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ABSTRACT

The efficacious delivery of antimicrobial drugs to intractable oral biofilms remains a challenge due to inadequate
biofilm penetration and lack of pathogen targeting. Herein, we have developed a microenvironment-activated
poly(ethylene glycol) (PEG)-sheddable nanoplatform to mediate targeted delivery of drugs into oral biofilms
for the efficient prevention of dental caries. The PEGylated nanoplatform with enhanced biofilm penetration is
capable of deshielding the PEG layer under slightly acidic conditions in a PEG chain length-dependent manner to
re-expose the bacteria-targeting ligands, thereby facilitating targeted codelivery of ciprofloxacin (CIP) and IR780
to the bacteria after accumulation within biofilms. The nanoplatform tends to induce bacterial agglomeration
and suffers from degradation in the acidic oral biofilm microenvironment, triggering rapid drug release on de-
mand around bacterial cells. The self-modulating nanoplatform under near-infrared (NIR) irradiation accord-
ingly displays greatly augmented potency in oral biofilm penetration and disruption compared with drugs alone.
Topical oral treatment with nanoplatforms involving synergetic pharmacological and photothermal/photody-
namic trinary therapy results in robust biofilm dispersion and efficacious suppression of severe tooth decay in
rats. This versatile nanoplatform can promote local accumulation and specific drug transport into biofilms and
represents a new paradigm for targeted drug delivery for the management of oral biofilm-associated infections.

1. Introduction

The majority of obstinate infectious diseases in humans, including
dental caries and periodontal diseases, are deeply associated with robust
bacterial biofilms [1-3]. When bacteria colonize the tooth surface, dense
colonies become enclosed in an extracellular matrix composed of poly-
mers such as extracellular polysaccharides (EPS), resulting ultimately in
the formation of biofilms [4,5]. Simultaneously, dietary sucrose and
other ingredients are fermented by cariogenic bacteria to produce lactic
acid and switch the surrounding microenvironment acidic (pH 4.5-5.5)
[6-8]. Acidic conditions are favorable for further EPS synthesis and

continuous proliferation of cariogenic bacteria, ultimately leading to
dental caries [9]. EPS is poorly permeable to antibiotics and other
antibacterial agents, and these agents are therefore easily removed by
saliva; as a result, effective drug concentrations cannot be maintained in
the oral cavity for continuous periods [10,11]. These considerations
make the prevention and treatment of pathogenic oral biofilm infections
quite challenging [12].

Nanomedicine has presented great potential for anti-biofilm drug
delivery due to the unusual advantages for biofilm penetration and
intramembrane transport of hydrophobic drugs [13]. To date, various
types of nanocarriers such as liposomes [14], polymer micelles [15-17],
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and vesicles [18], have been developed for effective drug delivery into
oral biofilms. However, the unstable and complex environment in the
oral cavity necessitates a higher ability in biofilm penetration for locally
applied nanodrugs. Positively charged nanovehicles have recently
emerged to target negatively charged tooth matrix or biofilm compo-
nents for the enrichment of local drugs [19,20]. However, the nonspe-
cific electrostatic interaction prevents the drug carrier from infiltrating
the biofilms deeply, resulting in limited efficacy against oral biofilms
[21]. Poly(ethylene glycol) (PEG), which has been extensively recog-
nized as a “stealth molecule” to minimize nonspecific protein adsorp-
tion, displays less affinity for EPS in the biofilms as well [22,23].
Therefore, PEGylation could be effective in improving the biofilm
penetration of nanocarriers [18,24,25]. However, PEG with excellent
stealth properties shows a relatively low affinity for bacterial cells,
contributing to a contradictory scenario between PEG-reinforced pene-
tration against EPS and targeted bacteria binding. Although attempts
have been made to maximize the electrostatic interactions by synchro-
nous modification of PEG and cationic antimicrobial peptides [18] or
employment of pH-activated charge conversion [25,26], PEG shells tend
to weaken the targeted effect of positive charges on binding to biofilm
bacteria. Similarly, the presence of a PEG layer also tended to impair the
specific interaction between the bacteria-targeted ligands derived from
the nanoparticle surface and the corresponding receptors on the bacte-
rial cell wall. Therefore, how to achieve coordination between PEG and
targeted ligands in a single system is a significant topic for exploration.

With the increasing prevalence of bacterial resistance, a single-
pattern delivery strategy based on antibiotics will eventually fail to
meet the actual requirements of clinical therapy. Hence, alternative
strategies that destroy oral biofilms effectively without generation of
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bacterial resistance are urgently desired [27,28]. Among these new
candidates, photothermal and/or photodynamic therapy (PTT/PDT)
hold the most prospect in cancers and bacterial infections due to the
robust direct ablation it provides and the negligible possibility of
inducing resistance [29,30]. To date, little effort has been devoted to the
selective codelivery of antibiotics and light-activated agents in a single
system that combines chemotherapy and PTT/PDT for oral
biofilm-related infection management.

To address the contradiction between “stealthy” molecule-reinforced
biofilm penetration and the low affinity for bacteria, we developed a
biofilm microenvironment-induced PEG sheddable light-activated
nanoplatform (PS-NP@(C + I)) (Scheme 1), formulated from dual
block copolymers of polyethylene glycol-b-poly(2-acrylamide gluco-
pyranose) (PEG-b-PAGA) and poly(3-acrylamide phenylboronic acid)-b-
poly(2-(5,5-dimethyl-1,3-dioxan-2-yloxy)ethyl acrylate) (PAAPBA-b-
PDMDEA) with co-encapsulation of CIP and IR780. The detachable PEG
shell is hypothesized to reinforce EPS penetration, thus promoting the
efficient drug transport to biofilm-infected lesions. After infiltrating the
oral biofilms, the dynamic borate linkages embedded in the interlayer of
the nanoplatform dissociated under weakly acidic conditions (pH 6.5) to
shed the PEG coating [31], thereby re-exposing the boric acid ligands for
specific bacteria anchorage [32]. Meanwhile, the coassembly is sub-
jected to dissociation that initiates the rapid drug release due to the
transient hydrolysis of DMDEA moieties immersed in the acidic focal
microenvironment (pH 4.7) of oral biofilms. Consequently, the released
IR780 is activated upon exposure to 808 nm near-infrared (NIR) light,
generating local hyperthermia [33] and cytotoxic reactive oxygen spe-
cies (ROS) that cooperate with CIP to eradicate the oral biofilms. This
versatile nanoplatform has embraced the functions of PEG in biofilm
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Scheme 1. (A) The formulation of PS-NP@(C + I) to afford a microenvironment-controlled dynamic modulation of nanoplatforms. (B) Schematic illustration of
topical codelivery of CIP and IR780 by PS-NP@(C + I) with PEG-reinforced EPS penetration, pH-dependent bacterial targeting and aggregation, and
microenvironment-modulated drug release for chemo- and PTT/PDT trinary therapy against S. mutans biofilm-induced dental caries.
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penetration and bacterial anchorage in a single system. The combination
of chemotherapy and phototherapy efficaciously advances the anti-
biofilm efficacy and reduces the generation of bacterial resistance,
providing a versatile strategy for the clinical treatment of oral
biofilm-associated infectious diseases.

2. Experimental section
2.1. Materials

4-Dimethylaminopyridine = (DMAP), dicyclohexylcarbodiimide
(DCC), monomethoxy-poly(ethylene glycol) (mPEG, M, = 750, 2000
and 4000 Da) were purchased from Aladdin Bio-Chem Technology Co.,
Ltd. (Shanghai, China). Azobisisobutyronitrile (AIBN) was provided by
Bide Pharmatech Co., Ltd. (Shanghai, China) and used after recrystal-
lization from ethanol. Acryloyl chloride and solvents were distilled
before used. Ciprofloxacin, Ciprofloxacin hydrochloride, and 3-(4,5-
dime-thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
bought from Heowns Biochemical Technology Co., Ltd. (Tianjin, China).
IR780 iodide and FITC labeled Concanavalin A (FITC-Con A) were ob-
tained from Sigma-Aldrich Chemical Co., Ltd. (America). Streptococcus
mutans (S. mutans) CGMCC1.2499, Lactobacillus acidophilus (L.acidopilus)
GDMCC1.321 were provided by China General Microbiological Culture
Collection Center (CGMCC) and Guangdong Microbial Culture Preser-
vation Center, respectively, and cultivated according to the standard
protocol. The mouse embryonic fibroblast cell line, NIH 3T3, was ob-
tained from American Type Culture Collection (ATCC) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin solution at
37 °C in 5% CO2/95% air (reagents were all purchased from Gibco (CA,
America)).

