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The development of new biocompatible and eco-friendly materials is essential for the future of dental practice,
especially for the management of dental caries. In this study, a novel and simple method was applied for the
green synthesis of silver nanoparticles (AgNPs) from the aqueous extract of Camellia sinensis (WT) and func-
tionalized with chitosan (CHS) and NaF. The effects of WT_AgNPs application on demineralized dentin were
evaluated for potential dental applications. The WT_AgNPs showed molecular groups related to organic com-
pounds, potentially acting as reducing and capping agents. All AgNPs presented spherical shapes with crystal
sizes of approximately 20 nm. Forty human molars were assigned to control: sound (SD) and demineralised
dentine (DD), and experimental groups: WT_AgNPs, WT_AgNPs_NaF, and WT_AgNPs_CHS. Then, the NPs were
applied to DD to evaluate the chemical, crystallographic, and microstructural characteristics of treated-dentine.
In addition, a three-point bending test was employed to assess mechanical response. The application of
WT_AgNPs indicated a higher mineralisation degree and crystallites sizes of hydroxyapatite than the DD group.
SEM images showed that WT_AgNPs presented different degrees of aggregation and distribution patterns. The
dentine flexural strength was significantly increased in all WT_AgNPs. The application of WT_AgNPs demon-
strated remineralising and strengthening potential on demineralised dentine.

Dentine

dental hard tissue. Caries management and control consist of different
strategies that interfere with mineral loss during the different stages of

1. Introduction

The use of silver as an antibacterial agent dates to ancient Western
civilizations. In past Medicine, silver salts were utilized in different
applications as antibacterial and antimycotic agents, for example to
treat mental diseases or in the treatment of burns and wounds. Several of
those silver-based drugs are still prescribed and distributed, but others
have been improved, and novel applications have been introduced [1].
Dentistry has benefited from the advances in silver-based compounds, as
observed in the successful use of silver fluoride to manage dental caries
[2], which consists of a biofilm-mediated, diet-modulated, multifacto-
rial, non-communicable, dynamic disease resulting in net mineral loss of
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the disease [3]. Different approaches, such as non-invasive or micro-
invasive strategies and restorative/invasive interventions, are neces-
sary to manage the wide range of caries processes and lesions. The non-
invasive approach requires control of diet and biofilm and promotion of
hard tissue mineralisation. The use of sealants as a barrier against acid
diffusion into susceptible tooth surfaces and resin infiltration of initial
enamel lesions are successful micro-invasive approaches. Contrarily,
invasive caries management entails the removal of irreversibly demin-
eralised tissues and the placing of a restorative material. However,
despite the continuous evolution of dental materials, dental caries
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continues to be a remaining chronic disease in our society, which ulti-
mately causes tooth loss [2].

Fluorides play a fundamental role in the prevention of dental caries
and are also used therapeutically for the inactivation of incipient carious
lesions [4]. The presence of fluoride ions in the apatite and/or dissolu-
tion prevent the extensive dissolution of dental apatite crystals while
enhances the precipitation of (F- and OH-) apatite crystals, which are
more resistant against acid dissolution in the caries process [5]. Thus,
fluoride is able to promote remineralization of tooth structures by
accelerating the growth of new fluorapatite crystals by bringing calcium
and phosphate ions, as well as inhibiting the activity of carious bacteria
[6]. Sodium fluoride (NaF) is a highly bioavailable active component
widely used in toothpaste, mouthwashes, and water fluoridation [7].

Nanotechnology has enabled the development of silver nanoparticles
(AgNPs), aiming at their antibacterial effects, such as AgNPs function-
alised with fluoride (fluoride-AgNPs) [8]. Fluoride-AgNPs showed low
toxicity to living cells and high antibacterial capacity against Strepto-
coccus mutans [9-11]. The mechanism of fluoride-metal NPs formation
involves a combination of reduction, stabilization and surface func-
tionalization [12]. These fluorine-functionalised NPs exhibit enhanced
chemical reactivity and dispersibility (inhibiting NPs aggregation),
making the nanoparticles potentially suitable for various technological
and biomedical applications (e.g. catalysis, biomedical imaging and
drug delivery) [12,13].

There are multiple methods for synthesizing silver nanoparticles,
including physical and chemical reduction [14,15]. However, these
approaches tend to be costly and labor-intensive, involving the use of
toxic reagents such as sodium dodecyl and sodium citrate. Additionally,
these procedures consume significant energy and contribute to pollution
and public health concerns [16,17]. With the increasing utilization of
silver nanoparticles, particularly in health sciences, seeking alternative,
cost-effective, and environmentally friendly synthesis methods becomes
a social imperative [18]. The utilization of plant extracts has emerged as
a promising solution due to their simplicity, safety, low cost, rapid re-
action times, and effectiveness in producing AgNPs [17,19]. Green
chemistry explores the potential of plants, algae, bacteria, and fungi for
AgNP synthesis [14,17]. These nanoparticles are formed through the
oxidation of Ag* to Ag® by various biomolecules present in plants, such
as flavonoids, ketones, aldehydes, tannins, carboxylic acids, phenolics,
and proteins [20]. Different plant extracts from a variety of species (i.e.
Azadirachta indica, Thymus kotschyanus, Cyanthillium cinereum) have
been successfully employed in synthesizing silver nanoparticles,
including tea extracts [17,21].

