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Appendix 

Materials and Methods 

1. General procedures 
 

Materials 
We used graphene oxide and synthesized five different functionalized GO (f-GO)-nanocomposites for 
experimental use. For the entire synthesis process, we have followed the one-pot method (Ishikawa et 
al. 2009; Cameron et al. 2006) and 1:1 w/w% composite preparation with GO and nanoparticles. All 
chemical reagents were commercially available and purchased from commercial sources and used as 
received unless stated otherwise. filter-deionized water was used as a solvent in all standard 
procedures. Solution mix was used as a solvent for SEM and TEM sample preparation. 

 
Procedures 

SEM and TEM analysis: The morphology of f-GO nanocomposites was observed by scanning electron 
microscopy (SEM; SEM-EDS, JSM-IT 100LA, JEOL, Ltd., Tokyo, Japan) and transmission electron 
microscopy (TEM; JEM-2100F, JEOL, Ltd., Tokyo, Japan). Samples were diluted well by sonication 
before examining under microscopy. Freeze-dried f-GO nanocomposites were examined in the 
randomly selected area. 

XRD analysis: The crystalline structure of all f-GO nanocomposites was characterized by X-ray 
diffraction (XRD) using a X’ part PRO (Malvern Panalytical, Ltd.) using Cu Kα radiation (l = 1,541 Å) 
in the 2θ range of 10–75°. The operating tube current and voltage were 30 mA and 40 kV, 
respectively. The data was collected at the step size of 0.017°, and the type of scan was continuous. 

XPS analysis: X-ray photoelectron spectroscopy (XPS) was measured by JPS-9030 (JEOL, Ltd., 
Tokyo, Japan) with a pass energy of 20 eV. Freeze-dried samples were vacuumed overnight to avoid 
the unwanted error. XPS was added in this investigation to examine the chemical composition and 
the chemical states of different elements of f-GO nanocomposites. 

TGA analysis: The thermogravimetry analysis (TGA) conducted on a RIGAKU TG 8121 (RIGAKU, 
Corp., Tokyo, Japan) in an open-air atmosphere. The temperature was raised up to 800˚C in 
10.0˚C/min rate and sampling time was 1.0 s. Thermogravimetric analysis (TGA) was performed 
under a flow of air, and the samples were heated with a heating rate of 10˚C min− 1. 

Raman spectra: Raman spectra were performed at room temperature with a JASCO NRS -3100 Laser 
Raman spectrophotometer (JASCO Corp., Tokyo, Japan). To minimize the signal-to-noise ratio, 3 
scans were recorded for each specimen coated with f-GO nanocomposites and controls. 

Decalcification test: The HAp plates were deepened in ethylenediaminetetraacetic acid (EDTA) 
buffer (0.5 mM, pH 7.0) and incubated at 37˚C for 24 hours. Incubated samples were washed with 
filter-deionized H2O and dried at 37˚C. SEM evaluation was performed with 20-nanometer gold 
coating [QUICK COATER, SC-701 Mk II, SANYU ELECTRON, Japan] under SEM-EDS. For dentin 
slices, EDTA and citrate buffer (0.5 mM, pH 6.0) was applied instead of EDTA buffer. 

CFU assay: We used S. mutans ATCC 25175 for investigation. The stationary growth phase was 
monitored, and the bacterial solution was adjusted to 106 CFU/mL by measuring optical density (OD) 



by turbidity meter (mini photo 518R; TAITEC Corp., Saitama, Japan) for further use. The antibacterial 
activity of GO and f-GO nanocomposites were investigated against S. mutans ATCC 25175 by CFU 
(colony forming unit) plate count method. 

MTS assay: MTS assay was performed on human epithelial HeLa cells to evaluate the cell viability in 
f-GO nanocomposites. The MTS assay was carried out by Promega MTS kits. Twenty microliters of 
Promega (CellTiter 96® AQueous) solution was added and cocultured for 3 hours. Absorbance reading 
was performed in a 96-well microplate (CORNING Costar, 3596) at 490-nm wavelength by SH-1000 
microplate reader (CORONA ELECTRIC, Ibaraki, Japan). 

2. Synthesis of GO composites 
 

2.1. GO synthesis 

GO was prepared by following the optimized condition developed by Morimoto N et al. (Morimoto et 

al. 2017). 
 

