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Objective: The objectives of this study were to develop a tooth-binding graphene quantum dots silver nanocomposites (ALN-GQDs-
Ag) and evaluate their antibacterial, mineralising, and discolouring properties for the prevention of dental caries.

Methods: In this study, ALN-GQDs-Ag were developed by synthesising nano silver (Ag) with graphene quantum dots (GQDs) and
functionalised GQDs with alendronate (ALN). ALN-GQDs-Ag were characterised by transmission electron microscopy (TEM), zeta
potential analysis, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy.
The cytotoxicity of ALN-GQDs-Ag against human gingival fibroblasts (HGF-1) and stem cells from human exfoliated deciduous teeth
(SHED) was examined using a colorimetric assay with reference to silver nitrate solution. The affinity of ALN-GQDs-Ag for
hydroxyapatite particles was investigated using inductively coupled plasma spectroscopy (ICP). The antibacterial properties of ALN-
GQDs-Ag against Streptococcus mutans were evaluated by scanning electron microscopy (SEM), confocal laser scanning microscopy
(CLSM), and colony-forming units counting (CFUs). The mineralisation properties of ALN-GQDs-Ag on human dentine were
assessed using micro-computed tomography (micro-CT), scanning electron microscopy (SEM), and Fourier transform infrared in
a biochemical cycling model. The discolouring properties of ALN-GQDs-Ag on artificial dentine caries were determined using
spectrophotometry.

Results: TEM, Zeta potential, XPS, FTIR, and Raman spectroscopy confirmed the synthesis of stable spherical ALN-GQD-Ag
nanocomposites with a 10.3 + 5.5 nm diameter. The colorimetric assay demonstrated that ALN-GQDs-Ag were less cytotoxic than
silver nitrate to HGF-1 and SHED (p<0.001). ICP showed that ALN-GQDs-Ag were bound to hydroxyapatite. SEM, CLSM, and
CFUs showed that ALN-GQDs-Ag was bactericidal and inhibited biofilm growth of Streptococcus mutans. Micro-CT, SEM, and FTIR
showed that ALN-GQDs-Ag repressed dentine demineralisation under a cariogenic challenge. Spectrophotometry revealed no
significant discolouration of dentine caries in the ALN-GQDs-Ag.

Conclusion: This study developed a biocompatible and tooth-binding ALN-GQDs-Ag with promising antibacterial, mineralising, and
non-discolouring properties. ALN-GQDs-Ag could be a novel anti-caries agent for preventing dentine caries if translated for clinical
use.
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Introduction

Dental caries (tooth decay) is one of the most prevalent diseases worldwide.! Untreated dental caries can advance into the
dental pulp, resulting in dental abscesses, causing discomfort and the spread of infection. Dental caries also has
a considerable impact on individuals’ nutrition, leading to consequential effects on their growth, development, and
overall health.? Prevention of dental caries is a continuous and lifelong task, as it can affect individuals of all age groups.
Specifically, longer life expectancy prolongs tooth function in the mouth. Dental caries results from an ecological
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imbalance in the equilibrium between oral microbial biofilms and tooth minerals.® The excessive presence of acid-
producing bacteria in the mouth is one of the key factors contributing to the development of tooth decay. Colonised
cariogenic microbes on tooth surfaces metabolise fermentable carbohydrates, generate organic acids, and create acidic
environments. An acidic environment can continuously dissolve hard dental tissue, leading to dental caries. To arrest
dental caries, researchers have developed various anti-caries agents to suppress the activity of cariogenic or acid-
producing bacteria and to remineralise carious lesions.*”

Antibiotics are frequently used to inhibit bacterial growth and to prevent the spread of dental infection.® However, the
overuse of antibiotics may lead to the development of bacterial resistance. However, these antibiotics cannot arrest
existing caries because of their lack of remineralising properties. Fluoride is widely used for managing dental caries
because it effectively promotes the deposition of calcium and phosphate as well as the formation of hydroxyapatite.’
Owing to its limited antibacterial properties, the effect of fluoride on caries arrest is not ideal. Silver-based solutions such
as silver diamine fluoride are alternative methods for managing dental caries.® However, the potential for permanent
tooth discolouration restricts the use of silver-based solutions.

Nanotechnology is currently under investigation for its numerous practical applications in healthcare and daily life.’
Silver nanoparticles are a form of nanoparticle that is highly regarded for their wide range of applications, minimal
toxicity, absence of bacterial resistance, and exceptional optoelectronic characteristics.'® Alendronate (ALN) has
a prototype biomineral-binding group. Hence, it has a strong affinity for hydroxyapatite which is the primary component
of the teeth.!' This strong interaction was caused by ligand exchange between the two phosphate groups of alendronate
and hydroxyapatite. Therefore, alendronate can serve as a stabilising agent for tooth attachment.

Graphene is utilised in many biotechnologies because of its large surface area, simple chemical functionalisation,
favourable biocompatibility, and biostability. Graphene has abundant reactive oxygenic groups, such as carbonyl and
carboxyl groups on the edges and hydroxyl and epoxide groups on the planes. These reactive oxygenic groups can
strengthen the interactions between components at the graphene interface. Additionally, graphene hinders the prolifera-
tion of gram-negative (Pseudomonas aeruginosa) and gram-positive (Streptococcus mutans) bacteria. It also stimulates
the formation of hydroxyapatite nanoparticles during bio-mineralisation.'? Graphene quantum dots (GQDs) belong to the
graphene family and are the unique form of zero-dimensional carbon nanomaterials. GQDs are usually smaller than 20
nm in particle size, and can produce a quantum size effect.' Among the graphene-based materials, GQDs have more
functional groups (eg carboxyl, hydroxyl, carbonyl, and epoxy) for peroxidase-like activity. A series of applications of
GQDs have been developed based on their unique physical and chemical properties, such as non-toxicity, solubility,
surface grafting, and biocompatibility. GQDs can bind to metal nanoparticles and act as nanocarriers owing to their
electronic interactions.'* In addition, GQDs can be easily functionalised because of abundant oxygen-containing groups
in GQDs. These groups can be chemically grafted with various chemicals by conjugated bonding. Thus, GQDs can
promote the formation of strong connections between silver nanoparticles and alendronate at the interface.

