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Refractory root canal infection of human teeth is the primary cause of dental treatment failure. Enterococcus
faecalis is the major cause of refractory root canal infection. In the present study, poly(D,L-lactic-co-glycolide)
PLGA (PLGA) submicron particles were used as carriers to deliver an antimicrobial quaternary ammonium silane
Quaternary ammonium silane (code-named K21) as well as calcium and phosphorus elements. The release profiles, antibacterial ability against
,Srz:xmmn particle E. faecalis, extent of infiltration into dentinal tubules, biocompatibility and in vitro mineralization potential of the
particles were investigated. In addition, the antimicrobial effects of the particles against E. faecalis infection were
evaluated in vivo in the teeth of beagle dogs. The encapsulated components were released from the PLGA par-
ticles in a sustained-release manner. The particles also displayed good biocompatibility, in vitro mineralization
ability and antibacterial activity against E. faecalis. The particles could be driven into dentinal tubules of dentin
slices by ultrasonic activation and inhibited E. faecalis colonization. In the root canals of beagle dogs, PLGA
submicron particles loaded with K21, calcium and phosphorus demonstrated strong preventive effects against E.
faecalis infection. The system may be developed into a new intracanal disinfectant for root canal treatment.

1. Introduction

Enterococcus faecalis, a gram-positive facultative anaerobe, is in-
volved in many severe infections of the human body. In dentistry, E.
faecalis is the predominant bacteria responsible for refractory root canal
infections and treatment failures [1]. Enterococcus faecalis is capable of
colonizing the root canals of teeth when inoculated alone in pure cul-
ture [2]. This bacterium not only attaches to canal wall dentin, but also
penetrates deeply into the dentinal tubules to a depth of up to 1500 pm
[3]. Other virulence factors of E. faecalis include the ability to form
biofilm, the ability to express survival genes and modulate host immune
system [4,5]. E. faecalis could also form mixed plaque and biofilm with
other microorganisms, increasing resistance to bactericide [6]. Besides,
E. faecalis is intrinsically resistant to cephalosporins and aminoglyco-
sides and may acquire resistance to vancomycin [7-9]. Conventional
root canal antimicrobial medications such as silver ions, calcium hy-
droxide and sodium hypochlorite, show limited antibacterial effects

against E. faecalis either because of the resistance of E. faecalis against
these medications, or inadequate infiltration of the medicaments into
the dentinal tubules [10-14]. Scholars are also trying to apply other
treatment strategies against E. faecalis, such as with bacteriophages and
phage cocktails [15,16].

Quaternary ammonium compounds are surfactants and possess po-
tent broad-spectrum bactericidal effects [17]. These compounds pene-
trate bacterial cell walls and interact with the phospholipid bilayer of
membranes, resulting in the leakage of intracellular components [18].
In dentistry, quaternary ammonium compounds have been in-
corporated into resin adhesives, dental pulp capping agents and im-
plants for antimicrobial modifications [19-21]. 1-octadecanaminium,
N,N’-[[3,3-bis[[[3-(dimethyloctadecylammonio)propyl] dihydrox-
ysilylloxy]-1,1,5,5-tetrahydroxy-1,5-trisiloxanediyl]di-3,1-propane-
diyl]bis[N,N-dimethyl-],chloride 1:4 (C92H204Cl4N401,Sis, CAS number
1566577-36-3; code-named K21, Fig. 1) is an antimicrobial quaternary
ammonium silane synthesized via sol-gel reaction of tetraethoxysilane
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Fig. 1. Idealized chemical structure of the quaternary ammonium silane employed in the present study.

(TEOS) and 3-(triethoxysilyl)-propyldimethyloctadecyl ammonium
chloride. Inclusion of TEOS as an anchoring unit provides a three-di-
mensional organically-modified silicate network [22]. As a cavity
cleanser for disinfecting decayed teeth prior to filling, K21 inhibits the
growth of Streptococcus mutans and Actinomyces naeslundii effectively
without adversely affecting dentin bond strength [23]. In addition, K21
also possesses anti-viral effects against Herpes simplex type 1, Human
herpesvirus (HHV)-6A and HHV-7 [24].

Calcium and phosphorus are components of human hard tissues
including bones and teeth, and are closely related to the osteogenic
process [25,26]. Biomaterials containing calcium and phosphorus are
frequently used for the restoration of bone defects, improvement of
implant osteoconductivity and remineralization of teeth [27-29]. The
Ca/P ratio is an important parameter to be considered in pro-osteogenic
biomaterials design [30]. Addition of silicate to releasable calcium
phosphate formulations has been reported to significantly enhance the
osteogenic effect of biomaterials in vitro and in vivo [31,32].

Poly(D,L-lactic-co-glycolide) (PLGA) is a biodegradable polymer
synthesized by ring-opening polymerization or polycondensation reac-
tion of lactic and glycolic acids [33,34]. The biocompatibility of PLGA
has been well proven [35-37]. Materials prepared with PLGA have been
used as drug delivery vehicles and tissue engineering scaffolds [38-40].
Submicron and nanoscopical particles of PLGA demonstrate better in-
filtration capability and appear to be the preferred candidate as a root
canal disinfectant carrier [41-43].

Based on the aforementioned considerations, submicron PLGA
particles loaded with quaternary ammonium silane, calcium and
phosphorus were synthesized. The release profiles, antibacterial ability
against E. faecalis, extent of infiltration into dentinal tubules, bio-
compatibility and in vitro mineralization potential of the particles were
investigated. In addition, beagle dogs were used as a tooth infection
animal model to evaluate the effects of PLGA submicron particles
against E. faecalis infection in vivo. Accordingly, the hypothesis tested in
the present study was that K21-, calcium- and phosphorus-loaded PLGA
submicron particles possess antimicrobial and mineralization activities
and inhibit E. faecalis root canal infection in vitro and in vivo.