2.2. GO-Ag synthesis 
A mixture of 78 mg of AgNO3 [SIGMA ALORICH] (in 20 mL of filter-deionized water, sonicated for 20 
min) and 50 mg of GO (in 20 mL of filter-deionized water, sonicated for 30 min) was added with 1 w/w% 
NaOH [WAKO PURE CHEMICAL INDUSTRY, Osaka, Japan] solution dropwise with vigorous stirring 
until pH became 8. The solution was washed with water by centrifugation at 6,000 rpm for 5 min, and 
supernatants were removed. The centrifugation was repeated 3 times. The final product was freeze-
dried, then characterized and used for evaluation. 

 
2.3. GO-Zn synthesis 

We followed the same procedure as GO-Ag. A mixture of 227 mg of Zn (NO3)2 [NACALAI TESQUE.INC, 
Kyoto, Japan] (in 20 mL of filter-deionized water, sonicated for 20 min) and 50 mg of GO (in 20 mL of 
filter-deionized water, sonicated for 30 min) was added with 1 w/w% NaOH solution dropwise with 
vigorous stirring until pH became 8. The solution was washed with water by centrifugation at 6,000 rpm 
for 5 min, and supernatants were removed. The centrifugation was repeated 3 times. The final product 
was freeze-dried, then characterized and used for evaluation. 

 
2.4. GO-CaF2 synthesis  

A separate solution of 74.4 mg KF [TOKYO KASEI, Tokyo, Japan] (in 20 mL of filter-deionized water), 
70.5mg CaCl2 [WAKO PURE CHEMICAL INDUSTRY] (in 20 mL of filter-deionized water) and 50 mg 
of GO (in 20 mL of filter-deionized water, sonicated for 30 min) were prepared. Later, a gradual mixing 
followed by KF, GO, and CaCl2 kept on magnetic stirring for 20 min. The solution was washed with 
water by centrifugation at 6,000 rpm for 5 min, and supernatants were removed. The centrifugation 
was repeated 3 times. The final product was freeze-dried, then characterized and used for evaluation. 

 
2.5. GO-Ag-CaF2 synthesis  

GO-Ag-CaF2 was synthesized by a combination of GO-Ag and GO-CaF2 synthesis protocol. A mixture 
of KF, CaCl2, and AgNO3 solution and GO dispersion was magnetically stirred for 20 min.1% NaOH 
solution was gradual dropped to the mixture until the pH became 8. The solution was washed with 
water by centrifugation at 6,000 rpm for 5 min, and supernatants were removed. The centrifugation 
was repeated 3 times. The final product was freeze-dried, then characterized and used for evaluation. 

 
2.6. GO-Ca3(PO4)2 synthesis  

50 mg of Ca3(PO4)2 [WAKO PURE CHEMICAL INDUSTRY] (in 20 mL of filter-deionized water, 
sonicated for 20 min) and 50 mg of GO (in 20 mL of filter-deionized water, sonicated for 20 min) was 
added and kept on magnetic stirring for another 20 min. The solution was washed with filter-deionized 
water by centrifugation at 6,000 rpm for 5 min, and the supernatants were removed. The centrifugation 
was repeated 3 times. The final product was freeze-dried, then characterized and used for evaluation. 



3. Characterization of GO composites 
All the GO nanocomposite samples were characterized by SEM, TEM, XRD, XPS, and TGA for 
confirming their morphology, chemical structure, and composition. 

 
3.1 SEM and TEM analysis  

SEM and TEM were performed to analyze the size and morphology of GO composites. In Appendix 
Figures 1 and 2, it is exhibiting the Ag, Ag-CaF2, CaF2, Ca3(PO4)2, and Zn nanoparticles are on both 
sides of the GO. It can be found that individual nanoparticles are showing different morphology. The 
average particle sizes of these composites are approximately 60 ± 5 nm. It can be detected that the 
nanoparticles dispersed unevenly, and some small nanoparticles aggregated together. Compare with 
the morphology of Ag and Ag-CaF2 we may find variations. On the other hand, Zn, Ca3(PO4)2 and 
CaF2 dispersing capability are different. It can be noted that that GO is ideally supporting and dispersing 
all nanoparticles. 

