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ARTICLE INFO ABSTRACT

Keywords: Objective: In this study a dentistry nanocomposite with prolonged antibacterial activity using silica nanoparticles
Silica (SNPs) loaded with chlorhexidine (CHX) was developed.

Chlorhexidine Methods: SNPs were coated with the Layer-by-Layer technique. Dental composites were prepared with organic
D]fntal composites matrix of BisGMA/TEGDMA and SNPs with or without CHX (0, 10, 20 or 30% w/w). The physicochemical
LbL

properties of the developed material were evaluated and agar diffusion method was used to test the antibacterial.
In addition, the biofilm inhibitory activity of the composites was evaluated against S. mutans.

Results: SNPs were rounded with diameters about 50 nm, the organic load increased with increasing deposited
layers. Material samples with SNPs loaded with CHX (CHX-SNPs) showed the highest values of post-gel volu-
metric shrinkage, that ranged from 0.3% to 0.81%. Samples containing CHX-SNPs 30% w/w showed the highest
values of flexural strength and modulus of elasticity. Only samples containing SNPs-CHX showed growth in-
hibition against S. mutans, S. mitis and S. gordonii in a concentration-dependent manner. The composites with
CHX-SNPs reduced the biofilm formation of S. mutans biofilm at 24 h and 72 h.

Significance: The nanoparticle studied acted as fillers and did not interfere with the evaluated physicochemical
properties while providing antimicrobial activity against streptococci. Therefore, this initial study is a step
forward to the synthesis of experimental composites with improved performance using CHX-SNPs.

1. Introduction

Different types of nanoparticles (NPs) have been added to dental
composites, such as silica NPs (SNPs), to optimize optical, physical-
chemical and mechanical properties, morpho-physiology and dental
esthetics, in addition to obtaining therapeutic effects through nano-
carriers and sustained release of active substances at the target local
[1].

Considering the possibility of failures and the need to replace
composite resins, the complexity and dynamism of the oral micro-
biome, as well as the negative impact of dysbiosis in restorative dental

procedures, the association of nanocomposites with antimicrobial
agents is a viable prophylactic alternative for recurrent oral infectious
complications [2-4]. Several antimicrobials have been extensively
studied and tested in dental nanocomposites. Among these, the use of
chlorhexidine (CHX), a broad-spectrum bisbiguanide antiseptic widely
used in clinical dental practice for the prevention and treatment of oral
infections, has been explored [5,6]; recently also application in ortho-
pedic have been reported [7]. It is expected that CHX-associated na-
nocomposites present a sustained release profile at the tooth/nano-
composite interface, reducing bacterial adhesion on the experimental
composite without affecting the homeostasis and viability of oral cells
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[3]. Current antimicrobial releasing dental nanocomposites do not ex-
hibit an optimal release profile with an initial burst followed by a quick
drop in the drug release rate; this results in short acting antimicrobial
properties.

The layer-by-layer technique (LbL) has great potential in the sus-
tained/controlled delivery of drugs, by creating multiple nanos-
tructures that act as a drug reservoir [7-11]. Recent studies investigated
the incorporation of gentamicin-loaded SNPs and CHX-loaded-SNPs
synthesized by the LbL technique into polymethylmethacrylate
(PMMA) bone cements for prophylaxis of prosthetic joint infections
(PJD) [7,8,10]. The antimicrobial releasing SNP showed prolonged and
superior antimicrobial activity than the free drug, cytocompatibility,
good diffusivity and preservation of the properties of the bone cements
tested. One of the main features related to these SNPs is the use of poly-
beta-amino-esters (PBAEs), a weakly positively charged and hydro-
lysable polymer, in the construction of the coatings on the SNPs sur-
faces. These polymers are synthesized with amines and di-acrylates and
are highly biocompatible [7-11].

Aiming at the development of a restorative nanomaterial with an-
timicrobial activity and improved mechanical properties, a dental na-
nocomposite material containing CHX-loaded SNPs (CHX-SNPs) syn-
thesized by LbL was developed and characterized. the impact of the
incorporation of CHX-SNPs on the physicochemical properties of the
dental nanocomposite and the antimicrobial activity of the CHX-SNPs
containing material were tested.

2. Materials and methods
2.1. Synthesis and characterization of PBAE

3.7 mmol of Bisphenol A ethoxylate diacrylate with a 4.1 mmol of
piperazine (Fig. 1) were mixed in 5 mL of dichloro methane (DCM). The
polymer synthesis was performed under stirring at 50 °C for 48 h.
Amino terminated PBAEs were recovered by precipitated in about
50 mL of diethyl ether followed by solvent evaporation under vacuum
[8,10].

The reaction products were analyzed through GPC and NMR [8,10].