This study aimed to develop a tooth-binding and non-discoloured graphene quantum dot silver nanocomposites
(ALN-GQDs-Ag) and evaluate their antibacterial and mineralising properties for caries prevention. We developed novel
graphene quantum dot-silver nanocomposites (ALN-GQDs-Ag) by the in-situ synthesis of silver nanoparticles with
graphene quantum dots (GQDs-Ag) and the functionalisation of GQDs-Ag with alendronate (Scheme 1). This ALN-
GQDs-Ag was anticipated to have an affinity and non-discolouring effect on teeth and exhibit favourable antibacterial

and mineralisation properties.

Materials and Methods

Synthesis of ALN-GQDs-Ag

GQDs were prepared by the pyrolysis of citric acid.'® Citric acid (Sigma-Aldrich, St Louis, MO, USA) was heated to
200 °C and it melted into an orange-coloured liquid, indicating formation of GQDs. The acidic GQDs liquid was
neutralised to pH 7.0 using sodium hydroxide solution (Sigma-Aldrich, St Louis, MO, USA) to form a GQDs
suspension (0.4 mg mL ") under vigorous stirring. Silver nitrate (Sigma-Aldrich, St Louis, MO, USA) was added to
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Scheme | Schematic illustration of development of tooth-binding graphene quantum dots silver nanocomposites (ALN-GQDs-Ag) for caries prevention. This tooth-binding
ALN-GQDs-Ag has promising antibacterial, mineralising and non-discolouring properties. ALN-GQDs-Ag can be a novel anti-caries agent to prevent dentine caries if
translated to clinical use.

the suspension and heated at 60 °C to form GQDs-Ag nanocomposites in-situ. The suspension was then washed three
times with deionised water to obtain the as-prepared GQDs-Ag.

The GQDs-Ag was incubated with 0.13 mmol 1-Ethyl-3-diaminopropyl carbodiimide (EDC) (Sigma-Aldrich, St
Louis, MO, USA) and 0.11 mmol N-hydroxysuccinimide (NHS) (Sigma-Aldrich, St Louis, MO, USA) in 50 mmol
phosphate-buffered saline at pH 9 (Sigma-Aldrich, St Louis, MO, USA) at 25 °C under gentle stirring to activate the
carboxylic groups. After stirring for 2 h, 0.1 mmol alendronate sodium solution (Sigma-Aldrich, St Louis, MO, USA)
was added and the mixture was further stirred for 24 h. The resulting conjugates of ALN-GQDs-Ag were precipitated
from the solution to remove unreacted alendronate sodium, NHS, and EDC using a mixture of 50% ethanol, followed by
centrifugation at 15,000 rpm for 10 min.

Characterisation of ALN-GQDs-Ag

The size and morphology of the synthesised ALN-GQDs-Ag were characterised by transmission electron microscopy
(TEM) (Tecnai G2 20S-TWINScanning, FEI, OR, USA). The surface zeta potential was characterised using Laser
Doppler Microelectrophoresis (Zetasizer Nano ZS90, Malvern Panalytical, Malvern, UK). Elemental analysis was
performed using energy-dispersive spectroscopy (EDS) with a field emission scanning electron microscope (PHILIPS
XL30 CP, Philips, Amsterdam, Netherlands). The elemental composition was analysed by X-ray photoelectron spectro-
scopy (XPS) (Escalab QXi, Thermo Scientific, MA, USA). The functional groups of ALN-GQDs-Ag were characterised
using Fourier transform infrared spectroscopy (FTIR) (Spectrum Two, PerkinElmer, WA, USA). The vibrational modes
of carbon in ALN-GQDs-Ag were detected using Raman spectroscopy (Micro-Raman INVIA, Renishaw, UK).

Cytotoxicity of ALN-GQDs-Ag
The cytotoxicity of ALN-GQDs-Ag was evaluated in human gingival fibroblasts (HGF-1) (ATCC) and stem cells from
exfoliated deciduous teeth (SHED) (iXCells Biotechnologies).'® The HGF-1 cells or SHED (1x10° mL™") were cultured
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in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum and 1% penicillin for 24 h at 37 °C in 100%
humidity and 5% carbon dioxide. The cells were then treated with various concentrations of ALN-GQDs-Ag and silver
nitrate. Untreated cells were used as negative controls. After 24 h, the cells were washed with phosphate-buffered saline.
The Cell Counting Kit-8 (CCK-8, Apexbio, MA, USA) was used to evaluate cell biocompatibility. The optical density
was measured at a wavelength of 450 nm according to protocol provided by manufacturer of kit. The half-maximal
inhibitory concentration (ICs), representing the concentration of the experimental solution required for 50% inhibition of
the cell viability of ALN-GQDs-Ag and silver nitrate, was measured.

Affinity of ALN-GQDs-Ag

ALN-GQDs-Ag were mixed with hydroxyapatite powder in an artificial saliva solution in Eppendorf centrifuge tubes.
The tubes were placed on a Labquake rotator at room temperature to allow binding. At each predetermined time point,
the tubes were removed, centrifuged, and 100 pL of the supernatant was collected. The collected samples were diluted
100 times and analysed using inductively coupled plasma—optical emission spectrometry (ICP-OES) (SPECTRO
ARCOS, SPECTRO, PA, USA). The amount of silver nanoparticles bound to hydroxyapatite particles was calculated
by subtracting the amount of silver remaining in the supernatant from the initial amount of added silver.

