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ARTICLE INFO ABSTRACT

Keywords:
Dental caries

Objective(s): This study aimed to evaluate and compare the remineralization potential of plant-based Galla
chinensis extract (GCE) with nanohydroxyapatite (nHAp), chicken eggshell-derived nHAp (CES nHAp), and fish
scale-derived nHAp (FS nHAp), against casein phosphopeptide-amorphous calcium phosphate fluoride (CPP-
ACPF), on early artificial enamel lesions in human premolars.

Materials and methods: A total of 148 human premolar specimens were prepared and demineralized to simulate
early enamel caries, with five intact samples serving as baseline controls. Among these, 48 samples underwent
surface microhardness testing using the Vickers hardness test, 60 were analyzed for lesion depth using Polarized
Light Microscopy (PLM), 30 for elemental composition using Energy Dispersive X-ray (EDX) spectroscopy, and 10
for surface morphology using Scanning Electron Microscopy (SEM). The specimens were randomly assigned into
five groups: demineralized control, CPP-ACPF, GCE with nHAp, CES nHAp, and FS nHAp. A seven-day pH cycling
regimen simulated the oral environment. Microhardness values before demineralization (SMH1), after demin-
eralization (SMH2), and after remineralization (SMH3) were recorded to calculate percentage surface micro-
hardness recovery (%SMHR).

Results: The GCE nHAp group exhibited the highest %SMHR and the shallowest lesion depth, with EDX con-
firming a significantly higher calcium-to-phosphorus ratio. SEM images revealed smoother, more uniform sur-
faces in this group. CES nHAp and CPP-ACPF demonstrated moderate remineralizing effects, while FS nHAp
showed the least efficacy, with no significant difference from CPP-ACPF.

Conclusion(s): GCE combined with nHAp was the most effective remineralizing agent, followed by CES nHAp and
CPP-ACPF. These findings suggest that natural plant- and animal-derived biomaterials offer promising,
biocompatible alternatives for non-invasive enamel caries management.

ToothDemineralization
Tooth remineralization
Plant extracts

Fish products
Hydroxyapatite
Nanoparticles

Fluoride is a well-established remineralizing agent that enhances
enamel resistance by forming fluorapatite, which is less soluble in acidic

1. Introduction

Dental caries is a multifactorial, biofilm-mediated disease charac-
terized by enamel demineralization under acidic conditions produced by
bacterial metabolites.' Enamel, primarily composed of hydroxyapatite
crystals, remains in equilibrium with saliva at neutral pH.>* A drop in
pH below 5.5 disrupts the crystal lattice, leading to mineral loss and
enamel breakdown. Remineralization occurs when pH is restored and
calcium and phosphate ions from external sources facilitate hydroxy-
apatite reformation.” When demineralization outweighs remineraliza-
tion, early enamel caries develops and may progress to cavitation if
untreated.”

environments.® However, fluoride alone is insufficient for complete
remineralization, as adequate calcium and phosphate ions are essential.”
Moreover, excessive fluoride exposure can result in fluorosis and sys-
temic concerns. These limitations have driven interest in alternative
agents such as casein phosphopeptide-amorphous calcium phosphate
(CPP-ACP), which supplies bioavailable calcium and phosphate ions.®
The combination of CPP-ACP with fluoride (CPP-ACPF) has shown su-
perior remineralization and iscan be regarded as a gold standard.’
Biomimetic materials, particularly nano-hydroxyapatite (nHAp),
have gained attention due to their structural and chemical similarity to
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Fig. 1. Grouping of samples.

enamel.'? Nano-hydroxyapatite particles (nHAp) exhibit enhanced sol-
ubility, effective defect filling, and promote compact enamel surface
formation.!! Sustainable plant- and animal-derived remineralizing
agents have also been explored. Galla chinensis extract (GCE), a tradi-
tional Chinese herbal medicine, has demonstrated inhibition of demin-
eralization and enhanced mineral deposition.'>'® Animal-derived
sources such as chicken eggshells and fish scales, rich in hydroxyapa-
tite and calcium, provide biocompatible and biodegradable alterna-
tives. ' Eggshell-derived nHA can infiltrate enamel porosities, while fish
scales, containing collagen and hydroxyapatite, serve as valuable bio-
materials for enamel remineralization.'>'®