To investigate the element distribution of all samples, the SEM-EDS was also performed and shown 
in Appendix Figure 3. The SEM-EDS scanning profiles were reveling the individual elements of each 
sample on the GO homogeneously. 

 
 
 

 

Appendix Figure 1: SEM images f-GO-nanocomposites. 
(a) GO-Ag, (b) GO-Ag-CaF2, (c) GO- CaF2, (d) GO-Zn, and (e) GO-Ca3(PO4)2.  

Scale bar: 50 µm. Magnification: x6,000. 

 

 

 

 



 

Appendix Figure 2: TEM images f-GO-nanocomposites. 
(a) GO-Ag, (b) GO-Ag-CaF2, (c) GO- CaF2, (d) GO-Zn, and (e) GO-Ca3(PO4)2.  

Scale bar: 500 µm. Magnification: x6,000. 



 
Appendix Figure 3: SEM-EDS analysis of GO-nanocomposites. 
(a) GO-Ag, (b) GO-Ag-CaF2, (c) GO- CaF2, (d) GO-Zn, and (e) GO-Ca3(PO4)2. 

 
 
 
 

3.2. XRD analysis for f-GO nanocomposites. 
In each individual sample, we fund constant GO peak and sharp diffraction is observed for Ag of GO-
Ag, Ag and CaF2 of GO-Ag-CaF2, CaF2 of GO-CaF2, Zn of GO-Zn, and Ca and P of GO-Ca3(PO4)2 
samples. There are no diffraction peaks of impurity visible, exemplifying that the synthesized 
nanomaterials are of high purity. Additionally, the sharp and intense diffraction peaks indicate the highly 
crystalline nature of the produced nanostructures. There is no difference in terms of the diffraction 



angle for all GO nanocomposites. However, some shifted diffraction peak was observed in GO-Ag-
CaF2 sample (Appendix Figure 4). 

 
Appendix Figure 4: XRD patterns of GO-Nanocomposites. 

(a) GO-Ag, (b) GO-Ag-CaF2, (c) GO-Zn, (d) GO-Ca3(PO4)2, (e) GO-CaF2. 

 
 

3.3. XPS analysis for scanning spectrum of f-GO nanocomposites. 
Spectrums allow us to confirm the presence of each element of different composites such Ag of GO-
Ag, Zn of GO-Zn, Ag, CA, and F of GO-Ag-CaF2, Ca and F of GO-CaF2, Ca, P and O of GO-Ca3(PO4)2 
and C and O is constant for GO representation. There are consistent with the EDS report, as shown. 
Two peaks observed at a binding energy of 284.8 and 532.8 eV are attributed to C 1s (Appendix Figure 
5) and O 1s (Appendix Figure 6) bands, respectively. Additionally, The C 1s high-resolution scanning 
spectrum could be deconvoluted into three peaks at 284.6, 286.4, and 288.8 eV, which are associated 
with C=C, C–O, and C=O, respectively (Alexander et al. 2012; Shchukarev and Korolkov 2004). 

High-resolution XPS of Ag 3d of GO-Ag and Ag-CaF2 (Appendix Figure 7) showed 6 eV splitting double 
peaks respectively at 368.128 and 374.128 eV, and 366.71 and 372.36 eV, corresponding to Ag 3d5/2 
and Ag 3d3/2 energy levels of the Ag atom. These binding energies indicated the metallic nature of 
silver (Alexander et al. 2012; Gaarenstroom and Winograd 1977)]. High-resolution XPS of Ca 2p of 
GO-Ca3(PO4)2, GO-CaF2, and GO-Ag-CaF2 (Appendix Figure 8) showed peaks respectively at 347.035 
and 350.58 eV, 348.067 and 351.367 eV, and 347.26 and 350.16 eV corresponding to Ca 3p1/2 and 
Ca 3d3/2 energy levels of the Ca atom. These binding energies indicated the metallic nature of calcium 
(Alexander et al. 2012; Gaarenstroom and Winograd 1977; Demri and Muster 1995). Moreover, at the 
same time, high-resolution XPS of F 1s of GO-CaF2 and GO-Ag-CaF2 in (Appendix Figure 9) presented 
a peak at binding energies of about 684.51 and 685.40 for F 1s, which match well to the standard 
binding energy of the metallic fluoride atom (Alexander et al. 2012; Shchukarev and Korolkov 2004; 
Gaarenstroom and Winograd 1977; Demri and Muster 1995; Beamson et al. 1992). 

