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Purpose: The effectiveness of a hydroxyapatite (HAP) toothpaste and a fluoride toothpaste 
in preventing root tissue demineralization (root caries) was compared using an established 
pH-cycling caries model.
Materials and Methods: Sixty dentin blocks were produced from the root tissue of 
extracted human teeth and were assigned to 3 test groups (n=20/group): 10% hydroxyapatite 
toothpaste (HAP), 1450 ppm fluoride toothpaste (fluoride), and artificial saliva (artsaliva). 
Early root caries lesions were developed in each sample by 7-day demineralization using 
a pH-cycling caries model. The daily cyclic treatment regimen consists of two 2-minute 
toothpaste-slurry treatment periods, one 6-hour acid challenge using acidified gel (pH 4.5), 
and then storage in remineralizing solution (artsaliva) for the rest of the time. 
Demineralization was assessed as the amount of mineral loss (∆z) using transverse micro-
radiography (TMR). Pairwise comparisons (between treatments) were performed using 
analysis of variance (ANOVA), and then Tukey’s HSD for multiple comparisons. All 
p-values are considered significant if p<0.05.
Results: Both ANOVA and Tukey’s HSD indicated no significant (ANOVA; n=20) differ-
ence in mean ∆z among the groups, with least ∆z (±Sd) in the HAP (1117±366) compared to 
fluoride (1392±334) and artsaliva (1406±223). Relative to control, HAP and fluoride inhib-
ited root demineralization by 21% and 6%, respectively.
Conclusion: Within the limit of the present study, the tested toothpaste containing 10% 
HAP is an effective root caries control toothpaste. Toothpaste containing 10% HAP was 
slightly more effective in preventing tooth demineralization than 1450 ppm fluoride provided 
as sodium fluoride. Thus, this study shows that HAP toothpastes can serve as an effective 
alternative to fluoride toothpastes for root caries management.
Keywords: hydroxyapatite, fluoride, pH cycling, artificial saliva, demineralization, 
toothpaste

Introduction
Root caries is one of the main upcoming issues in dentistry.1,2 Interestingly, 
measuring the exact prevalence of root caries is challenging, as the studies that 
have been performed are focusing on certain risk groups, thus leading to a bias 
when comparing the data.1 However, there is clear consensus that root caries is 
a growing concern in oral health.3

Individuals now retain their teeth longer in life due to wide availability of 
preventive and therapeutic oral care products, increased awareness of the impor-
tance of good oral hygiene as well as the current increased life expectation.4,5 This 
is creating new challenges for dental treatments. One of those challenges is the 
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exposure of root surfaces due to gingival recession, con-
sequent to periodontal diseases.6,7 Tooth root is made of 
dentin that consists of approximately 70% inorganic mate-
rials and 30% organic matrix and water, unlike the enamel 
that is made of about 97% inorganic mineral and 3% 
organic materials and water. The inorganic materials of 
the dentin and enamel is the hydroxyapatite. While the 
crystal sizes of this naturally occurring hydroxyapatite are 
reported to be 160 to 1000 nm length, 40 to 120 nm width, 
and 25nm thickness in tooth enamel, it is about 50 nm 
length, 20 nm width, and 2–5 nm thickness in dentin.8 

These factors make dentin less mineralized compared to 
enamel, and as such more susceptible to acid dissolution 
compared to enamel (critical pH for enamel and dentin 
dissolution are 5.5 and 6.2, respectively).9,10 

Consequently, root surfaces are more prone to develop 
cavities compared to enamel.11 Thus, root caries is an 
increasing clinical problem, and as such demands effective 
preventive strategies.12

Fluoride interventions have the most consistent ben-
efit in caries control with the highest level of supporting 
evidence.13–15 However, there are limited data on the 
relative preventive and therapeutic effects of fluoride 
on dentin.16,17 There are research evidences supporting 
tooth brushing with high-fluoride dentifrice (5000 ppm 
F) to be more effective in controlling root caries,18–20 

but high-fluoride toothpastes with 5000 ppm fluoride are 
only available by prescription from dentists. 
A recommended alternative is the combination of 
a standard fluoride dentifrice (1100 ppm F) and 
a professional fluoride application such as fluoride var-
nish, fluoride gel or 38% silver diamine fluoride.16,17,21– 

