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Abstract:

Early enamel demineralization can progress to non-cavitated carious lesions when mineral loss exceeds natural repair. Therefore, it is
of interest to assess the remineralization potential of strontium-doped nano-hydroxyapatite dentifrice (SrnHAP) compared with a
topical cream containing casein phosphopeptide-amorphous calcium phosphate and fluoride (CPP-ACP-F). Hence, ninety non-
carious premolar enamel samples (4x4x1 mm) were demineralized over two cycles and randomly divided into three groups of 30:
Group I received a conventional dentifrice (control), Group II received CPP-ACP-F cream and Group III received SrnHAP.
Calcium/phosphorus ratios were measured by SEM-EDAX at baseline, after demineralization and after remineralization and
compared using one-way ANOVA with post-hoc Tukey tests. Groups II and III showed significantly greater remineralization than
the control, with Group III outperforming Group II (p<0.05). Thus, strontium-doped nano-hydroxyapatite dentifrice showed superior

remineralization compared with CPP-ACP-F and may be useful for remineralizing early carious or white spot lesions.

Keywords: Calcium phosphates, caseins, fluoride treatment, phosphopeptide, tooth remineralization

Background:
Dental caries is a biofilm-mediated, sugar-driven disease in
which repeated acid exposure causes net mineral loss from
enamel and dentin [1-3]. Early enamel lesions present as
subsurface porosity and white-spot changes and may be arrested
or reversed when the balance shifts toward remineralization [4-
10]. Casein phosphopeptide-amorphous calcium phosphate
(CPP-ACP) stabilizes bioavailable calcium and phosphate and
can maintain a supersaturated mineral environment at the tooth
surface; addition of fluoride may further favour fluorapatite-like
mineral deposition [11]. Nano-hydroxyapatite can penetrate
surface irregularities and act as both a mineral source and a
template for apatite re-precipitation [12]. Strontium can
substitute for calcium in the apatite lattice and has been
investigated for its potential to reduce demineralization and
support mineral recovery [10, 13]. Experimental evidence
suggests that combinations of calcium, phosphate and fluoride
ions can enhance remineralization of early enamel lesions [14].
Therefore, it is of interest to compare the remineralization
potential of StnHAP dentifrice, CPP-ACP-F topical cream and a
conventional dentifrice under standardized in vitro conditions.

Materials and Methods:

. S
The study received approval from the Institutional Human
Ethical Committee of Saveetha Dental College and Hospitals,
Ethical Committee of Saveetha Dental College and Hospitals,
with the reference number SDC/Ph.D/07/18/46.

Sample preparation:

Sample size calculation:

Sample size was estimated from the effect reported by Bhat ef al.
using G*Power, with an effect size of 0.804, a = 0.05 and 95%
power [15]. Ninety non-carious premolars extracted for
periodontal or orthodontic indications were screened under
magnification to exclude cracks and fractures. Teeth were
cleaned, stored in fresh normal saline at room temperature and
disinfected with 10% formalin for 1 minute before specimen
preparation. Crowns were sectioned at the cemento-enamel
junction and standardized enamel blocks measuring
approximately 4 x 4 x 1 mm were prepared with a diamond disc.
Baseline elemental composition was assessed by scanning
electron microscopy with energy-dispersive X-ray analysis
(SEM-EDAX; JEOL JSM-840A, Tokyo, Japan) and the calcium
and phosphorus values were recorded before demineralization.

Demineralization process:
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Each specimen underwent two demineralization cycles using
freshly prepared Mclnnes solution composed of 1 mL of 36%
hydrochloric acid, 1 mL of 30% hydrogen peroxide and 0.2 mL of
anaesthetic ether (5:5:1 by volume). The solution was applied to
the enamel surface with a cotton applicator for 5 minutes.
Specimens were then rinsed with deionized water, gently dried
with absorbent paper and stored for 24 hours in artificial saliva
containing Na3PO4 3.90 mM, NaCl 24.29 mM, KCI 17.98 mM,
CaCl2 1.10 mM, MgCI2 0.08 mM, H2504 0.50 mM and NaHCO3
3.27 mM, adjusted to pH 7.2 with distilled water. The same
procedure was repeated for a second cycle [16]. After
demineralization, calcium and phosphorus were reassessed by
SEM-EDAX.

Application of remineralization agent:

Specimens were randomly allocated to three groups of 30:
Group I, conventional dentifrice (control); Group II, topical CPP-
ACP-F cream; and Group III, strontium-doped nano-
hydroxyapatite (SrnHAP) dentifrice.

