiency of MPP-Ce6 into planktonic bacteria: To investigate 
the uptake efficiency of MPP-Ce6 and Free-Ce6 into the planktonic 
bacteria, different species of bacterial suspension (1 × 108 CFU mL− 1) 
were cultured with MPP-Ce6 (loaded with 10, 2, or 0.2 μg mL− 1 Ce6) or 
Free-Ce6 (10, 2, or 0.2 μg mL− 1 Ce6) for 5 h. The bacterial suspension 
with PBS treatment served as a negative control. Then, the liquid was 
transferred into a centrifuge tube. Furthermore, bacteria were recovered 
by centrifugation at 15,000 rpm for 15 min. After washing three times, 
bacteria were resuspended and evaluated by flow cytometry (Beckman 
Coulter, USA). 

Penetration of MPP-Ce6 into the biofilm: First, a multispecies cario
genic biofilm was constructed by coculturing S. mutans, S. sobrinus, and 
S. sanguinis on a cover glass for 12 h. Then, the biofilm was cultured with 
fresh BHI broth (1% sucrose) containing MPP-Ce6 (loaded with 10 μg 
mL− 1 Ce6) or Free-Ce6 (10 μg mL− 1 Ce6) for 4 h. After it was washed 
three times with saline, SYTO 9 was used to label bacteria in the biofilm. 
The penetration of MPP-Ce6 or Free-Ce6 in the biofilm was evaluated by 
detecting Ce6 and SYTO 9 (Ex/Em: 485/498 nm) using CLSM (Leica sp8, 
Germany) with a distance of 0.5 μm between each image. The fluores
cence intensities of SYTO 9 and Ce6 were quantified, and the ratio was 
calculated using ImageJ software (n = 10). 

Cytotoxicity of MPP-Ce6: The CCK-8 test was used to measure the 
cytotoxicity of MPP-Ce6 on human normal oral cells (HGFs and HOKs). 
Cells were seeded into a 96-well plate (5 × 104 cells well− 1) and cultured 
for 24 h. The suspension was replaced by fresh media containing 
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different concentrations of MPP-Ce6 (loaded with 0, 0.05, 0.1, 0.2, 0.5, 
1, 2, and 5 μg mL− 1 Ce6; n = 6) and cultured for 24 h in the dark. Then, 
the cells were incubated with 10% CCK-8 reagent for 40 min in the dark. 
The OD values at 450 nm were evaluated using a microplate reader 
(Power Wave XS2, BioTek Instruments). 

aPDT of MPP-Ce6 against planktonic bacteria: The bacterial suspension 
(1 × 107 CFU mL− 1) was incubated with MPP-Ce6 at the concentrations 
described in the “Cytotoxicity of MPP-Ce6”. After incubation for 4 h, the 
bacterial suspension was irradiated with a 660-nm laser (0.5 W cm− 2) 
for 5 min. Then, the bacterial suspension was inoculated on BHI agar 
after dilution. Forty-eight hours later, CFU counting was calculated 
based on the dilution factors and the number of monoclonal bacterial 
colonies. The corresponding concentrations of MPP-Ce6, which have a 
99% bactericidal rate, were used to further evaluate the antibacterial 
efficiency of different treatments. 

The antibacterial efficiencies of MPP-Ce6, Free-Ce6, MPP, and BHI 
with or without laser were determined according to the aforementioned 
method. MPP-Ce6 loaded with 0.1 μg mL− 1 Ce6 was used for the 
planktonic S. mutans test and loaded with 0.2 μg mL− 1 Ce6 for the 
S. sobrinus and S. sanguinis tests. The concentrations of Free-Ce6 were 
consistent with the MPP-Ce6 loaded (n = 3). 

Morphological changes of the bacteria after aPDT: To explore the 
antibacterial mechanism of MPP-Ce6 after aPDT, the morphology and 
structure of the planktonic bacteria were observed. Briefly, after the 
aPDT treatment mentioned above, bacteria were collected and fixed 
overnight with 2.5% glutaraldehyde at 4 ◦C. Finally, samples were 
observed by TEM. Bacteria without any treatment were used as a control 
group. 