24 Thus the current recommendation for prevention of 
root caries entails the individual having access to 
a dentist. Besides, fluorides, in general, need calcium 
and phosphate ions to be effective in preventing and 
remineralizing the tooth surface.25,26 Thus, it is envision 
that a caries preventive formulations that provide addi-
tional calcium and phosphate ions to enhance the pre-
ventive potential of saliva may be more effective for 
prevention of root caries.

Today, toothpastes and other oral care products with 
calcium phosphates, such as microcrystalline hydroxyapa-
tite, have been studied intensively.27–32 Several clinical, 
in situ and in vitro studies have demonstrated the efficacy 
of hydroxyapatite in preventing the development of dental 
caries and remineralizing initial caries lesions.27,28,31–33 

Furthermore, particulate hydroxyapatite has been shown 

to be a calcium-releasing and a pH buffering agent,30 and 
as such it is envisioned to enhance the caries protective 
effect of saliva.

Therefore, the present study investigated the effective-
ness of toothpaste containing hydroxyapatite (HAP) in 
preventing root tissue demineralization (root caries), com-
paring it with a standard fluoride toothpaste containing 
1450 ppm fluoride as sodium fluoride (NaF). This will be 
conducted using a net-demineralization pH-cycling caries 
model with objective measurement of mineral loss using 
transverse microradiography (TMR).34–36 Our null hypoth-
esis was that there would be no statistically significant 
difference between HAP-containing toothpastes and the 
standard fluoride toothpaste in preventing root tissue 
demineralization.

Materials and Methods
Specimen Preparation
This study was conducted in accordance with the ethical 
standards outlined in the 1964 Declaration of Helsinki and 
its later amendments. Following the approval of the 
Institutional Review Board (IRB Approval #: 
HSC20080233N) of the University of Texas Health San 
Antonio (UTHSA), written informed consent was obtained 
from patients undergoing teeth extraction in the UTHSA 
oral surgery clinic, permitting the authors to collect the 
extracted teeth of the individual patients. Unidentifiable 
sound human teeth extracted due to either orthodontic or 
third-molar impaction reasons, and appropriately disposed 
in various clinics of UTHSA School of Dentistry, were 
collected and autoclaved (121°C for 15 minutes), and the 
root surfaces were planned to remove the cementum from 
the root surfaces. Using a water-cooled diamond wire saw 
(Walter Ebner, Switzerland), three dentin block (≈3 mm 
length x 3 mm width x 2 mm thickness) were cut from the 
cervical region of the root of each of the 20 teeth used. 
A total of 60 dentin blocks were produced. The surfaces of 
each block were coated with two layers of acid-resistant 
nail varnish, except one exposed surface (3 mm x 3 mm). 
Prior to use the specimens were stored at 100% relative 
humidity at 4°C.

Preparation of Treatment Solutions
Standard remineralization solution and demineralization gel 
were prepared as described in our previous publications.34,35 

The composition of the artificial saliva (AS) that served the 
dual functions of simulated saliva and remineralization 
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solution is shown in Table 1. The demineralization gel (DG) 
was prepared by adding 0.1 M sodium hydroxide solution to 
0.1 M lactic acid solution to give a solution with a final pH 
value of 4.5. This solution was gelled by adding 6%w/v 

hydroxyethyl cellulose to it with vigorous stirring until 
a final consistency achieved has viscosity in the region of 
100cP. The AS and DG were stored in sealed containers at 
room temperature until used.

Test Products and Study Groups
The test and the control toothpaste formulations were 
provided in blinded tubes coded (A and B) by the sponsor-
ing company, thus blinding the investigators until the 
completion of the study and data interpretation. The 
names, composition and manufacturers of the toothpaste 
formulations are shown in Table 1.