White tea (Camellia sinensis, WT) has gained popularity and promi-
nence in this context due to its minimal processing and numerous health
benefits [21]. Obtained from buds and young leaves, WT retains high
concentrations of catechins [22], including epigallocatechin-3-gallate
(EGCG), known for its antioxidant, antimicrobial, antidiabetic, anti-
inflammatory, and cancer-preventive. EGCG is particularly effective
against oral bacteria, such as Streptococcus mutans [23]. The EGCG from
WT also exhibits an inhibitory activity on collagenases that degrade the
organic matrix, generating collagen stability and improving the me-
chanical properties of the tooth [24]. In addition, the phenolic hydroxyls
in the EGCG enhance its potential to reduce Ag* into Ag® [21].

Following a similar environment-friendly approach, chitosan (CHS),
a natural biopolymer, has also attracted great interest for its biomedical
applications (i.e., antibacterial, antioxidant, chelating, and biopharma-
ceutical properties) [25,26]. Moreover, the high charge density of CHS
and its ability to form complexes through electrostatic interactions with
metal ions play a key role in the stabilization, reduction, shape orien-
tation and size control of metal-NPs [27]. Previous studies have revealed
that CHS can act as both reducing and stabilising agents for the synthesis
of metal-NPs (e.g., AgNPs [28], CuNPs [29], and AuNPs [30]). Chitosan-
functionalised AgNPs have shown antibacterial and antifungal potential
[31]. In Dentistry, CHS has been widely investigated to develop bio-
materials in restorative dentistry, implant dentistry, endodontics and

International Journal of Biological Macromolecules 268 (2024) 131676

periodontics [32-34].

Developing new biocompatible and nature-compatible materials is
essential for the future of dental practice, especially in managing the
most prevalent oral disease worldwide, caries. Considering the enor-
mous potential of plants to act as reducing sources for AgNP, this
research focused on applying a green biological technique to synthesize
silver nanoparticles as an alternative to conventional methods, adding
other compounds that may also enhance dentin remineralization.
Hence, the present research aimed to (1) synthesize and characterize
chitosan/NaF functionalised silver nanoparticles reduced with white tea
(Camellia sinensis) and (2) evaluate the effects of WT_AgNPs application
on demineralised dentin. The null hypotheses tested were (1) it would
not be possible to synthesize AgNPs from Camellia sinensis extract and (2)
WT_AgNPs application would not affect demineralised dentin.

2. Materials and methods
2.1. Synthesis of the silver nanoparticles (AgNPs)

AgNPs were synthesised following the protocol proposed by Zargar
et al. [35]; 1 g of white tea (Camellia sinensis) supplied at Granadiet
Herbalist (Granadiet, lot no. 224; Ogijares, Spain) was added to 200 ml
of ultrapure deionised MilliQ water (resistivity 18.2 M. Q.cm, Millipore,
Merck, Burlington, MA, USA), and then the solution was heated at 75 °C
for 1 h under 350 rpm stirring. Then, the supernatant was vacuum-
filtered (WP6111560; Merck Millipore, Billerica, MA, USA) using #3
filter paper (Ahlstrom, Stockholm, Sweden). Subsequently, 200 ml of
silver nitrate (AgNOs3) 0.1 M were mixed with 200 ml of the previous
white tea extract and maintained under 350 rpm stirring for 48 h at
room temperature. The formation of AgNPs with white tea (WT_AgNPs)
was monitored and determined by a color change from yellow to black
(i.e., crystal precipitation). Finally, the solution obtained was centri-
fuged, and the NPs were washed with MilliQ water three times before
drying for 24 h at 37 °C in the oven. The following functionalisation
protocols were performed using the synthesised WT_AgNPs:

WT_AgNPs functionalised with chitosan (WT_AgNPs_CHS): 50 mg of
chitosan was diluted in a 20 ml solution of 0.1 M acetic acid
(CH3COOH). Subsequently, chitosan preparation was dropped into
100 ml of WT_AgNPs solution at room temperature under stirring for
1 h [36].

WT_AgNPs functionalised with NaF (WT_AgNPs_NaF): 0.0571 g of
sodium fluoride (NaF) was added into 100 ml WT_AgNPs of solution
at room temperature under stirring for 24 h [37].

After WT_AgNPs functionalisation, both solutions were centrifuged,
and the precipitates were washed with MilliQ water three times
before drying for 24 h at 37 °C. All chemical reactants (>99.0 %
pure) were provided by Sigma-Aldrich (Sigma-Aldrich Chemicals;
Saint Louis, MO, USA).