2.2. Synthesis of Macro-RAFT agent (PEG-CPADB)

4-Cyanopentanoicacid dithiobenzoate (CPADB) was prepared based
on previous protocol [34]. To synthesize the macromolecular reversible
addition-fragmentation chain transfer agent (Macro-RAFT Agent)
PEG-CPADB, mPEG (M;, = 2000 Da, 2.0 g, 1 mmol), CPADB (1.092 g, 4
mmol), and DMAP (0.024 g, 0.2 mmol) were dissolved in 20 mL of
freshly distilled dichloromethane. Then DCC (0.618 g, 3 mmol) in 5 mL
of dichloromethane was added dropwise via a dropping funnel into the
mixture within 0.5 h at 0 °C under continuous nitrogen bubbling. The
system was kept stirring for 2 h followed by being heated to room
temperature and stirred for another 24 h. After filtration to remove the
dicyclohexylurea solid, the resultant red liquid was concentrated and
precipitated three times in cold petroleum ether. PEGyp00-CPADB was
finally received as a pink powder after vacuum drying. PEGy5o-CPADB
and PEG4(00-CPADB were obtained likewise following the same method.
1H NMR (400 MHz, CDCl3, 25 °C, Fig. S1) 8 (ppm): 1.91 (CHsg, s, 3H),
2.39-2.78 (C-CH,-CH»-CO, m, 4H), 3.38 (-O-CHg, s, 3H), 3.42-3.85
(-(OCH2CH2),,0-, m, 4 nH), 4.27 (-COO-CH»-CH»-0O-, t, 2H), 7.39-7.95
(phenyl in CPADB, m, 5H). GPC: PEGy50-CPADB (M, = 1399, M,, =
1513, PDI = 1.08); PEGg0o-CPADB (M,, = 3361, M,, = 3468, PDI =
1.03); PEG4000-CPADB (M, = 6843, M,, = 7020, PDI = 1.03).

2.3. Synthesis of polyethylene glycol-block-poly(2-acrylamide
glucopyranose) (PEG-b-PAGA)

2-Acrylamide glucopyranose (AGA) was synthesized by a similar
method with previous literature (Fig. S2) [35]. Using PEG-CPADB as the
macro-RAFT agent, the polymerization was performed at [AGA]/[-
PEG-CPADB]/[AIBN] = 20:1:0.5 to give copolymer PEG-b-PAGA. After
bubbling nitrogen into the solution for 0.5 h to remove the air, the re-
action was initiated at 70 °C for 24 h with gentle agitation. Afterward,
the suspension was cooled in an ice-water bath to quench the poly-
merization and then dialyzed (MWCO: 3.5 kDa) against water for 3 days
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with medium change every 4 h for purification. The target block
copolymer was afforded ultimately as pale yellow floccule following
lyophilization.

2.4. Synthesis of poly (3-Acrylamidophenylboronic acid)-block-poly(2-
(5,5-dimethyl-1,3-dioxan-2-yloxy)ethyl acrylate) (PAAPBA-b-PDMDEA)

3-Acrylamidophenylboronic acid (AAPBA), 2-(5,5-dimethyl-1,3-
dioxan-2-yloxy)ethyl acrylate (DMDEA) (*H NMR spectrum was shown
in Fig. S3), and boron-dipyrromethene dye-conjugated chain transfer
agent (BODIPY-RAFT) were synthesized via the method reported pre-
viously [36]. The copolymer PAAPBA-b-PDMDEA was yielded starting
with the RAFT polymerization of PAAPBA at [AAPBA]/[BODIPY-R-
AFT]/[AIBN] = 20:1:0.25. The system was polymerized at 70 °C for 24 h
after 0.5 h of continuous nitrogen bubbling and quenched in an
ice-water bath for 10 min. The resulting polymer was precipitated three
times in ethyl acetate and given as a light pink block solid after vacuum
drying. By distinguishing the feed ratio of AAPBA to BODIPY-RAFT
(20:1, 30:1, and 40:1), three distinct homopolymers were obtained
abbreviated as PAAPBAyy, PAAPBA3(, and PAAPBA4, respectively. For
synthesis of PAAPBA-b-PDMDEA, the RAFT polymerization was carried
out at [DMDEA]/[RAFT agent]/[AIBN] = 20:1:0.5 using PAAPBA as
macro-RAFT agent. Under standard polymerization protocol the same as
that of PAAPBA, the obtained suspension was purified by dialysis against
water for 3 days and then freeze-dried to afford PAAPBA-b-PDMDEA as a
white powder. By altering the macro-RAFT agent, three distinguished
block copolymers were obtained and labeled as PAAPBAj)-b-PDM-
DEAZ(), PAAPBAgo—b—PDMDEAzo, and PAAPBA4()-b-PDMDEA20,
respectively.

2.5. Characterization of copolymers

'H NMR spectra of three kinds of PEG-CPADB in CDCls, PEG-b-PAGA
in D0, and PAAPBA-b-PDMDEA in CDCl3/methanol-d4 (v/v, 12:1) were
measured on a Varian Unity-plus 400 NMR spectrometer. Gel perme-
ation chromatography (GPC) measurements were performed at 25 °C on
waters 1525 to determine the molecular weight of PEG-CPADB in
tetrahydrofuran (THF) and PEG-b-PAGA in H0. FT-IR spectra of PEG-b-
PAGA and PAAPBA-b-PDMDEA were recorded on a Fourier Transform
Infrared Spectrometer (FTS-6000, Bio-Rad Co.).

2.6. Preparation and characterization of PEG-Sheddable copolymeric
nanoparticles (PS-NP)

The conventional co-assembly of PEG-b-PAGA and PAAPBA4o-b-
PDMDEA;, was carried out to prepare the PEG-sheddable copolymeric
nanoparticles (PS-NP) as the following procedure: 10 mg of PEG-b-PAGA
was dissolved in 1 mL of DMSO while 10 mg of PAAPBA-b-PDMDEA was
dissolved in 1 mL of DMSO/H50 (v/v, 4:1) and the two polymer solu-
tions were mixed homogeneously. Then 14 mL of water was added
slowly into the above mixture under robust stirring. The nanoparticle
suspension was finally obtained after dialysis against water for 24 h to
remove the organic solvent, abbreviating as P75¢S-NP, P200S-NP, and
P4000S-NP, respectively, in terms of the polymer PEG-b-PAGA is PEG7s50-
b-PAGA, PEGg00-b-PAGA, or PEGy4ggo-b-PAGA. The nanoparticles
formulated from PAAPBAy-b-PDMDEA ), PAAPBA30-b-PDMDEA(, and
PAAPBA4p-b-PDMDEA,, were denoted as NP1, NP2, and NP3, respec-
tively. The hydrodynamic diameter (Dy), polydispersity index (PDI),
and zeta potential of copolymeric nanoparticles were determined by
dynamic light scanning (DLS, Zetasizer Nano ZS90) and the morphology
was observed under a transmission electron microscopy (TEM, Tecnai
G2 F20).

2.7. PEG shedding behavior of PS-NP

Five milligrams of PS-NP (P750$-NP, onooS-NP, or P4QQQS-NP) at a
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concentration of 10 mg/mL were placed in a centrifuge tube containing
15 mL of phosphate-buffered saline (PBS) (0.01 M, pH 7.4 or pH 6.5),
and the mixture was shaken at a constant speed (200 rpm/min) in a
thermostatic oscillator at 37 °C. The liquid in the tube was concentrated
(10000 rpm, 30 min) at predetermined times (1, 2, 4, 6, 12, and 24 h),
and 0.8 mL of the supernatant was withdrawn and diluted with an equal
volume of fresh buffer. To determine PEG shedding from PS-NPs, the
PEG content of the sample was measured using an iodide staining
method as described in the previous literature [37,38]. Briefly, stan-
dards (1-10 pg/mL) were diluted in 1 mL of PBS (0.01 M, pH 7.4). To
this, 50 pL of a mixed solution containing iodine (5 g/L) and potassium
iodide (10 g/L) was then added. The absorbance of the sample at 500 nm
was measured, and standard curves for each of the three types of PEG
chains were obtained by linear fitting. Unknown samples obtained at
different times were measured using the same method, and the con-
centration of released PEG was determined according to the corre-
sponding standard curve.

2.8. Bacterial aggregation and imaging

The bacterial aggregation performance of PS-NP at different pH
values (pH 7.4 or pH 6.5) was evaluated by confocal laser scanning
microscopy (CLSM) first. Briefly, S. mutans was cultivated overnight in
brain heart infusion broth (BHI) at 37 °C. After being concentrated
(5000 rpm, 5 min) and redispersed in PBS, the bacteria were then
diluted to allow the optical density at 600 nm (ODggp) to close to 2.0.
The working bacterial suspension was statically incubated with iso-
pyknic nanoparticle solution with various pH values (pH 7.4 or pH 6.5)
at 37 °C for 2 h. Then the aggregated bacterial samples were redispersed
in 70% glycerin thoroughly and observed on CLSM (TCS SP8).

The solution-turbidity method was further utilized to investigate the
time-dependent aggregation behavior of S. mutans by PS-NP. Similarly,
the prepared bacterial suspension was co-cultured in equal volume with
the nanoparticle solution in pH 7.4 or pH 6.5 at 37 °C. The bacterial
supernatant was withdrawn every 20 min to determine the floating
bacteria content by measuring ODggp on a UV-vis spectrophotometer
(UV-2550). The bacteria treated with PBS buffer (0.01 M, pH 7.4) were
set as the control group. Each sample was performed in triplicate.