Antibacterial Properties of ALN-GQDs-Ag

This study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong
West Cluster (HKU/HA HKW IRB) (IRB UW21-307), in accordance with the Declaration of Helsinki. Sound human third
molars that required removal were collected after obtaining patient consent. Forty dentine slices with a thickness of 2 mm
without flaws or other defects were polished and cut into four blocks. Thus, 160 dentine blocks were prepared in total. The
blocks were sterilised by autoclaving at 121 °C and then placed in bacterial medium for 3 days to generate artificial caries. The
blocks were divided into three groups and received three different topical applications: ALN-GQDs-Ag (containing 4000 ppm
Ag) (Group ALN-GQDs-Ag), silver nitrate (containing 4000 ppm Ag) (Group AgNQOs), and deionised water (Group Water).
All solutions were applied to the block surface using a micro-brush (Micro applicator-regular, Premium Plus International
Ltd., Hong Kong, China) for 1 min. The treated blocks were then immersed in 1 mL of bacterial medium consisting of
Streptococcus mutans bacterial culture in brain heart infusion broth (BHI) and 5% glucose (6% 10%/mL). The blocks were then
incubated anaerobically at 37 °C for 6, 12, or 24 h for assessment.

Architecture of the Cariogenic Biofilm

Biofilm morphology was assessed using scanning electron microscopy (SEM) (PHILIPS XL30 CP, Philips, Amsterdam,
Netherlands). Three dentine blocks were fixed in 2.5% glutaraldehyde for 4 h at 4 °C, followed by 1% phosphate-
buffered saline. After dehydration in a series of ethanol solutions, the blocks were dried in a desiccator and sputter-coated

with gold before SEM examination.

Viability of the Cariogenic Biofilm

The viability of the bacteria in the biofilm was assessed using confocal laser scanning microscopy (CLSM) (Fluoview FV
1000, Olympus, Tokyo, Japan). Bacteria on the surfaces of the six dentine blocks were labelled in situ with two
fluorescent probes, propidium iodide and SYTO-9 dye (LIVE/DEAD BacLight Bacterial viability kit, Molecular
Probes, Eugene, OR, USA). CLSM was used to obtain images of labelled biofilms. The red-to-green ratio was calculated
to denote the ratio of dead to live bacteria. A high ratio indicated a positive antimicrobial effect of the studied agent.

Growth Kinetics of the Cariogenic Biofilm

The growth kinetics of biofilms were assessed by counting colony-forming units (CFUs). Streptococcus mutans on the
surface of six dentine blocks was resuspended in 1 mL of BHI broth. After serial tenfold dilution of the bacterial suspension,
each dilution was plated on blood agar. The agars were incubated anaerobically at 37 °C for 48 h before CFUs counting.
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Lactic Acid Production

The amount of lactic acid produced by Streptococcus mutans biofilms was measured to estimate biofilm cariogenicity.
Six dentine blocks were washed twice with phosphate-buffered saline after a 24-hour biofilm challenge. The blocks were
immersed in 1.5 mL buffered peptone water supplemented with 0.2% sucrose and incubated at 37 °C in 5% carbon
dioxide for 3 h. supernatant was collected from each well and centrifuged for 15 min at 4 °C to remove insoluble
material. The lactate concentration in the supernatant was quantified using the lactate dehydrogenase enzymatic method
and a lactate dehydrogenase activity assay Kkit.

Mineralising Properties of ALN-GQDs-Ag

A 7-day biochemical cycling procedure was used for the cariogenic challenge of dentine. Each cycle consisted of a 12-hour
biofilm challenge using Streptococcus mutans followed by a 12-hour remineralisation using artificial saliva solution (pH 7).
The formula for the artificial saliva was 20 mmol 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1.5 mmol calcium
chloride, 0.9 mmol potassium dihydrogen phosphate, and 150 mm potassium chloride. The bacterial medium used was BHI
broth with 5% sucrose, and the concentration of the bacterial culture was 6x10° cells/mL. Half of the dentine block surface was
coated with a nail varnish as an internal control. The dentine blocks were incubated anaerobically at 37 °C in individual cells
with 1 mL bacterial medium for three days to generate artificial caries. Before refreshing the demineralising and remineralising
solutions, the blocks were washed ultrasonically using sterile deionised water to avoid interference of remaining agents on
block surface to experiment results. This step also mimics the effect of the toothbrushing to remove bacteria attached to the
block surface in real life. Dentine blocks receive treatment with ALN-GQDs-Ag (containing 4000 ppm Ag) (Group ALN-
GQDs-Ag) or deionised water (Group Water as negative control) before each cycle. Each treatment was applied topically for
1 min using a micro-brush. After the cariogenic challenge, dentine blocks were collected for subsequent assessments.

Lesion Depth and Mineral Loss

The lesion depth and mineral loss in the dentine blocks were measured using micro-computed tomography (micro-CT).
Two standard phantoms (Bruker, Kontich, Belgium) with mineral density values (MDVs, g cm ) of 0.25 g cm > and
0.75 g cm > were used to calibrate the greyscale. Three-dimensional images of the dentine block were reconstructed and
viewed using CTAn software (SkyScan, Antwerp, Belgium). The grayscale values of the demineralised and internal
control areas of the six dentine blocks were calibrated and converted into MDVs using CTAn. Mineral loss =MDV of the
control region - MDV of the demineralised region.