Preparation of strontium-doped nanohydroxyapatite paste:

The production of SrnHAP involved a co-precipitation process.
A 50 mL solution was initially created by mixing calcium nitrate
tetrahydrate (0.57 M) and strontium nitrate (0.18 M) in a 1:1
ratio. After stirring for 15 minutes, 50 mL of ammonium
dihydrogen orthophosphate (0.45 M) aqueous solution was
slowly added to the mixture. Ammonia was introduced to
maintain a pH of 10, added at a temperature of 80 °C. After
centrifugation at 5500 rpm for 30 minutes and rinse with
distilled water, the resulting suspension underwent
lyophilization to yield a fine powder containing 25 mol %
SrnHAP. This powder was then utilized to prepare the paste. For
the paste formulation, 100 gm of the unique paste was created.
The ingredients included 25 mol% SrHAP, comprising 50% by
weight (wt.) and sorbitol and glycerin as humectants at 30% by
weight (wt.). Sodium lauryl sulfate was taken at 2% by weight
(wt.), sodium alginate at 3% by weight (wt.) and deionized water
at 15% by weight (wt.). The dry ingredients were meticulously
ground using a mortar and pestle until finely powdered to attain
a paste-like texture. Subsequently, they were combined with
glycerin and deionized water. The prepared paste was then
labelled and used in the present study [13]. The Teeth in each
group were treated daily with their respective allocated agents
by using motorized toothbrush for 3 min twice daily (12 h
interval), rinsed with running tap water and stored in artificial
saliva for 28 consecutive days. After the remineralization cycle,
the samples from the control and two experimental groups
underwent a second SEM EDAX examination to evaluate the
calcium-to-phosphorus ratio. Elemental analysis was performed
using scanning electron microscopy (SEM) and energy-
dispersing X-ray analysis (EDAX) on newly manufactured,
unique strontium-doped nano-hydroxyapatite paste.

Statistical analysis:
Obtained values were analyzed using SPSS 22.0 software (SPSS
Inc., Chicago, IL), with a p-value (p < 0.05). Descriptive statistics,
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including the mean and standard deviation, were employed to
assess the characteristics of each group. The normality of the
data was evaluated using the Shapiro-Wilks test. Inferential
statistics such as one-way ANOVA (for between-group
comparisons) and repeated measures ANOVA were utilized.
Post Hoc assessment was done using Tukey's HSD.

Results:

At baseline, the mean calcium and phosphorus levels were 65.32
+0.51 and 21.13 £ 0.75, respectively. Following demineralization,
these decreased to 55.22 + 0.47 and 15.69 + 0.53. Following the
28-day remineralization protocol, Group 1 demonstrated
minimal recovery. Group II showed increases in calcium and
phosphorus to 64.35 + 0.37 and 19.87 £ 0.39, whereas Group III
exhibited the highest post-treatment values of 65.48 + 0.53 and
21.05 = 0.76, respectively (Table 1-3). Table 1 compares the
reported enamel elemental measurements across experimental
stages. Mean calcium decreased from 65.32+0.51 to 55.22+0.47
and mean phosphorus from 21.13+0.75 to 15.69+0.53 following
demineralization. After treatment, the conventional dentifrice
group remained near the demineralized values (55.24 and 15.76);
the CPP-ACP-F group increased to 64.35 and 19.87, whereas the
SrnHAP group reached 65.48 and 21.05, respectively. Table 2
reports the difference in group means after remineralization
relative to the post-demineralization overall mean. Calcium and
phosphorus  differences were +0.02/+0.07 for control,
+9.13/+4.18 for CPP-ACP-F and +10.26/+5.36 for SrnHAP.
These are arithmetic differences of means and must not be
interpreted as participant- or specimen-level paired changes.
Table 3 lists ratios of mean elemental measurements, which
were 3.09 at baseline and 3.52 after demineralization, followed
by 3.51 in controls, 3.24 with CPP-ACP-F and 3.11 with SrnHAP.
The return toward baseline in the SrnHAP group should be
interpreted with caution because the table does not specify
whether SEM-EDAX data are atomic or weight percentages.

Table 1: Comparison of mean calcium and phosphorus content at baseline, after
demineralization and after remineralization

Study stage/group Calcium Phosphorus
(Mean + SD)  (Mean  SD)
Baseline 65.32 £ 0.51 21.13 £0.75
After demineralization 55.22 +0.47 15.69 £ 0.53
Group I - Conventional dentifrice ~ 55.24 + 0.49 15.76 + 0.49
Group II - CPP-ACP-F 64.35 £ 0.37 19.87 £ 0.39
Group III - StnHAP 65.48 + 0.53 21.05 +0.76

Table 2: Comparison of calcium and phosphorus
remineralization among the three groups

recovery following

Treatment group Calcium recovery  Phosphorus
recovery
Group I - Conventional dentifrice ~ +0.02 +0.07
Group II - CPP-ACP-F +9.13 +4.18
Group III - SrnHAP +10.26 +5.36

Recovery calculated as the treatment-group mean after remineralization minus the reported
overall post-demineralization mean. These are descriptive differences, not specimen-level
paired changes.