Using computer-generated randomization numbers from 
the biostatistics team, each of the three dentin blocks from 
each tooth was randomly assigned to one of 3 treatment 
groups (20 blocks/group): artificial saliva (AS), slurry of 
toothpaste containing 10% hydroxyapatite (HAP) or 1450 
ppm fluoride (NaF). Using a laboratory stand mixer, the 
toothpaste slurry was produced as a homogeneous mix of 1 
part toothpaste and 3 parts AS. The pH of each toothpaste 
formulation was measured and recorded. With dental heavy 
duty putty, the 20 blocks in each group were fixed in 
grooves carved in a cylindrical acrylic rod attached to the 
cover of a 250-mL treatment tube.

pH Cycling Regimen
The pH-cycling regimen employed in this study was fully 
described in our previous publications.34,35 The samples 
were stored in AS with constant gentle rotation in the first 

24 hours, and then pH cycling started the next day. The 3 
groups were subjected to demineralization-remineraliza-
tion cycles using a net demineralization pH-cycling 
model (Caries Prevention or Anticaries model). The cyclic 
treatment regimen for each day consisted of two 2-minute 
toothpaste slurry treatments, one 6-hour acid challenge in 
DG, and then storage in AS for the rest of the time, 
including night (Table 2). For treatment, the sample-bear-
ing cylindrical rod was immersed in 200 mL of the treat-
ment medium (AS, DG or toothpaste slurry) in a 250 mL 
treatment tube. Although the AS group was stored in 
artificial saliva for the rest of the time like the other two 
groups, during demineralization and remineralization treat-
ments it was immersed into DG and fresh AS, respec-
tively. Artificial saliva treatment was magnetically stirred 
at 350 rpm, while the DG and toothpaste slurry were static. 
All treatments were carried out in an incubator at 37°C. 
The specimens were rinsed with running deionized water 
after treatment with each medium, and mopped with paper 
towel before immersion into the medium. The daily regi-
men was performed for 7 days. On termination of the 
experiment, the dentin blocks were harvested and pro-
cessed for demineralization assessment using Transverse 
Microradiography (TMR).

Post-Treatment Samples Analysis
On conclusion of the pH-cycling, tooth sections (~150 µm 
thick) were cut from each sample using hard tissue micro-
tome (Leica Biosystems Nussloch GmbH 2021). The tooth 
sections were processed for TMR as described in our pre-
vious study.32 Briefly, the two cut sides of each section were 
polished with 6 µm lapping film in a MultiPrep™ Precision 
Polishing machine (Allied High Tech, USA) to achieve 

Table 1 The Names, Composition and Manufacturers of Test Products

Product Names Composition Manufacturers

Karex toothpaste 10% hydroxyapatite, aqua, hydrated silica, glycerin, hydrogenated starch hydrolysate, 

xylitol, silica, cellulose gum, sodium methyl cocoyl taurate, sodium sulfate, 

1,2-hexanediol, caprylyl glycol, aroma, sodium cocoyl glycinate

Dr. Kurt Wolff GmbH & Co. 

KG, Bielefeld, Germany

Colgate toothpaste 0.32% sodium fluoride (1450 ppm fluoride), aqua, sorbitol, hydrated silica, glycerin, 

sodium lauryl sulfate, peg-12, aroma, cellulose gum, sodium saccharine, CI74160, 
CI74260, CI77891

Colgate-Palmolive GABA 

GmbH, Hamburg, Germany

Artificial saliva/ 
remineralization 

solution

MgCL2.6H2O (0.148 mmol/L), K2HPO4 (4.59 mmol/L), KH2PO4 (2.38 mmol/L), KCL 
(8.39 mmol/L), NaCL (14.37 mmol/L), Calcium lactate (1.76 mmol/L), Sodium 