To the best of our knowledge, no studies have compared the remi-
neralizing efficacy of plant-based agents and animal-derived nano-
hydroxyapatite in reversing early enamel caries. Therefore, this study
aimed to evaluate the remineralizing potential of Galla chinensis with
nanohydroxyapatite, chicken eggshell-derived nanohydroxyapatite, and
fish scale-derived nanohydroxyapatite in comparison with CPP-ACPF.
The first null hypothesis was that there would be no significant differ-
ence in microhardness recovery among the tested remineralizing agents.
The second null hypothesis stated that there would be no significant
difference in lesion depth following remineralization. The third null
hypothesis proposed that there would be no significant difference in the
Ca/P ratio of early enamel caries treated with the different remineral-
izing agents.

2. Materials & methodology
2.1. Specimen collection

This study was conducted in the Department of Conservative
Dentistry & Endodontics in collaboration with Centre for Advanced
Research at I.T.S Centre for Dental Studies & Research, Ghaziabad and
KIET School of Pharmacy, Ghaziabad. The protocol was reviewed and
approved by the institutional ethical clearance committee under pro-
tocol number ITSCDSR/IIEC/LD/CONS/2022-25/002.

2.2. Specimen size determination

The sample size was calculated using the sample size calculator
software program G. Power (version 3.1.9.7). The sample size calcula-
tion was based on 95% confidence interval and a power of 90%. The
minimum sample size estimated for this study was one hundred forty-
eight.

2.3. Specimen selection

With the patient's consent, one hundred forty-eight human maxillary
premolars extracted for orthodonticreasons were collected for the study.
The inclusion criteria included non-carious, intact crowns and teeth free
from restorations. The samples were examined under an operating
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microscope (10x) to ensure there were no cracks, fractures, or
anatomical developmental anomalies. The teeth were then disinfected
by autoclaving at 121 °C at 15 lbs psi and stored in freshly prepared
artificial saliva Fusayama artificial saliva described by Olssom et al.'”
containing NaCl (6.8 mmol/L), KCl (5.4 mmol/L), CaCly,.2H,0 (2.7
mmol/L), NaH,PO4.H>0 (5.0 mmol/L), NayS.9H,0 (21 pmol/L), and
Urea (16.7 mmol/L)'® titrated to pH 7.0 with NaOH until further use.

2.4. Specimen preparation

The crowns were detached from the roots using a diamond disc on a
slow-speed handpiece and then divided into two halves along the mesio-
distal axis to obtain buccal enamel samples (N = 148). The samples were
embedded in acrylic resin with the buccal surface facing upward, and
the enamel was sequentially polished using silicon carbide abrasive
papers with grit sizes 1000, 600, and 320 to create flat surfaces. A 3x3
wax sheet was applied to the buccal surfaces to form a window, while
the rest of the enamel was coated with acid-resistant nail varnish.'®

2.5. Grouping of samples

The prepared enamel specimens were randomly allocated to the
experimental groups using a simple randomization method to ensure
equal and unbiased distribution among the groups.

Out of a total of 148 samples, 48 were assigned for microhardness
testing using Vicker's Microhardness tester, 60 for mean lesion depth
using PLM, 10 for SEM analysis and 30 for EDX analysis (Fig. 1).

2.6. Microhardness testing

Forty-eight samples were used for microhardness testing. A Vickers
hardness tester (Banbros, India) with a diamond indenter was used to
measure the baseline surface microhardness (SMH;) of all 48 samples,
applying a 500 g load for 15 5.%° The samples were then demineralized to
mimic early enamel caries using a solution containing 2.2 mM calcium
chloride, 2.2 mM monosodium phosphate, and 0.05 M lactic acid. The
pH was adjusted to 4.5 with 50% sodium hydroxide and confirmed using
a calibrated digital pH meter.”’ Samples were immersed in this demin-
eralizing solution in glass containers and incubated at 37 °C for 96 h.
The solution was regularly replaced to maintain pH and prevent mineral
buildup. After 96 h, samples were rinsed with deionized water for 30 s,
air-dried for 5 s, and stored in sterile containers. Microhardness was then
re-evaluated to obtain the post-demineralization value (SMHy).
Following this, the remineralization was done according to the assigned
groups.

