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ARTICLE INFO ABSTRACT

Keywords: Objective. Periodontal tissue destruction and tooth loss are increasingly a worldwide prob-
Titanium dioxide lem as the population ages. Periodontitis is caused by bacterial infection and biofilm plaque
Upconversion nanoparticles buildup. Therefore, the objectives of this study were to: (1) develop a near-infrared light (NIR)-
Antibacterial triggered core-shell nanostructure of upconversion nanoparticles and TiO, (UCNPs@TiO,),
Near-infrared and (2) investigate its inhibitory effects via antibacterial photodynamic therapy (aPDT)
Photodynamic therapy against periodontitis-related pathogens.

Periodontitis biofilms Methods. The core B-NaYF;:Yb**, Tm3* were synthesized via thermal decomposition and

further modified with the TiO, shell via a hydrothermal method. The core-shell structure
and the upconversion fluorescence-induced aPDT treatment via 980 nm laser were studied.
Three periodontitis-related pathogens Streptococcus sanguinis (S. sanguinis), Porphyromonas
gingivalis (P. gingivalis) and Fusobacterium nucleatum (F. nucleatum) were investigated. The
killing activity against planktonic bacteria was detected by a time-kill assay. Single species
4-day biofilms on dentin were tested by live/dead staining, colony-forming units (CFU), and
metabolic activity.

Results. The hexagonal shaped UCNPs@TiO, had an average diameter of 39.7 nm.
UCNPs@TiO, nanoparticles had positively charged (+12.4 mV) surface and were biocompati-
ble and non-cytotoxic. Under the excitation of NIR light (980 nm), the core NaYF,:Yb* , Tm3*
UCNPs could emit intense ultraviolet (UV) light, which further triggered the aPDT func-
tion of the shell TiO, via energy transfer, thereby realizing the remarkable antibacterial
effects against planktons and biofilms of periodontitis-associated pathogens. NIR-triggered
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UCNPs@TiO; achieved much greater reduction in biofilms than control (p < 0.05). Biofilm CFU
was reduced by 3-4 orders of magnitude via NIR-triggered aPDT, which is significantly greater

than that of negative control and commercial aPDT control groups. The killing efficacy of
UCNPs@TiO,-based aPDT against the three species was ranked to be: S. sanguinis < F. nuclea-
tum =P. gingivalis. Metabolic activities of biofilms were also greatly reduced via NIR-triggered

aPDT (p <0.05).

Significance. Upconversion fluorescence-based aPDT achieved strong inhibiting effects

against all three species of periodontitis-related pathogens. This novel nanotechnology

demonstrated a high promise to inhibit periodontitis, with exciting potential to combat

other oral infectious diseases such as deep endodontic infections.
© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Periodontal tissue destruction and tooth loss are increasingly
a worldwide problem as the population ages. Periodontitis is a
chronic inflammatory process initiated by bacterial infection
affecting the supporting tissues around the tooth, resulting
in bone loss, tooth mobility or even tooth loss [1]. Approx-
imately 10% of the world population suffered from severe
periodontitis, while the number was 20.4% in Southern Latin
America, in 2010 [2]. Considerable evidence has confirmed
that plaque biofilm is the initiator of periodontitis, and sub-
gingival plaque is implicated in damaging periodontal tissues
[3,4]. Large amounts of bacteria could accumulate on subgin-
gival tooth surfaces, where early microbial colonizers would
offer attachment substrates for the later microbial colonizers
during the plaque biofilm formation [5]. Therefore, there is a
critical need to eliminate subgingival biofilms to treat peri-
odontitis.

Mechanical debridement is considered as the main peri-
odontal therapy [6]. However, as the periodontal probing depth
increases, the clearance of subgingival plague by mechanical
debridement becomes more difficult due to anatomical factors
(e.g., deep invaginations, root furcation), instrument shape
and clinical experience [7,8]. Furthermore, deeper probing
may increase the risk of surgical trauma and postopera-
tive complications (e.g. bacteremia) [9]. Therefore, mechanical
debridement could not achieve major clinical improvements
in cases of advanced diseases and deep periodontal pockets
[6], where antibiotics could serve as an adjunctive treatment
for periodontitis. However, the emergence of antibiotic-
resistant strains and bacterial resistance has dramatically
increased due to long-term utilization of antibiotics [10]. In a
recent study, 74.2% of the patients with chronic periodontitis
showed subgingival periodontal pathogens resistant to one or
more of the test antibiotics [11]. In addition, 55%, 43.3%, 30.3%,
and 26.5% of the patients with chronic periodontitis revealed
one or more test species being resistant in vitro to doxycycline,
amoxicillin, metronidazole, or clindamycin, respectively [11].
Furthermore, both systemic and local antibiotics as adjunctive
treatments for periodontitis were reported to have more than
ten types of adverse effects [10,12].

To meet these challenges, antimicrobial photodynamic
therapy (aPDT) has been investigated as a promising ther-
apy for eradicating pathogenic bacteria in periodontal and

peri-implant diseases [13,14]. The aPDT consists of three com-
ponents: photosensitizers (PSs), light, and oxygen. The PS is
excited by a wavelength of light and then transforms from
the ground state to a high-energy triplet state. The triplet
state PSs have a longer lifespan, enabling the activated PS
to generate reactive oxygen species (ROS), which can lead
to irreversible oxidative damage against microorganisms [15].
The aPDT has the advantages of easy operation, wide appli-
cations, high efficiency and no obvious drug resistance [16].
The first photosensitive drug was approved for treating actinic
keratoses in 1999 by the U. S. Food and Drug Administration
(FDA) [17]. Commercial PSs such as methylene blue (MB) and
Toluidine blue O (TBO) have been used in clinical treatments
for periodontitis and peri-implantitis [13]. The effect of aPDT
associated with non-surgical therapy for periodontal treat-
ment was controversial. Early studies showed that adjunctive
applications of a single episode of aPDT failed to achieve
additional improvement [18]. Recently, however, multiple ses-
sions of aPDT as an adjunct to surgical periodontal treatment
were shown to significantly improve the clinical parameters
at 90 days post-operation [19]. Moreover, according to recent
scientific evidence-based information gathered by the Amer-
ican Academy of Periodontology (AAP), when compared with
conventional periodontal therapy, aPDT may provide similar
clinical improvements in probing depth and clinical attach-
ment level in patients with moderate to severe periodontitis
[20].