Table 3: Descriptive calcium-to-phosphorus ratios at different study stages

Study stage/group Mean Ca/P ratio*
Baseline 3.09
After demineralization 3.52
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Group I - Conventional dentifrice ~ 3.51

Group II - CPP-ACP-F 3.24

Group III - SrnHAP 3.11
*Ratios calculated by dividing the reported group mean calcium value by the reported group
mean phosphorus value. These are ratios of means, not mean individual specimen Ca/P
ratios. Interpretation depends on whether the original SEM-EDAX results are atomic or
weight percentages.

Discussion:

Demineralization and remineralization are dynamic processes
governed by the balance between mineral loss and mineral
redeposition in enamel hydroxyapatite. When partially
demineralized crystals remain structurally intact, favourable
ionic conditions can permit mineral recovery rather than
cavitation [17, 18]. In the present study, SEM-EDAX was used to
quantify calcium and phosphorus at baseline, after
demineralization and after the 28-day remineralization protocol.
Energy-dispersive =~ X-ray  analysis provides elemental
information from defined surface regions, while SEM permits
simultaneous evaluation of surface morphology [19, 20]. The
pH-cycling and remineralization approach was based on
previously published laboratory methods [21].
The conventional dentifrice showed little recovery after
demineralization, whereas both CPP-ACP-F and SrnHAP
increased calcium and phosphorus values, with the SrnHAP
group showing the greatest recovery. These findings are
consistent ~ with  earlier ~work reporting favourable
remineralization and cytocompatibility of strontium-doped
nano-hydroxyapatite formulations [22]. Krishnan et al. similarly
reported that strontium-doped nano-hydroxyapatite enhanced
repair of demineralized enamel compared with comparator
calcium-phosphate systems [23]. CPP-ACP-based agents also
have established remineralizing potential because casein
phosphopeptides stabilize amorphous calcium phosphate and
maintain calcium-phosphate ion activity at the enamel surface.
Systematic and laboratory evidence supports the benefit of CPP-
ACP and fluoride-containing formulations for white-spot and
early enamel lesions, although results vary with formulation and
study design [24, 25]. The effectiveness of remineralization is
also influenced by pH and by the surrounding calcium and
phosphate concentrations; therefore, the traditional -critical
enamel pH should be regarded as a context-dependent value
rather than a fixed threshold [26, 27]. A plausible explanation for
the greater mineral recovery observed with SrnHAP is
substitution of strontium for calcium within apatite together
with nano-hydroxyapatite-mediated nucleation. Strontium-
containing systems have been reported to reduce enamel mineral
loss and to promote apatite precipitation on demineralized
dental tissues [28, 29]. The present results do not imply that
CPP-ACP-F lacks efficacy; rather, under this specific laboratory
protocol, SrnHAP produced a greater restoration of the
measured calcium/phosphorus profile. Previous studies have
confirmed the remineralizing potential of CPP-ACP [30] and a
synergistic effect when fluoride is incorporated into calcium-
phosphate systems [31]. Emerging approaches, including self-
assembling peptides, may provide additional non-invasive
strategies for early enamel repair [32, 33]. Published in vitro and
clinical investigations of strontium-doped nano-hydroxyapatite
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formulations support discussing enamel mineral recovery and
other potential functional properties; the clinical trial and in vitro
models are not directly interchangeable. [34] [35] these findings
should be interpreted within the limits of an in vitro model.
SEM-EDAX describes elemental recovery at sampled surface
regions and does not by itself establish lesion-depth
remineralization, long-term acid resistance, clinical caries arrest,
or patient-centred benefit. Saliva, pellicle, oral biofilm, dietary
exposures, brushing behaviour and repeated pH fluctuations in
vivo may alter treatment performance. Future studies should
combine surface elemental analysis with microhardness,
transverse microradiography or micro-CT and repeated acid-
challenge testing, followed by well-controlled clinical trials in
early carious and orthodontic white-spot lesions.

Conclusion:

Strontium-doped nano-hydroxyapatite dentifrice produced
greater recovery of enamel calcium and phosphorus than CPP-
ACP with fluoride and the conventional dentifrice under the
tested protocol. Thus, data support further laboratory and
clinical evaluation of SrnHAP for early carious and white-spot
lesions, but they do not by themselves establish clinical
superiority.

Limitations:

This study used artificially demineralized enamel specimens
under controlled laboratory conditions and therefore did not
reproduce the effects of saliva, pellicle, biofilm, diet, patient
behaviour, or repeated clinical acid challenges. Only one
SrnHAP formulation and one CPP-ACP-F comparator were
tested. Future studies should compare additional remineralizing
agents, include complementary measures such as microhardness
and lesion-depth analysis, assess resistance to subsequent
demineralization and evaluate safety and effectiveness in clinical
white-spot and early-caries lesions.
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