Construction of multispecies biofilm: Two types of biofilm models were 
constructed to confirm the effects of biofilm eradication and biofilm 
inhibition after MPP-Ce6-mediated aPDT. First, S. mutans, S. sobrinus, 
and S. sanguinis at the same concentration (1 × 106 CFU mL− 1) and 
volume (200 μL) were mixed in BHI broth supplemented with 1% su
crose. To establish a model of biofilm eradication, bacterial compound 
(300 μL) was inoculated into a well for a period of time. After removal of 
the medium, MPP-Ce6 at different concentrations was added to the wells 
(final concentration: loaded with 1, 0.2, and 0.1 μg mL− 1 Ce6). After 
incubation for 4 h, the wells were irradiated by laser for 5 min as 
described previously. Finally, the efficiency of biofilm eradication was 
evaluated via crystal violet staining and live/dead bacterial staining. 

Furthermore, another model was built to confirm the biofilm inhi
bition ability of MPP-Ce6-mediated aPDT. Multispecies bacterial com
pounds (150 μL) and MPP-Ce6 (150 μL) were cocultured in a 48-well 
plate for 4 h. Then, the biofilm was irradiated with a 660-nm laser for 
5 min at 0.5 W cm− 2 per well. After treatment, the culture medium was 
exchanged with fresh BHI with 1% sucrose and continued to grow for 
another 20 h. On the second day and third day, two cycles of biofilm 
treatments were conducted as on the first day. At 72 h, the efficiency of 
biofilm inhibition was assessed using crystal violet staining, FE-SEM, 
and water-insoluble polysaccharide measurement. 

FISH analysis: The successful construction of multispecies cariogenic 
biofilms was confirmed by FISH analysis. The biofilm was fixed in 4% 
paraformaldehyde for 20 min at RT. Subsequently, the biofilm was 
treated with Tris-EDTA buffer solution containing lysozyme (10 μg 
mL− 1) for 10 min at 37 ◦C. After dehydration by gradient concentrations 
of alcohol, specific oligonucleotide probes (Sangon Biotech Co., Ltd) 
were designed to label the various species of bacteria because of their 
specific 16S rRNA sequences. Finally, the biofilm on the cover glass was 
observed using CLSM. All processes were in the dark. The oligonucleo
tide probes aimed at different bacteria and their specific Ex/Em wave
lengths are introduced in Table S2, Supporting Information. 

Crystal violet staining: Crystal violet staining was used to quantify the 
amount of biofilm biomass. Specifically, the biofilms were first stained 
with 0.1% crystal violet solution for 15 min. After they were washed 
three times, 30% acetic acid was used to extract the dye for 10 min. 
Finally, the extraction was transferred into a 96-well plate, and the OD 

values were read by a microplate reader at 660 nm (n = 3). 
Live/dead bacterial staining: Live/dead bacterial staining was con

ducted according to the guidance of the Bacterial Viability Kit (LIVE/ 
DEAD™ BacLight™, Invitrogen). Specifically, SYTO 9 (1.5 μL) and PI 
(1.5 μL) were diluted in saline (1 mL). Then, the mixture of SYTO 9 and 
PI at working concentrations was used to stain biofilms for 15 min in the 
dark. After they were rinsed three times and sealed with mounting 
medium, 3D images of biofilms were collected along the z-axis by CLSM 
(thickness of each layer: 0.5 μm). The Ex/Em wavelengths were 535/ 
617 nm for PI and 485/498 nm for SYTO 9. 

FE-SEM analysis: In this part, the sHA tablet (diameter, 9 mm; 
thickness, 2 mm) was used to mimic the pellicle-coated smooth tooth in 
the human oral cavity. After treatment with MPP-Ce6-mediated aPDT, 
the biofilms were washed and fixed with 4% glutaraldehyde at 4 ◦C for 4 
h. Subsequently, the biofilms were dehydrated with 75%, 80%, 90%, 
95%, and 100% alcohol successively. After critical-point drying in car
bon dioxide, the samples were coated with gold and examined via FE- 
SEM (Sigma, Zeiss). 