2.2. Synthesis and characterization of CHX-loaded SNPs (CHX-SNPs)

SNPs were prepared by the Stober method [12] based on the hy-
drolysis of TEOS in reverse microemulsion and subsequent surface
functionalization with amine groups by adding APTS to the micro-
emulsion under agitation and incubation for further 24 h.

Triton X-100 (17.7 g), n-hexanol (16 mL), cyclohexane (75 mL) and
4.8 mL of deionised water were mixed under stirring until the solution
was transparent; 600 pL. of NH,OH (29.6%) were added. 1 mL of TEOS
was added with stirring continued for further 24 h when 50 puL of APTS
were added; the micro-emulsion was stirred for further 24 h.

SNPs were recovered by adding ethanol and centrifuging at
14,000 rpm for 10 min (LE-80 K, Ultracentrifuge, Beckman Coulter, UK)
at 20 °C (35,280 g). The SNPs were washed three times with deionized
water and left to dry at room temperature in a fume hood for 24 h.
Then, the SNPs were layered with a repeated sequence of alginate,

/TO\/\OO/\/OI(\ + HO
L0

Fig. 1. Scheme of reaction for the synthesis of PBAE.

n
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PBAE and CHX diacetate (10% w/w) resulting in a total of 40 layers
corresponding to 10 quadruple layers of the main unit (alginate-CHX-
alginate-PBAE) [7,8].

The size of the CHX-SNPs was characterized by transmission elec-
tron microscopy (TEM, JEOL-1010 microscope). TEM images were
analyzed with ImageJ® software and the diameters of at least 150
particles were measured. Electrophoretic mobility of the polyelec-
trolytes was measured by dynamic light scattering (DLS), using Malvern
Zetasizer, Nano ZS particle (Malvern Instruments Limited, UK). The
measured electrophoretic mobility was converted to zeta potential va-
lues () using the Smoluchowski model. Thermal gravimetry analysis
(TGA) was performed using a Perkin-Elmer TGA 4000 instrument.
During constant heating, the sample weight was recorded and weight
loss percentage of each sample was calculated relative to initial weight
of sample, prior to heating [7,8].

CHX release from CHX-SNPs (10 mg) was evaluated by dispersing
the NPs in 1 mL of two buffer media (acetic acid-sodium acetate buffer -
pH 5 and PBS - pH 7.3). After vigorous shaking and incubation at 37 °C;
every 24 h particles were centrifuged at 14,000 rpm for 10 min and the
supernatant was collected for quantification of released CHX. The
particles were resuspended in 1 mL of fresh buffer medium and in-
cubated at 37 °C.

CHX quantification was performed using reversed-phase High
Performance Liquid Chromatography (HPLC) method (Agilent
Technologies® 1100 series HPLC). Standard concentrations were pre-
pared by serial dilutions of a CHX stock solution (1 mg/mL) to a range
of 0.4-25 pg/mL. Each data point is an average of three replicates [7,8].

2.3. Dental composites preparation

Seven experimental composites groups were prepared, using resin
matrices based on Bis-GMA (Bisphenol A Bis (2-hydroxy-3-methacry-
loxypropyl) Ether, Esstech, Essington, Pennsylvania, USA) and
TEGDMA (Triethyleneglycol Dimethacrylate, Esstech,) in equal weight
proportions. The photoinitiator system used was composed of 1% (w/
w) DMAEMA (2-(dimethylamino) ethyl methacrylate - 98%, Sigma-
Aldrich, Steinheim, Germany) and 0.8% (w/w) camphorquinone (97%,
Sigma-Aldrich, Steinheim, Germany) [3]. CHX loaded SNPs and pure
SNP were added to the composites in proportions of O (control group),
10, 20, or 30% (w/w), in a dark room with yellow lighting to avoid
polymerization during the manufacturing process, with mixing for
3min using an automatic vacuum mixer (SpeedMixer DAC 150 FVZ,
Hauschild) at 3500 rpm. Similarly, pure CHX was mixed in added to the
monomers in quantities equivalent to the amount of CHX added when
deposited on the SNP.

The samples were light-cured on top for 40s, using an LED device
(VALO Cordless, Ultradent Products Inc., South Jordan, UT, USA) op-
erating in a standard mode (1000 mW/cm?), between two glass slides in
a silicone mold. The specimens were made 24 h before use and were
stored dry at 37 °C in hermetically closed dark flasks until the time of
use. Two types of molds were used for specimen production, bar-shaped
for the flexural strength test (10 mm X 2mm X 1mm) [13] and disk-
shaped (7 mm X 1 mm) [3] for the remaining assays.