Recently, titanium oxide (TiO;) has attracted interest due
to features such as low toxicity, good biocompatibility and
high stability in a physiological environment [21]. Upon ultra-
violet (UV) irradiation, TiO, could generate reactive oxygen
species (ROS) and exert potent bactericidal and sterilizing
effects against oral pathogens [22,23]. In a recent study,
TiO, nanoparticle-containing dental adhesives were investi-
gated to combat oral bacterial biofilms [23]. TiO; significantly
reduced Porphyromonas gingivalis (P. gingivalis) upon UV irradi-
ation and exhibited a continuous photocatalytic effect even
after the termination of the UV irradiation [24]. However, due
to the wide band gap, TiO, photo-absorption was limited to
the UV light spectrum which restricted tissue penetration and
might cause DNA damage, skin cancer and other skin disor-
ders [25].

Compared to the UV light, the near-infrared (NIR) light has
amuch larger tissue penetration depth and less damage to tis-
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sues. If NIR light can be converted into UV light, it is expected
to break through the excitation bottleneck problem of this type
of TiO, PSs. Rare earth-doped upconversion nanoparticles
(UCNPs) are currently the most representative light conver-
sion materials via an anti-Stokes emission process, which can
effectively convert NIR light into visible light and UV light [26].
Furthermore, these UCNPs have stable optical properties, such
as narrow emission bands, long lifetime, and stable emission
position. More importantly, the excitation light is mainly in
the first window of biology (700-1100 nm), possessing not only
high tissue penetration depth with less damage, but also no
background noise generation, which is beneficial for fluores-
cence imaging [26]. Considering that periodontal infections
are always located at deep pockets, furcation and surface irreg-
ularities areas, therefore, if NIR triggered aPDT can be involved
with deeper tissue penetration, it may become an important
way to solve the current bottleneck problem, which is also
of utmost importance for clinical therapeutic applications in
periodontitis.

The present study synthesized a core-shell structured B-
NaYF4:Yb** Tm3*@TiO, (termed UCNPs@TiO,) for the first
time. As shown in Scheme 1, the UCNPs core upconverts NIR
light to UV light, which further photoexcites the electrons
in the valence band (VB) of the TiO; shell to the conduction
band (CB). This results in the formation of electron-hole pair
and then eliciting redox reactions for the generation of ROS.
This design could simultaneously take advantage of the deep
penetration of NIR and the excellent photoelectron - catalysis
performance of TiO; to produce ROS effectively. The aims of
this study were to: (1) develop a novel core-shell structured
UCNPs@TiO,, and (2) investigate the antibacterial capabilities
against periodontitis-associated pathogens for the first time.
It was hypothesized that: (1) UCNPs@TiO, would have uniform
size distribution without cytotoxicity; (2) UCNPs@TiO, would
possess an excellent antibacterial activity against both plank-
tons and biofilms of periodontitis-associated pathogens with
the activation of NIR; (3) UCNPs@TiO; would be more effective
against Gram-negative bacteria than Gram-positive bacteria.

2. Materials and methods
2.1. Materials and reagents

YCls, YbCl3 and TmCl; (Ruike Centre, Baotou, China),
Octadecene (ODE), oleic acid (OA), polyvinylpyrrolidone (PVP,
Mw =58,000, K29-32), and 1,3-diphenylisobenzo-furan (DPBF)
were purchased from Aladdin, China. Other chemical reagents
were purchased from Beijing Chemical Works, China. Dul-
becco’s Modified Eagle Medium (DMEM) and fetal bovine
serum (FBS) was commercially obtained from Gibco (Grand
Island, NY, USA). Cell Counting Kit-8 (CCK-8), paraformalde-
hyde, fluorescein isothiocyanate (FITC) and 4/, 6-diamidino-
2-phenylindole (DAPI) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All the bacteria strains obtained from
American Type Culture Collection (ATCC, Manassas, VA):
Streptococcus sanguinis (S. sanguinis) ATCC 49295, P. gingivalis
ATCC 33277 and Fusobacterium nucleatum (F. nucleatum) ATCC
25586. Tryptic soy broth (TSB), menadione, yeast extract,
L-cysteine hydrochloride, hemin, 3-[4,5-dimethylthiazol-2-

yl]-2,5 diphenyl tetrazolium bromide (MTT) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Columbia blood agar was purchased from
BIO-KONT (Wenzhou, China). LIVE/DEAD BacLight Bacterial
Viability Kits was obtained from Invitrogen (Carlsbad, CA,
USA). All reagents were used without additional purification.

2.2.  Synthesis of B-NaYF,: Yb*,Tm3* UCNPs

The upconversion nanoparticle (UCNPs, B-NaYF4:Yb3*, Tm3+)
core was synthesized as described previously with slight mod-
ifications [27]. Briefly, 0.795 mmol of YCls, 0.2 mmol of YbCl;
and 0.005mmol of TmCl; were mixed with 6 mL of OA and
15mL of ODE in a 100 mL flask and heated to 160°C to form
a homogeneous solution for 1h [27]. After cooling down to
room temperature, 10mL of methanol solution containing
2.5 mmol of NaOH and 4 mmol of NH4F was slowly added drop-
wise into the flask and stirred over 30 min until a transparent
solution was formed. The solution was subsequently heated
to remove the methanol, degassed at 125°C for 30 min, then
heated to 330°C and maintained under Argon protection for
1h. When the solution was cooled to 60 °C, nanocrystals were
precipitated with ethanol. This was washed three times with
cyclohexane/ethanol at a volume ratio of 1:2. The final prod-
ucts were collected and re-dispersed in cyclohexane [27].

2.3. Coating of TiO; on B-NaYF4:Yb**,Tm3* UCNPs

The coating process was according to the previous proto-
cols with slight modifications [28]. The B-NaYF4:Yb3* Tm3*
UCNPs of 0.05mmol were dispersed in 15mL ethanol and
mixed with 0.1g PVP and 0.1 mL deionized water under mag-
netic stirring for 1h to ensure sufficient adsorption of PVP.
Then 0.02mlL tetrabutyl titanate was dissolved in 5mL of
ethanol which was added dropwise to the above suspension
with continuous stirring for 2h. Another 15mlL of ethanol
was added into the aforementioned reaction solution. The
solution was transferred into a 50 mL sealed Teflon-lined auto-
clave and maintained at 180°C for 6h. After the autoclave
was cooled to room temperature, the precipitates were sepa-
rated by centrifugation and washed three times with ethanol
and deionized water [28]. The final products were dispersed in
ethanol and referred as to UCNPs@TiO,.