2. Materials and methods
2.1. Synthesis

Submicron PLGA particles containing K21, calcium and phosphorus
(P-CaPK) were synthesized according to a modified emulsion-solvent
evaporation method [42]. Briefly, 200 mg PLGA with a 50:50 lactic acid
to glycolic acid ratio (Mw 38,000-54,000) (MilliporeSigma, St. Louis,
MO, USA) was dissolved in 10 mL dichloromethane (Sinopharm Che-
mical Reagent Co. Ltd., Shanghai, China) at room temperature. This
was followed by slow addition of 0.313 mL of 0.5 M calcium nitrate
tetrahydrate (Sinopharm) solution, 0.313 mL of 0.3 M sodium dihy-
drogen phosphate dihydrate (Sinopharm) solution and 1.25 mL of 20%
(w/v) K21 (FiteBac, Marietta, GA, USA) alcoholic solution. After
mixing, the blend was poured into 20 mL of 1.5% (w/v) poly(vinly
alcohol) (Mw 146,000-186,000; MilliporeSigma) aqueous solution. The
mixture was emulsified using a homogenizer for 10 min at 11000 rpm.
Eighty milliliter of double-distilled water (dd H,O) was then added and
the solution was stirred at ambient temperature to evaporate the di-
chloromethane. The submicron particles were collected using a cen-
trifuge and washed three times with dd H,O. The powder was frozen at
—80 °C and lyophilized (LyoQuest —85Plus, Telstar, Terrassa, Spain).

For comparison, pure PLGA submicron particles, PLGA submicron
particles containing calcium nitrate tetrahydrate and sodium dihy-
drogen phosphate dihydrate, PLGA submicron particles containing only
K21 were also prepared according to the aforementioned procedures.
These particles were referred to as P, P-CaP and P—K respectively.
Table 1 listed related abbreviations and their meanings.

Table 1
Related abbreviations and meanings.

Abbreviations Full name

P PLGA submicron particles

P-K PLGA submicron particles containing K21

P-CaP PLGA submicron particles containing calcium and phosphorus

P-CaPK PLGA submicron particles containing K21, calcium and
phosphorus

CHX Chlorhexidine
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2.2. Physical characterization

Field-emission scanning electron microscopy (FE-SEM; Sigma, Carl
Zeiss Microscopy GmbH, Jena, Germany) was used to examine the
morphology of P, P-CaP, P—K and P-CaPK. The elemental composition
of the submicron particles was analyzed by energy dispersive spectro-
metry (EDS; Quanta 200, Thermo Fisher Scientific, Waltham, MA,
USA). Particle size distribution and zeta potential were measured by
dynamic light scattering (Zetasizer Nano ZSP, Malvern Instruments
Ltd., Malvern, UK). Loading of K21 within PLGA was confirmed by
Fourier transformed infrared spectroscopy (FTIR; Nicolet5700, Thermo
Fisher Scientific).

2.3. Drug encapsulation efficiency (EE) and loading content (LC)

The EE and LC of calcium and phosphorus were determined by
dissolving a certain amount of particles in dichloromethane. Tris-HCl
(1 M, pH 7.4) was subsequently used to extract calcium and phos-
phorus. The amounts of calcium and phosphorus were measured by
inductively coupled plasma-atomic emission spectrometry (ICP-AES;
IRIS Intrepid II XSP, Thermo Fisher Scientific). For the EE and LC of
K21, the absorbance of dichloromethane was measured at 228 nm using
a spectrometer (UV-2401PC, Shimadzu Corp. Kyoto, Japan).
Determination of EE was performed according to the formula: drug
amount encapsulated in particles/initial drug amount. Determination of
LC was performed according to the formula: drug amount encapsulated
in particles/total particle amount. All tests were performed in triplicate.

2.4. pH and release profile

The change in pH value over time was determined by immersing
100 mg of P, P-CaP, P—K or P-CaPK in 20 mL of dd H,O at 37 °C. The pH
value of respective solution was measured at 1, 3, 6, 9, 15, 21, 27 days
using a pH meter (Sarto-rius AG, Goettingen, Germany).

The calcium and phosphorus release profiles were determined by
soaking 20 mg of P-CaP or P-CaPK in 10 mL of Tris-HCI at 37 °C. Five
milliliter of Tris-HCl was retrieved after 1, 3, 6, 9, 15, 21 and 27 days
for ICP-AES. Solution retrieval was simultaneously accompanied by
replacement of 5 mL of fresh Tris-HCl in the respective solution. The
cumulative amount of released elements was calculated.

The amount of released K21 was estimated by placing 20 mg of P—K
or P-CaPK in 10 mL of dd H,O at 37 °C. At the same time interval, the
absorbance of 1 mL of the supernatant was evaluated spectro-
photometrically at 218 nm. All experiments were conducted in tripli-
cate.

2.5. Antibacterial activity against planktonic E. faecalis

The colony-forming unit (CFU) counting method was used to eval-
uate the antimicrobial activities of P, P-CaP, P—K and P-CaPK.
Enterococcus faecalis (ATCC 29212, ATCC, Manassas, VA, USA) was
cultured and adjusted to a concentration of 1 x 10* CFUs/mL in brain
heart infusion (BHI) medium. Then, 1 mL of bacteria suspension was
incubated with 1, 2 and 5 mg of submicron particles respectively for
24 h at 4 °C. The positive control consisted of 2% chlorhexidine di-
gluconate (CHX) solution and the negative control consisted of bacteria
suspension without particle addition. Ten microliter of the suspension
was inoculated on a BHI agar plate and cultured anaerobically at 37 °C
for 24 h. The CFUs of E. faecalis formed on each plate were counted. For
each group, the experiment was conducted in sextuplicate.