To analyze the imaging potential of fluorescent PS-NP for bacterial
cell wall, the fresh S. mutans was redispersed in PBS buffer (0.01 M, pH
7.4) and modulated the concentration to give ODgoo = 1.0. Then the
working bacterial suspension was incubated in equal volume with the
PS-NP solution (P750S-NP, P2ggoS-NP, or P400pS-NP) at 37 °C for 2 h.
After being concentrated (5000 rpm, 5 min) and washed three times
with PBS buffer to eliminate the non-aggregated bacterial cells and free
nanoparticles, the bacteria were stained by DAPI and resuspended in
70% glycerin followed by observation on CLSM.

2.9. Preparation and characterization of CIP- and IR780-Loaded PEG-
sheddable nanoparticles (PS-NP@(C + 1))

The CIP- and IR780-loaded PS-NP (PS-NP@(C + I)) was prepared
under a similar procedure to PS-NP with the additional participation of
CIP and IR780. By changing the feed weight ratio of CIP or IR780 to
copolymers, various drug-loaded nanoparticles were obtained for the
determination of loading capacity and optimization of the dosage ratio
of the two drugs. To determine the encapsulation efficiency (EE) and
loading capacity (LC) of PS-NP toward CIP and IR780, the freshly pre-
pared nanoparticle solution before purification was concentrated
(12000 rpm, 50 min) and the content of CIP or IR780 in the supernatant
was measured using the UV method at 278 or 790 nm with the help of
calibration curves (Fig. S5), respectively. EE and LC were finally
calculated in terms of the following formula:

_ Weight of encapsulated drug

EE= 100
Weight of total drug x
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Weight of encapsulated drug

= 100
Weight of drug loaded nanoparticles

2.10. In vitro CIP release

The in vitro CIP release profiles of PS-NP@(C + I) were studied at
different pH values (pH 7.4 pH 6.5, and pH 4.7). P2p00S-NP@(C + I)
solutions (5 mL) were transferred into a dialysis tube (MWCO: 3.5 kDa)
and then immersed into a centrifuge tube (50 mL) containing 15 mL of
buffer solution and shook at 37 °C at a constant speed of 200 rpm/min.
At scheduled time points (0.17, 0.5, 1, 2, 4, 6, 8, 12, 24, and 48 h), 0.4
mL of external buffer solution was withdrawn and supplemented with
isopyknic fresh buffer. After dilution with HCl solution (0.4 mL, 0.1 M),
the samples were examined on a UV-vis spectrophotometer at 278 nm to
determine the content of released CIP.

2.11. Determination of NIR-Activated ROS generation and temperature
raising of PS-NP@(C + I)

The ROS generation of IR780 entrapped in P2ggpS-NP@(C + I) upon
irradiation with 808 nm laser was determined by using DCFH-DA as the
ROS trapping agent [39]. Briefly, the nanoparticle suspension in PBS
with various concentrations of IR780 (30, 60, and 120 pg/mL) and free
IR780 (120 pg/mL) were severally mixed the DCFH-DA PBS buffer (0.01
M, pH 7.4) solution. Setting pure water as a negative group. Subse-
quently, the suspensions were all exposed to the 808 nm laser (1.5
W/cm?) for different periods (1, 2, 3, 4, and 5 min). The fluorescence
intensity of DCFH, an oxidation product of DCFH-DA, was analyzed and
quantified by the fluorescence spectrophotometer (RF-5301PC) and the
small animal imaging system (IVIS Lumina III), respectively, the exci-
tation wavelength was 488 nm. Meanwhile, to demonstrate the tem-
perature increase of solution under 808 nm laser (1.5 W/cm?)
irradiation, the pseudo-color images of nanoparticle suspensions were
taken every 0.5 min by a thermal infrared imager.

2.12. MTT assay

The cell viability of copolymeric nanoparticles was evaluated by
MTT assay. NIH 3T3 cells were seeded in 96-well plates at a density of 1
x 10* cells/well and allowed to adhere overnight at 37 °C with 5% CO2/
95% air. Afterward, the cells were exposed to the copolymeric nano-
particles for 24 h using the double dilution method by DMEM, starting at
a concentration of 500 pg/mL. The cells that do not receive any treat-
ment were used as a control group. Then, 10 pL of MTT solution (5%) in
PBS was added into each well and the mixtures were further incubated
for another 4 h. The media were removed DMSO (150 pL) was added to
thoroughly dissolve the formazan crystals. The optical density at 490 nm
was read on Microplate Reader (Molecular Devices, USA). The relative
cell viability was calculated as a percentage compared with that of the
control group.

A— Ay

y x 100%

c — 10

The relative cell viability =

Where A; is the absorbance of cells treated by nanoparticles, A, is the
absorbance of cells in the control group, and Ay is the absorbance of the
plate.

2.13. In vitro antibacterial experiments

2.13.1. Bacterial growth inhibition assays

S. mutans in the fast-growing period at a concentration of 2 x 107
CFU/mL were subjected to incubation with an array of equivalent
double-diluted antibacterial materials in PBS at 37 °C. The bacteria
treated with PBS (0.01 M, pH 7.4) were set as a negative control group.
After 2 h of incubation, the bacteria in light irradiation groups were



Y. Yu et al

exposed to 808 nm laser (1.5 W/cm?) for 5 min, and incubated for
another 8 h. Then the bacterial growth inhibition was evaluated by
measuring the ODgg value of the treated bacterial sample on a UV-vis
spectrophotometer.

2.13.2. BHI plate counting

A 1 mL aliquot of S. mutans suspension (2 x 10® CFU/mL) in PBS
buffer (0.01 M, pH 7.4) was co-cultured with 1 mL of various antibac-
terial agents (free CIP, PZOOOS'NP@CIP, onooS-NP@IR780, and Pgooos-
NP@(C + D)) at 37 °C for 2 h. The bacteria treated with PBS (0.01 M, pH
7.4) were served as a negative control group. After being irradiated with
an 808 nm laser (1.5 W/cm?) for 5 min, the bacteria were then diluted to
grow on the BHI agar plate overnight at 37 °C. The number of colony-
forming units (CFUs) of each group was counted and photographed
for comparing antibacterial efficacy.

2.13.3. Live/dead fluorescent assays

The fresh bacterial cells were diluted with PBS buffer (0.01 M, pH
7.4) to give a concentration of 2 x 108 CFU/mL and then incubated with
free CIP, PZOO()S-NP@CIP, onoos-NP@IR780, and PQQQQS-NP@(C + I),
respectively. The bacteria treated with PBS (0.01 M, pH 7.4) were served
as the negative control group. After 2 h of incubation at 37 °C, the
bacteria in light irradiation groups were exposed to an 808 nm laser (1.5
W/cm?) for 5 min. Subsequently, all samples were concentrated (5000
rpm, 5 min) to remove the free materials, stained with acridine orange
(AO) and ethidium bromide (EB) at 4 °C in dark, and then washed three
times with sterile PBS buffer. Finally, the samples were examined by
CLSM.

2.13.4. Observation of bacterial morphology

To observe the morphology of the bacteria after incubation with
nanoparticles and exposure to an 808-nm laser (1.5 W/cmz), the treated
samples were concentrated (5000 rpm, 5 min) to eliminate redundant
materials and resuspended in sterile PBS. A moderately dense bacterial
suspension was applied to a silicon pellet and fixed with glutaraldehyde
solution (2.5%, v/v) for 4 h. After several washes with sterile PBS, the
bacteria were dehydrated in a series of ethanol aqueous solutions (30%,
50%, 70%, 90%, 95%, and 100%, v/v) and dried overnight at room
temperature. Ultimately, the samples were observed on a scanning
electron microscope (SEM, JSM-7500F).

2.14. Biofilm penetration

To investigate the penetration of PypooS-NP@NIL into S. mutans
biofilms, S.mutans was cultured overnight in BHI medium at 37 °C and
diluted with medium containing 0.5% sucrose to allow the ODggg value
of bacteria to close to 0.025. Then the prepared bacterial suspension was
seeded in a 6-well plate with sterile coverslips (18 x 18 mm) vertically
placed and cultured statically at 37 °C for 48 h. When the mature bio-
films were formed on the coverslips, the media were removed and the
biofilms were washed three times with sterile PBS buffer to separate the
planktonic bacteria. The biofilms were then exposed to P2po0S-NP@NIL
in suspension (500 pg/mL) at pH 7.4 or pH 6.5 for 4 h, washed with PBS
to remove the free P;00oS-NP@NIL, fixed with paraformaldehyde (4%,
w/v), stained with FITC-labeled concanavalin A (FITC-ConA) and
imaged using CLSM.