2.2. Characterisation of the AgNPs

Chemical characterisation was performed by infrared spectroscopy
(ATR-FTIR: Jasco 6200; Easton, MD, USA) and thermogravimetric
analysis (Mettler Toledo, TGA/DSC1 system; Schwarzenbach,
Switzerland) to determine the molecular composition and the organic
matter (%OM) content of the WT_AgNPs. Crystalline properties were
determined by X-Ray Diffraction (XRD) analyses using X'Pert Pro
diffractometer (PANalytical; Almelo, The Netherlands) and Trans-
mission Electron Microscopy equipment (TEM: Carl Zeiss LIBRA 120
PLUS TEM; Jena, Germany, and HRTEM: JEOL JEM-2100F; Tokyo,
Japan) equipments, to obtain crystallite size, crystal dimensions and
degree of aggregation of the WT_AgNPs synthesised.
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2.3. Dentine preparation

This study was approved by the Committee on Human and Animal
Research (Reference number #1896-2020). Forty human molars
without carious lesions or structural defects were stored in 0.1 % thymol
solution at 4 °C. Tooth roots were separated from the crowns 2 mm
below the cementum-enamel junction using an Isomet 11/1180 low-
speed saw (Buehler; Lake Bluff, IL, USA) with a 456CA diamond disk
(Struers; Copenhagen, Denmark) under copious irrigation. Teeth slices
(9 mm in diameter x 1 mm in thickness) were acquired from transversal
sections of the mid-coronal tooth. Subsequently, four beams (6 x 1 x 1
mm?) were obtained from each tooth slice, resulting in 160 beams, and
the enamel was removed by grounding with 600 grit silicon carbide
papers. The dentin beams were rinsed and cleaned by ultrasonication for
30 min to remove the remaining debris. Then, all dentin beams were
carefully examined under an optical microscope to confirm the absence
of enamel, dentine microcracks or other imperfections.

The beams were randomly divided into two control groups: sound
dentine (SD; n = 32) and demineralised dentine (DD; n = 32). Samples
corresponding to the SD were stored at room temperature. The demin-
eralised dentine was simulated using a pH-cycling procedure modified
by Marquezan et al. [38]. All the specimens were immersed in 1 ml of a
demineralising solution containing 2.2 mM CaCly, 2.2 mM NaH5POy,
and 50 mM acetic acid adjusted to a pH = 4.8 for 8 h. Subsequently,
dentine beams were introduced in 1 ml of a remineralising solution
containing 1.5 mM CaCly, 0.9 mM NaH3PO4, and 0.15 M KCl adjusted to
a pH = 7.0 for 16 h. Chemical reagents (>99.0 % purity) for solution
preparation were supplied by Sigma-Aldrich (Sigma-Aldrich; Saint
Louis, MO, USA). Each dentine beam was cycled for 14 days, and the
solutions were renewed daily. The pH cycling was performed at room
temperature without agitation. After the pH-cycling process, the beams
corresponding to the DD were kept in storage. The remaining dentine
beams were randomly divided according to the different AgNPs:
WT_AgNPs, WT_AgNPs_CHS and WT_AgNPs_ NaF (n = 32). Then, the
dentine beams were treated with the three different WT_AgNPs for 5 min
with a 0.5 % v/w in ultrapure deionised water under continuous stirring
and then washed with distilled water for 1 min [39]. Finally, the beams
were stored until further analysis.

2.4. Characterisation of AgNPs treated dentine specimens

2.4.1. Attenuated total reflectance infrared spectrometry (ATR-FTIR)

The beams (n = 15 per group) were analysed using a FTIR spec-
trometer (JASCO 6200, JASCO; Easton; MD, USA) equipped with a
diamond-tipped ATR accessory (ATR Pro ONE, JASCO; Easton, MD,
USA). Spectra were recorded in absorbance mode with a resolution of 2
em ™! over 64 scan accumulations using a 400-4000 em~lin absorption
mode. Overlapping peaks were resolved by a 2nd derivate method
within each sectioned band using curve fitting PeakFit v4.12 software
(Systat; San Jose, CA, USA). The degree of smoothing was set at 25 %,
and the mixed Gaussian-Lorentzian function was employed for the peak
area fitting. The curve fitting was accepted when r? achieved values
higher than 0.95. From the peak area measurements, the following pa-
rameters were calculated: (1) Degree of mineralisation (band area ratio:
vi1, v3 PO3"/Amide I): relative amount of phosphate mineral to the
organic matrix (1640 cm ! band) [40], and (2) Crystallinity index (CI):
calculated as the ratio between the sub-bands areas at 1030 cm™! (high
crystalline apatite phosphates) to 1020 cm ™! (poorly crystalline apatite
phosphates) within the vy, v3 PO3 " band region [41].

2.4.2. X-ray diffraction (XRD)

Two-dimensional X-ray diffraction (2D-XRD) patterns were obtained
from one convenience sample per group using an X-ray diffractometer
(Bruker D8 DISCOVER,; Billerica, MA, USA) equipped with an area de-
tector (DECTRIS PILATUS 3100 K-A; Baden, Switzerland). The XRD
conditions were Cu Ka (A = 1.5418 10\) radiation at 50 kV and 30 mA,
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with a pinhole collimator of 0.5 mm in diameter. The 2D-XRD patterns
were registered at 20 (Theta) scanning angle range from 20° to 60°,
considering 19 steps and 40 s/step. The intensities concentrated in arcs
within the Debye diffraction rings (corresponding to specific d-spacing/
diffraction lines) were integrated to obtain a unidimensional scan (i.e.,
20 pattern). The crystallite size (d) of the hydroxyapatite (HAp) crystals
was determined by measuring the full width at half maximum (FWHM)
of the diffraction peak at 20 position 25.9° (i.e., reflection line 002,
corresponding to the c-axes direction). The Debye-Scherrer equation
was employed for the t measurement:

K2
Lo02) = ﬁicos 9
where t is the average crystallite size (expressed in nm), A corresponds to
the wavelength of the X-ray source, K is the Scherrer constant (K = 0.89),
and p is related to the FWHM of the line broadening for the (002)
diffraction line.