2.6. Cytotoxicity evaluation
Cytotoxicity of P, P-CaP, P—K and P-CaPK was evaluated using the

cell counting kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) on
MC3T3-E1 cells (CRL-2594, ATCC). Ten milligram of P, P-CaP, P—K or
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P-CaPK was soaked in 1 mL of a-MEM (Thermo Fisher Scientific) at
37 °C for 24 h. The supernatant was collected with centrifuge and
sterilized using a 0.22 pm filter unit (Merck KGaA, Darmstadt,
Germany). This was followed by supplementation of 10% fetal calf
serum (FCS; Thermo Fisher Scientific). Dilutions of 2, 4 and 10 mg/mL
were prepared.

MC3T3-E1 cells were cultured and adjusted to 8.0 x 10* cells/mL.
One hundred microliter of cell suspension was seeded in each well of a
96-well plate and incubated at 37 °C with 5% CO,. This was replaced
with 100 pL fresh a-MEM with 10% fetal calf serum and 1% penicillin/
streptomycin (Thermo Fisher Scientific) after 24 h, followed by the
addition of 100 pL extract of submicron particles. The wells containing
only a-MEM and the wells containing cells without extracts were used
as controls. Each group included six wells. After 2, 4 and 6 days, cells
were washed 3 times with a-MEM. Then, 100 uL. a-MEM and 10 pL
CCK-8 were added to each well and incubated at 37 °C for 3 h.
Absorbance was measured at 450 nm using a micro-plate reader (Power
Wave XS2, BioTek Instruments, VT, USA).

2.7. Dentinal tubule infiltration and inhibition of E. faecalis

The teeth used for preparing dentin slices were collected under the
approval of ethics committee of School and Hospital of Stomatology,
Wuhan University. To investigate the infiltration capability of P—K and
P-CaPK into dentinal tubules, dentin slices (4 mm X 4 mm X 1 mm
thick) were prepared from extracted premolars and molars with a low-
speed saw with water cooling. The slices were cleaned ultrasonically in
dd H,0, 5.25% NaOCl and 17% EDTA successively for 4 min each and
finally in dd H,O for one more min.

After disinfection by autoclaving, each dentin slice was immersed in
500 pL of 20 mg/mL particle suspension. Passive ultrasonic vibration
was performed using an ultrasonic file to drive the particles into the
dentinal tubules. The power of the ultrasonic device (P5, Satelec,
Merignac, France) was set at scale 4. The ultrasonic file was located
1 mm away from the dentin slice, parallel to the dentin surface, and
vibration was performed on each side for 60 s. The dentin slices were
rinsed with dd H,O and split into two halves with hammer and chisel to
expose the longitudinal sections of the dentinal tubules. Infiltration of
P—K and P-CaPK into the tubules was observed by FE-SEM.

The antimicrobial effect of P, P-CaP, P—K and P-CaPK on E. faecalis-
infiltrated dentin was examined by infiltrating the dentin slices with
particle suspensions, using ultrasonic vibration as previously described.
Then, 1 mL suspension of E. faecalis (1 X 10* CFUs) was incubated with
each dentin slice for bacterial colonization at 37 °C under anaerobic
conditions for 7 days. Dentin slices treated ultrasonically with sterile dd
H,0 were used as controls. The dentin slices were then immersed in
5 mL of fresh BHI solution after rinsing with 1 mL sterile phosphate
buffer saline (PBS) for three times. The optical density (OD) values of
1 mL BHI solution were measured by a spectrometer at 600 nm after 2,
4, 6 and 8 h. Each group included 6 slices. In addition, FE-SEM was used
to examine one additional slice from each group after bacteria in-
cubation to identify colonized bacteria on the dentin surface.

2.8. In vitro mineralization

The teeth used for preparing dentin blocks were collected under the
approval of ethics committee of School and Hospital of Stomatology,
Wuhan University. The in vitro mineralization capability of the sub-
micron particles was investigated by preparing dentin blocks from ex-
tracted premolars. Single-rooted premolars with closed apices were
selected and dental crowns were removed using a low-speed saw with
water cooling. The root canals in each tooth were instrumented to size
F3 using ProTaper nickel titanium rotary instruments (Dentsply Sirona,
Charlotte, NC, USA). Root blocks (1.5 mm thick) were subsequently
prepared by sectioning the coronal part of each root perpendicular to its
longitudinal axis. The root blocks were cleaned ultrasonically according
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Fig. 2. Characterization of P, P-CaP, P—K and P-CaPK. a. SEM image of P; b. EDS analysis of P; c. size distribution graph of P; d. SEM image of P-CaP; e. EDS analysis
of P-CaP; f. size distribution graph of P-CaP; g. SEM image of P-K; h. EDS analysis of P-K; i. size distribution graph of P-K; j. SEM image of P-CaPK; k. EDS analysis of P-
CaPK; 1. size distribution graph of P-CaPK; m. FTIR spectrum of P, P-CaP, P—K and P-CaPK.

to the method described in 2.7 and autoclaved.

Simulated body fluid (SBF) was prepared according to Kokubo and
Takadama's formulation [44]. The P, P-CaP, P—K and P-CaPK particles
were compacted into the root canals of the root blocks and immersed in
SBF for 3 weeks at 37 °C. The retrieved root blocks were examined with
FE-SEM and EDS to characterize the CaP precipitated on dentin.