2.4. Characterization of the synthesized nanoparticles

The nanoparticles were examined using a transmission
electron microscope (TEM, JEOL, JEM-2100F, Japan) at an accel-
eration voltage of 200 kV. The purity and phase structure of the
samples were characterized by X-ray power diffraction (XRD)
with a RigakuD/max-rA power diffractometer (Rigaku, Tokyo,
Japan) using a Cu-KR radiation (A=1.54178 A) in the 20 range
from 10° to 80°. The Zeta potential of UCNPs@TiO, was mea-
sured using Zeta potential instrument (Malvern Instruments
Limited, Zetasizer Nano-Z, UK). A spectrometer (Andor, Sham-
rock SR-750) was used to measure upconversion luminescent
(UCL) spectra. The signal was collected by a photomultiplier
combined with a monochromator from 300nm to 800nm. A
continuous 980 nm diode laser was used to pump the samples
for a steady-state spectra investigation. In the measurements
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Scheme 1 - Synthesis of B-NaYF4:Yb3*,Tm3*@TiO, and mechanism of aPDT under NIR irradiation. Upon NIR irradiation, the
UCNPs core upconverts NIR light to UV light, which further photoexcites the electrons in the valence band (VB) of TiO, shell
to conduction band (CB). This results in the formation of electron-hole pair which migrate to the surfaces to generate
various ROS containing superoxide radical (O," ~), hydroxyl radical (" OH) and hydrogen peroxide (H,0,). ROS eventually

causes oxidative damage against the microorganisms.

of luminescent dynamics, a laser-system including a Nd: YAG
pumping laser (1064 nm), the third-order Harmonic-Generator
(355nm) and a tunable optical parameter oscillator (OPO, Con-
tinuum Precision II 8000) was applied to pump the samples.
The following parameters were used: a pulse duration of 10 ns,
a repetition frequency of 10Hz, and a line width of 4-7 cm~2.
Ultraviolet-visible (UV-vis) absorption spectra were measured
with a scanning spectrophotometer (Shimadzu, UV-3600PC
UV-vis, Japan) ranging of 200-1100 nm.

2.5.  Invitro ROS production generation

DPBF probes can react irreversibly with ROS to detect the
generation of ROS quantum yield of UCNPs@TiO,. The DPBF
absorption was at 410nm and the intensity decreased after
reaction with ROS [29]. 10mg of UCNPs@TiO, nanoparticles
were well-dispersed in 2 mL of DPBF solution (0.5 mg/mL), and
then diluted by 50 times. 2mL of the mixture was transferred
to a dark vessel with ultrasonic processing for 20 min. Then,
the mixture was continuously irradiated by an optical probe
with exposure to a 980nm diode laser system (BWT Beijing
Ltd., DS3-11313-0411, max: 5W, 10,000 Hz, 45 ps) at a power
density of 2.5Wcm~2 for up to 20min. The absorption was
measured at every 5min of the irradiation [30]. The genera-

tion of ROS was determined by the characteristic absorption
decrease of the DPBF using a UV-vis absorption spectrum.

2.6.  In vitro dark-toxicity measurement of
UCNPs@TiO,

Mouse fibroblasts L929 cells (Shanghai Institute of Biochem-
istry and Cell Biology, China) were seeded at a density of
6 x 10° per well in a 96-well plate and incubated overnight
to allow the cells to adhere to the bottom of the wells.
The UCNPs@TiO, was prepared at a concentration ranged
from 10 pM (2.7 pg/mL) to 4mM (1.08 mg/mL) and then soni-
cated for 20min in DMEM supplemented with 1% antibiotics
(100 U/mL penicillin and 100g/mL streptomycin) and 10%
FBS. Cells were further incubated for 24h at 37°C, and then
the number of viable cells was determined by CCK-8 assay
using a microplate reader at OD4sonm (Bio-Tek, Winooski, VT,
USA).

The morphology of L929 cells was observed following the
above process by treatment with nanoparticles at a series of
concentrations. Paraformaldehyde (4%) was used to fix the
cells. Samples were washed with PBS. Subsequently, 10 pg/mL
FITC and 1 pg/mL DAPI were added to stain the cells for 15 min.
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The cell morphology was examined using a confocal laser
scanning microscopy (CLSM, Olympus FV1000, Japan).

2.7. Bacteria strains and culture

The bacterial strains were S. sanguinis, P. gingivalis and F. nuclea-
tum. Each species was incubated in TSB supplemented with
yeast extract 5g/L, L-cysteine hydrochloride 0.5g/L, hemin
5mg/L and menadione 1mg/L at 37 °C under anaerobic envi-
ronment (85% Ny, 10% Hj and 5% CO5) [31]. The inoculum was
adjusted to 108 colony-forming unit counts (CFU/mL), based
on the standard curve of ODgyonm versus CFU/mL for each
species [31]. The inoculum was then diluted in the growth
medium at a ratio of 1:10 and used for subsequent experi-
ments.

2.8.  Time-kill curves of UCNPs@TiO, against
planktonic bacteria

The concentration of UCNPs@TiO, was set following the
cell-toxicity measurement. Since significant cytotoxicity was
detected at a concentration of 4mM, whereas 2mM was
relative safe, concentrations of 1mM and 2mM were used
in subsequent experiments. Accordingly, the following five
groups were tested for antibacterial effects:

(1) (1) Negative control group: The bacteria were not treated
with nanoparticles or laser irradiation (referred to as
“Dark control”);

(2) Low dose UCNPs@TiO,control group: The bacteria
were treated with 1 mM UCNPs@TiO, but without laser
irradiation (referred to as “Dark+1 mM UCNPs@TiO,");

(3) High dose UCNPs@TiO;control group: The bacteria
were treated with 2 mM UCNPs@TiO, but without laser
irradiation (referred to as “Dark+2 mM UCNPs@TiO,");

(4) Low dose UCNPs@TiO,aPDT group: The bacteria were
treated with 1mM UCNPs@TiO, and with laser irra-
diation at 750Jcm~2 (referred to as “Light+1mM
UCNPs@TiO;");

(5) High dose UCNPs@TiO,aPDT group: The bacteria
were treated with 2mM UCNPs@TiO, and with laser
irradiation at 750Jcm~2 (referred to as “Light+2mM
UCNPs@TiO,").

For group (4) and (5), each well was irradiated with the
980nm laser at a power of 2.5W cm~2 for 5min. The height
of the laser head was adjusted to allow the laser spot to have
the same size as the well size.

The killing activity of UCNPs@TiO, against planktonic bac-
teria (S. sanguinis, P. gingivalis and F. nucleatum) were detected
via the time-kill curves. Briefly, S. sanguinis, P. gingivalis, and
F. nucleatum suspensions were diluted to 10° CFU/mL at the
absorbance of 0.2 at ODgoonm [32]. The bacteria suspensions
were treated with UCNPs@TiO, at 1 mM or 2 mM with or with-
out the 980 nm irradiation at an intensity of 2.5Wcm~2 for
5min in every hour (h). Upon O, 1, 2, 4, 6, 8, 10 and 12h
incubation, 10 pL of the suspension was serially-diluted and
inoculated on Columbia blood agar supplemented with 3 g/L
beef extract powder, 10g/L peptone, 5g/L sodium chloride,
15g/L agar and 5% sheep blood plates. After 48h of anaero-

bic incubation at 37 °C, the number of viable bacteria colonies
was counted. All measurements were performed in triplicates
[32].