Surface Morphology

The surface morphology of the dentine blocks was examined using an SEM (Hitachi S-4800 FEG Scanning Electron
Microscope; Hitachi Ltd., Tokyo, Japan). Three dentine blocks were washed ultrasonically before assessment to remove
the biofilm, dried in a desiccator, and sputter-coated with gold for SEM evaluation.

Chemical Structure

The chemical structures of the dentine blocks were assessed by FTIR spectroscopy. Infrared radiation wavelengths ranging
from 500 to 2000 cm™ ' were used to detect the absorbance of phosphate HPO,* (wavelengths between 900 and 1200 cm™)
and amide I (wavelengths between 1585 and 1720 cm'). The ratio of the areas of the phosphate peak to the amide I peak
(HPO,* : amide I) for the six dentine blocks was calculated to indicate the extent of dentine demineralisation.

Crystal Characteristics

Diffraction patterns of the dentine blocks were assessed using X-ray diffraction spectroscopy (Bruker AXS GmbH,
Karlsruhe, Germany). The International Centre for Diffraction Data (ICDD, PDF-2 Release 2004) was used to check the
phase purity and index the chemical phases of the three dentine blocks.

Discolouring Property of ALN-GQDs-Ag

The colour of the dentine blocks was examined using a VITA Easyshade Advance Portable Dental Spectrophotometry
(VITA Zahnfabrik GmbH, Bad Séckingen, Germany). The colour of each block was determined according to the
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Commission International del’Eclairage L* a* b* colour system. The L* axis represents lightness, ranging from black (0)
to white (100); the a* axis represents red (+a*) to green (-a*); and the b* axis represents yellow (+b*) to blue (-b*).
Colour assessment of the six dentine blocks was performed before (T0) and after seven 7-day biochemical cycles (T1).
The total colour change (AE) was calculated using the equation AE = [(L*)? + (a*)* + (b*)*]".

Statistical Analysis

Normal distribution was assessed for all data using the Shapiro—Wilk test (p>0.05). A parametric #-test was used to
compare the ICsg, lesion depth, mineral loss, ratio of phosphate to amide I, and colour change between ALN-GQDs-Ag
and silver nitrate. One-way ANOVA with Bonferroni multiple comparison tests was used to compare the red-to-green
ratio, log CFUs, and lactic acid production among the different groups. IBM SPSS V20.0 software (IBM Corporation,
Armonk, NY, USA) was used to analyse all the data, and the level of significance was set at 5%.

Results

Characterisation of ALN-GQDs-Ag

The TEM images in Figure 1a and b show the formation of spherical monodisperse ALN-GQDs-Ag. The mean size of
ALN-GQDs-Ag was 10.32 + 5.45 nm. The zeta potential of ALN-GQDs-Ag was —53.2 mV in Figure lc. The high
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Figure | TEM images (a and b), zeta potential distribution (c), and EDS spectrum (d) of ALN-GQDs-Ag. TEM showed homogenous spherical ALN-GQDs-Ag particles (a)
with 10 nm diameter (b). Zeta potential (c) showed the particles had a surface charge of 53 mV. EDS spectrum (d) showed presence of silver (Ag), phosphorus (P) and
nitrogen (N) in the particles.
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surface zeta potentials suggest high dispersion stability of the synthesised ALN-GQDs-Ag. The EDS spectrum shows the
Ag and P elements of ALN-GQDs-Ag in Figure 1d which implies that alendronate was conjugated with the GQDs-Ag
nanoparticles.

The XPS spectra showed a full survey scan of the GQDs, GQDs-Ag, and ALN-GQDs-Ag, as shown in Figure 2a. The
major peaks of the GQDs at 284.8 and 531.0 eV correspond to Cls and Ols. The obvious peaks at 367.8 eV in the
spectrum of the GQDs-Ag indicate the presence of Ag3d. The spectrum of ALN-GQDs-Ag shows Cls, Ag3d, Nls, and
Ols peaks at 532.3, 399.0, 368.0 and 284.8 eV, respectively. The high-resolution spectrum of Cls in Figure 2b was
deconvoluted into four peaks at 284.8,285.9, 287.2 and 288.8 ¢V, which can be attributed to chemical bonds —H, C-C,
0O=C-N, and O=C-O, respectively. The high-resolution spectrum of N1s in Figure 2c comprises three overlapping peaks
at 399.8, 401.2 and 402.2 eV respectively, which are attributed to chemical bonds—C, N-H, and N-C=O bonds,
respectively. The high-resolution spectrum of Ag3d in Figure 2d revealed two spin-orbit peaks at 367.9 and 373.9 eV,
corresponding to 3/2 and 5/2 spin states. The difference between the Ag3ds,, and Ag3d;, signals was 6 eV, indicating the
metallic nature of Ag.

The Raman spectra of the GQDs showed two principal bands at 1372 cm ™' and 1613 cm™ ' (Figure 3), corresponding
to the D and G bands. The intensity ratios of the D and G bands (Ip/Ig) of the GQDs, GQDs-Ag, and ALN-GQDs-Ag are
0.90, 0.93, and 0.95, respectively. The intensity of the bands of GQDs-Ag and ALN-GQDs-Ag increased by over 600%
in comparison to the GQDs, indicating the surface-enhanced Raman spectroscopy activity of the GQDs.
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Figure 2 XPS spectra showing full survey scan of GQDs, GQDs-Ag and ALN-GQDs-Ag (a), and high-resolution spectra of ALN-GQDs-Ag at Cls (b), NIs (c) and Ag3d
(d). XPS spectrum of ALN-GQDs-Ag showed the peaks of C, N, O and Ag representing the presence of these elements in the graphene (a). High-resolution spectra showed

the chemical bonds of C (b) and N (c) and the presence of metallic Ag (d).
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Figure 3 Raman spectra of GQDs, GQDs-Ag and ALN-GQDs-Ag. D band (defect-induced peak at 1372 cm-') and G band (graphitic peak at 1613 cm-') are characteristic
bands for graphene materials.