2.9. Animal study

The animal experiment was approved by the ethics committee of
School and Hospital of Stomatology, Wuhan University and the
Institutional Review Board, Hubei Institute Co., Ltd. of Pharmaceutical
Industry.
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Table 2
Average diameter, zeta potential and quantitative EDS analysis of the element proportion in P, P-CaP, P—K and P-CaPK.
Diameter (nm) Zeta potential (mV) C (wt%) O (wt%) Si (wt%) Cl (wt%)
P 727.97 * 71.52 —-17.87 = 2.38 73.92 26.08
P-CaP 647.2 = 75.70 —12.00 = 0.71 74.26 25.74
P-K 256.43 + 10.75 35.67 = 1.11 77.30 18.65 2.19 1.86
P-CaPK 256.37 + 29.81 33.97 = 1.62 78.86 15.29 4.13 1.72
Table 3
Encapsulation efficiency (EE) and loading content (LC) of K21, calcium and phosphorus.
K21 Calcium Phosphorus
EE (%) LC (%) EE (%) LC (%) EE (%) LC (%)
P-CaP - - 19.06 0.54 0.60 *= 0.02 13.52 += 0.43 0.20 = 0.01
P-K 28.25 *= 5.30 35.31 + 6.63 - - - -
P-CaPK 28.34 = 417 35.42 + 5.22 18.32 = 0.54 0.57 = 0.02 12.71 = 0.49 0.19 = 0.01
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Fig. 3. pH measurement and release profiles of P, P-CaP, P—K and P-CaPK. a. pH measurement in dd H,O; b. calcium release; c. phosphorus release; d. K21 release.

Five healthy female beagle dogs (12-18 months) were used to in-
vestigate the inhibitory effects of P-CaPK against E. faecalis tooth in-
fection in vivo. The animals were anesthetized by intravenous injection
of 3.5% pentobarbital sodium (Merck KGaA, Darmstadt, Germany;
1 mL/kg), supplemented by intraperitoneal injection of 0.25 mL/kg
pentobarbital sodium when necessary. Preoperative periapical radio-
graphs of the bilateral mandibular second and third premolars were
taken using a paralleling technique. A rubber dam was placed after
local anesthesia with Primacaine. After removal of pulpal tissues from
each premolar, the working length was determined using an electronic
apex locator (PROPEX II, Dentsply Sirona). All root canals were in-
strumented to size F3 with ProTaper nickel titanium rotary instruments.
Irrigation was performed successively with 5 mL of 5.25% NaOCl, 17%
EDTA and normal saline (NS). Calcium hydroxide paste (powder/water
ratio: 200 mg/400 pL), 2% CHX solution, 20 mg/mL P-CaPK suspension

or NS was randomly assigned as intracanal medicament to each tooth.
After placement of the medicament, each root canal was ultrasonicated
at scale 4 for 1 min. The access cavities were temporized with glass
ionomer cement (Changshu Shangchi Dental Materials Co., Ltd., China).
Meloxicam tablets (Yangtze River Pharmaceutical Co. Ltd., China) was
administered orally twice a day in the first two days after surgery and a
soft diet was provided.

General anesthesia was performed after one week with in-
tramuscular injection of xylazine hydrochloride (3 mg/kg), followed by
intravenous injection of 3.5% pentobarbital sodium (0.2 mL/kg). The
glass ionomer cement was removed and the root canals were irrigated
with NS. Enterococcus faecalis suspensions (10° CFUs/mL) were injected
into the root canals. This was followed by sealing the access cavities
with glass ionomer cement. Periapical radiographs were taken every
two weeks to observe the progress of apical lesions.
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Fig. 5. CCK-8 results of biotoxicity. a. CCK-8 test result with culture time of 2 days; b. CCK-8 test result with culture time of 4 days; c. CCK-8 test result with culture
time of 6 days; B: cell culture group without adding extracts; a-MEM: medium background; columns in pink color: cell culture group with 1 mg/mL of particles
extracts; columns in blue color: cell culture group with 2 mg/mL of particles extracts; columns in purple color: cell culture group with 5 mg/mL of particles extracts;*:
p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Infiltration of P—K and P-CaPK into dentinal tubules. a. original dentinal tubule orifices; b. original axial cross-section of dentinal tubules; c. dentinal tubule
orifices after P—K medication; d. axial cross-sections of dentinal tubules after P—K medication; e. dentinal tubule orifices after P-CaPK medication; f. axial cross-
sections of dentinal tubules after P-CaPK medication; arrows indicating particles inside the tubules.

The dogs were sacrificed after 8 weeks by intravenous injection of
an overdose of pentobarbital sodium. Postoperative periapical radio-
graphs were also taken. The mandibles were dissected and sectioned
after perfusion of NS and 4% paraformaldehyde. The experimental
teeth with surrounding alveolar bone were fixed, decalcified, dehy-
drated, cleared and embedded in paraffin. Seven micrometer-thick
sections were obtained and stained with hematoxylin and eosin (H&E).
Sections were observed using a light microscope (BX53, Olympus
Corporation, Japan) and evaluated based on the parameters described
below [45]:

(i) Inflammatory infiltrate — dense infiltration zone was defined as an
area with intense inflammatory cells and collagen degradation.
Normal (score 1), mild (area of dense infiltration zone in periapical
lesion < 30%, score 2), moderate (area of dense infiltration zone
in periapical lesion > 30% and < 50%, score 3), severe (area of
dense infiltration zone in periapical lesion > 50%, score 4);

(ii) Thickness of periodontal ligament — normal (score 1), slightly
increased (the widest periodontal ligament space is within 3 times
of the normal periodontal ligament thickness, score 2), moderately
increased (the widest periodontal ligament space is 3-5 times of
the normal periodontal ligament thickness, score 3), severely in-
creased (the widest periodontal ligament space is > 5 times of the
normal periodontal ligament thickness, score 4);

(iii) Resorption of mineralized tissues—absent (score 1), present (score
2).