2.4. Degree of conversion (DC)

Fourier transform infrared (FTIR - Vertex 70, Bruker Optik GmbH,
Alemanha) spectroscopy was utilized for DC analysis. Sample were
placed into the FTIR spectrophotometer so that the laser beam passed
through the center of the specimen. Spectra were recorded from the
uncured composites and immediately after photopolymerization. The
area under the peak 6165 cm ™!, corresponding to the vinyl bond, was
obtained [3,14]. DC was calculated as a function of the area of the vinyl
peak (DC = (1 - polymerized / not polimerized) X 100%). Results are
presented as the average + SD of 3 independent samples.
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2.5. Chlorohexidine release from dental cement

Disk-shaped samples were incubated in 1 mL PBS buffer (pH 7.4) at
37°C. The buffer was replaced each day (sink condition) and the con-
centration of released chlorhexidine determined through HPLC. The
specimens were stored in a refrigerator (2-8 °C) for no more than 3 d
prior to analysis. CHX released is expressed as % of the initial CHX
amount in the samples based on the CHX loading in the SNP-CHX and
the amount of SNP mixed in the dental material. Resulted are presented
as the average = SD of 3 independent samples.

2.6. Evaluation of the mechanical properties

2.6.1. Flexural strength (FS) and flexural modulus (FM)

FS and FM were evaluated after 24 h of photoactivation and 60 days
of immersion in distilled water and stored in an incubator (Tecnal TE —
392/2, Sao Paulo, Brazil) at 37 °C. The specimens were submitted to a
three-point flexure device using a universal testing machine (Instron,
5565, Canton, MA, USA) with 8 mm distance between supports and
crosshead speed of 0.5 mm/min until failure.

The maximal FS was calculated according to the following equation:

3FL

7 b

where o is the flexural strength (MPa), F is the maximum load recorded
before the specimen fractured (N), L is the distance between the sup-
ports (mm), b is the width of the specimen (mm), and h is the height of
the specimen (mm), respectively and FM was calculated as:

3
E = L 1073
4bh3D

where E is the flexural modulus (GPa), C is the load recorded (N), L is
the span between the supports (mm), b is the width of the specimen
(mm), h is the height of the specimen (mm) and D is the deflection
corresponding to C (mm).

Results are presented as average = SD of 10 independent sample.

2.6.2. Post-gel volumetric shrinkage

Post-gel volumetric shrinkage was measured using the biaxial
“strain gage” method [15,16]. Approximately 0.1 g of sample were
placed on a unidirectional strain gauge (PA-06-060BG-350LEN Excel,
Sao Paulo, Brazil) connected to an adapter for Instron and a micro-
computer; signals from the data acquisition board were recorded
through BlueHill software. Samples were light-activated under the same
conditions described above and the contraction was monitored for
5min from photoactivation. Deformation resulting from material con-
traction was measured in two perpendicular directions.

2.6.3. Surface roughness

Surface roughness (Ra) was evaluated dry storage 24 h after pho-
toactivation by a surface tester (Mitutoyo Surftest SJ-410, Sao Paulo,
Brazil). Three measurements were performed on each specimen by ro-
tating the specimen 45°, with a cut-off at 0.8 mm and speed of 0.5 mm/
s. Results are presented as average + SD of 10 independent sample.

2.7. Evaluation of antimicrobial properties

2.7.1. Bacterial sensitivity test by agar diffusion technique

The agar dilution method was performed according to Clinical
Standard Laboratory Institute M2-A8 protocol (CLSI, 2003) using three
bacterial strains Streptococcus mutans (UA 159), Streptococcus mitis
(ATCC 49456) and Streptococcus gordonii (ATCC 35105).

Overnight cultures were grown using 30 pL of the frozen stocks in
glass tubes containing 9 mL of BHI (Brain Heart Infusion Broth, Kasvi,
Laboratorios Conda S.A, Madrid, Spain) broth. The cultures were in-
cubated (Sanyo Eletric Co., Japan, MCO-19AIC) for 24 h in an 10% CO,
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atmosphere at 37 °C. To prepare the bacterial inoculum, 300 pL of the
overnight mixture was suspended in a glass tube containing 5mL of
0.9% saline solution, to reach the density equivalent to the turbidity of
the 0.5 McFarland standard solution (wavelength = 625nm) (CLSI,
2003).

The bacterial suspension was spread over the agar surface Miieller-
Hinton agar (HiMedia Laboratories Pvt.Ltd, Mumbai, India) supple-
mented with 5% sheep blood (Anilab Animais para Pesquisa Criagéo e
Comérico — LTDA, Paulinia, Sdo Paulo) using a sterile swab. Specimens
(n = 5) were disinfected with a gauze soaked in 70° alcohol (5 strokes
coming and going by surface) and UV light irradiation for 1min
(mercury vapor lamp with > 90% radiation at 253.7 nm) on both sides.
Then, the specimens were positioned over the agar and the plates were
incubated for 24h, at 37°C, in a 10% CO, atmosphere. After this
period, the total inhibition zones diameter were measured using a di-
gital caliper, disregarding the size of the specimen [17].