The FTIR spectra of the GQDs, GQDs-Ag, and ALN-GQDs-Ag showed -OH and -C-O- groups at 3464 and 11
25 ecm', respectively (Figure 4), indicating the presence of hydroxyl groups. The peaks at 1580 and 1397cm’
corresponding to the -COO- group, indicated the presence of carboxyl groups. In addition to the hydroxyl and carboxyl
peaks, the spectrum of ALN-GQDs-Ag also showed primary and secondary carbonamide bands (-N-C=0) at 1653 and
1572 cm ™', further confirming the amide linkages between the GQDs and ALN.
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Figure 4 The FTIR spectra of GQDs, GQDs-Ag and ALN-GQDs-Ag. The top (red) spectrum showed the presence of carboxyl (-COO-), carbonamide (-N-C=0) and
hydroxyl (-OH) groups of ALN-GQDs-Ag.
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Table | The ICs Values (Concentration of Silver) of
ALN-GQDs-Ag and AgNO;

Group | ALN-GQDs-Ag AgNO; p value

HGF-1 50.61 + 15.33 1142 +£ 531 | <0.001
SHED 54.30 + 16.95 1443 +7.23 | <0.001

Cytotoxicity

The ICsq values of ALN-GQDs-Ag to HGF and SHED were 50.61 £+ 15.33 and 54.30 + 16.95 ppm. The ICs, values of
silver nitrate to HGF and SHED were 11.42 + 5.31 and 14.43 + 7.23 ppm. The 1Cs, values of ALN-GQDs-Ag for HGF-1
and SHED were significantly higher than those for silver nitrate (p < 0.001, Table 1).

Tooth-Binding Property of ALN-GQDs-Ag

The percentages of GQDs-Ag and ALN-GQDs-Ag binding to hydroxyapatite shown in Figure 5. After 10-minute
mixture, 75% ALN-GQDs-Ag bound to hydroxyapatite powder and maintained a binding rate of over 90% after
20 min. The maximum binding percentage of ALN-GQDs-Ag is 94% after 60 min. Only 61% of the GQDs-Ag were
bound to the hydroxyapatite powders after 10-minute mixture. The maximum binding percentage of GQDs-Ag is 64%.

Antibacterial Effect of ALN-GQDs-Ag
The SEM images showed that dentine treated with ALN-GQDs-Ag did not show noticeable accumulation of
Streptococcus mutans at any time point (Figure 6). Dentine treated with silver nitrate showed obvious bacterial
accumulation at 12 h and biofilm formation at 24 h with extracellular matrix-like structures. Biofilms were formed on
the dentine treated with water for 6 h.

CLSM images displayed obvious red fluorescence (dead cells) and scattered green fluorescence (live cells) of
Streptococcus mutans distributed on dentine treated with ALN-GQDs-Ag (Figure 7). Red fluorescence was rarely

100 ALN-GQDs-Ag
ol /
X ‘ GQDs-Ag
[} - —
G 60} .
=
8
<))
0 40}
20}t
0 10 20 30 40 50 60
Time (min)

Figure 5 The percentage of ALN-GQDs-Ag and GQDs-Ag binding to hydroxyapatite over 60 minutes. The maximum binding percentages of ALN-GQDs-Ag and GQDs-Ag
to hydroxyapatite were 94% and 64%.
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Figure 6 SEM images of S. mutans biofilm on dentine treated with ALN-GQDs-Ag, AgNO3 and water at 6, |12 and 24 hours. The micrographs show scant bacterial colonies
scattered across the dentine surface treated with ALN-GQDs-Ag, and confluent growth of biofilm on dentine treated with AgNO3 at 24 hours and dentine treated with
water at 6 hours.

observed, and green fluorescence overlapped on dentine treated with silver nitrate for 24 h. Green fluorescence covered
the entire surface of the dentine treated with water. The red-to-green ratios in Table 2 reveal the consistent results
observed in the CLSM images. The red-to-green ratio of dentine treated with ALN-GQDs-Ag was significantly higher
than that of dentine treated with silver nitrate or water at all the time points (p <0.001).

The common logarithm of CFUs was calculated to determine the kinetics of the biofilm (Table 3). The log CFUs on
dentine treated with ALN-GQDs-Ag were significantly lower than those treated with silver nitrate or water at all time
points (p < 0.001, Table 3). The lactic acid produced on dentine treated with ALN-GQDs-Ag, silver nitrate and water
were 1.86 £ 0.20, 2.32 £ 0.19 and 2.58+ 0.23 (p < 0.001, Group ALN-GQDs-Ag < Group AgNO; < Group Water).

Mineralisation Effects of ALN-GQDs-Ag

Typical micro-CT images and reconstructed three-dimensional images showed the lesion depth and mineral loss of the
dentine blocks are shown in Figure 8. Dentine treated with water showed a greater lesion depth than that treated with
ALN-GQDs-Ag. In Table 4, the lesion depths of dentine treated with ALN-GQDs-Ag and water were 109.19 +25.62 um
and 200.24 +26.52 pum, respectively (p <0.001). The mineral loss of dentine treated with ALN-GQDs-Ag and water were
0.62 + 0.06 g cm > and 1.02 + 0.08 g cm >, respectively (p <0.001).