2.7. Preparation of tested remineralizing agents
I) CPP-ACPF

The commercially available GC Tooth Mousse Plus® was used.

II) GCE with nHAp

10 g of commercially available nHAp powder (Vedayukt India Pri-
vate Limited) was mixed with 90 ml of distilled water and then water
was added until the final volume was 100 ml to obtain 10% aqueous
slurry of nHAp. 4000 ppm GCE aqueous solution was made from GCE

powder (BulkSupplements.com). Equal proportion of 10% nHAp and
GCE solution was mixed with each other.??

II1) CES nHAp
Eggshells from a local hatchery were cleaned, dried, ground, and

sieved. The powder was ball-milled for 5 days, and nanoparticles were
formed through a precipitation reaction:
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CaCOj3 + 2HCI — CaCl, + CO, + H30.

The solution was mixed with water and surfactant, then centrifuged.
The particles were dried and then used to prepare a 10% aqueous slurry
of CES nHApby mixing with distilled water followed by sonication using
ultrasonic heater.?*

IV) FS nHAp

Fish scales from Labeorohita were sourced from a local market,
washed, soaked in hydrochloric acid (HCI) to remove impurities, then
dried. The scales were ground into particles, heated in a furnace, and
wet-ground using ball milling for 48 h. The resulting slurry was dried
using a spray dryer to obtain FS nHAp powder.'® A 10% aqueous slurry
of FS nHAp was then made by mixing with distilled water followed by
sonication.

2.8. pH assessment

The pH of all experimental groups was measured using a calibrated
digital pH meter (BOECO, Germany). Approximately 50 mL of each
experimental solution was transferred into a clean beaker, and pH
readings were recorded and was found to be alkaline for all the groups.

2.9. Nano particle size characterization

Nano particle size distribution for all nano particle groups was
assessed using Dynamic Light Scattering (DLS). and results were
expressed as volume-based size distribution, along with Z-average size
and polydispersity index (PDI) to evaluate particle size and dispersion.

2.10. The pH cycling model

0.1M tris buffer (hydroxymethyl aminomethane), 0.05 ppm fluoride
in the form of NaF, 0.9 mM phosphorus in the form of KHoPO4, and 1.5
mM calcium in the form of Ca (NO3), with a pH of 7 was used to prepare
the remineralizing solution. In the pH cycling model, the remineralizing
agent from respective groups was applied to the samples for 5 min,
followed by a 5-s rinse with deionized water. To mimic the daily acidic
challenges in the oral environment, the teeth were then immersed in the
demineralizing solution for 3 h. Then the samples were placed in the
prepared remineralizing solution for the remaining 21 h of the 24-h
cycle. This process was repeated daily for 7 days, with the demineral-
izing and remineralizing solutions being replaced every 3 days.>*

After remineralization, microhardness was again evaluated to obtain
post-remineralization surface microhardness (SMH3) in a similar
manner.

The percentage surface microhardness recovery (%SMHR) was
recorded”

The formula used was:

%SMHR = (SMH; — SMH,) / (SMH; — SMH,) x 100%

2.11. Mean depth of lesion

Sixty samples were used to evaluate the mean depth of enamel le-
sions. Demineralization was carried out as previously described. Twelve
of the demineralized samples (demineralized control) were assessed for
mean lesion depth using morphometric analysis and examined under
polarized light microscopy (PLM). For this, the buccal surfaces were
sectioned longitudinally into mesial and distal halves and ground to a
thickness of 100-150 pm. After rinsing, the sections were placed on
slides and viewed under PLM at 40x magnification. Photomicrographs
were taken, and the demineralized areas were measured three times
using ImageJ software to determine the mean lesion depth for each
sample.”>”” The remaining 48 samples were divided into four
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Fig. 3. Graph depicting Intergroup comparison of % Surface Microhard-
ness Recovery.