2.7.2. Monospecies biofilm inhibition assay

The biofilm assay was adapted from methods described previously
[18,19]. S. mutans inoculum was prepared by transferring 30 pL of the
frozen stock to a glass tube containing 9 mL of BHI broth, followed by
incubation for 18 h, at 37°C, in a 10% CO, atmosphere. The optical
density was adjusted to approximately 0.7, at a wavelength of 660 nm.

Previously sterilized specimens (n = 6, under the same conditions
described above) were embedded in metallic apparatus, and placed in
the 24-well polystyrene plates, in vertical position. Each well received
2.85mL of BHI broth, 0.15mL of 20% sucrose solution, and 12 uL of
bacterial inoculum. To control for experimental contamination, groups
containing only the specimens and culture medium were also tested
(n = 2). The plates were incubated for 24 or 72h, at 37 °C, in a 10%
CO,, and culture medium was renewed daily (for the 72 h-biofilm).
After the incubation periods (24 h or 72h), discs were removed, wa-
shed, and prepared, in order to determine viable cells by the plating
method. To remove non-adherent bacterial cells, the biofilms were
gently washed (1x) in a 24-well plate with 3 mL of 0.9% sterile saline.
Subsequently, the discs were transferred to polystyrene tubes con-
taining 5mL of sterile saline, vortexed for 1min, and sonicated for
1 min (5% amplitude, 6 pulses, 9.9 s for each pulse, and 5 s intervals), at
4°C (Vibra-Cell VCX400 sonicator, Sonics, USA). Serial dilutions from
this suspension were plated on BHI agar. The plates were incubated for
48h, followed by counting of the colonies to obtain the number of
colony forming units per mL (CFU/mL). The experiments were per-
formed in duplicate.

2.8. Statistical analysis

Data were plotted with R software [20]. The degree of conversion,
post-gel volumetric shrinkage, surface roughness and inhibition zone
results were analyzed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test was performed with SPSS
(SPSS Inc., version 21.0; Chicago, USA). Monospecies biofilm inhibi-
tion, flexural strength, and flexural modulus results were analyzed by
two-way ANOVA followed by Tukey’s multiple comparison test ac-
cording to normality and homoscedasticity conditions. For variables
evaluated before and after storage, Student's “t” test was used. The
significance level was set at 5%.

3. Results
3.1. Characterization of SNPs-loaded chlorhexidine (CHX-SNPs)

3.1.1. Particle size

The synthesized SNPs had a circular shape with diameters normally
distributed (Fig. 2); the uncoated SNPs had a mean diameter of 58 nm
(sd = 13nm). After the deposition of 10 quadruple layers containing
CHX, SNPs had a mean diameter of 69 nm (SD = 9 nm).
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Fig. 2. Example of TEM image (bar represent 50 nm) of uncoated SNPs (a) and
diameter distribution of uncoated SNPs () and after deposition of 10 QL ( )

(b).

3.1.2. Zeta potential

Uncoated SNPs had a positive charge exhibiting a zeta potential of
23.73 mV; after the deposition of alginate the charge on the SNPs was
reversed and the zeta potential was — 30.30 mV. The subsequent de-
position of CHX resulted in a further charge swap with a zeta potential
of 25.03mV; finally, the last step of the quadruple layer formation
(deposition of PBAE) resulted in a moderate positive charge with zeta
potential of 2.73mV (Table 1).

3.1.3. Thermogravimetric analysis (TGA)

When heated the SNP exhibited a progressive weight loss with a
particular jump at around 100 °C reaching a plateau at temperatures
above 650 °C (Fig. 3a); this represents the amount of organic content in
the SNPs. The greater the number of deposited quadruple layers the
greater the total weight loss when reaching the plateau. The uncoated
SNPs had about 12% w/w of organic content, the deposition of multiple
quadruple layers containing CHX resulted in greater organic fraction,
after 10 quadruple layers, the SNPs exhibited about 45% of organic
materials (Fig. 3b).

Table 1
Zeta potential of uncoated SNPs (SiO,-NH,) and during deposition of one
quadruple layer.

SNPs Zeta potential [mV] (mean = SD, n = 3)
SiO,-NH, 23.73 = 0.65

SiO,-NH,-Alg -30.30 + 2.79

SiO,-NH,-Alg-CHX 25.03 + 0.96

Si0,-NH,-Alg-CHX-Alg -31.80 + 1.15

Si0,-NH,-Alg-CHX-Alg- 2.73 * 0.52

PBAE
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Fig. 3. Example of thermograms of SNP after deposition of different numbers of
quadruple layers containing CHX (a); organic content of SNPs after deposition
of different numbers of quadruple layers containing CHX determined through
TGA (mean *= SD, n = 3) (b).
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3.1.4. CHX release quantification

SNPs released the CHX present in the coatings when in contact with
aqueous solutions; the release rate was pH dependent with higher re-
lease at pH = 7.4 then pH = 5 (Fig. 3). In acidic conditions the released
completed after about 60 days while at pH = 7.4, no more CHX was
detected in the release buffer after about 45 days. Overall, the amount
of CHX released was greater at pH = 7.4 than pH = 5.