The number and area of the radiolucent zone around the root apex
in the radiographic images were also measured and analyzed. The
ImageJ software (National Institutes of Health, Bethesda, MD, USA) was
used for measurement. In addition, the sections were also stained by
Brown and Brenn technique (American MasterTech, Lodi, CA, USA) for
evaluation of bacteria distribution. The TRAP staining kit
(MilliporeSigma) was used to stain osteoclast cells; the number of os-
teoclasts within 4 X 4 mm? around the root apex was counted.

2.10. Statistical analysis

Analysis of quantifiable data was performed parametrically using
one-way analysis of variance and post-hoc Student-Newman-Keul test
after validating the normality and homoscedasticity assumptions of the
data sets. If those assumptions were violated, non-parametric analyses
were performed using the Kruskal-Wallis analysis of variance and post-
hoc Dunn's test. Statistical analysis was performed using the SPSS
software (IBM, Armonk, NY, USA). For enumeration data, t statistical
analysis was conducted using the Fisher exact test with Bonferroni
correction. Statistical significance was preset at a = 0.05.

3. Results
Scanning electron microscopy showed that P, P-CaP, P—K and P-

CaPK all have spherical shapes with smooth surfaces (Fig. 2a, d, g, j).
Elemental analysis indicated that P and P-CaP contained carbon and
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Fig. 7. Inhibition of E. faecalis on dentin. a. the curve of OD value within 8 h after the immersion of dentin slices into fresh BHI solution; b. E. faecalis growth on
dentin slice of P group; c. E. faecalis growth on dentin slice of P-CaP group; d. E. faecalis growth on dentin slice of P—K group; e. E. faecalis growth on dentin slice of P-
CaPK group; f. E. faecalis growth on dentin slice of negative control group; arrows indicating bacteria; *: p < 0.05.

oxygen elements while P—K and P-CaPK contained carbon, oxygen,
silicon and chlorine (Fig. 2b, e, h, k). Table 2 listed the specific per-
centage of different elements in the submicron particles. The diameter
of particles measured by DLS was also summarized in Table 2. The
diameters of P and P-CaP were 727.97 =+ 7152 nm and
647.20 * 75.70 nm, respectively, while the diameters of P—K and P-
CaPK were much lower (256.43 + 10.75 nm and
256.37 * 29.81 nm). Compared with P—K, P-CaPK displayed in-
creased uniformity of size distribution (Fig. 2i, 1). Incorporation of K21
reversed the negative zeta potential of the submicron particles. The zeta
potentials of P—K and P-CaPK were 35.67 = 1.11 mV and
33.97 = 1.62 mV, respectively, which were higher than those of P and
P-CaP.

Infrared spectra of P, P-CaP, P—K and P-CaPK showed enhanced
adsorption peaks at 2920 and 2852 cm ™! in P—K and P-CaPK group.
This could be attributed to the methylene (-CH,) and methyl groups
(-CHs) of the K21 molecule. The bands observed at 1761 em ™! of all
particles corresponded to carbonyl groups (C=0) in PLGA. The en-
hanced adsorption peak at 3427 cm ™! of P—K and P-CaPK was assigned
to the specific adsorption peak of the hydroxyl groups (-OH) of the K21
molecule (Fig. 2m). The EE and LC of calcium, phosphorus and K21
were listed in Table 3. For calcium and phosphorus, the EE and LC in P-
CaP were higher than those in P-CaPK. Calcium had a slightly higher EE
than phosphorus while K21 had the highest EE.

The P, P-CaP, P—K and P-CaPK particles were all acidic when dis-
persed in dd H,0. At the early stage, the pH values of P—K and P-CaPK
were similar but lower than those of P and P-CaP. The pH values of
different solutions approximated each other and reached 2.6 at the end
of soaking time (Fig. 3a). Both calcium and phosphorus were released in
a sustained manner from P-CaP and P-CaPK after immersion in Tris-

HCl. The total amount of released calcium was higher than that of
phosphorus. The releasing rate of calcium was relatively constant
during the 27-day period, while phosphorus was released fast during
the first 9 days (Fig. 3b, c¢). The release of K21 could be detected
spectrophotometrically. P-CaPK released more K21 than P—K. The re-
leasing rate of K21 from P—K was relatively stable while P-CaPK re-
leased K21 at a variable rate over time (Fig. 3d).

Both P—K and P-CaPK submicron particles exhibited potent anti-
bacterial activity against E. faecalis at all concentrations and the effects
were particularly strong when the concentrations of particles were 2
and 5 mg/mL. P-CaPK showed stronger bactericidal ability than P—K at
the same concentration. P and P-CaP also demonstrated slight anti-
microbial activity at 2 and 5 mg/mL. The 2% CHX positive control
completely inhibited the growth of E. faecalis (Fig. 4; p < 0.05). Ir-
respective of the different concentrations and exposure times, P, P-CaP,
P—K and P-CaPK had no suppressive effect on the proliferation of
MC3T3-E1 cells when compared with control groups (Fig. 5;
p > 0.05).