2.9. Single-species biofilm formation on human dentin

Freshly-extracted human molars were collected to prepare
dentin samples as substrates for biofilm formation. Teeth col-
lection was approved by Institutional Review Board of Jilin
University, School of Dentistry (Ref. H20180067). After crown
removal, square-shaped dentin samples with 5x5mm and
a thickness of about 1mm were cut with a diamond saw.
The dentin squares were grinded with 2400 grit SiC paper
to standardize the samples. Each tooth slice was soaked in
ethanol for 24 h and autoclaved at 160 °C for 1.5 h. To mimic the
subgingival conditions, FBS was heat-inactivated to exclude
complement-activity and used in a 25% concentration in
saline. The dentin squares were immersed in the above solu-
tion at 37 °C overnight to pre-coat a serum pellicle on dentin
[33].

Each bacteria species was used individually to form single-
species biofilms following a previous study [32]. The serum
pellicle-coated dentin squares were placed into a new 24-well
plate. Each bacterial species was inoculated at a concen-
tration of 108 CFU/mL in 1.5mL medium in each well. The
samples were treated with UCNPs@TiO; at a concentration
of 1mM and 2mM upon 980nm laser irradiation. Groups
without laser irradiation served as control. The medium con-
taining UCNPs@TiO, at different concentrations was refreshed
every 24 h. After transferring to new 24-well plates, the dentin
squares with adherent biofilms were treated with light irradi-
ation in the same manner as the first day. The experiments
following previous reports indicating that relatively mature
biofilms could be formed in about four days [32].

For anti-biofilm evaluation, a commercial agent (TBO, Foto-
San, CMS Dental A/S, Kopenhagen, Denmark) was included for
comparison. According to the manufacturer, TBO-based treat-
ment has antimicrobial (bacteria, virus, fungi) effects without
risks or side-effects, and hence is an important adjunct to
the scaling and root planing in the treatment of periodontitis.
In addition to treating periodontitis, Fotosan is also used for
the treatment of endodontic defections, gingivitis and other
acute inflammatory conditions, including peri-implantitis and
profound caries. In the present study, the TBO agent was pre-
pared in the medium at a concentration of 0.1 mg/mL. The
light source was a red light-emitting diode (LED) lamp with a
wave length of 630nm at an intensity of 2Wcm~2, and TBO
was used in its highest viscosity. This group is referred to
as “Commercial aPDT control”. The commercial aPDT control
together with the aforementioned five groups were tested in
the following experiments.

2.10. Live/dead staining

Each dentin square with 4-day biofilms was washed with
cysteine peptone water (CPW) to rinse off the non-adherent
bacteria. LIVE/DEAD BacLight Bacterial Viability Kits was used
to examine the viability of the bacteria on the dentin slices fol-
lowing the manufacturer’s instructions. The staining solution
was mixed with 2.5pM SYTO9 and 2.5 uM propidium iodide
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to stain each sample for 15min. Intact bacterial cells were
stained with SYTO9 to emit a green fluorescence, whereas
embrane-compromised bacterial cells were stained with pro-
pidium iodide to show a red fluorescence. The images of
biofilms were collected with a CLSM (Olympus FV1000, Japan).
Three dentin squares were tested for each group with each
bacterial species, using a total of 54 dentin squares for
live/dead staining. Five images were randomly captured for
each sample, yielding 15 images for each group with each
bacterial species.

2.11.  Colony-formation units counts

For CFU testing, eighteen disks were made for each group,
with six squares for each species. Dentin squares with 4-day
biofilms were transferred into vials with 1 mL CPW, and the
bacteria which were composed of biofilms were harvested by
scraping and sonication/vortexing (IKA Lab Dancer, Germany).
Columbia Blood Agar plates were used for CFU measurement.
Biofilm suspensions were serially diluted, spread onto agar
plates and incubated at 37 °C anaerobically for 72h. Then, the
number of growing colonies were counted and calculated CFU
counts along with the dilution factor [32].

2.12. Metabolic activity

Eighteen disks were made for each group for the metabolic
assay, with six squares for each bacterial species. The MTT
assay is a colorimetric assay that is based on the transform
from MTT into formazan crystals by living cells, which mea-
sures mitochondrial activity [34]. Each dentin square with
4-day biofilms was transferred to new 24-well plates with
0.4mL of MTT dye (0.5mg/mL MTT in PBS) in each well and
incubated at 37°C in 5% CO; for 1h. The square was then
transferred to new 24-well plates, and equal volume of DMSO
was added to each well to solubilize the formazan crystals.
The plates were sway gently on an incubated shaker (IS-
RSDA, Incushaker, Crystal Technology & Industries Inc, USA)
for 20 min at room temperature in the dark. After mixing well,
100 pL of the DMSO solution was transferred to a 96-well plate,
and the absorbance at ODssonm Was measured via microplate
reader (Bio-Tek). A higher absorbance value indicates a higher
metabolic activity in the biofilm on the dentin squares.

2.13. Statistical analysis

Statistical analyses were performed by SPSS 19.0 software
(SPSS, Chicago, IL, USA). All data were checked for nor-
mal distribution with the Kolmogorov-Smirnov test. One-way
analyses of variance (ANOVA) were performed to detect the
significant effects of the variables. Tukey’s multiple compari-
son tests was used to compare the data at a pre-set alpha of
0.05.

3. Results

Fig. 1 showed representative TEM and HR-TEM images of
the synthesized UCNPs and UCNPs@TiO,. Typical TEM or HR-
TEM images of B-NaYFs: Yb*,Tm3* cores at low (Fig. 1A),

medium (Fig. 1B) and high (Fig. 1C) magnifications showed
that the nanoparticles were dispersed well with uniform size
of (33.88+0.79) nm in diameter and having a regular hexag-
onal shape. As shown in Fig. 1(D-F), TiO, could be seen on
the surface of the UCNPs. Fig. 1F demonstrated the lattice
fringes both on the core and the shell. The fringe spacing
of 0.52nm and 0.35nm were exhibited corresponding to the
100 plane of B-NaYFs4 crystal and the 101 plane of anatase
phase TiO,, respectively. Fig. 1G showed the size distribution
of UCNPs and UCNPs@TiO, by measuring the diameter on
the TEM images. The TiO, coating on UCNPs increased the
average diameter from 33.88 nm to 39.70 nm. The surface zeta
potential of UCNPs@TiO; (Fig. 1H) showed a positive charge of
approximately +12.4 mV.