3.2. Evaluation of the dental composites properties

3.2.1. Degree of conversion

Degree of conversion ranged from 69.3% (20% SNPs) to 76.3%
(30% SNPs and 20% CHX-SNPs) (Table 2). No significant differences
were found among the groups (p > 0.05, Table 2).

3.2.2. Post-gel volumetric shrinkage

Post-gel volumetric shrinkage values ranged from 0.3 (10% SNPs) to
0.71% (10% CHX-SNPs) (Table 2). In general, the CHX-SNPs groups
showed higher values, comparing to control and plain SNPs
(p < 0.05). Differences were found between the SNPs and CHX-SNPs
groups, when comparing the same concentrations (p < 0.05), except
for the 30% group. The control group differed statistically (p < 0.05)
from the 10% and 20% CHX-SNPs groups, which exhibited higher post-
gel volumetric shrinkage.

3.2.3. Surface roughness

The surface roughness of the experimental composites gradually
increased with increasing percentages of SNPs and CHX-SNPs
(p < 0.05, Table 2), with values ranging from 0.018 (10% SNPs and
10% CHX-SNPs) to 0.038 um (30% CHX-SNPs). There was no statistical
difference between SNPs and CHX-SNPs groups, when comparing the
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Table 2
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Means and standard deviations for degree of conversion (n = 3), post-gel volumetric shrinkage (n = 5) and surface roughness (n = 10).

Groups Degree of conversion (%) Post-gel volumetric shrinkage (%) Surface roughness (um)
Control 73.4 = 0.51 a 0.390 + 0.0 BCE 0.023 + 0.008 bed
CHX-SNPs 10% 73.1 + 491 a 0.714 + 0.24 a 0.018 + 0.002cd
CHX-SNPs 20% 76.3 + 4.26 a 0.696 + 0.13 a 0.030 + 0.007 ab
CHX-SNPs 30% 72.3 = 0.45a 0.570 + 0.05 ab 0.038 + 0.01a

SNPs 10% 725 + 1.21 a 0.3 + 0.04c 0.018 + 0.005 d
SNPs 20% 69.3 + 1.98 a 0.306 + 0.11 BCE 0.028 + 0.006 BCE
SNPs 30% 76.3 + 3.27 a 0.402 + 0.13 be 0.032 + 0.008 ab

Means values followed by the same superscript letters are statistically similar (p < 0.05 — One-way ANOVA/Tukey).

Table 3
Means and deviations for flexural strength (MPa) and flexural modulus (GPa) after 24 h of polymerization (n = 10) and after 60 days immersion in distilled water
(n =10).
After 24 h of polymerization After 60 days immersed in distilled water

Groups Flexural strength (mean = SD) Flexural modulus (mean + SD) Flexural strength (mean = SD) Flexural modulus (mean + SD)

Control 29.96 + 4.92 bcB 0.339 + 0.09 cB 35.89 = 2.21aA 0.527 + 0.07 cdA

CHX-SNPs 10% 31.29 + 5.08 abcA 0.395 + 0.12 bcB 33.35 * 3.66 abA 0.647 = 0.08 abA

CHX-SNPs 20% 34.4 = 6.15 abA 0.474 + 0.37 bcA 30.38 = 3.04 bcdA 0.614 + 0.07 abcA

CHX-SNPs 30% 37.39 * 5.56 aB 0.702 = 0.13aA 30.67 = 2.69 bcA 0.688 + 0.11aA

SNPs 10% 26.72 *+ 6.02 cA 0.463 + 0.13 BCEA 28.37 = 4.76 cdA 0.271 = 0.14 eB

SNPs 20% 31.64 + 4.49 abcA 0.481 + 0.17 bcA 30.62 = 3.08 bcA 0.559 + 0.07 bcA

SNPs 30% 30.18 + 4.43 bcA 0.555 + 0.07 abA 26.64 + 2.68 dA 0.439 + 0.09 dA

Means values followed by the same superscript letters were statistically similar (p < 0.05 — One-way ANOVA/Tukey). Lowercase letters represent analysis between
groups in each time evaluated. Capital letters represent the comparison between groups at different times.
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Fig. 4. Release profile of CHX from SNPs coated with 10 quadruple layers at pH
=5(C )and pH =7.4( ) (mean = SD,n = 3).

same concentrations (p > 0.05). The control group differed statisti-
cally (p < 0.05) only for the 30% CHX-SNPs group, which exhibited
higher surface roughness.