Residual submicron particles were present on the dentin slices after
ultrasonic vibration of the P—K and P-CaPK suspensions. Some particles
appeared to have agglomerated. Both P—K and P-CaPK particles in-
filtrated the dentinal tubules after ultrasonic activation (Fig. 6). For
inhibition of E. faecalis grown on dentin, the OD values of the P and P-
CaP groups were not significantly different from the control group at all
time points. However, the OD values of the P—K and P-CaPK groups
were significantly lower than the other groups at different time points
(Fig. 7a). Scanning electron microscopy showed that submicron parti-
cles remained on the dentin surfaces of all experimental groups. Dentin
slices treated with P and P-CaP showed bacteria attachment while slices
treated with P—K and P-CaPK showed negligible bacteria growth
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Fig. 8. In vitro mineralization of different groups. a. surface of P after immersion in SBF; b. surface of P-CaP after immersion in SBF; c. surface of P—K after immersion
in SBF; d. surface of P-CaPK after immersion in SBF; e. surface of dentin after immersion in SBF; f. connection between crystals on the surface of P-CaPK and dentin; g.
EDS analysis of crystals on the surface of P-K; h. EDS analysis of crystals on the surface of P-CaPK; i. EDS analysis of crystals on the surface of dentin. D: dentin.

(Fig. 7b-f).

With respect to the capacity for mineralization, particles from the P
and P-CaP groups degraded rapidly and lost their spherical shape after
immersion in SBF for 3 weeks (Fig. 8a, b). In contrast, innumerous
needle-like crystallites were present on the surface of the P-CaPK par-
ticles while only limited crystallites were formed on the surface of the
P—K particles (Fig. 8c, d). Elemental analysis indicated that the com-
position of the crystallites on the P-CaPK particles was consistent with
that of hydroxyapatite. Crystallites on the surface of the P—K particles
also contained silicon and chlorine elements (Fig. 8g, h). Hydro-
xyapatite crystallites were present on the surfaces of the adjacent dentin
in all groups (Fig. 8e, i). Crystallites formed on the surface of the P-
CaPK particles appeared to have merged with those present on the
dentin surface (Fig. 8f).

Radiolucent zones were identified in the periapical region of the
beagle dogs' teeth after 8 weeks of E. faecalis incubation. The incidence
of formation of these radiolucent zones was: 30% for the 2% CHX
group, 55.6% for the P-CaPK group, 90% for the CH group and 90% for
NS group. The difference between 2% CHX group and the other groups
was statistically significant (Fig. 9a). There was no significant differ-
ence in the mean area of the radiolucent zone among all groups
(Fig. 9b). Although no significant difference was observed, the P-CaPK
group displayed less number of roots with radiolucent zones. There was
no obvious radiolucent zone in the radiographic images of specimens
derived from the 2% CHX group and the P-CaPK group (Fig. 9c¢, d, g, h).
In contrast, radiolucent zones could be identified from radiographic
images of specimens derived from the CH group and the NS group
(Fig. 9e, f, i, j).

Hematoxylin and eosin-stained sections were evaluated from three

aspects: inflammatory infiltrate, thickness of periodontal ligament and
resorption of mineralized tissues. In terms of inflammatory infiltrate,
the result of NS group was quite uniform with 90% of the specimens
showing severe inflammatory infiltrate. There was no significant dif-
ference between the NS group and the 2% CHX group or the CH group
(p > 0.05). Only the P-CaPK group exhibited mild inflammatory in-
filtrate. The 2% CHX group showed the most variable tissue response
among the specimens (Fig. 10a). There was no significant difference in
the thickness of the periodontal ligament among all groups. Sections of
both NS and P-CaPK groups displayed moderately or severely increased
periodontal ligament space, while sections of the 2% CHX group and
CH group showed big differences within groups (Fig. 10b).

All specimens from the NS group and P-CaPK group showed re-
sorption of mineralized tissues in the periapical region. There was no
resorption of mineralized tissues in one specimen from the CH group
and 40% of the specimens from the 2% CHX group. A significant dif-
ference was observed between the 2% CHX group and the NS group
(Fig. 10c). Considering all three aspects of histologic evaluation, a
significant difference was found between the NS group and the 2% CHX
group or the P-CaPK group. The P-CaPK group and the NS group
showed more homogeneous tissue responses among specimens within
the group (Fig. 10d).

Representative images of H&E-stained sections from the different
groups are shown in Fig. 11. Sections from the 2% CHX group showed
almost no inflammatory infiltrate and destruction of the periodontal
ligament, with normal structure of the periapical tissues (Fig. 11a).
Mild inflammatory infiltrate, moderately increased periodontal liga-
ment space with resorption of the periapical mineralized tissues could
be identified from the sections prepared from the P-CaPK group
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Fig. 9. Radiographic evaluation of apical lesions. a. comparison of number of roots with apical radiolucent area; b. comparison of mean areas of apical radiolucent
area; ¢, g. preoperative and postoperative radiographs of 2% CHX group; d, h. preoperative and postoperative radiographs of P-CaPK group; e, i. preoperative and
postoperative radiographs of CH group; f, j. preoperative and postoperative radiographs of NS group; arrows indicating the apical radiolucent area; *: p < 0.05.

(Fig. 11b). Specimens from the CH group and NS group both showed
severe inflammatory infiltrate as well as destruction of periodontal li-
gament and periapical bone tissues (Fig. 11c, d).

Bacterial staining with the Brown and Brenn technique revealed
bacterial growth on the canal wall as well as within the dentinal tu-
bules. Sections from the CH group and NS group demonstrated ex-
tensive bacteria infiltration into the dentinal tubules (up to 1500 pm) as
well as the root apical tissues (Fig. 12c—f). In contrast, less bacteria
could be identified in the dentinal tubules of the 2% CHX and the P-
CaPK groups (Fig. 12a, b).