2.15. Biofilm dispersion assays

The freshly prepared bacterial suspension (ODgoo = 0.025) was
seeded in a 96-well plate and cultured statically at 37 °C for 24 h. When
the mature biofilms were formed on the walls of wells at the interface
between the media and the air, the media were removed and the bio-
films were washed three times with sterile PBS buffer to separate the
planktonic bacteria. Thereafter, a pool of double-diluted free CIP,
onooS-NP@CIP, P20003-NP@IR780, or onooS-NP@(C + D in PBS (150
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pL) were added into the wells to incubate with the biofilms, respectively,
setting the biofilms treated with PBS as the negative control group.
Concentration of polymers: 31.25, 62.5, 125, 250, 500 pg/mL; Con-
centration of loaded IR780: 3.75, 7.5, 15, 30, 60 pg/mL; Concentration
of loaded CIP: 3.45, 6.9, 13.8, 27.5, 55 pg/mL, and the concentration of
free CIP is the same as that of loaded CIP in nanoparticles. After 4 h of co-
culture at 37 °C, the biofilms of light irradiation groups were exposed to
808 nm laser (1.5 W/cm?) for 5 min followed by a triple wash with
sterile PBS buffer to remove the redundant non-adherents. Then the
biofilm was fixed with methanol for 15 min and dyed with 0.5% crystal
violet PBS solution for 15 min. The biofilms were washed adequately
with sterile PBS, and crystal violet was dissolved in 33% acetic acid (v/
v) for 10 min with gentle shaking. The absorbance of the solution at 590
nm was read on a microplate reader (384 Plus) to quantify the biofilm
content of the sample. Each sample was analyzed in quintuplicate. The
antibiofilm efficacy of the light therapeutic agent as a function of irra-
diation time was investigated by following the above steps.

To visually observe the biofilm obliteration by the applied materials,
the matured biofilms on the coverslips were treated with free CIP,
onooS-NP@CIP, PgoooS-NP@IR780, or onooS-NP@(C -+ I), respectively,
at a consolidated concentration of 110 pg/mL for CIP and 120 pg/mL for
IR780. The biofilms treated with PBS were set as negative control
groups. After 5 min of irradiation with 808 nm laser (1.5 W/cmz), the
biofilms were fixed by glutaraldehyde solution (2.5%, v/v) for 4 h and
stained with FITC-ConA for 15 min at 4 °C in dark. Finally, the prepared
biofilm samples were observed by CLSM-3D.

2.16. Ex vivo antibiofilm performance on natural teeth from human

To further explore the antibiofilm performance of P2poS-NP@(C + I)
plus NIR irradiation, an ex vivo biofilm model was used to examine
whether the topical treatments can disrupt cariogenic biofilm develop-
ment. The excised human teeth received from volunteers in Tianjin
Stomatological Hospital were processed by a professional dentist to
remove the root and retain the crown with 30% H505 and washed five
times with sterile PBS (0.01 M, pH 7.4). The isolated teeth were placed
in a 24-well plate and immersed with the bacterial suspension (S. mutans
or L. acidopilus) in BHI or MRS medium containing 0.5% sucrose (ODggg
= 0.025). The teeth were then coincubated with the bacterial suspension
at 37 °C for 48 h. Afterward, the media in the 24-well plates were
removed, and the biofilms were washed three times with sterile PBS to
isolate the planktonic bacteria. The teeth were treated with a pool of
onooS-NP@CIP, PZQQ()S-NP@IR780, or Pg()()()S-NP@(C + I) solutions,
setting the isolated teeth treated with PBS as the negative control group.
After 2 h of co-culture at 37 °C, the teeth in light irradiation groups were
exposed to 808 nm laser (1.5 W/cm2) for 5 min followed by a triple wash
with sterile PBS to remove the redundant non-adherents. Then the teeth
were fixed with methanol and dyed with 0.5% crystal violet solution.
The biofilms were washed adequately with sterile PBS, and crystal violet
was dissolved in 33% acetic acid (v/v) with gentle shaking. The absor-
bance of the solution at 590 nm was read on a microplate reader (384
Plus) to quantify the biofilm contents.

2.17. In vivo study

Animal experiments were reviewed and approved by the Animal
Ethics Committee of the Institute of Radiation Medicine Chinese Acad-
emy of Medical Sciences (SYXK(J) 2019-0002). All animals were
maintained following the guidelines outlined in the Guide for the Care
and Use of Laboratory Animals. Briefly, 19-day-old female Sprague-
Dawley rat pups were purchased from Beijing HFK Bioscience Co.,
Ltd. and screened for infection with S. mutans by plating oral swabs on
Mitis Salivarius Agar plus Bacitracin (MSB). Rats that were already
infected with S. mutans were culled. The remaining animals were
infected by mouth with S. mutans (CGMCC1.2499) in the exponential
growth phase, which corresponds to bacteria that are actively growing
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in the oral cavity. On the 21st day, colonization of the oral cavity by
S. mutans was confirmed by buccal swab. The formation of biofilm on the
surface of the tooth was indicated by visualized crystal violet staining.
The animals had free access to the National Institute of Health cario-
genic diet 2000 and water containing 5% sucrose. We applied a treat-
ment regimen consisting of topical application of PygoS-NP@(C + I) for
5 min by using a custom-made applicator, a spacing interval of 15 min,
and 5 min of irradiation with an 808 nm NIR laser (1.5 W/cm?). The
irradiation began to perform after the mice were immobilized and
anesthetized by isoflurane. The infected pups were randomly divided
into five groups (n = 6 per group) that received the following treat-
ments: (1) PBS plus NIR laser; (2) free CIP; (3) P2p00S-NP@CIP; (4)
P2000S-NP@IR780 plus NIR laser; and (5) P2pooS-NP@(C + I) plus NIR
laser. The applied concentration of CIP was 27.5 pg/mL, and that of
IR780 was 30 pg/mL, these values were maintained for free and loaded
form. The animals were treated once every two days for three weeks and
weighed weekly. To validate whether the obtained drug delivery system
can penetrate biofilms on the surface of the tooth, the teeth of rat pups
after being infected with S. mutans were isolated and placed in a 12-well
plate. The prepared PypoS-NP@NIL was then added to the plate and
cultured with the teeth at 37 °C for 15 min. Afterward, the teeth were
washed several times with sterile PBS, stained with FITC-ConA at 4 °C in
dark for 30 min, and finally examined by CLSM-3D. Simultaneously, the
isolated teeth were dyed with 0.5% crystal violet solution for 15 min and
photographed using a video camera.

At the end of the experimental period, the animals were sacrificed,
and their jaws were surgically removed and aseptically dissected, fol-
lowed by sonication to recover the total oral microbiota [40]. All jaws
were defleshed, and the teeth were prepared for caries scoring by two
oral pathologists (Dr. Wang and Dr. Chen, Tianjin Stomatological Hos-
pital) according to Larson’s modification of Keyes’ system [15,41,42].
The alveolar caries score was determined by a calibrated examiner who
was unfamiliar with the study and used coded samples. Furthermore, the
gingival and palatal tissues were collected and processed for hematox-
ylin and eosin (H&E) staining for histopathological analysis by the oral
pathologists.

3. Results
3.1. Preparation and characterization of PS-NP

The programmable nanoplatform serving as the antibiofilm drug
carrier was fabricated by coassembly of PEG-b-PAGA and PAAPBA-b-
PDMDEA copolymers via hydrophilic-hydrophobic and phenylboronic
acid (PBA)-polysaccharide interactions. It is generally accepted that
biofilm penetration greatly influences the therapeutic efficacy of drug
delivery systems [43]. A nanoplatform with a low affinity for exogenous
matrices and biological particulates has been shown to exhibit superior
biofilm penetration and diffusion owing to the reduced blockade of EPS
in biofilms [18,25,26]. Such a strategy is ordinarily achieved by surface
functionalization or remodeling to produce a nonadherent shell of
nanoparticles. Generally, PBA and its derivatives have been shown to
possess a robust affinity for the cell walls of a broad spectrum of bac-
teria, and this facilitates active targeting via specific PBA-diol in-
teractions [44,45]. However, the antifouling shell hinders the
attachment of nanoparticles to pathogens and even the specific binding
of PBA ligands to the targeted bacterial cells in biofilms. To address this
contradiction, we developed a simple strategy for the fabrication of a
microenvironment-controlled shell-sheddable nanoplatform that uti-
lizes a PEG corona to facilitate biofilm EPS penetration and thereby
efficiently enhance drug accumulation; this nanoplatform sheds the
“stealthy” layer within the biofilm, re-exposing the bacteria-targeting
ligands for bacterial aggregation and imaging and releasing the loaded
drugs “on-site” in response to the acidic oral biofilm macroenvironment.
Shell detachment is achieved by the introduction of acid-labile boronate
ester linkages. In our design, dual copolymers of PEG-b-PAGA and
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PAAPBA-b-PDMDEA were coassembled into PEG-sheddable nano-
particles (abbreviated PS-NPs) to create a nanoplatform with a “steal-
thy” PEG shell, a cross-linked borate layer and an acid-converted
PDMDEA core (synthetic characterization of polymers was presented in
supporting information, Scheme S1, Figs. S1-4 and Table S1). To
investigate the effect of PEG content on the shedding behavior, three
nanoparticles with different PEG chain lengths (M, = 750, 2000, and
4000 Da) were prepared and designated Py;50S-NP, Py(00S-NP, and
P4000S-NP, respectively. The PEG-free nanoparticles (NP1, NP2, and
NP3) formulated from the PAAPBA-b-PDMDEA copolymers with varying
AAPBA content were found by dynamic light scattering (DLS) to exhibit
sizes ranging from 70 to 90 nm (Table S2). In contrast, the sizes of
PS-NPs increased to different degrees within an overall range of
117-170 nm and showed a moderate polydispersity index (PDI)
(Table S2). The change in PDI from above 0.2 for NP to below 0.2 for
PS-NP implies a significant role of the PEG shell in particle stabilization.
The nanoparticles were all negatively charged whether in the presence
of PEG shell or not (Table S2). P4000S-NPs at pH 7.4 were observed by
TEM to be spherical and approximately 150 nm in diameter with good
dispersity (Fig. 1A). At pH 6.5, P4000S-NP, which displayed a fuzzy
halo-featured edge, showed a smaller size (below 100 nm) equivalent to
that of NP (Fig. 1B), demonstrating the detachment of the PEG shell from
P4000S-NP following the dissociation of the cross-linked boronate ester
bonds under slightly acidic conditions. At a lower pH of 4.7, the
ortho-ester cores of P4p00S-NP underwent hydrolysis, giving rise to a
blurred, irregular and destroyed shape under TEM (Fig. 1C) [46]. The
observed pH-dependent change in the size of the particles was consistent
with the results determined by DLS (Fig. 1D). The UV-vis absorption and
fluorescence emission spectra of BODIPY dye-labeled PS-NPs were
examined and found to present a well-defined bandwidth with maximal
absorption at 505 nm and maximal emission at 517 nm (Fig. 1E).