2.4.3. Scanning electron microscopy (SEM)

One beam per group was randomly selected to study the different
WT_AgNPs distribution on the dentine surface. The specimens were
fixed in 2.5 % glutaraldehyde for 12 h at 4 °C. Then, the beams were
immersed in a PBS solution for 1 h (20 min cycles) and rinsed in distilled
water for 1 min. Subsequently, beams were dehydrated in ascending
ethanol series (50 %, 70 %, 90 %, and 96 %). Finally, beams were
mounted on aluminium stubs and carbon-coated using ion sputtering
equipment (Hitachi UHS evaporator). Scanning electron microscopy
(JSM-126610LV; JEOL; Japan) with an accelerating voltage of 10 kV
and 10 mA was used to examine all specimens.

2.4.4. Mechanical test

Fifteen beams of each group were submitted to mechanical test to
evaluate the dentine flexural properties. A universal testing machine
(model Instron 3345; Instron, Canton, MA, USA) by a three-point
bending test was employed using a 500 N load cell on a two-point
support, with a length distance of 4.0 mm between points. The test
was performed at a loading speed of 0.5 mm/min until the fracture of the
dentine specimens.

2.4.5. Statistical analyses

Sample size estimation and power analysis for the experiments per-
formed were carried out with the G*Power software (ver. 3.1.9.7;
Heinrich-Heine-Universitat Diisseldorf, Diisseldorf, Germany). The
input parameters were as follows: two-tailed ANOVA power analyses
test, 0.3 effect size d (medium), 0.05 « error level and 0.6 power (1-p
error), indicating a minimum of 10 sample size per group. The mean and
standard deviation were calculated for each parameter analysed. The
variances homogeneity and the normality distribution were tested using
the Levene and Shapiro-Wilk tests, respectively. The ATR-FTIR and
flexural strength variables did not follow normal data distribution; non-
parametric statistical tests were employed for these analyses. The
Kruskal-Wallis test was used, followed by an intergroup analysis with
the Mann-Whitney U test. A level of significance of p < 0.05 was
established. Data were processed using SPSS statistical software (ver. 22;
IBM, Armonk, NY, USA).

3. Results
3.1. Characterisation of AgNPs

The chemical composition of the samples was assessed by ATR-FTIR
to determine the molecular components presented in the WT_AgNPs,
and thermogravimetry analyses to obtain the organic matter content.
The ATR-FTIR spectra of the different AgNPs are shown in Fig. 1. The
WT_AgNPs (green line) and WT_AgNPs_NaF (blue line) spectra displayed
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Fig. 1. Representative ATR-FTIR spectra of the different AgNPs obtained with white tea (WT) functionalised with chitosan CHS and NaF.

two broad bands at 3655-2984 c¢m ! (associated with O—H stretching
vibration, assigned to -OH group of polyols such as catechins) and
2387-2189 cm ! (due to C—H stretching, aliphatic hydrocarbons) [42].
In addition, all the WT_AgNPs samples showed several peaks at 1694
em ! and 1279 em ™! (C=C stretching, alkene groups), 1527 cm ! and
907 cm™! (C—N stretching vibrations, polyphenols and aliphatic
amines), 1027 cm~! (C=0 stretching, ketones and quinones), and 809
em™! (C-O-C stretching, carboxylic acids and esters) [14]. These as-
signments are related to the molecular groups present in the organic
components of the white tea used during the AgNPs synthesis [14,42].
On the other hand, the WT_AgNP_CHS (red line) spectra showed a peak
at 680 cm ™, revealing the presence of chitosan in the functionalisation
of the AgNPs [43].

The main results obtained from thermogravimetry (TGA) analyses of
the different WT_AgNPs heated from 25 °C to 600 °C using a heating rate
of 10 °C/min under a nitrogen atmosphere are shown in Table 1. All
WT_AgNPs showed similar weight loss percentages between
25 °C-130 °C due to adsorbed water, 130 °C-150 °C assigned to the
polyphenols degradation of phytochemical compounds of the
WT_AgNPs, and the loss up to 600 °C due to the thermal degradation of
the resistant aromatic components of WT. Data from the TGA mea-
surements revealed that WT_AgNPs and WT_AgNPs_NaF showed similar
organic content (considering mass loss until 600 °C) with approximately
18 %, while WT_AgNPs_CHS was around 24 %.