There was a significant difference between the P-CaPK group and
the NS group in the number of TRAP-positive osteoclasts (Fig. 13a). The
distribution of osteoclasts was extensive within the periapical trabe-
cular bone and root apices in the 2% CHX, CH and NS groups. Sections
prepared from the P-CaPK group demonstrated the least number of
osteoclasts (Fig. 13b-i).

4. Discussion

In the present study, K21, calcium and phosphorus elements were
successfully incorporated into PLGA submicron particles using

emulsion-solvent evaporation method, which was confirmed by EDS,
FTIR and release profiles. Calcium and phosphorus could not be de-
tected with EDS, probably due to their low loading content.
Incorporation of K21 affected both the size distribution and zeta po-
tential of the submicron particles. Compared with P and P-CaP, the
diameter of the P—K and P-CaPK particles decreased while the zeta
potential changed to positive values. Because both the dentin surface
and bacteria cell membranes are negatively-charged [46], particles
with positive zeta potential are likely to interact much easier with
dentin and bacteria than particles with negative zeta potential.

In the presence of water, PLGA polymers hydrolyzed and produced
lactic and glycolic acids, resulting in the low pH values. Acid conditions
might inhibit bacteria growth by increasing the hydrogen-ion con-
centration in the microorganism [47]. The pH values of the P—K and P-
CaPK particles were lower in dd H,O than the P and P-CaP particles
during the early stage but became similar to each other toward the end
of the experiment. This was possibly caused by the release of K21,
which accelerated the degradation of PLGA polymer. It had been re-
ported that some enzymes, free radicals and/or acid-based products of
biological compounds can speed up PLGA degradation [48]. The de-
gradation rate may be regulated by modulating the concentration of
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Fig. 10. Histological evaluation of apical lesions. a. inflammatory infiltrate; b. periodontal space; c. resorption of mineralized tissues; d. comprehensive evaluation; *:

p < 0.05.

these products around PLGA systems [48]. In Tris-HCI, both calcium
and phosphorus were released in a sustained manner. Inclusion of K21
did not interfere with the incorporation and release of calcium and
phosphorus. However, the amount and rate of release of K21 differed in
P—K and P-CaPK. It is speculated that the release of calcium and
phosphorus promoted the release of K21. This phenomenon may be
related to the difference in binding site and form between PLGA, K21,
calcium and phosphorus.

When cultured with planktonic E. faecalis, P—K and P-CaPK at dif-
ferent concentrations all displayed remarkable dose-dependent anti-
bacterial activities. Growth of E. faecalis was almost completely in-
hibited when the particles were at a concentration of 5 mg/mL. The P-
CaPK group demonstrated more potent antimicrobial activity compared
with the P—K group at the same concentration. Based on the K21 re-
lease test result, this difference may be accounted for by the difference
in the released amount of K21 in the bacteria suspensions. In a recent
study on coating of surgical sutures and dental floss with K21 solutions,
a K21 coating endowed the sutures and dental floss with antimicrobial
activity against Porphyromonas gingivalis and E. faecalis in a dose-de-
pendent manner [49]. In the present work, P—K and P-CaPK submicron
particles successfully infiltrated into dentinal tubules of dentin slices
after ultrasonic activation and both demonstrated inhibitory effects on
bacteria growth. According to SEM images, there were almost no bac-
teria attachment on the dentin slices. Submicron and nano structure
would enable biomaterials to possess better penetration ability [50].
Besides, as mentioned before, dentin was negatively charged. Thus, the
small size of particles and positive zeta potential may have contributed
to better dispersion, infiltration and substantivity on dentin.

Submicron particles derived from the P, P-CaP, P—K and P-CaPK
groups at different concentrations all exhibited no suppressive effect on
the proliferation of MC3T3-E1 cells despite different co-culture times.
Human dental pulpal cells have previously been seeded on dentin discs
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prior to the application of K21 to evaluate the biocompatibility of K21
[22]. The authors found that K21 was only mildly cytotoxic and had
better cell viability compared with 2% CHX. The CHX is a cationic
surfactant and its dose-dependent cytotoxicity of CHX has been well
proved [51]. In our pilot experiments, K21 solution was incorporated
into PLGA polymers at higher concentrations. However, improvements
in antimicrobial activity were accompanied by increases in cytotoxicity.
Hence, PLGA was used as a carrier for 20% K21 to strike a balance
between biocompatibility and antibacterial activity.

The osteogenic bioactivity of a material may be evaluated by ex-
amining the formation of apatite on its surface after immersion in SBF.
In general, apatite crystallite is formed on the surface of bone filling
materials within four weeks [44]. In the present study, P and P-CaP
particles degraded without crystallite formation after immersion in SBF
for three weeks; the results indicate that PLGA submicron particles
alone do not possess mineralization induction potential. In contrast,
abundant apatite crystallites were deposited on the surface of the P-
CaPK particles. Indeed, the P-CaPK group demonstrated better in vitro
mineralization than the P—K group. It was previously reported that K21
inhibits endogenous matrix metalloproteinases and cysteine cathepsins,
thereby increasing the resistance of dentin collagen against degradation
[52]. Although K21 per se does not promote the formation of miner-
alized tissues, the silicon element in the K21 may possibly act as nu-
cleation substrate for calcium and phosphorus during the early stage of
mineralization [53]. According to literature, silicon, calcium and
phosphorus are all essential for mineralization and osteogenesis both in
vitro and in vivo [54-56]. In root canals, deposition of apatite crystal-
lites on the canal wall may help block dentinal tubules, thereby pre-
venting bacteria invasion [57]. In periapical defects, apatite-like crys-
tallites formed on the surface of biomaterials promote the bonding of
these materials to the surrounding bone tissues, and facilitate the re-
storation of defects produced by bone resorption [58].
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Fig. 11. Representative images of HE staining (X 4). a. 2% CHX group; b. P-CaPK group; c. CH group; d. NS group; %: dense inflammatory infiltrate zone; PL:
periodontal ligament space; MT: mineralized tissues; arrows indicating root resorption.