3.2.4. Flexural strength and flexural modulus

The means and standard deviations (SD) for flexural strengths (GPa)
and flexural modulus (MPa) are shown in Table 3 for the two times of
analysis.

For flexural strength, the CHX-SNPs group showed higher values,
compared to the control and SNPs groups, 24 h after polymerization. The
highest flexural strength was obtained for the 30% CHX-SNPs group,
which was the only group statistically different from the control
(p < 0.05). Comparing the same concentrations for the groups with and
without CHX, a significant difference was only observed for the groups
with 30% of NPs (p < 0.05). The storage time in water was significant for
the control and 10% CHX-SNPs groups (p < 0.05). After storage, these
groups showed higher flexural strength, compared to the other groups.
When comparing the same concentrations, a significant difference was
observed for the groups with 10% and 30% NPs (p < 0.05).

In general, for the flexural modulus, the 30% CHX-SNPs group
showed the highest values (p < 0.05), for both times of analysis. At
24h after polymerization, no difference was found between the SNPs
and CHX-SNPs groups, when comparing the same concentrations
(p > 0.05), and at 30% both groups differed statistically from the
control. On the other hand, after storage in distilled water, there was a
statistical difference (p < 0.05) when comparing the same concentra-
tions, except for the 20% group. The 10% and 30% CHX-SNPs groups
differed significantly from the control group. The storage time was
significant for the control, 10% CHX-SNPs, and 10% SNPs groups
(p < 0.05).

3.3. CHX release

CHX release from dental composites containing CHX-SNPs exhibited
a similar pattern then from directly SNPs, with a rate decreasing with
time (Fig. 5). The impact of pH conditions on the release was detectable
only in the dental materials containing the lowest amount of SNPs (10%
w/w). The rate of CHX release from the dental sample decreased with
increasing CHX-SNPs; after 30 days, about 12% of the CHX contained in
the added SNPs was released from samples prepared with 10% w/w of
CHX-SNPs while only 5% and 3% of the initial drug amount was re-
leased after the same time from samples prepared with 20% and 30%
w/w CHX-SNPs, respectively. When the same amount of CHX was
added to the dental materials, the release of CHX was faster and com-
pleted after about 1 week regardless of the pH.

3.4. Antimicrobial properties of dental composites

3.4.1. Bacterial sensitivity test by agar diffusion method

Antimicrobial activity of CHX-SNPs/experimental composites was
tested through agar dilution method against strains of S. mutans, S. mitis
and S. gordonii. The results (Fig. 6) showed that the CHX-SNPs groups
formed inhibition zones for all the bacteria, with the 30% CHX-SNPs
group presenting higher antimicrobial activity, compared to the other
concentrations (p < 0.05). No inhibition zones were observed for SNPs
and control groups.
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Fig. 5. Cumulative release of CHX from dental composite (as % of the initial
CHX loaded in the samples) with 10% w/w (a), 20% w/w (b) or 30% w/w (c)
CHX-SNPs at pH =5 ( ) and pH = 7.4 () from dental material containing
CHX-SNPs (squares) or pure CHX (circles) (mean + SD, n = 3).

For S. mutans biofilm, the number of colony forming units per mL
(CFU/mL) was reduced with CHX-SNPs incorporated in the experi-
mental composites, both after 24 h and 72h (Fig. 7). When comparing
CHX-SNPs groups, after both exposure times, CHX-SNPs 30% returned
the highest CFU/mL reduction (p < 0,05). Significant differences

S. mutans UA159

S. mitis ATCC 49456
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(p < 0,05) were also found between SNPs and CHX-SNPs groups when
comparing the same samples with the same SNPs concentrations. After
24 h, experimental composites with 20% and 30% w/w of SNPs were
statistically different (p < 0,05), while after 72 h only the highest SNPs
concentration showed a significant difference (p < 0,05). The time of
biofilm formation significantly influenced the results for the 20% and
30% CHX-SNPs groups.

4. Discussion

The appearance of marginal cracks at the tooth/restoration interface
and, consequently, recurrent episodes of caries, are the main factors
that negatively affect the long-term clinical performance of composite
resin restorations. These factors are primarily related to the properties
presented such materials, especially the physicochemical properties
[18,19]. In order to overcome these limitations and considering the
reinforcing effect of SNPs, as well as the broad-spectrum antimicrobial
activity of CHX, an experimental composite containing CHX-SNPs in
different concentrations was developed and its general performance
evaluated.