Fig. 2A showed the powder XRD patterns of UCNPs and
UCNPs@TiO,. The position of the diffraction peaks from the
UCNPs could be readily identified to the B-NaYF; struc-
ture according to the JCPDS standard card no. 16-0334. For
UCNPs@TiO,, besides the diffraction peaks of the B-NaYFy
crystal, two main diffraction peaks of anatase phase TiO;
(marked with stars) could also be observed according to
the JCPDS standard card no. 21-1272. This further confirmed
the combination of crystal TiO, and the B-NaYF4:Yb3*, Tm3*
UCNPs. The UCL spectra of UCNPs and UCNPs@TiO, were
shown in Fig. 2B. Triggered by the 980nm laser, intense UV
emission peaks centered at 348 nm and 362nm which were
assigned to the transitions of Tm3* ions: Is — 3F4, and 1D, —
3Hg, respectively. In addition, more intense blue UCL emission
peaks centered at 450nm and 480nm due to the transitions
of 1Dy — 3F4 and 'G4 — 3Hg, respectively. Comparing the
two upconversion spectra, after the modification of the TiO,
shell, the ratio of UV/blue emissions sharply decreased rela-
tive to the unmodified UCNPs, indicating the energy transfer
in the UV region from the UCNPs core to the TiO; shell. To fur-
ther understand the photoluminescence and energy transfer
process, Fig. 2C illustrated the principles of the upconversion
mechanism and photocatalytic mechanism of TiO,. The UCL
decay curves of Iy — 3F,4 transitions of Tm3* ions in UCNPs
and UCNPs@TiO; under 980 nm light irradiation were shown
in Fig. 2D. The decay time of UCNPs@TiO, remarkably dimin-
ished in comparison with UCNPs, for ' — 3F, transitions due
to the energy transfer to TiO,. With increasing NIR irradia-
tion time, the absorbance of DPBF was decreased at 410 nm,
indicating the generation and release of the ROS as shown in
Fig. 2F.

As shown in Fig. 3, both CCK-8 assay and cell staining with
DAPI and FITC were performed to evaluate the dark-toxicity
of UCNPs@TiO;. The cell viability of L929 cells was over 95%
at the concentration of 0.5 mM. When the concentration was
2mM, the live cells still remained above 80%. Nevertheless,
the numbers of cells alive decreased to below 50% at a con-
centration of 4mM (Fig. 3A). Fig. 3(B-F) shows representative
images of L929 cells at the presence of UCNPs@TiO, with dif-
ferent concentrations. The number of live L929 cells decreased
dramatically at the concentration of 4 mM (Fig. 3F).

Fig. 4A showed a diagram of time-kill assay. Fig. 4B-D
respectively plotted the time-kill curves for S. sanguinis, P. gin-
givalis and F. nucleatum at the first 12h. The time-kill kinetics
of different doses of UCNPs@TiO, without laser irradiation
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Fig. 1 - Morphology, size and zeta potential of UCNPs. (A-B) TEM images of UCNPs with different magnifications. (C) HR-TEM
image of UCNPs. (D-E) TEM images of UCNPs@TiO, with different magnifications. (F) HR-TEM image of UCNPs@TiO,. (G) Size
distributions of UCNPs and UCNPs@TiO,. (G) The zeta potential of UCNPs@TiO,
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a significant difference (p <0.05). (B-F) CLSM images of L929 cells incubated with UCNPs@TiO,, showing green fluorescence
indicating cytoplasm, Blue fluorescence indicates the nucleus. Scale bar: 100 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

resembled the dark control group, showing no antibacterial Representative CLSM photographs of 4-day biofilms of S.
effects. In contrast, UCNPs@TiO, with the 980 nm laser irradi- sanguinis, P. gingivalis and F. nucleatum on dentin squares were
ation killed all bacteria species at 12h for 1mM, and at 4h for shown in Fig. 5 for (A-C) Dark control, (D-F) commercial
2mM. aPDT control, (G-I) Dark +1 mM UCNPs@TiO,, (J-L) Dark +2 mM
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UCNPs@TiO,, (M-0) Light +1 mM UCNPs@TiO, and (P-R) Light
+2mM UCNPs@TiO,. Live bacteria were stained green, and
bacteria with compromised membranes were stained red. For
all three species, three control groups were nearly fully cov-
ered by live bacteria. The commercial aPDT control showed
lesslive bacteria. In contrast, the two UCNPs@TiO, groups with
light irradiation had mainly red staining with compromised
bacteria.

Fig. 6 plotted the CFU counts of 4-day biofilms on
dentin squares (mean + SD; n=6). Dark control, Dark +1 mM
UCNPs@TiO, and Dark +2 mM UCNPs@TiO, groups had sim-
ilar CFU (p>0.1). The commercial aPDT control decreased
the biofilm CFU for all three species by 1-2 log. Upon NIR
irradiation, the UCNPs@TiO, decreased the biofilm CFU for
all three species by several orders of magnitude, compared
to all dark groups (p<0.05). The anti-biofilm properties of
UCNPs@TiO; upon NIR irradiation showed a dose-dependent
manner. The light +2 mM UCNPs@TiO, group had significantly
lower CFU than the light +2mM UCNPs@TiO, for S. sanguinis
and F. nucleatum (p <0.05). Using the light +2 mM UCNPs@TiO,
as an example, the aPDT reduced the bacterial CFU differently
for different bacterial species, some by approximate 3 log, oth-
ers by more than 4 log. The CFU of S. sanguinis, P. gingivalis

and F. nucleatum in the commercial aPDT control group were
reduced to 11.2%, 1.03%, 2.43%, respectively, of the CFU in the
Dark control group. While the CFU of S. sanguinis, P. gingivalis
and F. nucleatum in the light +2mM UCNPs@TiO, group were
reduced to 0.021%, 0.003%, 0.005%, respectively, of the CFU in
the Dark control group.

The MTT metabolic activity of 4-day biofilms on dentin
squares was plotted in Fig. 7 (mean + SD; n=6). All three dark
groups had similar MTT metabolic activity for all three species
(p>0.1). The commercial aPDT control group lowered the
metabolic activity of biofilms of all three species (p <0.05). The
light +1mM UCNPs@TiO; and the light +2mM UCNPs@TiO,
groups substantially reduced the metabolic activity of biofilms
of all three bacterial species, compared with dark control and
commercial aPDT control groups (p <0.05).