11204 "= International Journal of Nanomedicine 2024:19
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Yin et al

Figure 7 The CLSM images of biofilm on dentine treated with ALN-GQDs-Ag, AgNO; and water at 6, 12 and 24 hours. The proportion of area of green fluorescence (live
cell) was low, whereas the proportion of area of red fluorescence (dead cell) was high on the surface of dentine treated with ALN-GQDs-Ag.

The SEM images in Figure 9 reveal that collagen fibres were severely exposed and fractured on the surface of dentine
treated with water, whereas the collagens were slightly exposed and orderly distributed on the surface of dentine treated
with ALN-GQDs-Ag.

The FTIR spectra exhibited a strong intensity of the phosphate band on dentine treated with ALN-GQDs-Ag
(Figure 10). The ratios of HPO, : amide I absorbance of dentine treated with ALN-GQDs-Ag and water were 0.54 +
0.08 and 0.38 £0.07, respectively (p = 0.04). The ratio values indicated that demineralised dentine treated with water had
a larger amount of exposed collagen than dentine treated with ALN-GQDs-Ag.

The XRD spectra show diffraction peaks at 25.8°, 31.8°, 32.2°, and 32.8°, corresponding to the peaks for hydro-
xyapatite (002, 211, 112, and 300) in Figure 11. The low intensities of peaks 211, 112, and 300 on dentine treated with
water indicate the loss of crystallinity of dentine. In addition, silver chloride (200 and 220) was identified at 32.2° and

Table 2 The Red-to-Green Ratios of Biofilm on Dentine Treated with ALN-GQDs-Ag,
AgNO; and Water at 6, 12 and 24 hours

Time | ALN-GQDs-Ag' | AgNO; 2 | Water® | p value | Multiple Comparisons

6h 1.36 + 0.28 1.04 £0.15 | 0.84 £ 0.09 | <0.001 1>2>3
12 h 0.70 + 0.13 0.61 +0.16 | 0.39 £0.22 | <0.001 1>2>3
24 h 0.36 + 0.14 043 +0.13 | 023 £0.12 | <0.001 1>2, 3
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Table 3 Log CFUs of Biofilm on Dentine Treated with ALN-GQDs-Ag, AgNO;3 and
Water at 6, 12 and 24 hours

Time | ALN-GQDs-Ag' | AgNO; 2 Water * | p value | Multiple Comparisons

6h 3.85 + 0.09 4.19 +£0.12 | 453 £0.28 | <0.001 1<2<3
12 h 4.86 + 0.20 542 +024 | 6.66 £0.19 | <0.001 1<2<3
24 h 5.1 £027 6.58 + 0.28 | 7.77 £ 0.38 | <0.001 1<2, 3

46.3°, respectively, in dentine treated with ALN-GQD-Ag. The peak at 38.18° indicated the presence of silver (111) on
dentine treated with ALN-GQDs-Ag, implying the presence of metallic silver.

Colour Test

Intragroup analysis of b* and lightness (L*) values of dentine treated with ALN-GQDs-Ag (p = 0.16) and dentine treated
with water (p = 0.10) showed no significant difference before and after treatment. Both groups displayed an obvious
decrease in the a* value (p < 0.05) (Table 5). There was no significant difference (p = 0.54) between the AE of dentine
treated with ALN-GQDs-Ag (AE = 6.18 + 3.45) and dentine treated with water (AE = 5.24 + 2.43).

Discussion

We successfully developed tooth-binding and non-discoloured ALN-GQDs-Ag with antibacterial and mineralising

properties for caries prevention. The results of this study demonstrated that ALN-GQDs-Ag has low toxicity towards

oral cells and affinity for hydroxyapatite, which is the main component of teeth. ALN-GQDs-Ag has promising

antibacterial properties against Streptococcus mutans biofilms and mineralising properties without tooth staining.
Strategies for developing GQDs significantly affect their chemical and physical properties. To date, the synthesis

methods for GQDs can be classified into two categories: top-down and bottom-up methods. The top-down method refers

AL-GQDs-Ag AL-GQDs-Ag

T

Figure 8 Micro-CT (left) and reconstructed 3-D images (right) of dentine treated with ALN-GQDs-Ag and water. The ALN-GQDs-Ag-treated dentine shows less
demineralisation than that treated with water.
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Table 4 The Lesion Depths and Mineral Loss of Dentine Treated with
ALN-GQDs-Ag and Water

Assessment of dentine | ALN-GQDs-Ag Water p value
Lesion depth (um) 109.19 + 25.62 | 200.24 + 26.52 | <0.001
Mineral loss (g cm ™) 0.62 + 0.06 1.02 + 0.08 <0.001

to the direct cutting of graphene-related materials such as graphene, graphene oxide and graphite into quantum sizes.'”
GQDs developed via the top-down method usually suffer from some disadvantages, such as low yield, critical synthesis
conditions, and difficulty in controlling the size distribution of the products. Therefore, in this study, we used a bottom-up
method to develop GQDs by carbonising citric acid via thermal treatment. This method can precisely control the
morphology and size of developed GQDs.'” The Raman spectra in Figure 3 reveal the presence of the D band
(1372 cm ") and G band (1613 cm ') which are the characteristic peaks of graphene-based nanomaterials. The
D band which arises from doubly bonded carbon atoms (C=0), represents the degree of disorder. The G band which
arises from singly bonded carbon atoms (C-OH), represents the level of the structural order. The ratio of the D and

G band intensities (Ip/Ig) is a measure of the defects present in the graphene structure and can be used to determine the

A

. < A,

’ . h o ~ls .
#00-5523 5.0k ¥,819Mm x35:0KISE (M) . 4

Amide ALN-GQDs-Ag

2000 1500 1000 500
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Figure 10 FTIR spectra of the dentine treated with ALN-GQDs-Ag and water. The ALN-GQDs-Ag-treated dentine shows a higher ratio of phosphate to amide | than that
treated with water, indicating a higher degree of mineralisation.
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Figure 11 X-ray diffraction patterns of the dentine treated with ALN-GQDs-Ag and water. The peaks of 002, 211, 112 and 300 represented the presence of hydroxyapatite.
Dentine treated with ALN-GQDs-Ag had peaks of silver chloride (200 and 220) and metallic silver (I11).

quality of the graphene.'® The intensity ratio of the D and G bands of the developed GQDs was calculated as 0.90 which
is ideal.