Table 2
Intergroup comparison of Mean Lesion Depth (um).

20
§ Group Mean =+ SD 95% CI for Mean
§ © Lower Upper
Demineralized Control 95.28 + 8.61 89.81 100.75
CPP-ACPF 70.10 £ 5.96* 66.31 73.89
5 GCE nHAp 32.34 + 4.79 29.29 35.38
CES nHAp 52.10 + 7.39 47.41 56.79
FS nHAp 62.54 + 9.06% 56.79 68.30
o
o ! L 1000 10000 One-way ANOVA; Post hoc Tukey test.
Same superscript in lowercase indicates non-significant difference among the
| FS nHAp groups with p < 0.05 considered as statistically significant.
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Fig. 2. Nanoparticle characterization using Dynamic Light Scattering. 0
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Table 1
Intergroup comparison of % Surface Microhardness Recovery.

Group Mean + SD 95% CI for Mean

Lower Upper
CPP-ACPF 32.40 + 2.81* 30.62 34.18
GCE nHAp 45.63 + 4.04 43.06 48.19
CES nHAp 36.39 + 3.94 33.89 38.90
FS nHAp 30.49 + 2.707 28.78 32.21

One-way ANOVA; Post hoc Tukey test.
Same superscript in lowercase indicates non-significant difference among the
groups with p < 0.05 considered as statistically significant.

remineralization groups of twelve and treated with different reminer-
alizing agents using the pH cycling model described earlier. After
remineralization, lesion depth was re-evaluated.

Fig. 4. Graph depicting Intergroup comparison of Mean Lesion Depth (pm).
2.12. SEM analysis

Ten samples were used for SEM analysis. Demineralized was done as
previously described. Two samples (demineralized control) were then
prepared for SEM by undergoing ultrasonication for 10 min, rinsed with
deionized water, air-dried, gold-sputtered, and examined under a
scanning electron microscope (SEM) (Nova Nano SEM™, Thermo
Fisher, USA) at 5000x magnification to observe enamel surface micro-
structure.”®?° After remineralization using the pH cycling model, the
remaining eight samples were similarly evaluated under SEM.

2.13. EDX analysis

Thirty samples were used for EDX analysis out of which 5 served as
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CPP ACPF

4

Fig. 5. Polarized Light Microscopy images of samples at 40x.

Table 3
Intergroup comparison of Ca/P Ratio.

Group Mean =+ SD 95% CI for Mean
Lower Upper

Intact Control 2.20 £ 0.02 2.18 2.23
Demineralized Control 1.41 +£0.09 1.30 1.52
CPP ACPF 1.61 + 0.08% 1.51 1.71
GCE nHAp 2.01 +0.14 1.84 2.19
CES nHAp 1.79 + 0.04 1.75 1.84
FS nHAp 1.60 + 0.04% 1.55 1.65

One-way ANOVA; Post hoc Tukey test.
Same superscript in lowercase indicates non-significant difference among the
groups with p < 0.05 considered as statistically significant.

intact controls. The remaining 25 samples underwent demineralization.
After this, 5 samples (demineralized control) were first subjected to EDX
analysis (Bruker, UK) in order to assess the Calcium:Phospahte (Ca/P)
ratio of enamel. Following this, the remineralization of 20 samples with
5 in each reminerlization group was done by the procedure as described
earlier. Finally, EDX analysis of these remineralized samples was done.

All outcome assessments, including surface microhardness testing,
lesion depth evaluation, SEM analysis, and EDX analysis, were per-
formed by a singleexaminer who was blinded to the group allocation to
minimize observational bias.

2.14. Data analysis

All the collected data was entered in MS Excel. Descriptive statistics
was performed by calculating mean and standard deviation for the
continuous variables. The data was analyzed using IBM SPSS (Statistical
Package for Social Sciences) 25.0 Version (IBM Corp 2013, New York,
USA). Pairedt-testwasconductedforcomparisonofthehardness  after
demineralization and after remineralization. Theintergroupcompar-
isonofthe % SMHR wasconductedusingOne-way ANOVA test (level of
significance<0.05). Pairwise comparison of %SMHR was done by Post
hoc Tukey test (level of significance<0.05). Inter-
groupcomparisonofmean lesion depth was done by One-way ANOVA
test (level of significance<0.05). Pairwise comparison of mean lesion
depth was done usingPosthocTukeytest(levelofsignificance<0.05).
Pairedt-testwasconductedforcomparisonofbaseline, =~ remineralization
and demineralization Ca/P ratio (level of significance<0.05). Inter-
groupcomparisonofCa/P was done by One-way ANOVA test (level of
significance<0.05).