Carboxymethylcellulose (2.25 mmol/L), and Methyl-4-hydroxybenzoate (13.14 mmol/ 

L), with the pH adjusted to 7.2 using KOH

Custom-made
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planoparallel surfaces as well as to reduce the thickness of 
the section to 100 µm (the appropriate thickness for TMR). 
Following this, the sections were microradiographed on type 
lA high-resolution glass X-ray plates (Microchrome 
Technology, CA, USA) using a Phillips x-ray generator 
system (Panalytical, Amsterdam). The plates were exposed 
for 10 minutes at an anode voltage of 20kV and a tube current 
of 10 mA. Subsequently, the plates were processed by 
a 5-minute development in Kodak HR developer and 5-min-
ute fixation in Kodak Rapid-fixer before a final washing in 
a running water for 30 minutes. Following drying of the 
plates, the microradiographs were examined under with 
a Leica DMR optical microscope linked via a Sony model 
XC-75CE CCTV camera to a computer housing the TMR 
image analysis software (TMR2006 version 3.0.0.6, 
Inspektor Research, Amsterdam). The captured image of 
the tooth sections was analyzed with the TMR program 
under standardized light intensity and magnification, along 
with data from the image of the step wedge. Using the soft-
ware, the integrated mineral loss (∆z, vol%.µm) was calcu-
lated as previously described.36

Power Analysis and Sample Size 
Calculation
The sample size, which was based on power analysis, was 
calculated with nQuery Advisor software (Statistical 

Solutions, Cork, Ireland). In our previous similar pH- 
cycling study, the mean % inhibition of mineral loss rela-
tive to control was equal to 19.69 with a standard devia-
tion equal to 2.82,35 and for the hypothesis that the two 
toothpaste formulations would prevent root tissue demi-
neralization equally, an effective sample size of 20 blocks 
would have power greater than 0.85 with a 0.05 one-sided 
significance level to detect a difference in % inhibition of 
mineral loss between the two formulations equal to or 
greater than 10% using a two-sided t-test of two indepen-
dent means.

Calculation of Percentage of 
Demineralization Inhibition and Statistical 
Analysis
The % inhibition was calculated relative to the negative 
control group (AS group). For each of the 20 teeth used in 
the study, 3 dentin blocks were produced to give total of 
60 blocks. For each of the tooth used, the mineral loss of 
the block in the toothpaste group (HAP or NaF) was 
subtracted from the mineral loss of the block in the control 
(AS) group, and the difference was divided by the mineral 
loss of the block in the AS group. The product was then 
multiplied by 100 to obtain the % demineralization inhibi-
tion for that tooth for either HAP or AS group. The data 
generated were used to statistically compare the two test 
groups (HAP and NaF) based on their % demineralization 
inhibition.

Stata software version 11.0 (StataCorp, College 
Station, TX) statistical software was used. The mineral 
loss were normally distributed (p > 0.05) across the three 
treatment groups (HAP toothpaste, fluoride toothpaste, and 
artificial saliva) as assessed by Shapiro–Wilk’s test. The 
null hypothesis that the HAP-containing toothpastes would 
be equally effective to standard fluoride toothpaste in 
decreasing mineral loss from dentin tissue was tested 
using Analysis of Variance (ANOVA). The efficacy and 
any significant difference among the 3 treatment groups in 
inhibiting demineralization of root tissue was determined 
using Tukey’s HSD for multiple comparisons. All p-values 
were 2-sided and considered significant if less than 0.05.

Results
Throughout the study period, the pH of the toothpaste 
slurries and the artificial saliva ranged from 7.2 to 7.4. 
Both ANOVA and Tukey’s HSD indicated no significant 
(n=20) difference in mean ∆z among the treatment groups 

Table 2 pH Cycling Treatment Sequence for the Experiment

Time Treatment

Day 1 is all-day storage in remineralization solution. Then, subsequent 
days’ treatments will be as follows

2 min (starts 8:00 am) Approximately 1 hr 
to complete all groups.