The identification of the crystalline phases (silver nanoparticles) and
their crystalline properties were determined by XRD analyses. The
different WT_AgNPs showed XRD peaks at 38.2°, 44.3°, 64.5°, 77.5°,
and 81.6° (26 values) corresponding to Ag® face-centred cubic planes
corresponding to (hkl) values - (111), (200), (220), (311) and (222)
planes, respectively (labelled in Fig. 2). These results indicated the
formation of silver colloidal crystals with a cubic structure in all NPs
groups. The XRD pattern also revealed a lower intensity peak with a
broad profile at 32.3°, corresponding to not fully reduced AgNOj3 par-
ticles in negligible amounts. Rietveld refinements of the XRD patterns
reported the following cell parameters (considering Fm3 “m space
group: JCPDS file no. 04-0783): a = 4.0845(1) A for WT_AgNPs; a =
4.0841(1) A for WT_AgNPs_CHS; and a = 4.0842(3) A for WT_AgNPs -
NaF. In addition, the Debye-Scherrer equation was employed to obtain
the crystallite sizes (i.e., coherent crystal domains) for all nanoparticles:

Table 1
Organic matter content (0.M.%) obtained from the TGA

analysis for the different WT_AgNPs. Values are
expressed in mean =+ SD.
AgNPs O.M. (%)
WT_AgNPs 1891 +1.21
WT_AgNPs_NaF 18.98 £+ 0.62
WT_AgNPs_CHS 24.63 £ 0.12

19.10 nm, 20.57 nm, and 18.49 nm, respectively.

TEM observations were employed to determine the size and
morphology of the different AgNPs, nanoparticles and their aggregation
state, as well as the presence of organic coatings. Fig. 3 shows repre-
sentative TEM images at different resolutions of the AgNPs synthesised.
Nanoparticles presented spherical crystalline morphologies in all
groups, showing a low percentage of aggregation mainly in WT_AgNPs
and WT_AgNPs_CHS compared to WT_AgNPs_NaF (Fig. 3A-D vs G). In
addition, all AgNPs were enveloped in a coating (gray color appearance)
due to the presence of phytochemicals compounds like carbohydrates,
flavonoids, glycosides, phenolic compounds, proteins, saponins, and
tannins present in the white tea. High magnification TEM images
(Fig. 3B-E-H) were used to obtain NPs crystal size averages: ~21 nm
(WT_AgNPs), ~20 nm (WT_AgNPs-CHS), and ~ 19 nm (WT_AgNPs-
NaF), which are in agreement with crystallite sizes determined by XRD.
EDS elemental analyses of the previous images are shown in Fig. 3C-F-1,
indicating representative Ag composition (i.e., 3 keV peak position in
the spectrum).

3.2. Characterisation of WI_AgNPs application

3.2.1. Physico-chemical analyses of dentine

Table 2 presents the chemical composition of AgNPs determined by
ATR-FTIR spectrometric analysis: Degree of mineralisation and Crys-
tallinity Index (CI). Regarding the control groups, the Degree of min-
eralisation decreased in the demineralised dentine (DD) compared to
sound dentine (SD). All applications with WT_AgNPs increased the de-
gree of mineralisation in dentine reaching values comparable to the SD.
In particular, the WT_AgNPs_NaF obtained the highest degree of min-
eralisation values between all experimental groups. On the other hand,
the CI parameter increased for DD with respect to SD. In addition, the
application of WT_AgNPs showed similar CI values between groups,
although significantly higher in relation to SD groups and lower
compared to DD. The hydroxyapatite (HAp) crystallite size (d) values
after treatment with the different AgNPs synthesised are also summar-
ised in Table 2. The results indicated a decrease in the crystallite size (i.e.
crystalline domains for HAp) after the pH-cycling process (i.e., demin-
eralised dentine) due to reduction of the size of apatite crystals during
dissolution. However, after applying the different WT_AgNPs on the
demineralised dentine, an increase in the crystallite size values was
observed for all groups reaching values similar to SD.

3.2.2. Distribution of AgNPs on the dentine surface

Representative SEM images of the demineralised dentine treated
with the different AgNPs are shown in Fig. 4. Spherical AgNPs were
observed (i.e. bright spots) covering the dentine surfaces and partially
filling the dentine tubules. The WT_AgNPs and WT_AgNPs_NaF groups
(Fig. 4A and C, respectively) showed some degree of aggregation and a
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Fig. 2. Representative X-ray diffraction (XRD) patterns of the different AgNPs obtained with white tea (WT) functionalised with chitosan (CHS) and NaF. The Miller
indices corresponding to each diffraction line are indicated in brackets (cubic structure).
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Fig. 3. Representative TEM images of NPs at different resolutions: WT_AgNPs (A-B), WT_AgNPs_CHS (D-E) and WT_AgNPs_NaF (G-H). Spectra represent elemental
EDS analyses for each WT_AgNPs synthesised (C-F-I), indicating Ag composition (3 keV peak position).

Table 2

Compositional parameters and crystallinity of controls and experimental groups
obtained by ATR-FTIR analysis: Degree of mineralisation and Crystallinity Index
(CI). Crystallite size (¢) values for hydroxyapatite crystals (HAp) of dentine
samples obtained from the XRD analyses.