At the same time, high-resolution XPS of Zn 2p in (Appendix Figure 10) presented a peak at binding 
energies of about 532.377 for Zn 3p1/2 and 3p3/2, which match well to the standard binding energy of 
the ZnO (Alexander et al. 2012; Biesinger et al. 2010). XPS results further indicated a high-resolution 
peak of P 2p (Appendix Figure 11) of GO-Ca3(PO4)2 at 132.83 eV, corresponding to P 2p1/2 and P 2p3/2 
energy levels of the P atom (Alexander et al. 2012; Moulder et al. 1992). 

 



 

Appendix Figure 5: XPS spectra for carbon peak 
 
 
 
 
 
 

 

Appendix Figure 6: XPS spectra for oxygen peak 
 
 
 



 

Appendix Figure 7: XPS spectra for silver peak 
 
 
 

 

Appendix Figure 8: XPS spectra for calcium peak 
 
 
 



 

Appendix Figure 9: XPS spectra for fluorine peak 
 
 
 

 

Appendix Figure 10: XPS spectra for zinc peak 
 
 
 



 

Appendix Figure 11: XPS spectra for phosphorus peak 
 
 
 

3.4. TGA analysis  
The analysis was conducted on GO-Ag, GO-Ag-CaF2, GO-CaF2, GO-Zn, and GO-Ca3(PO4)2. The 
results illustrated that a weight loss of 35.25%, 18.98%, 41.2%, 37.92%, and 19.68% respectively 
between 170 and 490˚C. It is apparent from the TGA curves showing the weight drops rapidly in 
Appendix Figure 12, when the temperature increases from 200˚C to 400˚C. The weight loss of products 
in an air atmosphere at high temperatures was probably due to the removal of the remaining GO just 
like C–O, and C=O. Moreover, the weight loss below 100˚C which came from the escape of water 
molecules between the GO nanosheets, as well as the weight loss above 500˚C was due to the 
combustion of carbon skeleton (Xia et al. 2012; Yuan et al. 2014; Li et al. 2013). 

From the remaing mass, we may get an idea about mol/g in the final product. The given calculation 
showed that GO-Ag nanocomposite contains 64.75% Ag because the loss of GO was 35.25%. 
Respectively, GO-Ag-CaF2 contains 81.02% Ag-CaF2 because of 18.98% loss, GO-CaF2 contains 
58.8% CaF2 because of 41.2% loss, GO-Zn contains 62.08% of Zn because of 37.92% loss, and GO-
Ca3(PO4)2 contains 80.32% Ca3(PO4)2 because of 19.68% loss. Thus, the number of the molecules 
that combined with GO was calculated as 6.0 µmol of Ag, 4.357µmol of Ag-CaF2,7.53 µmol of CaF2, 
9.49 µmol of Zn, and 2.58 µmol of Ca3(PO4)2, respectively. 

After calculating GO loss by TGA we have calculated mol/mg of each sample. As we have used 0.1, 
0.05 and 0.01% wt% of our prepared sample, we calculated mol/mg in this concentration. 
Concentration of GO-Ag, GO-Ag-CaF2, GO-CaF2, GO-Zn, and GO-Ca3(PO4)2 in 0.1% solutions are 1.8 
µmol/mL of Ag, 4.53 µmol/mL of Ag-CaF2, 3.61 µmol/mL of CaF2, 4.65 µmol/mL of Zn, 1.035 µmol/mL 
of Ca3(PO4)2. 

 



 

Appendix Figure 12: TGA analysis of f-GO nanocomposites. 
(a) GO-Ag, (b) GO-Ag-CaF2, (c) GO-Zn, (d) GO-Ca3(PO4)2, (e) GO-CaF2. 

 
 
 
 

4. Target materials 
 

4.1. HAp plates 
HAp plates were used in this experiment with the specification of 10x10x2 mm in diameter (APP-100, 
PANTEX, Tokyo, Japan). 