Toothpaste treatment

Rinse with deionized distilled water

6 hr (9:00 am – 3:00 pm) Acid challenge 
(Demineralization)

Rinse with deionized distilled water

2 min (starts 3:00 pm) Approximately 1 hr 

to complete all groups.

Toothpaste treatment

Rinse with deionized distilled water

16 hrs (From 4:00 pm till 8:00 am next day) Storage in 

Remineralization 

solution

Repeated for 6 additional Days
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(Table 3). However, numerically there are less mineral loss 
with HAP-containing toothpaste when compared to fluor-
ide-containing toothpaste (Table 3). Relative to the control 
(AS) group, the HAP and the fluoride toothpaste inhibited 
root demineralization by 21% and 6%, respectively. 
Examination of the TMR microradiograms from the 3 
treatment groups showed mineralized surface layer with 
fluoride toothpaste but not with HAP toothpaste or AS. 
There was surface enamel breakdown in samples treated 
with AS but not in those treated with HAP and fluoride 
toothpaste (Figure 1).

Discussion
With increased life expectancy and awareness of the 
importance of good oral hygiene, with the wide availabil-
ity of preventive and therapeutic oral care products,5 many 
adults are now retaining most of their teeth throughout 
life.4 Thus, more root surfaces become physiologically or 
pathologically exposed, and as such at risk of developing 
dental caries.37,38 Therefore, there is a need for develop-
ment of effective preventive strategies for root caries. 
Previous clinical, in situ and in vitro studies have estab-
lished hydroxyapatite crystals in toothpaste and mou-
thrinse to be as effective as fluoride in reducing tooth 
demineralization as well as promoting caries 
remineralization.28,31,33,39,40 For this reason, the present 
study investigated and compared the effectiveness of 
a HAP-based toothpaste with that of a standard non-pre-
scription toothpaste containing 1450 ppm fluoride (NaF) in 
preventing root dentin demineralization (root caries). The 
daily use of the toothpaste was simulated using a net- 
demineralization pH-cycling caries model (caries 

prevention or anticaries model). Because a pH-cycling 
model mirrors clinical conditions, where demineralization 
and remineralization alternate constantly (ie pH cycling), it 
can be considered as a bridge to in vivo caries studies.34 

The cycle is only interrupted during the short period of 
application of investigational products, such as toothpaste 
or mouthrinse. Employed in the present study is the long 
established Featherstone laboratory pH cycling model 
(Table 2), which is considered the “Gold Standard” 
model in pH cycling study.41,42 This model was developed 
at the request of the Food & Drug Administration (FDA), 
and was accepted as a non-animal alternative to animal 
caries reduction test for demonstration of efficacy of 
“Anticaries dentifrice product formulations” for over-the- 
counter human use.41,42 Although this model lacks the 
cariogenic dental plaque, which is a key factor in the 
caries process, the alternating feast and famine episodes 
that occur in bacterial plaque in the oral cavity are 
mimicked by alternating exposure of the root dentin to 
demineralization and remineralization solutions.43 With 
this model, 9 and 14 days cycling period were recom-
mended for bovine and human enamel, respectively, how-
ever, considering that dentin (root tissue) is less 
mineralized and as such more susceptible to caries than 
enamel,44 the treatment was performed for only 7 days as 
shown in Table 2.

With either the percentage inhibition of demineralization 
or the amount of mineral loss (Table 3), the effectiveness of 
the two toothpaste formulations in preventing root caries 
development were not statistically significant, thus accept-
ing our hypothesis that there would be no statistically sig-
nificant difference between HAP-containing toothpastes and 

Table 3 Mean (±SD) Values of Mineral Loss (∆Z) in Each Treatment Group and Percentage Inhibition of Demineralization by Each of 
the Two Toothpaste Formulations Relative to the Untreated Control (Artificial Saliva)

Artificial 
Saliva

10% Hydroxyapatite 
Toothpaste

1450 ppm Fluoride 
Toothpaste (NaF)