Experimental group Degree of mineralisation CI t (nm)
Sound dentine (SD) 7.32 (0.66)* 0.48 (0.05)? 21.00
Demineralised dentine (DD) ~ 3.85 (0.56)" 1.84 (0.35)>  12.60
WT_AgNPs 6.43 (0.46)° 0.75 (0.03)° 22.33
WT_AgNPs_NaF 8.83 (0.73)¢ 0.79 (0.03)¢ 21.66
WT_AgNPs_CHS 6.42 (0.63)* 0.85 (0.07)¢ 22.66

Values are expressed in mean (standard deviation). Different letters indicate
significant differences between the groups (significance p < 0.05).

heterogeneous distribution on the surfaces, filling the tubules apertures.
On the other hand, the WT_AgNPs_CHS (Fig. 4B) showed a more ho-
mogeneous distribution with a lower degree of aggregation on the sur-
face of the demineralised dentine.

3.2.3. Mechanical response of the dentine using different WT_AgNPs
application

The dentine flexural strength was obtained with three-point bending
tests and showed significant differences in the mechanical properties as
per different experimental groups (Fig. 5). The DD group had the lowest
mechanical response values compared to those values of the SD group.
The WT_AgNPs groups showed significantly higher values than DD (p =
0.002) and SD (p = 0.003) groups. No statistically significant differences
were observed between the WT_AgNPs groups.
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Fig. 4. Representative SEM images showing the AgNPs distribution in the demineralised dentine: (A) WT_AgNPs, (B) WT_AgNPs_CHS, (C) WT_AgNPs_NaF.
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Fig. 5. Flexural strength of the dentine specimens for control groups (SD and
DD) and WT_AgNPs groups was determined by a three-point bending me-
chanical test. Different letters indicate significant differences between groups
(p < 0.05).

4. Discussion

The AgNPs synthesis by green chemistry is an efficient and repro-
ducible method, offering interesting applications in dentistry. In this
study, AgNPs reduced with white tea extract (Camellia sinensis) and
functionalised with chitosan and NaF were successfully synthesised and
applied to demineralised dentine to evaluate their restorative effects on
the tooth substrate. The characterisation of the physicochemical prop-
erties of WT_AgNPs showed crystalline properties, different degree of
aggregation and variable OM content related to the organic components
employed during the green synthesis and functionalisation procedures.
The results demonstrated that the WT_AgNP application in demineral-
ised dentine significantly increased the degree of mineralisation and the
crystallite size of the HAp, improving its mechanical properties. There-
fore, the two null hypotheses of the present research had to be rejected.
These WT_AgNPs obtained from plant extracts constitute an alternative
to developing innovative products such as antimicrobial, antifouling,
and remineralising agents that could be incorporated in different ma-
terials (e.g., root canal irrigants, mouthwashes, toothpastes, acrylic
resins, adhesives or resin-based materials), enhancing the conventional
dental practice.

Green chemistry offers an alternative to chemical and physical
methods to synthesize silver nanoparticles employing organic com-
pounds as stabilising and reducing agents [17]. The metal-NPs green
synthesis from plant extracts involves three different phases: (1) the
activation phase (i.e., bio-reduction of the metal salts and the nucleation
process of reduced ions), (2) the growth phase, characterized by the
spontaneous merging of small particles with larger ones through a
process known as Ostwald ripening, and (3) the termination phase,

which determines the final shape of the nanoparticles [44]. The use of
plant extracts to synthesize metallic nanoparticles has shown various
advantages, such as the simplicity of the procedure, low cost, and the
absence of toxic substances [45]. In this process the presence of different
biological components as reducing agents (e.g. flavones, terpenoids,
sugars, ketones, aldehydes, carboxylic acids, and amides) play a key role
in the crystalline formation of these metal-NPs [46,47]. Moreover, the
concentration of these organic compounds can vary in concentration
depending on the plant species and extraction method and even the
growth stage and environmental conditions [48]. In our research, white
tea (Camellia sinensis) was selected due to its remarkably high content of
polyphenols, which potentially act as reducing and capping agents [14].
Green synthesis methods in aqueous solutions are commonly carried out
under mild reaction conditions and with longer reaction times to ensure
complete reduction of the metal ions and to precisely control the size
and morphology of the metal-NPs at the end of the reaction. During the
precipitation reaction, the reduction of Ag™ to Ag® occurred immedi-
ately after the AgNOs dissolution in the white tea extract. The possible
mechanism of Ag™ reduction involves the ionisation of the polyphenols,
resulting in the reduction of Ag ions as the tea polyphenols are oxidised
to quinone [14]. Experimentally, the reduction process leading to the
WT_AgNPs formation was indicated by the color change of the suspen-
sion from yellow to brown [35].