3.2. PEG shedding behavior of PS-NP

To demonstrate the PEG shedding behavior of PS-NPs, P400S-NPs
were treated with pH 7.4 or pH 6.5 buffer and concentrated to harvest
the supernatants. The 'H NMR spectra showed that there was more PEG
in the supernatant of nanoparticles treated in the medium at pH 6.5 than
in the supernatant of nanoparticles treated in the medium at pH 7.4
(Fig. 1F), providing proof of borate dissociation-mediated PEG shell
detachment from P400oS-NP under weakly acidic conditions. To further
explore the effect of PEG chain length on shell shedding behavior, the
three types of nanoparticles (P750S-NP, PoggoS-NP, and P40oS-NP) were
similarly treated with pH 7.4 or pH 6.5 buffer, and PEG release from the
nanoparticles was tracked throughout 24 h using an iodine staining
method. As seen in Fig. 1G-I, about 10% of PEG was shed from the three
types of nanoparticles after 24 h of incubation at pH 7.4. This phe-
nomenon could be attributed to the weak physical absorption of partial
PEG chain on the surface of nanoparticles during self-assembly, which
would preferentially be detached under shaking conditions. In com-
parison, P750S-NP shed approximately 43% of the PEG layer within 24 h,
while P2pgoS-NP and P4gppS-NP reached cumulative PEG shedding of
approximately 51% and 31%, respectively, when incubated at pH 6.5,
further indicating a pH-dependent PEG shell detachment phenomenon
of PS-NPs. The data suggest that among the three types of nanoparticles,
P2000S-NPs display the most rapid PEG shedding behavior in response to
slightly acidic conditions, and this may be an important factor in the
final choice of nanoparticles for further investigation.

3.3. pH-dependent bacterial aggregation and imaging performance of PS-
NPs

As previously mentioned, PBA groups and their derivatives can
specifically bind to both gram-negative and gram-positive bacteria [47].
To evaluate the bacterial binding and aggregation performance of the
PBA-anchored nanoparticles toward S. mutans (an oral pathogen that
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Fig. 1. TEM images of P4000S-NP at pH 7.4 (A), pH 6.5 (B) and pH 4.7 (C); (D) size distribution of P400S-NP at different pH values determined by DLS; (E) UV-vis
absorption (black curve) and fluorescence emission (red curve) spectra of P4o0oS-NP (insets: photographs of P4000S-NP under white light or 365 nm ultraviolet light);
(F) 'H NMR of P4000S-NP under various pH conditions in D;0; PEG shedding from (G) P;50S-NP, (H) P2000S-NP and (I) P4000S-NP at various pH values, the results

were reported as mean =+ s.d. (n = 3).

can induce dental decay) at different pH values, the bacteria were
incubated with PS-NPs (P750S-NP, P2ooS-NP, and P400oS-NP) in pH 7.4
or 6.5 medium for 2 h at 37 °C and observed under confocal laser
scanning microscopy (CLSM). Bacteria treated with PBS at pH 7.4 or 6.5
were set as the control (Fig. S6). As shown in Fig. 2A, S. mutans cells
were found to exhibit strong green fluorescence stemming from the
BODIPY dye and to aggregate into clusters whose size was a function of
the AAPBA content after treatment with NP (NP1, NP2, and NP3) at pH
7.4. However, bacterial cells treated with PS-NP at pH 7.4 were aggre-
gated into much smaller clusters compared to the NP-treated ones,
suggesting that the presence of a “stealthy” PEG layer impedes the
multivalent interaction between PS-NP and the cell walls of S. mutans. In
contrast, it was observed that all PS-NPs caused the bacterial cells to
form larger fluorescent clusters at pH 6.5 than at pH 7.4, thereby
achieving a bacterial aggregation profile comparable to that produced
by exposure to NP3. This phenomenon implies that the bacterial binding
capacity of PS-NP recovered upon the dissociation of borate ester link-
ages and the detachment of the PEG shell under slightly acidic condi-
tions. Notably, the bacterial clusters formed in the presence of P2000S-NP
at pH 6.5 were larger than the clusters formed in the presence of the
other two types of nanoparticles, indicating that PypooS-NP undergoes
the most efficient PEG shedding and exerts the function of PBA to the
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greatest extent, consistent with the results of our PEG release assays.
The solution turbidity method was employed to further determine
the bacterial agglomeration performance of PS-NPs at different pH
values, taking PoggoS-NPs as an example. S. mutans cells were incubated
with PygpoS-NP at pH 7.4 or pH 6.5, and PBS was used as a control. The
ODgo values of the bacterial supernatants were recorded during 2 h of
treatment to indicate the sedimentation of bacteria-nanoparticle ag-
gregates. As shown in Fig. 2B and C, bacteria treated with PBS at pH 7.4
or 6.5 for 2 h showed a natural sedimentation rate of 20%-30% with a
slow rate. By contrast, the ODggy of NP3-treated bacteria declined
rapidly over time, while about 75% of bacteria were aggregated by NP3
and sank from supernatant into bottom within 2 h whether at pH 7.4 or
6.5, indicating the intrinsic bacterial aggregation ability of PBA-based
nanoparticles. Notably, only 60% of bacteria sank to the bottom after
treatment with P5poS-NP for 2 h at pH 7.4 in the presence of NP3 with
PEG shell, which impaired the interaction between PBA groups and
bacteria. At pH 6.5, however, exposure to P2o0oS-NP induced a bacteria
settlement rate of 70% within 20 min and 79% within 2 h due to the
detachment of PEG shell from the nanoparticles at pH 6.5, achieving a
bacterial sedimentation effect similar to that obtained with NP3. The
results further demonstrate the pH-dependent bacterial aggregation
behavior of PS-NPs, whose PBA groups were highly exposed and bound
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Fig. 2. (A) Aggregation of S. mutans observed by CLSM after incubation with P;50S-NP, P2g0oS-NP, or P4p00S-NP at 37 °C for 2 h at pH 7.4 or pH 6.5. Green
fluorescence: BODIPY moieties in the nanoparticles. (B, C) ODggo value of S. mutans as a function of incubation time with PBS, P5400S-NP, and NP3 at pH 7.4 (B) or pH
6.5 (C). Each experiment was performed in triplicate, and the results were presented as mean + s.d. (n = 3). The concentration of all nanoparticles was 500 pg/mL.

to bacteria under the mechanism of PEG shell detachment in a weakly
acidic environment.

As shown by the CLSM observation, the bacteria could be imaged
using BODIPY-derived fluorescent nanoparticles. We further investi-
gated the differences in bacterial imaging observed after exposure of the
bacteria to the three types of PS-NPs before and after the detachment of
PEG. As shown in Fig. 3A and B, whole bacterial cells in the clusters were
labeled with green fluorescence from BODIPY molecules after treatment
with NP3, implying that the PEG-free nanoparticles could penetrate the
bacterial cell wall and enter the cell interior. CLSM-3D images pre-
senting the merge of green fluorescent signals from NP with the blue

fluorescence signals from bacteria further demonstrated that the status
of PEG-free nanoparticles inside the bacterial cells (Fig. S7). However,
bacteria treated with any of the three types of PS-NPs showed BODIPY
signals only on their outer surfaces, indicating that the PEG-decorated
nanoparticles could stain the bacterial cell wall. The difference in the
appearance of the bacteria might be attributed to the presence of the
PEG shell, which prevents the functional targeting ligand of PBA from
binding efficiently to the bacterial cell wall. In addition, there were
differences in the cell wall staining profiles observed after treatment
with the three types of PS-NPs; Py50S-NP stained the cell wall most
completely, followed by P2p0oS-NP and P490oS-NP, demonstrating that
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Fig. 3. CLSM images of S. mutans (A) and locally enlarged bacteria (B) after treatment with NP, P750S-NP, P2o00S-NP, or P4000S-NP at 37 °C for 2 h at pH 7.4; (C)

CLSM images of P;50S-NP-treated S. mutans stained with DAPI.

the impediment caused by the PEG shell was chain length-dependent:
the longer the PEG chain was, the greater was the impediment. We
further used DAPI to stain the bacteria, especially the interior of the
bacteria (Fig. 3C). The green P;50S-NP fluorescence was evenly
distributed on the bacterial cell wall and partially overlapped the blue
DAPI signal, further proof that PS-NP images the bacterial cell wall. The
overlap of the fluorescent signal provides evidence that interactions
occur between the PBA groups in the nanoparticles and the DNA com-
ponents of the bacterial cell wall [48]. Based on its overall behavior
concerning PEG shedding and bacterial aggregation, we chose to use
P2000S-NP in further investigations.