 
4.2. Tooth selection and specimen preparation 

Freshly extracted 50 bovine teeth were collected from local meat processing companies and preserved 
in a -40˚C freezer. 30 teeth were separated to prepare dentin slices. The crowns were sectioned with 
a diamond disc in a sectioning machine from horizontal to the long axis of the roots, to create dentin 
discs from midcoronal dentin. Twenty-four dentin discs were prepared and polished with P1000 
abrasive paper. The thickness of each slice is about 2 mm. We have avoided the tooth slice containing 
a very thin dentin area. All 24 specimens used in this study presented the same range of dentin bulk 
to reduce possible errors in the research. To avoided error, we have performed five individual 
experiments with the same amount of HAp plate and dentin slices. 

 
 
 
 

5. Buffers used for prevention of decalcification 
 

5.1. Decalcification of HAp plates in EDTA buffer 
Twenty-four HAp plates were used and marked on one side of the HAp plate with a marker for surface 
detection. The HAp plates were coated with GO nanocomposite samples using dentin bond brush 



(Centrix, 770 River Road Shelton, CT, USA). The plates were gently coated with dentin bond brush 
and kept for 5 min at 37˚C, washed with deionized H2O, and finally brushed well for proper cleaning. 
The HAp plates were then deepened in Ethylenediaminetetraacetic acid (EDTA) buffer (0.5 mM, pH 
7.0) and incubated at 37˚C for 24 hours. Incubated samples were washed with deionized H2O and 
dried at 37˚C for 5 mins. SEM evaluation was performed with a 20-nanometer gold coating [QUICK 
COATER, SC-701 Mk II, SANYU ELECTRON, Japan] under SEM-EDS. 

 
5.2. Decalcification of dentin slice in EDTA buffer 

Bovine tooth dentin was used. 2 mm thick dentin slices were prepared by using a cutting machine (BS-
3000 EXAKT, Norderstedt, Germany) and polished with abrasive paper (P1000; NIHONKENSHI CO., 
LTD, Hiroshima, Japan). The dentin slices were washed with deionized H2O and deepened in EDTA 
solution for 2 min to remove all unwanted debris, and the final wash was done with deionized H2O. 
Clean dentin slices were dried at room temperature and marked on one side with a marker for surface 
detection. The GO nanocomposite samples were applied with the dentin bond brush on the surface of 
the dentin slice. It was kept 5 min in 37˚C and washed with deionized H2O by vigorous brushing for 
proper cleaning. Dentine slices were then deepened in EDTA buffer and incubated in 37˚C for 24 hours. 
It was washed with deionized H2O and dried at 37˚C. Coating with 20-nanometer gold was done before 
SEM evaluation. 

 
5.3. Decalcification of dentin slice in citrate buffer 

Following thorough EDTA cleansing, this time dried samples were immersed in citrate buffer (0.5 mM, 
pH 6.0) and incubated at 37˚C for 24 hours. It was washed with deionized H2O and dried at 37˚C. 
Coating with 20-nanometer gold was done before SEM evaluation. 

 
 
 
 

6. Bacteria used for the anti-microbial test 
A cariogenic bacteria S. mutans ATCC 25175 was inoculated from glycerol stock in BD BactoTM Tryptic 
Soy Broth-TSB (Soybean-Casein Digest Medium) broth medium (Becton, Dickinson and Company, USA) 
at 37˚C for overnight anaerobically (80% N2,10% H2,10% CO2) in a 50-mL polypropylene tube. Aliquots 
of the overnight culture were further inoculated in fresh medium and incubated as mentioned above until 
stationary growth in a 50-mL polypropylene tube. The bacterial solution was adjusted to 106 CFU/mL by 
measuring optical density (OD) by turbidity meter (mini photo 518R; TAITEC) for further use. 

The bacteria (100 µL suspension, 105 CFU) were incubated with f-GO nanocomposites in the 10 mL of 
TSB media solution (final volume) in 15-mL polypropylene tube at 37˚C for 6 hours anaerobically (80% 
N2,10% H2,10% CO2). Different concentrations of f-GO nanocomposite (0.10, 0.05, and 0.01%, w/v %) 
were used. After incubation in liquid culture, 100 μL of bacterial suspension was transferred into MS agar 
plate (BD DifcoTM Mitis Salivarius Agar, Becton, Dickinson and Company), and incubated at 37˚C for 48 
hours. The numbers of colonies in the plate were counted, and the CFU of each condition was measured. 
Povidone iodine solution (0.1%) was used as a positive control. 