4, Discussion

Although aPDT methods have recently achieved remarkable
progress in the treatment of periodontitis, further improve-
ment of the treatment of deep tissues is still needed [15].
Since UV and visible light is the main source of excitation for
the most popular PSs, they face the disadvantages of shallow
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Fig. 5 - Representative live/dead images of 4-day biofilms on the dentin: S. sanguinis (left column), P. gingivalis (middle
column) and F. nucleatum (right column) for (A-C) Dark control, (D-F) Commercial aPDT control, (G-I) Dark +1 mM
UCNPs@TiO,, (J-L) Dark +2 mM UCNPs@TiO,, (M-O) Light + 1 m M UCNPs@TiO2 (980 nm, 2.5 W cm~2, 5min), and (P-R) Light
+2mM UCNPs@TiO, (980 nm, 2.5 W cm~2, 5min). Scale bar: 100 pm. Live bacteria were stained green, and dead bacteria
were stained red. When live and dead bacteria were in close proximity or on the top of each other, the staining had yellow
or orange colors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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tissue penetration depth, and severe side effects when con-
sidering deep-level sterilization treatment applications [22].
Introducing NIR light with deeper tissue penetration is an
important choice. As shown in the scheme 1, the most crit-
ical step is to convert NIR light into UV light, which is also a
key innovation point in this sterilization work.
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Fig. 7 - Metabolic activity of 4-day biofilms on dentin
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significantly different values (p <0.05).

Rare earth-doped upconversion materials have anti-Stokes
luminescence properties due to the sequential absorption of
multiphoton by the ladder-like energy levels. Among the triva-
lent lanthanide ions, Tm3* is the most important UCL centers
which can convert NIR to UV. In addition, B-NaYF, is the
most efficient UCL matrix material reported so far [35]. There-
fore, in this work, B-NaYF4:Yb3* Tm3* UCNPs were involved
as the light conversion material and energy donor. The
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core/shell-structure UCNPs@TiO, was further developed and
the bactericidal effect against periodontitis-related pathogens
excited by 980nm laser was investigated for the first time.
With the core/shell structure, the photocatalysis activity of
TiO; could be induced by upconversion UV light, producing the
electrons (e7) in the conduction band (CB) and create a hole (h*)
in the valence band (VB). These electron-hole pairs migrate
to the surfaces to induce in ROS generation (a schematic
illustration is also demonstrated in Fig. 2C). Therefore, when
the NIR-triggered aPDT is applied with deeper tissue pen-
etration, it may become an effective method to solve the
current bottleneck problem, which is also of utmost impor-
tance for clinical therapeutic applications in periodontitis.
Note that all the hypotheses have been proven. The synthe-
sized UCNPs@TiO, was uniform in size without noticeable
cytotoxicity. The UCNPs@TiO, showed excellent performance
in killing both planktonic bacteria and biofilms especially for
Gram-negative bacterial species.

To identify the feasibility of NIR-triggering TiO,, the UCL
spectra were investigated. After coating a TiO, shell on the
surface of UCNPs, both the blue and UV emission intensities
decreased. Furthermore, upconverted UV light has experi-
enced a much greater reduction than blue light emission,
implying the energy transfer from UCNPs to TiO, at the UV
region (Fig. 2B). This energy transfer process can be further
explained by lifetime measurements. The transitions of the
luminescent center of the rare earth include radiation tran-
sitions and non-radiative transitions. In this UCNPs@TiO,
model, the energy transfer from the rare earth luminescence
center to TiO; shell is a non-radiative transition. If the non-
radiative transitions are enhanced, such as using resonance
energy transfer or quenching, the fluorescence lifetime will
be reduced due to the faster non-radiative transition rate.
In this study, the UCL decay curves of lIg—3F4 transitions
of Tm3* ions in UCNPs and UCNPs@TiO, were investigated,
which corresponds to the upconversion UV emission. Under
the 980 nm light excitation, both UCL decay curves could be
well-fitted to a single exponential function. However, com-
pared to the UCNPs, the decay time for I;—3F; transition
in UCNPs@TiO; was reduced by 52%. The decreasing of the
fluorescence lifetime implied that the efficient energy migra-
tion between NaYF4:Yb3*,Tm3* and TiO, which belongs to a
fluorescence resonance energy transfer (FRET) process. This
energy migration contributed to the NIR-induced photocat-
alytic activity of TiO,.

In this study, we only measured the ROS production in
the first 20 min, since the radiation time would not last more
than 20min in clinical applications. In a previous study, the
absorbance of DPBF was decreased by approximate 50% in
20 min [28]. However, the absorbance of DPBF was decreased by
approximate 32.4% in 20 min upon NIR radiation in the present
study. The yield of ROS production was not as much as those in
previous study, which would probably decrease the antibacte-
rial efficacy. First, the concentration of TiO, nanoparticles and
DPBF probe in the previous study was 50-time higher than that
in present study [28]. Second, when the NIR laser is used, only
a very tiny light column can be used to achieve a relatively
high excitation power density. However, as the DPBF probe
is used to detect ROS, the ROS is generated only in a small
excitation light column region. Rapid diffusion into the entire

solution system happens quickly, which is equivalent to dilu-
tion of the ROS solution, that is why no significant absorption
decline of probe can be observed. However, when applied to
clinical treatment, that small point of stimulation is sufficient,
because the area that needs treatment is relatively small. In
addition, this concentrated NIR beam would be probably ben-
eficial for clinical treatments. Since pathogenic factors such
as dental calculus and plaque were relatively fixed and the
inflammatory site was circumscribed, the area of the laser
spot would be large enough to cover the periodontal lesion.
Therefore, the ROS would be sufficient to combat pathogens
in a narrow and deep periodontal pocket.

The UV spectrum ranged from 100nm to 400nm and its
wavelengths could be subdivided into UVC (100-280 nm), UVB
(280-315nm) and UVA (315-400nm). UV had strong bacte-
ricidal effects against oral bacteria such as P. gingivalis, F.
nucleatum, Enterococcus faecalis (E. faecalis), and S. sanguinis.
These bacterial strains were effectively eliminated with direct
exposure to low doses of 254nm UV light (2-7 mJ cm~2) [36].
However, UV light radiation could increase the risk of DNA
damage and UV-induced skin damage [25]. For short-term UV
radiation, the DNA damages would be caused by exposure to
UV?280-380 (1 6kJm~?) and UVB319-31> (1.5kJm~2). In contrast,
UVA350-400 (150 kJ m~2) did not lead to these DNA damages for
both short-term and long-term exposures in a recent animal
study [37]. In addition, bacteria suspensions alone with expo-
sure to UV (365 nm) for 180 min showed no significant changes
in live cell populations [38]. Therefore, UVA3°0-4%0 \as consid-
ered relatively safe for biological applications. In the present
study, the UCNPs core were unlikely to be completely coated by
TiO, without any photo-leakage. The UCNPs would upconvert
NIR to a UV light at a wavelength of 365 nm, which belonged
to the spectrum of UVA. Therefore, these upconverted UV by
UCNPs would not lead to tissue damage.