Our results demonstrated that the white tea extract effectively acted
as a reducing and stabilising agent for the different synthesised
WT_AgNPs, showing an average spherical size ~20 nm. Previous
research employing different plant extracts (v.gr., Aloe vera, Drosera
ittatee, Ephedra procera) have produced similar particle sizes and mor-
phologies to those obtained in the current study [17]. In addition, the
three different WT_AgNPs presented a characteristic gray-core wrapped
(Fig. 3), attributed to the presence of organic content derived from white
tea synthesis processes [35]. The presence of these organic compounds
(i.e., tannins, polyphenols, and flavonoids) in all silver nanoparticles
was also confirmed by identifying their specific molecular groups
(shown in the ATR-FTIR results) [14,21]. Moreover, WT_AgNPs_CHS
showed a characteristic absorption peak in the IR spectrum (position at
616 cm™!), evidencing the CHS interaction with the nanoparticles dur-
ing their functionalisation [43,49]. The organic content determined by
thermogravimetric analysis corroborated the occurrence of these
chemical components from the WT solutions [50], being slightly higher
with the incorporation of CHS. This reaction occurs between the amino
(—NHj,) and hydroxyl (-OH) groups of the CHS structure with the metal
ion solution, forming metal-chitosan complexes or adsorbing them on
the surface of the NPs [51,52]. Multiple mechanisms, including ion ex-
change, chelation, and surface adsorption, play a key role in the for-
mation of CHS functionalised AgNPs, influencing their crystalline
properties such as crystal size, shape and/or particle aggregation [27].
Moreover, the presence and chemical modification of CHS by various
processes has also proven to be useful in modifying the compositional
and biocompatibility properties of functionalised chitosan-NPs targeting
different biomedical applications (e.g. drug delivery [53]). On the other
hand, fluoride ions can also influence the crystal size, shape, and
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dispersity of metal-NPs synthesised via precipitation method. In addi-
tion, fluoride can also adsorb into the NPs surface, influencing their
surface energy and reactivity [54]. Our study shows that fluoride
functionalization provide stability and prevent aggregation of AgNPs,
influencing their homogeneous response in potential biomedical appli-
cation (i.e., preventing dental caries) [12].

Moreover, the crystal identification for all the WT_AgNPs (Fig. 2)
corresponded to Ago face-centred cubic (FCC) structure [55], showing
similar crystallite size values (approximately ~22 nm, related to the
average crystal domains). Overall, these results demonstrated the for-
mation of a homogeneous single-phase Ag crystallisation with compo-
sitional and crystalline characteristics controlled by the reducing ability
of the white tea extract during nanoparticle synthesis. The uniform
spherical shape and reduced size of the WT_AgNPs significantly en-
hances the surface-to-volume ratio and enable homogeneous reactivity
in their potential applications, e.g. antibacterial properties [37]. A
previous study has also found that AgNPs exhibit a shape-dependent
interaction with different type of bacteria (in particular, Staphylo-
coccus aureus, Pseudomonas aeruginosa) [56]. Moreover, the diameter
size of the synthetized WT_AgNPs (as single crystals or aggregates) al-
lows for a higher diffusion capacity through the dentinal tubule,
fostering their different capabilities and uses in different dental appli-
cations [57,58].

Carious lesions comprehend a scale from initial loss of minerals at
the ultrastructural/nanoscale level to total tooth destruction [59]. Early
visible signs of caries consist of non-cavitated coronal or root carious
lesions, expressed by tissue demineralization (i.e., dissolution of hy-
droxyapatite crystals). The process of mineral alteration caused by caries
results in a modification of the structural and chemical composition of
the dental tissue, leading to a consequent alteration of its mechanical
properties. As the lesion progresses into the dentine, further mineral loss
and collagen degrades, resulting in cavitation [60]. The caries process is
a continuum resulting from many cycles of demineralization and remi-
neralization [61]. Our study observed a significant difference in the
relative amount of mineral phosphate to the organic matrix (degree of
mineralisation, ATR-FTIR analyses) in the DD group, indicating that
demineralisation has occurred successfully by means pH-cycling method
[62,63]. The application of the different WT_AgNPs treatments pro-
voked a significant increase in the degree of mineralisation content
compared to the DD group. These effects can be partially attributed to
the remineralising capacity of the fluoride ions presented in the
composition of the white tea extracts (3.2 mg/kg to 400 mg/kg by
weight in dry samples) [64]. Moreover, the presence of Ca complexes
from the carboxyl derivatives/reactive groups in plant polyphenols -
with a potential chelating effect - can react with phosphate groups to
initiate HAp formation [65]. In addition, the stabilising action on the
collagen network combined with incorporating biomolecules from the
organic compounds of the WT can also promote dentine remineralisa-
tion [66]. On the other hand, chitosan has demonstrated to induce sig-
nificant CaP deposition on demineralised dentine by promoting crystal
nucleation [19]. In our results, the NaF functionalisation of the nano-
particles showed the highest degree of mineralisation values, even
greater than SD. Fluoride is the mainstay of remineralisation in
dentistry; it has been shown to inhibit the demineralisation of hy-
droxyapatite crystals [39]. Regarding the CI obtained by ATR-FTIR, the
differential dissolution of non-apatitic domains compared to apatitic
environments of higher crystallinity was observed, as previously re-
ported during the pH-cycling procedure [37]. For the WT_AgNPs
application groups, a relative incorporation of phosphates with different
degrees of crystallinity at the molecular level was suggested, increasing
the CI values compared to SD. Furthermore, XRD results showed an
increase in the HAp crystallite sizes of the WT_AgNPs experimental
groups, reaching values similar to SD. This effect on the crystal perfec-
tion may be due to the ability of Ag™ ions to modify the HAp crystalline
environment, occupying either a lattice site or an interstitial site
depending on the amount of Ag" incorporated [67]. Moreover, the
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alteration of the crystallite size may be due to processes mediated by
ionic complexation of the organic substances from the white tea, as
previously discussed.