3. Results

For GCE nHAp, the Z-average was 49.07 nm with a PDI of 0.226,
indicating moderate uniformity, while the volume-weighted size was
6.85 nm (100% by volume), meaning most particles were small and
monodisperse (Fig. 2). CES nHAp showed a major particle population of
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Fig. 6. Graph depicting Intergroup comparison of Ca/P Ratio.

11.2 nm (98.7% volume) and a minor population of 64.3 nm (1.3%
volume). The Z-average was 58.22 nm with a PDI of 0.214, indicating
almost uniform distribution (Fig. 2). FS nHAp showed a bimodal dis-
tribution with a major population of 13.2 nm (94.6% volume) and a
minor population of 52.9 nm (5.4% volume). The Z-average was 49.22
nm with a PDI of 0.420, indicating that the particle distribution had
moderate polydispersity (Fig. 2).

The percentage of Surface Microhardness Recovery (%SMHR) was
greatest in the GCE nHAp group, followed by the CES nHAp group, while
the FS nHAp group exhibited the lowest %SMHR. The intergroup dif-
ferences were statistically significant (p < 0.05), with a 95% confidence
interval and a large effect size (n2 = 0.76). Furthermore, the %SMHR in
the FS nHAp group was significantly lower compared to both the GCE
nHAp and CES nHAp groups (p < 0.05), whereas no statistically sig-
nificant difference was observed between the FS nHAp and CPP-ACPF
groups (p > 0.05) (Table 1, Fig. 3).

The demineralized Control group exhibited the maximum mean
lesion depth (pm), while the GCE nHAp had the least mean lesion depth
followed by CES nHAp, FS nHAp, and CPP-ACPF. Post hoc Tukey anal-
ysis indicated that there was no significant difference between FS nHAp
and CPP-ACPF groups (p > 0.05), whereas all other intergroup com-
parisons were statistically significant (p < 0.05) with an overall large
effect size (n2 =0.90) and 95% confidence interval. (Table 2, Figs. 4 and
5).

A significant intergroup difference in Ca/P ratio was observed (p <
0.05; 12 = 0.93). All treatment groups showed higher Ca/P ratios than
the demineralized control. GCE nHAp achieved values comparable to
the intact control (95% CI), while CES nHAp showed intermediate
improvement. CPP-ACPF and FS nHAp were statistically similar (p >
0.05) (Table 3, Figs. 6 and 7).

The SEM pictures revealed that after demineralization, the treated
enamel surface exhibited a loss of the enamel prism core while retaining
the periphery. In contrast, the remineralized groups displayed a mineral
layer formed on the enamel surface, effectively restoring the enamel
prism defect (Fig. 8).

4. Discussion

Early enamel caries represents the initial stage of demineralization
and can be reversed or arrested through remineralization strategies. In
recent years, natural plant- and animal-derived materials have gained
attention as potential remineralizing agents. Galla chinensis extract
(GCE), a traditional Chinese herbal medicine, and animal-derived

nanohydroxyapatite (nHAp) obtained from chicken eggshells and fish
scales have demonstrated promising remineralization potential. The
novelty of the present study lies in the comparative evaluation of these
natural biomaterials for enamel remineralization.

In this study, GCE combined with nHAp exhibited the highest
remineralizing potential, reflected by the greatest percentage surface
microhardness recovery (%SMHR). This may be attributed to bioactive
components of GCE, such as tannins and gallic acid, which act as calcium
ion carriers and promote mineral crystal reformation.’>>! The syner-
gistic effect of GCE and nHAp enhanced mineral deposition, resulting in
a denser and more uniform mineral layer. Similar observations were
reported by Huang et al.,”> who demonstrated superior surface crystal
regularity with GCE + nHAp compared to nHAp alone.