Beagle dogs were often used as animal models for evaluation of root
canal disinfectants and root-end filling materials [59,60]. In previous
publications, experimental apical periodontitis was successfully in-
duced in beagle dogs after pulp exposure for four to six weeks [61,62].
In the present study, the root canals were infected with a single species
(E. faecalis) for eight weeks to establish apical periodontitis. After four
weeks of E. faecalis infection, radiolucent areas around the root apex
were visible in some specimens and the difference became more ob-
vious with time. The periapical lesions in some specimens became
clearer after eight weeks of infection.

Only 2% CHX significantly decreased the size of the periapical le-
sions when evaluation was based on radiographic interpretation alone.
Although all specimens from the P-CaPK group showed different extents
of periapical bone tissue destruction, resorption was limited or mild in
some specimens and was not detected from the radiographs. When the
radiographic and histological results were evaluated together, 2% CHX
was capable of reducing the resorption of mineralized tissues and dis-
played the strongest inhibitive effect against E. faecalis. Particles from
the P-CaPK group decreased the propensity of inflammatory infiltrate in
the periapical tissues but were ineffective in preventing resorption of
mineralized tissue and widening of the periodontal space. Particles
from the CH group were similar to the effects of NS, in that they could
not prevent infection of E. faecalis. In vitro studies reported that calcium
hydroxide is only weakly effective as an intracanal medicament against
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E. faecalis [63,64]. In addition, calcium hydroxide possesses negligible
substantivity and infiltrates dentinal tubules poorly [65]. In a previous
study, different calcium hydroxide-based intracanal dressings were
placed in dogs' teeth with periapical lesions, and the distribution of
microorganisms in root canal systems was examined after 21 days [66].
The percentage of sites containing microorganisms was between
62%-87% for all groups. Mechanical canal preparation combined with
CH paste did not effectively eliminate infection from the root canal
systems. In another study, the antimicrobial effects of different irri-
gating solutions were investigated in the root canals of dogs' teeth [67].
The saline group and the control group contained an increased number
of microorganisms while there was reduction in the number of micro-
organisms in the NaOCl and CHX groups. Results from the present work
were consistent with these studies.

Brown and Brenn staining was often performed to observe the
presence of bacteria in tissue sections [46,68]. It has been suggested
that E. faecalis invades dentinal tubules to escape from root canal dis-
infectants [69]. Invasion of E. faecalis into dentinal tubules was also
detected in the present study. Sections derived from the CHX and P-
CaPK groups demonstrated less extensive bacteria infiltration. The
substantivity of CHX on dentin and the infiltration ability of P-CaPK
probably contributed to the prevention of bacteria invasion. TRAP
staining was applied for the evaluation of osteoclast cells [70]. Com-
pared with NS, P-CaPK reduced the number of osteoclasts significantly.
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Fig. 12. Representative images of Brown and Brenn staining. a. root canal wall of 2% CHX group (X 10); b. root canal wall of P-CaPK group (x 10); c. root canal wall
of CH group (x10); d. root canal wall of NS group (X 10); e. root apex of NS group ( X 20); f. periapical region of CH group ( x 20); arrows indicating bacteria.

pH measurement indicated that P-CaPK is acidic. It has been reported
that acidic condition inhibits osteoclast differentiation and prolifera-
tion, but increases the resorptive activity of differentiated osteoclasts
[71]. The number of osteoclasts in the P-CaPK group was less than that
of the NS group, but there was no significant difference in terms of
resorption of mineralized tissues. Although mineralized tissues resorp-
tion was not severe in some of 2% CHX specimens, a relatively intense
distribution of osteoclasts could still be observed in the periapical tra-
becular bone. The reason for this phenomenon is unknown and requires
further investigation.

Based on the findings of the present study, P-CaPK possesses

excellent antimicrobial and mineralization ability and inhibits E. fae-
calis infection of teeth in vitro and in vivo. Although CHX has stronger
antibacterial activity, it has more severe cytotoxicity and does not
possess mineralization potential [51,72]. The P-CaPK shows promise to
be developed into a new intracanal disinfectant for root canal treat-
ment.

5. Conclusions

Submicron P-CaPK particles were fabricated and showed excellent
antibacterial activity, good biocompatibility, in vitro mineralization
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Fig. 13. TRAP staining of root apical samples from different groups. a. comparison of osteoclasts among groups; b. osteoclasts of 2% CHX group in periapical
trabecular bone ( X 10); c. osteoclasts of 2% CHX group around the root apex ( X 20); d. osteoclasts of P-CaPK group in periapical trabecular bone ( X 10); e. osteoclasts
of P-CaPK group around the root apex ( x 20); f. osteoclasts of CH group in periapical trabecular bone (x 10); g. osteoclasts of CH group around the root apex ( X 20);
h. osteoclasts of NS group in periapical trabecular bone (x 10); i. osteoclasts of NS group around the root apex ( X 20); arrows indicating osteoclasts; *: p < 0.05.

potential and infiltrated well into the dentinal tubules. These submicron
particles also demonstrated a strong preventive effect against E. faecalis
infection in root canals of teeth in vivo. Due to the biodegradability, P-
CaPK might be developed into a new effective disinfectant for infected
root canals as an intermediate medication. However, further issues have
to be clarified before its clinical applications, such as influences on the
root canal sealing and other intra-canal chemicals.
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