Water-insoluble polysaccharide measurement: An anthrone assay was 
used to quantify the water-insoluble polysaccharide [49]. Specifically, 
biofilms were first dissolved with NaOH solution (0.5 M), and then, 
ethanol was added to precipitate the polysaccharide. Afterwards, poly
saccharides were collected via centrifugation and redissolved in NaOH 
solution (0.1 M). Then, the solution was slowly dropped into the 
anthrone solution (0.2% in sulfuric acid) and kept at 95 ◦C in a metal 
bath for 6 min. After it was recovered to RT, the OD values of the so
lution were measured using a microplate reader at 620 nm (n = 3). 

Rat models of dental caries: All procedures concerning animal exper
iments were approved and under the supervision of the Institutional 
Animal Care and Use Committee of Wuhan University (S07920080A). 
Sprague− Dawley (SD) rats (15 days old) were used and fed in a specific- 
pathogen-free animal center of the Hospital of Stomatology, Wuhan 
University. First, to avoid the influence of endogenous oral microor
ganisms, 15-day-old SD rats were fed antibiotic water containing ben
zylpenicillin (200 μg mL− 1) and streptomycin sulfate (1500 μg mL− 1) as 
well as a diet supplemented with antibiotics (1 g kg− 1) for three 
consecutive days. The efficiency of antibiotic treatments was checked by 
plating onto MSB agar after swabbing the dental plaque in the oral 
cavity [44,50]. For the next three consecutive days, multispecies bac
terial suspension (200 μL; 1 × 108 CFU mL− 1) was inoculated onto the 
tooth of each rat (twice a day) [51]. Afterwards, the efficiency of bac
terial inoculation was checked as mentioned above [44,50]. Rats were 
fasted for 0.5 h before being swabbed and after bacterial inoculation. All 
rats were fed a cariogenic diet 2000 (Jiangsu Xietong Pharmaceutical 
Bioengineering CO., Ltd.) and 5% sucrose water from 18 days of age 
until the experiment finished. 

Therapeutic schedules: Rats were randomly divided into five groups: 
MPP-Ce6+Laser, Free-Ce6+Laser, MPP-Ce6, Laser, and the Control 
group (eight rats per group). Treatments started when rats reached 21 
days old. After they were anesthetized, MPP-Ce6 (loaded 20 μg mL− 1 

Ce6), Free-Ce6 (20 μg mL− 1 Ce6) or PBS was applied to the teeth of the 
rats. Then, a 660-nm laser (0.5 W cm− 2, 3 min) was used to irradiate the 
three teeth on each side of the maxillary region. aPDT treatments were 
applied for three consecutive days and then continued to be performed 
every two days until the rats reached 47 days old. Both sides of the 
maxillary teeth were treated. No food or water was provided for at least 
0.5 h after aPDT treatment. In addition, the Control and Laser groups 
were treated with PBS or laser alone, respectively. The weight and 
physical appearances of the rats from different groups were also recor
ded regularly. 

Assessment of anti-caries efficiency in vivo: Sampling and CFU counting 
for cariogenic bacteria at different time points (23, 29, 35, 41, and 47 
days old) were conducted as previously described [44,50]. After the rats 
were sacrificed by CO2 asphyxiation at the end of treatment (47 days 
old), the jaws with teeth, oral mucosae, blood, and main organs were 
collected. The carious levels in the teeth were evaluated by micro-CT 
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and scored via Keyes’ scoring method. H&E staining of the oral mucosa 
and main organs of rats was performed to evaluate the biocompatibility 
of different treatments. Blood biochemistry analysis was also conducted 
to measure liver and kidney function. 

Statistical analysis: The results are presented as the mean ± standard 
deviation (SD). For the statistical analysis of CFU counting, data were 
log-transformed. All of the data were analyzed using GraphPad Prism. 
Ordinary one-way ANOVA was used when the data were normally 
distributed and variances were homogeneous. The Brown-Forsythe and 
Welch ANOVA was chosen when the data were normally distributed and 
variances were nonhomogeneous. The nonparametric Kruskal-Wallis 
was performed when the data were nonnormally distributed. Post hoc 
multiple comparisons were determined using Dunnett’s test. p < 0.05 
was set for statistical significance. 
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