Applying the synthetised WT_AgNPs in the demineralised dentine
evidenced different distribution patterns on the dentine surface and
filling of the dentine tubules related to the degree of aggregation of the
spherical nanoparticles. In this regard, plant extracts have proven to
help control morphology and overcome the agglomeration setback
during the synthesis of a wide range of particles [68,69]. The effect of
the WT_AgNPs application on the physicochemical and microstructural
properties of the dentine surface resulted in a modification of the me-
chanical response of the demineralised dentine. These overall changes
would yield mechanical properties comparable to sound dentine and
indicate successful functional remineralisation of the tooth structure.
Notably, our mechanical results revealed a significant increase in the
dentine flexural strength of the WT_AgNPs application groups compared
to the DD and even overcoming the SD values. This effect on the dentine
strength is related to the increase in the degree of mineralisation and
crystalline properties of HAp combined with the possible modification of
collagen matrix properties in the tooth structure. The collagen matrix
influenced the structural features of apatite at the atomic scale, con-
trolling the size and dimensional distribution at a larger scale in min-
eralised tissues [70]. Previous authors have suggested that the
conjugation of collagen with AgNPs leads to a compact aggregate,
mainly producing modification in the different types of secondary pro-
tein structures (e.g., a-helix and p-sheet) [71]. In addition, phenolic
compounds present in green tea (i.e. EGG, EGC, ECG, EG) are a natural
collagen cross-linking agent capable of improving the mechanical
properties of dentine, as well as reducing its biodegradability against
host-derived metalloproteinases (MTTs) [47,48]. Moreover, the effects
of NaF on the demineralisation of dental hard tissues and the improve-
ment of its remineralisation are well established [72-74]. It has also
been demonstrated that chitosan could increase the number of crosslinks
between collagen fibres and neutralise MTTs from the dentine [75].
Overall, the mechanical response of the WT_AgNPs dentine samples was
enhanced by the effects on the organic matrix of the different natural
compounds present both in the white tea and in the chitosan function-
alisation, and the increase in the dentine mineralisation by different
processes of crystalline formation and alteration described above.

The AgNPs synthesis by chemical methods in Dentistry are widely
known, however the use of organic compounds (e.g. extracted from
white tea) for their reduction offers a more natural and environmentally
friendly alternative. This study provides an easy, reproducible, and
effective method mediated by green chemistry, obtaining particular
physico-chemical WT_AgNPs properties. The advantages of using plant
extracts for green synthesis are energy efficiency, cost-effectiveness,
protection of human health and the environment, resulting in less
waste and safer products. Moreover, the application of these WT_AgNPs
does not form black silver chloride layers on the dentine surface, thus
avoiding the undesired aesthetic effect of dental products that usually
contain silver nitrate (e.g. silver diamine fluoride) [74,76]. Following
the findings our results, the WT_AgNPs present a significant potential to
be utilized in oral care products and dental materials to manage caries
process (i.e., mouthwashes, dentifrices, varnishes, remineralising solu-
tions) and lesions (i.e., sealants, infiltrates, adhesives, resin composites,
glass ionomers, etc.) [77]. Also, previous studies have shown that the
infiltration capacity resin modified with AgNPs addition was not nega-
tively affected in enamel proximal caries [78]. Based on these findings, it
seems reasonable to assume that the antibacterial effects of dental ma-
terials incorporating AgNP should prevent secondary caries. Further
studies are needed to evaluate the integration and interaction of these
WT_AgNPs with materials commonly used in clinical practice and their
possible combined effect (i.e., adhesives, composite resins). However,
some of the limitations in the synthesis of metal-NPs, also presented in
the current research, are related to the control of the crystal size and NPs
aggregation properties by modifying the reaction conditions, and how
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these characteristics may compromise their efficacy and antimicrobial
capacity as well as modify their cytotoxicity.

5. Conclusions

In this study, a one-step green synthesis of stable silver nanoparticles
using white tea (Camellia sinensis) extract and functionalised with CHS
and NaF is presented. The proposed green synthesis was efficient in the
reduction reaction and stability of the synthesised AgNPs, obtaining
spherical morphologies with an average crystal size of ~20 nm and
different degrees of aggregation. The application of WT_AgNPs on
demineralised dentin (obtained by pH cycling procedure) resulted in an
enhancement in the degree of mineralisation and increase in the crys-
tallite size of the dentine apatite. The mechanical strength of the dentine
with the application of the different WT_AgNPs increased compared to
the sound and demineralised control groups. This sustainable method
could be an alternative to conventional methods used for the synthesis of
silver nanoparticles especially for the management of caries disease.
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