The periodontitis-related pathogens showed a close rela-
tionship with the periodontal pocket depth. With increasing
depth, the number of pathogens also increased [39]. Therefore,
the depth and power of the light penetration was essential
to achieving effective bactericidal activity. Low tissue pen-
etration power limited the UV light from in vivo biological
applications. In contrast, the NIR light could achieve the
greatest tissue penetration [40]. In a previous study, the max-
imum width of the free gingiva was 1.42mm (mean value:
0.96 +£0.24 mm) and the maximum thickness of buccal alve-
olar bone was 3.01mm (mean 0.85+0.45mm), via clinical
and radiographic measurements [41]. Ng et al. measured the
energy loss of NIR laser transmitted through alveolar bone and
gingiva [42]. For each millimeter increase in the bone thick-
ness, there was a decrease of 8.6mW in transmission. For
each millimeter of increase in the gingival thickness, there
was a decrease of 5.3 mW in transmission [42]. In the present
study, the intensity of the NIR irradiation was 2.5Wcm~—2
for 5min every day. For clinical applications, the decrease in
transmission would be negligible and the frequency would be
acceptable for patients. Therefore, it was feasible and effec-
tive for the NIR-triggered aPDT to treat periodontal diseases.
In addition, the phototoxicity of the 980 nm NIR laser was not
measured in the present study, since a previous study showed
no significant cell toxicity under the radiation intensity of up
to 6.1Wcm~2 for 30 min [28]. For antibacterial experiments,
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both the irradiation intensity and the total radiation time in
the present study were lower than the reported parameters,
indicating that the 980 nm light had no phototoxicity.

Among all the known oral bacteria, streptococci were asso-
ciated with the early colony and the subgingival plaque [5].
S. sanguinis is a pioneer bacterium colonizing on the sur-
faces of saliva-coated tooth which is of vital importance in
the dental plague formation [5]. S. sanguinis is a pioneer
bacterium colonizing on the surfaces of saliva-coated tooth
which is of vital importance in the process of dental plague
formation [5]. Extensive intrageneric co-aggregation and pro-
duction of extracellular polysaccharides by streptococci play
an important role in the early stage of biofilm formation [39].
Although previous studies indicated that S. sanguinis was a
benign or even a beneficial bacterium for inhibiting periodon-
tal pathogens [43], it was also considered as an important
etiologic agent of infective endocarditis, particularly in peo-
ple with predisposing cardiac valvular damage [44]. Because
of the location of S. sanguinis in the oral cavity, introduction
into the bloodstream was a hazard and could occur as a result
of practices such as oral surgery [45]. Therefore, S sanguinis is
a bacterium with a dual nature, having roles in both health
and diseases [46]. Furthermore, from an immunological point
of view, neutrophils are the predominant immune cells in
periodontitis and produce ROS to clear the pathogens [46].
Indeed, several species, such as P. gingivalis, F. nucleatum, and
oral streptococci, could scavenge and reduce the local level
of neutrophil-derived ROS. This bacterial defense mechanism
may prevent other biofilm organisms from the ROS damage
[46]. Socransky et al. investigated 185 subgingival plaque sam-
ples and classified bacterial species into five major complexes
[39]. The red complex showed the strongest relationship with
clinical parameters such as pocket depth and bleeding on
probing, and the orange complex was related to pocket depth.
These two complexes were highly significant for diagnosis
of periodontitis. P. gingivalis and F. nucleatum were the repre-
sentative bacterial species of the red and orange complexes.
P. gingivalis, the best characterized periodontal pathogen for
disease development, could inhibit host defense functions
in the gingival epithelium by regulating the expression of
stress response genes, and could further impair the gingival
tissues and cause alveolar resorption by inducing the produc-
tion of inflammatory factors [47]. F. nucleatum was crucial in
the initiation and the progression of periodontitis. F. nuclea-
tum could eliminate the immune cell and contribute to the
recruitment of other pathogens [48]. Furthermore, the colo-
nization by P. intermedia, another periodontal pathogen, was
always detected in the presence of F. nucleatum [48]. Therefore,
in the present study, S. sanguinis, P. gingivalis and F. nuclea-
tum were selected in the investigation of the antibacterial and
anti-biofilm efficacy of the NIR-triggered UCNPs@TiO,.

TiO, photocatalysis had favorable photocatalytic activ-
ity and strong effects on bacteria eradication [49-51]. TiO,
could damage the proteins and lipids [49], and induce bac-
terial membrane rupture [50] and destroy the membrane fatty
acids of bacteria [51]. A previous study indicated that TiO,
nanoparticles upon UV radiation (365 nm) could generate the
most amount of total ROS among all the seven tested metal
oxides, with great antimicrobial efficacy next to CuO [52].
Recently, Wei et al. designed a multifunctional nanodevice

UCNPs@TiO, with p-amino acids (D-Tyr) for aPDT, triggered
by NIR irradiation [53]. NIR light-triggered and multifunctional
UCNP-based aPDT systems were constructed to eradicate mul-
tiple resistant bacteria, bacterial biofilms, and fungal infection
for clinical antimicrobial therapies [54-56]. However, there
were no reports on the antibacterial effects of NIR-triggered
UCNPs@TiO; on periodontitis-related pathogens, which were
investigated in the present study for the first time.

The present study showed that UCNPs@TiO, could effec-
tively kill all the tested bacteria. All the tested species of
planktonic bacteria were eliminated in 12h in a low dose
(1mM). Bacterial CFU was reduced by at least 3 log. The
time-kill curves and CFU analysis indicated that there was
a dose-dependent killing efficacy against microorganisms via
UCNPs@TiO;-based aPDT. On the other hand, with increasing
irradiation time, the lower dose of UCNPs@TiO, also achieved
excellent antibacterial effects. Oxidative damage caused by
ROS was the main mechanism of antimicrobial effect via aPDT
[16]. Among the various ROS, hydroxyl radical (-OH) played key
roles in killing bacteria [S7]. It acted on TiO, surface and dif-
fused into the solution surrounding the photocatalyst, and
degraded the non-direct-contact organic compounds [51]. A
previous study developed a NIR-triggered UCNP@TiO,-D-Try
that could spatio-temporally release the free p-amino acids
(D-Tyr) for biofilm dispersion and generated ROS against the
bacteria [53]. Upon exposure to a 980 nm diode laser for 1.5h
(10W cm~2), the biofilm of Bacillus subtilis was disassembled
with overnight incubation [53]. In the present study, even
though the intensity of the NIR laser and the irradiation time
were less than those in the previous study, excellent antibacte-
rial effects against biofilms were still achieved. The advantage
of a lower power NIR was that it decreased the risk of tissue
thermal damage. The advantage of a short treatment time was
that it minimized the patient’s suffering. These advantages
of the present study may have great significance for clinical
treatments, which warrant further investigation.