The SNPs developed here had similar properties to other silica-based
drug releasing systems in terms of size (Fig. 2); moreover, the increased
size after deposition was also expected as consequence of the adhering
layers [7-9]. The successful deposition of the desired layer was also
confirmed by see-saw profile of the zeta potential after each deposited
layer (Table 1) and the TGA analysis (Fig. 3) resulting in similar drug
loads as using other PBAEs [7-9]. These are a class of polymers that are
positively charged, hydrolysable and highly biocompatible [20]. They
were initially employed as DNA non-viral delivery vector [21,22];
nevertheless, they have found also wide application in the development
of functional coatings as one the polyelectrolytes used in LbL
[7-10,23-25]. Drug release from coatings prepared with PBAEs gen-
erally is controlled by the active molecule diffusion through the de-
posited layers more than by the hydrolyzation of the polymers. This
results in higher release kinetics in neutral conditions, where the drug
diffusion coefficient is higher in light of the reduced PBAE charge, than
in acidic environments, where, despite a faster PBAEs hydrolysis, the
higher PBAE positive charge reduces the drug diffusion coefficient [11].
The drug release profiles observed in this work (Fig. 4) further confirm
the assumed mechanisms underlaying the drug release process and
their governing factors [7-10]. Furthermore, the results support the use
of coated SNPs to sustain and prolong the release of active compounds
such as chlorhexidine from dental materials.

The results obtained for the degree of conversion (Table 2) were
satisfactory and showed that there was no difference in polymerization
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Fig. 6. Means and standard deviation values calculated for the agar dilution method. Means values followed by the same letter were statistically similar (p > 0.05,

one-way ANOVA/Tukey).3.4.2 Monospecies biofilm inhibition assay.
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regardless of the addition of SNPs or CHX-SNPs. It is suggested that the
higher the degree of conversion of the polymer matrix, the greater the
mechanical strength presented by the experimental composites and,
consequently, greater clinical performance [26].

Proportionally to the increase in the degree of conversion, there are
also increases of other physicochemical properties [26,27]. Although
the groups did not differ statistically from each other in terms of the
degree of conversion, higher values of post-gel volumetric shrinkage
and flexural strength (after 24 h of light curing) were observed for the
CHX-SNPs groups. The modulus of elasticity was significantly higher for
the 30% CHX-SNPs group, even after 60 days of immersion in water.

The post-gel volumetric shrinkage results for the SNPs groups,
compared to the control group, supported the notion that an increase of
inorganic filler particles in composites reduces the polymerization
shrinkage [28]. Therefore, for the CHX-SNPs groups, it was assumed
that CHX could increase the intermolecular interactions between the
monomers during the photopolymerization of the nanocomposite, ac-
celerating this reaction and, consequently, resulting in greater volu-
metric deformation. This characteristic is not desirable for a restorative
material, since the amount of stress at the tooth/material interface,
generated by polymerization shrinkage, can cause the adhesive system
to rupture, leading to undesired clinical consequences such as fissures
and secondary caries [26].

For flexural strength, the particle content was not significant in the
groups with CHX (after 24 h of light curing), but these groups showed a
statistical difference when compared with the SNPs and control groups.
This suggested that experimental composites with CHX-SNPs may be
more resistant to cohesive fracture. It should be noted that the results
obtained here were below the requirement of the ISO 4049/2000
standard (= 80 MPa) [29], probably due to the low concentration of
filler particles incorporated into the experimental material. On the
other hand, the filler particles were statistically significant for the
modulus of elasticity. The composites with 30% SNPs and CHX-SNPs
showed higher values for this variable 24 h after light curing, which
was consistent with the suggestion that higher modulus proportionally
reflects a higher content of inorganic filler particles in the restorative
material [26,30].

For some groups, the flexural strength and elastic modulus were
influenced by the period during which the specimens were immersed in
distilled water, showing an increase or decrease for these properties,
depending on the group. This could be explained by the ability of the

indicate statistical differences between the groups for the two.

experimental composite to absorb water, which leads to plasticization,
weakening of the three-dimensional polymeric network, and, in the
long term, hydrolytic degradation of the organic matrix. This de-
gradation increases the solubility and absorption of more fluids, con-
sequently further weakening the mechanical properties [31-33]. Ac-
cording to Van Landuyt et al. [34], water solubility and sorption are
influenced by the level of residual monomers and, consequently, by
degradation. Despite the good degree of conversion results for all
groups, this hypothesis could not be excluded. For the modulus of
elasticity, only the groups with 10% NPs were influenced by the storage
time, so it could be speculated that these results may have been related
to the low content of nanoparticles incorporated into the experimental
composite. On the other hand, for the flexural strength, it was not
possible to make this association, because the 30% CHX-SNPs group
was influenced by the storage time.

For all the groups, increasing the concentration of filler particles led
to a gradual increase in surface roughness. However, despite this in-
crease, no group presented values higher than the critical limit of
0.2pm [32,35], suggesting that there was no influence of surface
roughness on adhesion and accumulation of bacteria on the surfaces of
the experimental composites. This could be observed for the SNPs
groups, where, despite the increase in surface roughness, there was no
difference between the SNPs concentrations in terms of biofilm for-
mation, at both 24 h and 72 h.