3.4. Preparation and characterization of PS-NP@(C + D

To obtain a NIR-activated anti-biofilm agent with multiple pipelines
in parallel that responds to the oral biofilm microenvironment, the
broad-spectrum antibiotic CIP and the near-infrared molecule IR780
were co-encapsulated into PygpoS-NP, yielding nanoparticles that we
designated P20goS-NP@(C + 1), as portrayed in Fig. 4A. The optimal feed
ratios of CIP and IR780 in the copolymers were determined to be 0.24
and 0.24, respectively; this was done by separately varying the feed
ratios of the drugs and comparing the resulting physicochemical pa-
rameters of the nanoparticles (Fig. 4B and C, Tables S3 and S4). The CIP-
and IR780-loaded nanoparticles were observed by TEM to be uniform
spheres approximately 150 nm in diameter (Fig. 4D), consistent with the
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results obtained by DLS (Fig. 4E). CIP- and IR780-loaded nanoparticles
(termed P20gpS-NP@CIP and PygpoS-NP@IR780, respectively) were
prepared at the same time (Table S5). Examination of the UV-vis-NIR
spectra of the nanoparticles (Fig. 4F) showed that the absorption peak of
P2000S-NP@(C + I) was similar to that of IR780, with maximum ab-
sorption at approximately 782 nm. To confirm the stability of PyggS-
NP@(C + I) in various media, the nanoparticle sizes were determined in
water, PBS (pH 7.4), normal saline (NS), and BHI medium as a function
of time (Fig. 4G). The results showed that the drug-loaded nanoparticles
displayed excellent size stability in PBS, NS, and BHI medium and that
the particle size increased slightly in water. MTT assays were further
performed to evaluate the biocompatibility of drug-free and drug-loaded
nanoparticles. As shown in Fig. S8, no cytotoxicity was observed among
those nanoparticles analyzed against NIH 3T3 cells, suggesting that the
PEG-decorated and glycocalyx-mimicking nanoparticles have good
biocompatibility and that they show great potential for application in
drug delivery to eradicate oral biofilms (details showed in supporting
information).

3.5. pH-dependent in vitro CIP release

The above results confirmed that the nanoparticles underwent
dissociation due to the hydrolysis of the ortho esters under acidic con-
ditions (pH 4.7), which was characterized by an increase in particle size
and destruction of their shape as viewed by TEM. To demonstrate the
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Fig. 4. (A) Schematic illustration of the PS-NP@(C + I) formulation; (B) Loading capacity of CIP and IR780 as a function of the feed weight ratio of CIP to the
copolymer when the feed weight ratio of IR780 to the copolymer is 0.16; (C) Loading capacity of CIP and IR780 as a function of the feed weight ratio of IR780 to the
copolymer when the feed weight ratio of IR780 to the copolymer is 0.24; (D) TEM image and (E) size distribution of P50oS-NP@(C + I); (F) UV-vis-NIR spectra of
CIP, IR780, P5o0oS-NP, and P5g0oS-NP@(C + I); (G) change in the diameter of P500oS-NP@(C + I) over time in various media; (H) Cumulative in vitro release of CIP

from PypppS-NP@(C + 1) as a function of pH.

pH-responsive drug release behavior of the nanoparticles, in vitro CIP
release experiments were performed with P50oS-NP@(C + I) at different
pH values (7.4, 6.5, and 4.7). As shown in Fig. 4H, only 23% of the CIP
was released from PyyoS-NP@(C + I) after 48 h incubation in PBS at pH
7.4. However, when the pH was decreased to 6.5, the drug released
during the same period increased to nearly 57%, and almost 49% of the
loaded drug was released within 4 h. It could be speculated that the
weakly acidic conditions induced dissociation of the boronate ester
bonds and detachment of the PEG shell, resulting in the free diffusion of
drugs from the core. At pH 4.7, the drug release was further accelerated
compared with that at pH 6.5, resulting in a cumulative release of 49%
during the initial 4 h and release of 67% of the drug after 48 h. This
occurred mainly due to detachment of the PEG shell under the slightly
acidic conditions and hydrolysis of the ortho-esters in the core at the
lower pH, leading to complete dissociation of the nanoparticles and an
overall rapid drug release. The above results demonstrate the oral bio-
film microenvironment-responsive drug release pattern of the newly
prepared drug vehicle.

3.6. Antimicrobial efficacy

The photodynamic and photothermal properties of PoygoS-NP@(C +
I) under NIR laser irradiation (808 nm, 1.5 W/cm?) were determined by
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using the 2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA) method
and measuring the increase of temperature (see the supporting infor-
mation, Figs. S9 and S10). We further evaluated the antimicrobial effi-
cacy of NIR-activated nanoplatforms against planktonic S. mutans using
a bacterial growth inhibition assay. The bacterial suspension was treated
with the antibacterial samples for 2 h, irradiated with a NIR laser (808
nm, 1.5 W/cm?) for 5 min, and incubated for an additional 8 h to permit
the growth of bacteria. Bacteria treated with PBS were used as a negative
control to define a bacterial survival of 100%. As shown in Fig. 5A,
P2000S-NP@CIP inhibited S. mutans more significantly than that of the
same dosage of free CIP. Considering that the blank carriers (P2000S-NP)
showed negligible inhibition against S. mutans (Fig. S13A), a conclusion
could be drawn that the obtained nanovehicles greatly enhanced the
antibacterial activity of CIP. Notably, NIR irradiation alone was unable
to inhibit the growth of bacteria. However, the efficacy of bacterial
killing by P2000S-NP@IR780 was only initiated upon NIR irradiation;
under these conditions, toxic ROS and hyperthermia produced by the
irradiation destroyed the bacteria. In addition, at the same concentra-
tion of CIP or IR780, the antibacterial effect of NIR-activated Py(ooS-
NP@(C + I) was better than that of PyoS-NP@CIP or P3y0S-NP@IR780
under NIR irradiation; the MIC for CIP decreased from 1.73 to 0.87 pg/
mL, and that for IR780 decreased from 1.88 to 0.94 pg/mL. The effect of
irradiation time on the antibacterial properties of P5poS-NP@IR780 and
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Fig. 5. (A) In vitro antibacterial effects of various materials with various drug dosage concentrations against S. mutans. (B) In vitro antibacterial effect of P2gooS-
NP@IR780 and P5((oS-NP@(C + I) as a function of NIR laser irradiation (808 nm, 1.5 W/cm?) time. (C) Photographs of BHI plate colonies of S. mutans suffering from
different treatments. I, PBS; II, PBS (+); III, free CIP; IV, P2poS-NP@CIP; V, P2o0oS-NP@IR780 (+); VI, P2ogoS-NP@(C + I) (+). (D) and (E) Quantitative results
showing the bacterial CFUs in each group by BHI plate counting. Each experiment was performed in triplicate, and the results were reported as mean =+ s.d. (F) CLSM
images of S. mutans stained with AO (green, live cells) and EB (red, dead cells) in different groups. All of the materials were applied at uniform dosages of CIP (55 pg/
mL) and IR780 (60 pg/mL). (G) SEM images of S. mutans after treatment with different groups. White circles indicate morphological damage to bacterial cells.

P2000S-NP@(C + I) against S. mutans was further analyzed. As shown in
Fig. 5B, no antimicrobial activity was observed in the PBS group
regardless of the duration of exposure. The antibacterial activities of
P2000S-NP@IR780 and PgppS-NP@(C + I) gradually increased as the
irradiation time was extended, indicating that the light-activated anti-
bacterial effect of IR780 occurred in a time-dependent manner, consis-
tent with the time dependence of the photothermal/photodynamic
performance of IR780. Notably, P2ppoS-NP@(C + I) showed slightly
better light-activated antimicrobial efficacy than P3p0oS-NP@IR780
under the same conditions (inset in Fig. 5B), highlighting the additive
effects of CIP and IR780. The Standard plate counting method was
employed to further investigate the antibacterial activity of P2ogoS-NP@
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(C + D) under NIR irradiation (Figs. S13B and S13C, Fig. 5C-E). From the
results, nearly 95% of bacterial cells were killed by P2000S-NP@IR780
upon NIR irradiation. In contrast, NIR-irradiated P2p00S-NP@(C + I)
exhibited the most striking antibacterial efficacy: almost no bacterial
colonies were found in the plate, representing a killing rate of 99.8%.
The results indicate that the remarkable antibacterial ability of P2yooS-
NP@(C + 1) is attributable to the combined effects of IR780-mediated
photothermal and photodynamic therapy as well as to the virulence
function of CIP at moderate doses.