Currently, although commercial PS such as methylene blue
(MB) or Toluidine blue O (TBO) have been applied in clinical
treatments for periodontal diseases, their inferior antibacte-
rial effects and their drawback of gingiva staining have limited
their applications. For example, a previous study reported that
the synergism of light and MB-loaded cationic nanoparticles
had a killing effect of only 85% on planktonic bacteria collected
from patients with chronic periodontitis [58]. With exposure to
the light, free MB, MB-loaded anionic, and cationic nanoparti-
cles reduced the bacterial viability of biofilms by only 37%, 42%,
and 48%, respectively [58]. TBO showed a similarly low antibac-
terial efficacy to MB. Using a combination of 0.33 mM TBO and
LED irradiation at 60 mW cm 2 for 5 min, biofilms of P. gingivalis
and F. nucleatum were, respectively, reduced by only 42% and
63%, compared to the non-PDT-treated control [59]. These low
killing efficacies of the commercial agent-based aPDT against
periodontal pathogens are not sufficient for clinical applica-
tions, since the remaining bacteria would quickly grow back.
In the present study, the commercial aPDT group showed a
1-2 log reduction for all three species of biofilms, which is
significantly inferior to the UCNPs@TiO; aPDT groups.

In the present study, the three species showed differ-
ent degrees of difficulty to be killed by the NIR-triggered
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UCNPs@TiO;. The 4-day biofilm CFU results indicated that the
extent of CFU reduction via NIR-triggered 2 mM UCNPs@TiO,
was the greatest for Gram-negative species P. gingivalis and F.
nuleatum (reduced to 0.003%-0.005% of dark control CFU), and
the least for S. sanguinis (reduced to 0.021% of dark control
CFU). The killing efficacy of UCNPs@TiO,-based aPDT against
biofilms of the three species was ranked to be: S. sanguinis < F.
nucleatum = P. gingivalis. Conventional aPDT has greater efficacy
against Gram-positive bacteria than Gram-negative bacte-
ria [15]. Nevertheless, TiO,-based aPDT exhibited a contrary
effect, with more sensitivity against Gram-negative bacteria,
which were predominantly colonized in subgingival biofilms
during periodontitis. These results were also consistent with
previous studies [38,60-62]. A previous study showed that the
antimicrobial efficacy of anatase TiO, against Escherichia coli
(E. coli, Gram-negative) was better than Staphylococcus aureus
(Gram-positive) [60]. In addition, the bacteria susceptibility
under photocatalytic action indicated the following sequence:
E. coli > Gram-negative bacteria (other than E. coli) > Ente-
rococcus species > Gram-positive bacteria [61]. Similarly, the
susceptibility order of infectious agents under photocatalytic
action was viruses > prions >Gram-negative bacteria>Gram-
positive bacteria>yeasts>molds [62]. The first explanation
was regarding the charge effects between the bacteria and
PSs. Lipopolysaccharides (LPS) was one of the major com-
ponents of outer membrane in Gram-negative bacteria [63].
LPS molecules with negative charge has a strong affinity for
cations or cationic group. On the other hand, the generated
ROS was more unstable and aggressive with a short life time
and short diffusion range in aqueous media [64]. In the present
study, the surface of UCNPs@TiO, exhibited a positive charge
which would be conductive to its adherence to Gram-negative
pathogens, which would facilitate the ROS to approach the
bacteria and enhance the antibacterial efficacy. Secondly,
TiO, could produce three types of ROS including hydroxyl
radical, superoxide radical (O;" ), and singlet oxygen (10,).
The majority of TiO, photocatalytic activity was attribute to
hydroxyl radical [57]. Compared with Gram-negative species,
Gram-positive bacteria required a greater number of hydroxyl
radicals to achieve thorough bacterial inactivation, due to their
thicker cell wall [60]. Huang et al. proposed that Gram-negative
bacteria were possibly more susceptible to hydroxyl radical
while Gram-positive bacteria were more susceptible to 10,
[65]. Therefore, TiO,-based aPDT was more sensitive against
Gram-negative bacteria than Gram-positive bacteria, consis-
tent with the present study.

The in vivo effects of aPDT with UCNPs@TiO, under NIR
irradiation were not investigated in the present study, due to
the lack of an established and suitable animal model. Pre-
vious studies with animal models mainly focused on the
reduction of bone resorption and alleviation of inflammation
[66,67]. There has been no establishment of in vivo experimen-
tal model suitable for the investigation of aPDT antibacterial
effects. In addition, the fiber-optic probe for humans is too
large and inappropriate for use in small animals with induced
periodontitis. Further studies are needed to investigate the
aPDT effects of UCNPs@TiO; on the eradication of periodontal
multispecies biofilms and the protection of the periodontium
in a clinically-relevant animal model. In periodontitis treat-
ments, besides intra-pocket administration, the UCNPs@TiO,

could also be incorporated into dental composite and bond-
ing agents to combat dental caries, or into root canal sealers
to prevent secondary endodontic infections. The microen-
vironment of oral microbial communities is complex and
diversified, and the infectious lesions are usually located in
deep sites [68]. Therefore, the novel NIR-trigged UCNPs@TiO,
method could be highly beneficial for a wide range of bacterial
infections in the oral cavity, which requires further study.

5. Conclusions

This study synthesized core/shell-structured UCNPs@TiO,
nanoparticles and investigated the NIR-triggered aPDT killing
efficacy against periodontitis-related pathogens for the
first time. UCNPs@TiO, possessed excellent biocompatibil-
ity with uniform size and positive charge on their surfaces.
UCNPs@TiO; could convert the NIR light into UV light to
trigger the TiO, which then produced ROS to kill the bac-
teria. UCNPs@TiO, showed a strong antimicrobial efficiency
against periodontitis-related pathogens in both planktonic
and biofilm phase upon NIR radiation. The time-kill curves
showed that UCNPs@TiO, had great killing effects against
all the tested bacteria, and eliminated all the bacteria in 4h
and 12h at 1mM and 2mM, respectively. The application of
2mM UCNPs@TiO; upon NIR radiation achieved the great-
est reduction in biofilm growth and metabolic activity. The
biofilm CFU was decreased by nearly 3-4 orders of magni-
tude for all three periodontitis-related pathogens. Therefore,
UCNPs@TiO;,-based aPDT was highly effective in killing peri-
odontal pathogens, combating periodontitis and protecting
the periodontium. Novel NIR-triggered UCNPs@TiO, approach
has exciting potential for treating a wide range of oral infec-
tious diseases such as dental caries, endodontic infections,
and peri-implantitis.
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