Considering the complexity and dynamism of the oral symbiotic
microbiome, in addition to outstanding physicochemical properties, it
is desirable that dental materials have the potential to combat the ac-
cumulation and proliferation of cariogenic bacteria at the limits of
dental restoration. The antimicrobial activity of the experimental
composites was investigated in bacteria of the genus Streptococcus,
primary colonizers of the oral biofilm, which make up 60-80% of all
bacteria in the first hours of formation [36-38]. The addition of CHX-
SNPs in the experimental composite resulted in a restorative material
with increased antimicrobial properties, compared to the control and
SNPs groups. The antimicrobial activities presented by the nano-
composites were dependent on the concentration of CHX-SNPs, the
bacterial species, and, for the biofilms, the time of analysis.

For the inhibition halo, only composites containing CHX-SNPs
showed antimicrobial activity, with the antimicrobial performance of
the nanocomposites improving as the concentration of CHX-SNPs was
increased. These findings suggest that CHX was released from the
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restorative material and diffused into the agar medium, significantly
inhibiting the growth of all bacteria evaluated around the specimen.
Considering the degree of conversion of the groups with CHX, as well as
the absence of formation of zones of inhibition for the control and SNPs
groups, the hypothesis that bacterial inhibition was due to the accu-
mulation of residual cytotoxic monomers could be excluded.
Furthermore, the diffusion of CHX from the nanocomposites confirmed
the effective deposition of polyelectrolytes and CHX on the surface of
functionalized SNPs, as described by Al Thaher et al. [11], enabling use
of the LbL system as a drug nanocarrier.

In addition to antimicrobial action, CHX also has broad-spectrum
antibiofilm activity [39]. The antibiofilm efficacy of materials is highly
dependent on the time that the antimicrobial remains in the material
and, consequently, on its release rate. Therefore, a significant reduction
in drug release exposes the surfaces of restorations to colonization by
cariogenic bacteria [6].

According to the literature, SNPs and the LbL system act as a re-
servoir of substances and enable their controlled and sustained release
[40-42]. In this study, there was a notable reduction in formation of the
S. mutans biofilm when the CHX-SNPs was added to the nanocompo-
sites, especially at 30%, at times of 24 h and 72 h, with the most sig-
nificant effect observed at 24 h, as shown by a greater reduction of
CFU/mL. Based on the characteristics of the nanoparticles studied, it
was expected that the nanocomposites with CHX-SNPs would present
similar inhibition profiles of S. mutans biofilm formation at 24h and
72h. It is possible that the release of CHX from the nanocomposites
decreased over time, due to the depletion of the components of the
outer layer. Furthermore, reduced antimicrobial efficacy may be caused
by the internal entrapment of CHX-SNPs in the polymeric network
formed after the photopolymerization process. Therefore, in the ab-
sence of surface CHX-SNPs, S. mutans was able to adhere to the surface
of the experimental material and form a biofilm within 72 h. Another
hypothesis is that over time, the biofilm becomes more structured and
thicker, so that the upper layers do not have contact with the restorative
material, limiting the antibiofilm action of CHX.

Adverse local and systemic consequences to chlorhexidine have been
reported against various eukaryotes in dose and time dependent manner
[43-46]; for example chlorhexidine at a concentration of 0.2% was shown
to be cytotoxic against human osteoblasts and gingival fibroblasts [47]. In
this work, the concentrations of chlorhexidine released after the first day
was ~30 pg/mL (0.03% w/v %) that is lower compared to the solution
tested in above mentioned studies and lower than the concentration from
bone cement containing silica releasing nanocarriers where it was shown no
impact on osteoblasts metabolisms [7]; moreover titanium implant releasing
chlorhexidine at levels comparable with those in the present study showed
antibiofilm efficacy and safety in vivo [48].

The investigation of the influence of SNPs loaded with CHX, syn-
thesized by the LbL method, in experimental composites provided
useful advances in the application of CHX drug delivery using these
materials. However, further studies are needed to evaluate the long-
term antimicrobial efficacy against cariogenic bacteria adhesion and
biofilm formation on the surface of the restorative material.
Furthermore, information is required concerning the long-term influ-
ence of CHX-SNPs on the mechanical properties of experimental com-
posites. It would also be desirable to perform other mechanical ana-
lyses, in addition to those employed here. Finally, more experiments
should be carried out to determine the ideal concentrations of NPs in
experimental composites.

5. Conclusion

The incorporation of CHX-SNPs to experimental composites showed
interesting and promising results. These results suggest that NPs exhibit
desirable antimicrobial potential against the main bacteria related to
oral biofilm formation and can act as fillers, in order to assure sa-
tisfactory  physicochemical properties of the nanomaterial,
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modifications and further studies may be required. Therefore, this in-
itial study is the gateway to the synthesis of experimental composites
with improved performance using CHX-SNPs.
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