The in vitro antibacterial behavior of light-activated nanoplatforms
against S. mutans was further determined using LIVE/DEAD fluorescent
staining assays (Fig. 5F and Fig. S13D). When treated with PBS,
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regardless of light irradiation, the bacteria were scattered, and the ma-
jority of the bacteria appeared green, indicating survival. In contrast, the
nanoparticle-treated bacteria aggregated into large clusters that were
labeled with obvious green fluorescence, and yellow signals overlying
green and red increased gradually in the P5oS-NP@CIP, NIR-irradiated
P2000S-NP@IR780 and NIR-irradiated Pg00oS-NP@(C + I) groups,
implying the most significant antibacterial activity of NIR-irradiated
P2000S-NP@(C + I) against S. mutans. SEM imaging was harvested to
observe changes of bacterial morphologies after treatment with the
nanoplatforms under NIR irradiation (Fig. 5G and Fig. S13E). SEM im-
ages of bacterial cells in control groups (PBS and PBS (+)) showed
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smooth surfaces and integrated structures. In contrast, the cell wall of
bacteria treated with P509pS-NP@IR780 or P2gpoS-NP@(C + I) upon NIR
irradiation was observed to be seriously damaged and present irregu-
larly shaped holes. The above results imply that the combined antibac-
terial effects of PoggoS-NP@(C + I) and NIR irradiation can be employed
to treat oral bacteria.

3.7. Biofilm penetration of PEGylated nanoplatforms

To validate the PEG-reinforced penetration and accumulation of
nanoparticles in biofilms, freshly formed S. mutans biofilms were
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Fig. 6. (A) Schematic diagram of the self-modulating nanoplatform that uses biofilm penetration and bacterial anchorage to enhance oral biofilm dispersion under
trinary therapy. (B) 3D-CLSM images showing the penetration and accumulation of P5p0oS-NP@NIL in S. mutans biofilms at pH 7.4 and pH 6.5; green fluorescence:
biofilm EPS labeled with FITC-ConA. (C, D) Percentage of S. mutans biofilm remaining after different treatments as a function of concentration (C) and 808 nm laser
irradiation (1.5 W/cm?) time (D). The results were reported as mean =+ s.d. (n = 5). (E) CLSM 3D images of S. mutans biofilms in various groups. Red: bacterial cells
stained with EB; green: biofilm EPS labeled with FITC-ConA. All applied materials were used at a uniform dosage of CIP (55 pg/mL) or IR780 (60 pg/mL).
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exposed to suspensions of Nile red-loaded PEGylated nanoplatforms
(P2000S-NP@NIL) and imaged using CLSM 3D. At pH 7.4, Nile red loaded
in Po0oS-NP@NIL penetrated the S. mutans biofilms well, shown by the
fact that evident red fluorescence was uniformly distributed within the
biofilm at some positions, even reaching the bottom of the biofilm (top
of Fig. 6B). However, demonstrable penetration and accumulation of
P2000S-NP@NIL in the biofilm obviously declined at pH 6.5 (lower part
of Fig. 6B), suggesting that biofilm penetration was limited when the
PEG layer was shed from the nanoplatform under a weakly acidic bio-
film microenvironment. Quantitative analysis of the red fluorescence
intensity across the thickness of the S. mutans biofilm indicated that the
penetration and accumulation of PyppoS-NP@NIL in the biofilm was
more significant at pH 7.4 (Fig. S14A) than at pH 6.5 (Fig. S14B).
Evidently, the negatively charged surface and “stealthy” PEGylated shell
contribute to the low affinity of the nanoplatform to the biofilm matrix,
allowing its deep penetration into the biofilm and accumulation of
demonstrable concentrations of Nile red-loaded nanoplatforms [18,25,
26].

3.8. Antibiofilm activity

Bacterial biofilms, which are inherently resistant to antibiotics due to
their decreased membrane permeability and acidic microenvironment,
play significant roles in diverse chronic bacterial infections. From
Fig. S15, obvious low pH was observed in mature S. mutans biofilm,
which could be used as a target for the application of a pH-activated
therapeutic nanoplatform. To determine the antibiofilm activity of the
self-modulating microenvironment-activated nanoplatforms against
S. mutans under trinary therapy (Fig. 6A), the mature biofilms were
treated with various samples at a variety of concentrations with or
without 808 nm NIR irradiation (1.5 W/cm?). Quantification of the
remaining biofilm was performed using the classical crystal violet
method. Fig. 6C and Fig. S16 show the dispersion percentages of
S. mutans biofilms treated with the antibacterial materials as a function
of concentration. It was observed that free CIP exhibited negligible ef-
ficacy in eradicating biofilms. In contrast, the biofilm dispersion rate of
P2000S-NP@CIP reached 40-50%, demonstrating an evident improve-
ment in the antibiofilm ability of CIP upon encapsulation into PEGylated
nanoplatforms with reinforced biofilm penetration and programmed
bacteria targeting. In addition, P2p0oS-NP@IR780 and NIR-irradiated
P2000S-NP@(C + I) achieved considerably high biofilm dispersion per-
centages of 60%-70% and 70%-80%, respectively, under 808 nm irra-
diation. The comparatively greater antibiofilm activity of NIR-irradiated
P2000S-NP@(C + I) compared to PyppoS-NP@CIP and NIR-irradiated
P2000S-NP@IR780 indicates the existence of combined antibiofilm ef-
fects between the loaded CIP and IR780. We further evaluated the
dispersing action of P9pS-NP@IR780 and PygpoS-NP@(C + I) on
S. mutans biofilms as a function of irradiation time. As shown in Fig. 6D,
both P5p9pS-NP@IR780 and P2poS-NP@(C + I) showed irradiation time-
dependent antibiofilm effects. In particular, Pyp0oS-NP@(C + I) dis-
played better dispersion capability than Pyg0oS-NP@IR780 after the
same irradiation time, yielding a striking reduction in biofilms reaching
40%-50% upon 808 nm NIR irradiation (1.5 W/crnz) for only 1 min. We
envision that the excellent light-driven antibiofilm activity of PyggoS-
NP@(C + I) is conceivably the result of enhanced biofilm penetration by
PEGylation, efficient =~ PBA-mediated  bacterial localization,
microenvironment-responsive drug release and combined bacterial
killing between antibiotics and IR780-mediated PTT/PDT.

3.9. CLSM 3D observation

To visualize the dispersing performance of the PEG-sheddable
microenvironment-responsive nanoplatforms under NIR irradiation to-
ward S. mutans biofilms, the treated biofilms were stained simulta-
neously with FITC-ConA and EB to localize the polysaccharide matrix
and dead bacterial cells within the biofilms and observed by CLSM 3D
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imaging (Fig. 6E and Fig. S17). Compared with the control groups (PBS
and PBS plus irradiation), the biofilms treated with free CIP maintained
a relatively intact structure with dense bacteria in the internal space,
suggesting a negligible antibiofilm effect of the drug alone due to its low
biofilm penetration. As expected, the dispersion activity of CIP encap-
sulated into the PEGylated nanoplatform against biofilms was signifi-
cantly enhanced compared with that of free CIP, presumably due to the
improved deep penetration into biofilms and alterable active targeting
to the inner bacteria under the shell detachment strategy. In addition,
after treatment with P5o9oS-NP@CIP, NIR-irradiated P2pooS-NP@IR780
or NIR-irradiated P2p00S-NP@(C + I), the biofilms were destroyed to
varying degrees, with reduced EPS and bacteria remaining in the bio-
films. In particular, NIR-irradiated P5p0oS-NP@(C + I) displayed more
obvious destruction than P5goS-NP@IR780 and NIR-irradiated P2ggoS-
NP@IR780, indicating combined antibiofilm effects of the antibiotic and
IR780-mediated PTT/PDT. As a result, with the aid of PEG-reinforced
biofilm penetration, re-exposure of PBA ligands for bacterial targeting
upon shell detachment in response to slightly acidic conditions,
microenvironment-responsive drug release, and the additive action of
CIP and IR780, light-activated P2gpoS-NP@(C + I) displayed excellent
dispersing activity against S. mutans biofilms under 808 nm NIR
irradiation.

3.10. Disruption of ex vivo biofilms

To gain further insight into the therapeutic potential of the obtained
nanoplatform, an ex vivo human biofilm model was used to assess
whether P2ggpS-NP@(C + I) plus NIR irradiation can eradicate cario-
genic biofilms. The excised human teeth received from volunteers in
Tianjin Stomatological Hospital were processed to remove the root and
retain the crown, and then infected with S. mutans or L.acidopilus biofilm
and treated with the nanoparticles and/or NIR irradiation (808 nm, 1.5
W/cm?) for 5 min. The remaining biofilms were observed and quantified
by using the crystal violet method. As shown in Fig. S18, the nano-
materials exhibited similar eradication effects against both kinds of
cariogenic biofilms. Briefly, it was observed that the biofilm dispersion
rate of PygpoS-NP@CIP reached 40-55% while NIR-irradiated PoggoS-
NP@IR780 and NIR-irradiated P5ggoS-NP@(C + I) achieved consider-
ably high percentages in biofilm dispersion of 60-70% and 80-85%,
respectively. As a result, the prepared P2pooS-NP@(C + I) under NIR
irradiation can effectively eradicate both S. mutans or L.acidopilus bio-
films ex vivo, indicating the broad-spectrum efficacy against cariogenic
biofilms.