In this study, we use FTIR to analyse the functional groups of ALN-GQDs-Ag with attenuated total reflection (ATR)
technique. The attenuated total reflection (ATR) and diffuse reflectance infrared Fourier transform (DRIFT) are two
sample preparation techniques used as alternatives to transmission FTIR. They are less variable, cost and labour-intensive
than transmission FTIR. ART provide more reliable results than DRIFT and produce similar spectra with transmission
FTIR." The FTIR spectra in Figure 4 also show obvious -OH and -C-O- bands of the GQDs at 3464 and 11 25 cm ™,
which indicate the presence of hydroxyl groups. The bands of the-COO- groups detected in the GQDs spectra at 1580
and 1397cm™" also imply the presence of carboxyl groups. These results confirm that the developed GQDs had abundant
oxygen functional groups for further functionalisation. The presence of the -COO- group was also detected using high-
resolution XPS. In this study, we used GQDs as both a reducing agent and stabiliser for the reduction of silver ions to
silver nanoparticles. The formation of silver nanoparticles was observed in high-resolution XPS spectra (Figure 2). The

Table 5 Coordinates (L* a* B¥) of Dentine Before Treatment of ALN-GQDs-Ag and
Water and After 7-Day Biochemical Cycles

Group Coordinates Before After p value AE

ALN-GQDs-Ag L* 59.50 + 2.40 | 58.22 + 3.85 0.16 6.18 + 3.45
a* 19.66 + 5.01 | 15.66 = 0.91 0.006
b* 33.26 £ 2.87 | 31.97 £ 3.57 0.16

Water L* 5422 + 420 | 53.59 £ 3.42 0.10 524 +243
a* 19.93 + 3.38 | 17.09 = 0.79 0.003
b* 3097 £ 1.78 | 29.46 £ 5.15 0.37
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differences between the Ag3d5/2 and Ag3d3/2 signals indicate the metallic nature of Ag. The ratio of the D and G band
intensities of the GQDs-Ag increased to 0.93. This indicates that the sp2 carbon bonds are broken and that there are more
sp3 carbon bonds which indicates the reduction of C-O groups in GQDs after the in-situ growth of silver nanoparticles.
The band intensity of the GQDs-Ag also increased in comparison to that of the GQDs owing to GQDs doping on the
silver nanoparticle surface. Researchers have found that the in situ growth of silver nanoparticles on the surface of GQDs
facilitates the favourable dispersion of nanoparticles and improves their stability in aqueous media.® After the synthesis
of GQDs-Ag, alendronate was conjugated with the GQDs-Ag. The activated carboxylic groups in GQDs react with the
amino group in alendronate to form amide linkages.>' The Cls spectrum of the high-resolution XPS in Figure 2b shows
the O=C-N group and the N1s spectrum in Figure 2C shows the N-C, N-H, and N-C=0O groups. In addition, the FTIR
spectra of the ALN-GQDs-Ag showed primary and secondary carbonamide bands (O=C-N). The XPS and FTIR results
confirmed the formation of amide linkages between the GQDs and alendronate and the synthesis of ALN-GQDs-Ag.

Streptococcus mutans is an important cariogenic bacterium involved in the development of dental caries.
Streptococcus mutans is highly acidogenic. They can produce short-chain carboxylic acids that dissolve the mineral
components of dental hard tissue. Moreover, Streptococcus mutans can ferment sucrose and produce extracellular
polysaccharides which enhances bacterial adherence to tooth surfaces and facilitate biofilm formation. Streptococcus
mutans biofilms are one of the most common microbial models used in caries research.'® This study revealed that ALN-
GQDs-Ag has a superior antibacterial effect against Streptococcus mutans biofilms compared to silver nitrate at the same
concentration of silver. Silver nanoparticles exhibit promising antibacterial activity even at low concentrations owing to
their large surface-to-volume ratio. Although the exact mechanism underlying the antibacterial effects of silver nano-
particles has not been entirely clarified, various antibacterial actions have been proposed. Silver nanoparticles disrupt the
cell wall and cytoplasmic membrane.”? They can also accumulate in cell wall pits or move directly across the
cytoplasmic membrane. Eventually, Silver nanoparticles cause membrane denaturation and the release of organelles
from the cell. Silver nanoparticles denature ribosomes and bind deoxyribonucleic acid. Deoxyribonucleic acid replica-
tion, protein synthesis, and cell multiplication were inhibited. The dissolution efficiency of silver nanoparticles strongly
affects their antibacterial effects. Smaller Silver nanoparticles in spherical or quasi-spherical formats are more prone to
silver release because of their larger surface area.”> This also explains the lower silver release by the aggregated
nanoparticles relative to the isolated nanoparticles. Capping agents are used to modify the surfaces of silver nanopar-
ticles, which can change their dissolution behaviour and prevent their aggregation of silver nanoparticles. In this study,
we used GQDs as reducing and capping agents to develop spherical and stable silver nanoparticles without aggregation.
Owing to the lack of affinity to the tooth surface, silver nanoparticles cannot efficiently adsorb on the surface of the tooth
and maintain a long-lasting antibacterial effect. Alendronate is specifically adsorbed on hydroxyapatite.>* It has been
used as a drug carrier to endow other materials with special hydroxyapatite-binding ability to develop bone- or tooth-
targeted drug delivery systems. Thus, in this study, alendronate was conjugated with GQDs to increase the binding
strength between GQDs-Ag and the surface of dental hard tissue. The tooth-binding test indicated that ALN-GQDs-Ag
had a higher binding rate (95%) than that of GQDs-Ag (65%). Alendronate reinforced the binding ability of GQDs-Ag to
the tooth surface, prolonging the antibacterial effect of ALN-GQDs-Ag. In this study, ALN-GQDs-Ag had a stronger
inhibitory effect than silver nitrate against Streptococcus mutans biofilms. The CFUs counting test and CLSM test
showed that ALN-GQDs-Ag maintained its antibacterial effect after 24 h of Streptococcus mutans biofilm challenge.
Meanwhile, the antibacterial effect of silver nitrate was minimised because the results of Group AgNO; were not
significantly different from those of Group Water.