Chicken eggshell-derived nHAp (CES nHAp) showed superior remi-
neralization compared to CPP-ACPF and fish scale-derived nHAp (FS
nHAp). This may be due to its higher crystallinity, buffering capacity,
and irregular rod-like morphology, which increases surface area for acid
neutralization and ion deposition. These findings align with those of
Mkhize et al.,'® who reported greater remineralizing efficacy of CES
nHAp compared to.

FS nHAp. The higher microhardness observed with CES nHAp may
also be attributed to its hydrophilic nature, facilitating calcium and
phosphate precipitation on enamel surfaces.’>** CPP-ACPF demon-
strated moderate %SMHR owing to its ability to release calcium and
phosphate ions in combination with fluoride, forming acid-resistant
fluorapatite.” FS nHAp also exhibited microhardness recovery compa-
rable to CPP-ACPF, likely due to its hydroxyapatite content.'® Accord-
ingly, the first null hypothesis was rejected.

All remineralized groups showed a significant reduction in mean
lesion depth compared to the demineralized control, with the greatest
reduction observed in the GCE nHAp group. This may be attributed to
enhanced ion diffusion into the lesion body facilitated by GCE, pro-
moting subsurface remineralization.'>*?> While nHAp alone primarily
promotes superficial remineralization (20-40 pm), its combination with
GCE resulted in improved lesion depth reduction. CPP-ACPF, CES nHAp,
and FS nHAp also significantly reduced lesion depth, although to a lesser
extent, possibly due to preferential surface mineral deposition limiting
deeper ion penetration. The shorter application duration (7 days) may
have further constrained CPP-ACPF efficacy, as supported by Thierens
et al.>*. Polarized light microscopy confirmed these findings through a
shift from positive to negative birefringence, indicating lesion arrest and
mineral gain. Thus, the second null hypothesis was rejected.

SEM analysis revealed the formation of a newly developed apatite
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Fig. 7. EDX images of samples.

layer on the enamel surface in allremineralized groups, restoring pris-
matic and interprismatic structures. EDX analysis corroborated these
findings, demonstrating the highest Ca/P ratio in the GCE nHAp group,
followed by CES nHAp, with the lowest values observed in the CPP-ACPF
and FS nHAp groups. Consequently, the third null hypothesis was
rejected.

The strength of this study lies in its comprehensive evaluation of
various remineralizing agents which addresses a gap in remineralization
research, particularly regarding sustainable and cost-effective alterna-
tives to fluoride-based therapies. Furthermore, the use of multiple
analysis methods, such as Vickers microhardness testing, PLM, and EDX
allow for a detailed understanding of how each treatment interacts with
enamel at both the structural and elemental levels. The incorporation of
real-world conditions, such as using human maxillary premolars and
simulation of the oral environment, enhances the study's relevance and
applicability. Inevitably, certain in-vitro limitations exist, such as the
absence of human saliva, plaque, and varying susceptibility of teeth.

Moreover, the duration of the remineralization protocol was limited to
seven days, which may not adequately reflect the long-term stability,
durability, and resistance of the newly formed mineral layer under
prolonged acidic challenges encountered in the oral environment.Thus,
future in-vivo studies are needed to validate these results over longer
periods.

5. Conclusions

Within the limitations of this study, all the tested agents demon-
strated a remineralizing potential on early enamel caries. Galla chinensis
extract combined with nanohydroxyapatite showed the highest remi-
neralization potential across microhardness recovery, lesion depth
reduction, and Ca/P ratio enhancement, outperforming other alterna-
tives as well as the conventional CPP-ACPF. Chicken eggshell-derived
nanohydroxyapatite showed superior outcomes compared to CPP-
ACPF, whereas fish scale-derived nanohydroxyapatite exhibited a
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CPP ACPF

Fig. 8. SEM images of samples at 5000x.

remineralization effect comparable to CPP-ACPF. These findings suggest
that natural biomimetic materials, particularly plant-based combina-
tions, represent promising adjuncts for enamel caries management.
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