 
 
 
 

7. Human epithelial cells used for toxicity test 
In this study, we used HeLa Cell Line human 93021013 (SIGMA-ALORICH), epithelioid cervix carcinoma 
cells. MTS assay was performed on human epithelial HeLa cells to evaluate the cell viability in f-GO 
nanocomposites. HeLa cells were cultivated in Dulbecco's Modified Eagle's medium supplemented with 
10% fetal bovine serum and 1% penicillin/streptomycin and incubated in a 37˚C and 5% CO2 incubator. 
The cells were transferred to a 96-well plate in a density of 5,000cells/well in 50 µL and grown for 20 
hours at 37˚C for doubling the cells. The GO composites were then added to the wells. Different dosages 



of GO and GO nanocomposite [Ag, Zn, CaF2, Ag-CaF2 and Ca3(PO4)2)] dispersions (0.10, 0.05, and 
0.01% w/v%) were used. The final volume in each well was adjusted to 100 µL and incubated for 24 and 
48 hours, respectively. The MTS assay was carried out by CellTiter 96® AQueous (Promega Corp, Wi, 
USA). Twenty microliters of the kit solution were added and cocultured for 3 hours. Absorbance reading 
was performed in a 96-well microplate (CORNING Costar, 3596) at 490-nm wavelength by SH-1000 
microplate reader (CORONA ELECTRIC, Ibaraki, Japan). 

 
 
 
 

8. Statistical analysis 
Statistical analyses were performed for normality and lognormality tests with Anderson-Darling test, 
D'Agostino & Pearson test, Shapiro-Wilk test, and Kolmogorov-Smirnov test. In addition, Dunn's multiple 
comparisons test was also performed. 



Results and Discussion 

9. Raman spectra of GO 
The Raman spectra (Appendix Figure 13) show the characteristic D and G bands of GO. The G band 
(1605 cm-1) is accredited to the stretching of the bond of the carbon pairs in sp2 hybridization in the 
graphite, and the D (1353 cm-1) band is assigned to the breathing mode of the sp2 carbon rings and 
indicates the presence of oxygen-rich structures (Pei et al. 2018). 

All GO nanocomposites applied on dentin surface had shown the same tendency whereas dentin only 
and dentin treated with Saforide had no existence of GO band. These results confirm the protective layers 
over the dentin surface are none other than GO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix Figure 13. Raman spectra of GO composites. 

The characteristic D and G bands of GO 

 

 
 
 
 
 
 
 

10. SEM EDS analysis of f-GO nanocomposites on the dentin surface 
The SEM EDS (Appendix Figure 14) analysis revealed the inorganic dentin elements such as Ca, P, and 
Mg (Armstrong and Brekhus 1937) on dentin surface analysis. All GO nanocomposites applied on dentin 
surface had shown their individual elements along with dentin components. There might have bonded 
with dentin elements with the applied coating. These results indicate the protective layers over the dentin 
surface are made of each f-GO nanocomposite respectively. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix Figure 14. SEM-EDS analysis of GO-nanocomposites coated dentin surface. 
(a) Dentin only, (b) Saforide, (c) GO, (d) GO-Ag, (e) GO-Ag-CaF2 (f) GO- CaF2, (g) GO-Zn, and (h) GO-Ca3(PO4)2. 



11. XPS analysis for scanning spectrum of f-GO nanocomposites on the dentin 
surface. 

Earlier we discussed elaborately the characteristic peaks of individual elements and their binding energy 
of each component of f-GO nanocomposites. Here, f-GO nanocomposite-coated dentin surfaces were 
exposed to analysis via XPS to confirm their protective layer at the dentin surface. Spectrums discovered 
the existence of each element of different f-GO nanocomposites (Appendix Figure 15) that support SEM 
EDS report, as shown beforehand.  

 

 

Appendix Figure 15: XPS spectra for of GO-nanocomposites coated dentin surface. 
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