The demineralisation-remineralisation process was employed to investigate cariology by simulating the oral environ-
ment in vitro. In this study, the remineralising effects of ALN-GQDs-Ag on artificial caries were investigated. Instead of
a pure chemical model, the dynamics of mineral loss and gain in carious formation were mimicked by the periodic
alternation of pH produced by biofilm metabolism and artificial saliva. Streptococcus mutans biofilms were cultured to
create carious lesions before remineralisation with artificial saliva.”® In micro-CT images, dentine caries treated with
ALN-GQDs-Ag presented a shallower lesion depth and higher lesion density on the surface of blocks than those treated
with water. The micro-CT results illustrated that ALN-GQDs-Ag were effective in mineralising artificial dentine caries.
This could be related to the superior and prolonged antimicrobial effects of Silver nanoparticles against Streptococcus
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mutans.*® The more active antibacterial effect of silver nanoparticles is associated with less acidic products by biofilm
metabolism of Streptococcus mutans biofilm, which weakens the intensity of the demineralisation effect. In addition, our
test showed that ALN-GQDs-Ag reduced lactic acid production in Streptococcus mutans biofilms. Lactic acid constitutes
70% of the organic acids generated in oral biofilms, and is recognised as a crucial factor in the demineralisation of teeth.
Thus, the dentine blocks treated with ALN-GQDs-Ag exhibited enhanced acid resistance and reduced demineralisation.
Furthermore, graphene materials can foster hydroxyapatite, which is an important component of the mineralisation
process.”” Graphene materials have been demonstrated as bio-ceramic support materials that enhance hydroxyapatite
deposition. They can promote mineralisation with accelerated hydroxyapatite growth by forming a coating of homo-
genous and compacted hydroxyapatite-graphene. This coating consists of flake-shaped hydroxyapatite crystals with
markedly elevated calcium phosphate ratios.

When dentine collagen is exposed after mineral loss, activated host-derived collagenases, such as matrix metallo-
proteinase (MMP) and cysteine cathepsin, are activated in an acidic environment and can destroy the terminal peptide
region of collagen molecules.”® With the degradation of collagen, more minerals are dissolved because of the disap-
pearance of the scaffold for mineral deposition.?” In the FTIR spectra (Figure 10), the phosphate band represents the
mineral, the amide I band represents collagen, and the ratio of amide I to HPO,” represents the degree of dentine
degradation.® The results of this study indicated that collagen degradation was lower in the dentine surface treated with
ALN-GQDs-Ag than in those treated with water. Silver can interact with the reactive side chain of bacterial collagenase
to inactivate its catalytic functions.>’ The process of collagen degradation was slowed down through the suppression of
bacterial collagenase by silver. It has been revealed that the large radius and low oxidation state of silver have a strong
affinity to protein, which may contribute to the inhibition of bacterial collagenase.’® Besides, it has been proved that
silver nanoparticles efficiently decreased the mRNA and protein expression of MMP-2 and MMP-9 in diabetic mice.> In
the XRD patterns, silver chloride (AgCl) was detected on the dentine surface of the ALN-GQDs-Ag group. The
solubilities of silver phosphate and silver oxide are higher than that of AgCl, which enables them to react with chlorides
to yield AgCl.*>* Insoluble AgCl on the lesion surface can decrease the loss of calcium and phosphate as a protective
layer. Silver nanoparticles were observed in the ALN-GQDs-Ag group, which could continuously release silver on the
dentine surface.

The discolouration effect of ALN-GQDs-Ag to dentine is measured using Commission International del’Eclairage L*
a* b* colour system (CIELAB). The CIELAB colour system provides a standardised way to describe colours, and was
used by researchers to evaluate colour change due to application of silver compounds including silver diamine fluoride.'®
The AE*ab values were calculated using L, a, and b values to quantify the difference (colour change or distance between
the two colour). The colour change is perceptible by human eye when AE is larger than 1.*° In this study, AE values of
both ALN-GQDs-Ag group and water group are more than 1, but no significant difference between two groups. Thus, the
discolouration of dentine can result from the carious lesion after biofilm challenge. This study was a laboratory-based
study. In the future, animal studies followed by human clinical trials will be considered to establish the safety and
effectiveness of ALN-GQDs-Ag for caries prevention.

Conclusion

Novel tooth-binding and non-discolouring ALN-GQDs-Ag were developed with antibacterial and mineralising properties
for caries prevention. ALN-GQDs-Ag has low toxicity towards oral cells and a high affinity to hydroxyapatite, which is
the main component of teeth. They have promising antibacterial properties against Streptococcus mutans biofilms and

mineralising properties towards dentine. ALN-GQDs-Ag could potentially be used as an anti-caries agent.
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