3.11. In vivo suppression of dental caries

We further sought to determine the in vivo efficacy of PypoS-NP@(C
+ I) under NIR irradiation on the suppression of oral biofilm-associated
infections using a well-established rodent model that simulates the
features of early childhood severe caries, including S. mutans infection,
in rat pups and long-term feeding on a sugar-rich diet. Upon the suc-
cessful establishment of the S. mutans-infected rat rodent model
(Figs. S19A and 19B) and after grouping the rats (PBS (+), free CIP,
P2000S-NP@CIP, P5poS-NP@IR780 (+), and P2ppoS-NP@(C + I) (+)), we
topically administered the corresponding materials by oral swabs with
or without light irradiation every other day (Fig. 7A). To validate the
biofilm penetrating ability of prepared nanoplatforms in vivo, freshly
formed S. mutans biofilms growing on the teeth of rat pup were exposed
to suspensions of Nile red-loaded PEGylated nanoplatforms (P2o0S-
NP@NIL) for 15 min, stained with FITC-ConA to label EPS, and then
imaged using CLSM 3D. As shown in Fig. S19C, evident red fluorescence
from Nile red was uniformly distributed within the biofilm from top to
the bottom, implying that the nanoplatforms can effectively penetrate
the cariogenic biofilms in vivo within 15 min of a spacing interval before
NIR irradiation. Using this therapeutic schedule, we were able to eval-
uate the incidence and severity of caries lesions in the teeth of the rat
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Fig. 7. (A) Experimental design and treatment regimen. (B) Body weights of rat pups during the experimental period. (C) Images of rat teeth after treatment. Green
arrows indicate initial lesions where the enamel is demineralized; blue arrows indicate moderate lesions where the enamel is damaged; red arrows indicate the most
severe carious lesions where the enamel is eroded leading to cavitation. (D-E) Caries onset and severity of smooth (D) and sulcal surfaces (E). Caries scores are
recorded as stages and extent of carious lesion severity according to Larson’s modification of Keyes’ scoring system. The data are presented as the mean + s.d. (n = 6).
*P < 0.05, **P < 0.01, ***P < 0.001; n.d., not detectable; n.s., nonsignificant.

pups. During the 21-day treatment period, there were no significant
differences in the body weights of the rats in the various test groups,
implying that the treated rats all maintained obvious good health
(Fig. 7B).

In this model, tooth enamel gradually formed carious lesions that

proceeded from initial areas of enamel demineralization (green arrow)
to moderate lesions (blue arrows) and ultimately to extensive (severe)
lesions characterized by enamel structure damage and cavitation (red

arrow, Fig. 7C). Quantitative caries scoring analyses (Fig. 7D and E)
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showed that PoggoS-NP@CIP partially attenuated the initiation and
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severity of carious lesions compared with PBS (+) and free CIP, poten-
tially benefiting from the enhanced drug bioavailability due to the
flexible modulation of biofilm infiltration and bacterial attachment.
Furthermore, the efficacy of dual therapy with P5poS-NP@(C + I) under
light irradiation was considerably better than that of P2ooS-NP@CIP or
P2000S-NP@IR780 (+); it decreased the number of carious lesions more
efficaciously, significantly prevented extensive enamel damage, and
circumvented the development of cavitation on both the smooth and
sulcal surfaces, thereby demonstrating a combined therapeutic effect of
CIP and IR780 under NIR irradiation. The above results demonstrate
that topical administration of NPogo@(C + I) plus light irradiation can
efficaciously inhibit the development of dental caries at both dental
surfaces. Hematoxylin and eosin (H&E) stained photographs of gingival
and palatal tissues from the treated rats showed no inflammatory re-
sponses, proliferative changes, or necrosis (Fig. 8), demonstrating good
biocompatibility of the nanoplatforms and an irradiation period of 808
nm NIR. The results suggest that topical treatment with a self-
modulating nanosystem plus light irradiation can efficaciously prevent
the development of prevalent biofilm-associated dental caries in vivo
with no adverse effects on peripheral soft tissues.

4. Discussion

The obtained data provide direct evidence of a NIR-assisted treat-
ment strategy for effective dispersion of oral biofilms and prevention of
severe tooth decay under a topical treatment regimen. The strategy is
involved with a well-orchestrated polymeric nanoplatform that serves as
a carrier to facilitate topical delivery of antibiotics and phototherapeutic
agents into oral biofilms. The nanoplatform armed with a “stealthy” PEG
layer lathered to PBA block through dynamic borate linkage can
favorably penetrate EPS into biofilms whereas suffering from PEG
detachment under the weakly acidic biofilm microenvironment to re-
expose PBA ligands for bacteria targeting, which provides a versatile
approach to coordinate the functionalities of biofilm penetration and
bacteria anchorage for self-regulated targeted anti-biofilm drug de-
livery. Importantly, the nanoplatform can be further activated by the
specific acidic pH values found in cariogenic biofilms to “on-site” release
the encapsulated cargoes for bacteria killing under three-in-one action
of antibiotics, hyperthermia and cytotoxic ROS upon exposure to NIR
irradiation, thus ultimately disrupting the hard-eradicating oral bio-
films. Such properties thwarted cariogenic biofilm accumulation and
prevented the onset of severe dental caries with no adverse events in the

PBS (+) Free CIP

Gingival

Palatal

P2000S-NP@CIP
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fitness of surrounding tissues in vivo. The application of the current
therapeutic strategy can be extended to other types of oral biofilm in-
fectious diseases since acidic microenvironment can be found in other
pathological conditions, such as dental plaque [49] and periodontitis
[18,50,51]. Thus, the exploitation of microenvironment-actuated pho-
totherapy approach could open up a new road for the treatment of se-
vere infectious diseases.

As known, impotent penetration of antimicrobial drugs into dense
biofilms remains the leading challenge of anti-biofilm treatments, which
propels the development of PEG-based EPS-penetrable drug conjugate
or nanocarrier for effective drug penetration into biofilms [18,24,25].
Besides, the high drug bioavailability serves as another prerequisite of
efficient bacteria killing that impacts overall biofilm dispersion, allow-
ing for bacterial anchorage followed by “on-site” drug release could be a
feasible strategy to improve drug bioavailability within biofilms [18].
To date, however, little research has focused on the collaboration of the
two sides to optimize anti-biofilm drug delivery despite the strides of
anti-biofilm therapy. Our current research aims to address the contra-
diction of PEG between reinforced biofilm penetration and low affinity
for bacteria, providing a general strategy to coordinate biofilm pene-
tration and bacteria anchorage in a self-modulating manner for effica-
cious anti-biofilm drug delivery.

Additionally, non-invasive phototherapy is proposed in this study to
synergy with antibiotics for NIR-controlled biofilm eradication and
prevention of infectious diseases. From the results, the topical admin-
istration of prepared nanoplatforms plus NIR irradiation yielded an
excellent antibiofilm efficacy in vitro and in vivo, which was more sig-
nificant than that of the free antibiotics. This system could efficiently
prevent the onset of biofilm-associated dental caries with no adverse
effects on peripheral soft tissues, indicating a promising future in oral
application. As known, phototherapy has recently aroused the re-
searchers’ interest in oral diseases due to the robust bacterial killing
performance of hyperthermia [52] and light-activated ROS [49-51].
Considering that NIR-assisted therapy with comparable superiority not
to induce bacterial resistance, the combination of antibiotics and
PDT/PTT could be an innovative treatment method for oral health care
despite a 5 min of light irradiation was needed compared to routine oral
treatment. Particularly worth mentioning is the time of NIR application,
5 min was a suitable period for treatment of mice but maybe not
acceptable for human treatment. The optimal time of NIR exposition for
practical use should be further investigated and regulated in the future,
maybe a regimen of multiple short bursts of light is recommended. We

P2000S-NP@IR780 (+)

Z

P2000S-NP@(C+l) (+)

. 8. Histopathology of gingival and palatal tissue in rats in the different groups (scale bar: 50 pm).
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consider that the light-guided therapeutic regimen in the present work
could be feasible and practical if the illumination device, irradiation
time and power are optimized roundly in the following investigations.

5. Conclusion

In summary, we have developed a biofilm microenvironment-
modulated nanoplatform for targeted drug delivery to combat drug-
resistant oral biofilm-associated infections. This novel strategy in-
volves the utilization of dynamic covalent chemistry to address the
contradiction between EPS penetration and bacterial targeting in bio-
film drug delivery. The “stealthy” corona is retained in the system to
maintain stability and biocompatibility and to allow enhanced deep
penetration into oral biofilms. After the nanoplatform reaches and ac-
cumulates within the biofilms, the slight acidity of the biofilm triggers
the rapid detachment of the “stealthy” shell and exposes the targeting
ligands for bacterial localization. The sheddable system is then subjected
to dissociation in response to the acidic biofilm microenvironment and
achieves “on-demand” drug release at bacteria-specific sites. Self-
regulated nanoplatforms involving multimodal bacterial killing sup-
press the evolution of oral biofilms and severe tooth decay in vivo in a
rodent model of the disease. Consequently, these merits of the nano-
platform system, as well as the near-infrared light-driven activity,
impart great inhibition efficacy against oral biofilms compared with
drugs alone. Accordingly, this versatile system provides a promising
strategy for difficult-to-treat oral biofilm infections.
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