Mean 
Diff

95% CI 
of Diff

P value 
(P<0.05)

Mean±SD (95% CI) 1406±223 
(1234–1577)

1117±366 (855–1379) – 289 −74 to 
651

Ns

1406±223 
(1234–1577)

– 1392±334 (1041–1742) 14 −401 to 
429

Ns

– 1117±366 (855–1379) 1392±334 (1041–1742) −275 −682 to 
132

Ns

% inhibition of ∆Z relative 
to control

– 21±8.9% 6±9.8% 15 ± 
14

−14 to 44 Ns

Abbreviation: ns, not significantly different.
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the standard fluoride toothpaste in preventing root tissue 
demineralization. This observation confirmed the reports 
of previous studies in which the non-inferiority of HAP to 
fluoride in prevention and remineralization of enamel caries 
was demonstrated in three clinical studies and a similar pH 
cycling study.28,31,32,39 Two randomized controlled trial 
demonstrated the non-inferiority of 10% HAP toothpaste 
to 1400 ppm and 500 ppm fluoride toothpaste 
respectively,28,39 while an in situ study reported non-infer-
iority of 10% HAP toothpaste to 500 ppm fluoride 
toothpaste.31 The pH cycling study showed the non-infer-
iority of 15% HAP oral care gel to 12,500 ppm fluoride 
gel.32 However, these studies on enamel caries, like other 
non-inferiority studies, set their non-inferiority margin at 
20%, indicating that above 20%, superiority may be estab-
lished. Hence, with 21% as opposed to 6% inhibition of 
demineralization by 10% HAP and 1450 ppm fluoride 
toothpaste respectively, one may argue that with respect to 
root caries prevention 10% HAP toothpaste was more effec-
tive than 1450 ppm fluoride toothpaste. However, this 
would have to be confirm in a randomized clinical trial. 
Other clinical and in vitro studies has also reported equal 
effectiveness of HAP and fluoride in caries control.40,43 The 
observed 21% inhibition of demineralization by HAP in the 
present study is in agreement with previous studies that 
demonstrated the effectiveness of toothpaste containing 
varying percentages of HAP in inhibiting tooth tissue 
demineralization.27,28,31,39,40 This effect of HAP has been 
attributed to several characteristics of the synthetic particu-
late HAP, which determines its mode of actions. Synthetic 
HAP in nanocrystalline or microcluster forms shows a high 
similarity to the mineral phase of human teeth, and it is 

bioactive and biocompatible with a strong affinity to tooth 
tissues.10,27,29 The multiple mechanisms by which the HAP 
exhibits its caries preventive function has been established 
in previous studies.28 When used as toothpaste, HAP ele-
vates the calcium and phosphate ions concentrations on 
tooth surfaces,27,30,45–47 thereby acting as a reservoir of 
calcium and phosphate to help in maintaining a topical 
state of supersaturation of these ions with respect to tooth 
minerals.45–47 This highlights the potential of this active 
ingredient to influence demineralization process on tooth 
surface. It has also been postulated that during acidic chal-
lenge the dissociation products of HAP, in particular, the 
phosphate ions, are able to neutralize acids to a certain 
level, thereby serving as a buffering agent like the salivary 
phosphate-buffer.10,27 Also, the released calcium and phos-
phate ions, when present in excess, can promote reminer-
alization by switching the solubility product balance.27 

Furthermore, the pH cycling model used in the present 
study is a demineralization-remineralization system, and as 
such the remineralization process must have contributed to 
limiting the amount of mineral loss in the demineralization 
process. The effectiveness of HAP in remineralizing caries 
lesion has been supported by a lot of research evidence.31– 

33,40,48–51 In net remineralization pH cycling study 10.56% 
and 9.58% remineralization, was reported for 10% HAP 
and 1450 ppm amine fluoride toothpastes respectively.52 

Also in a previous similar study, 10% HAP toothpaste and 
1.23% acidulated phosphate fluoride gel effected 46.27% 
and 28.84% remineralization respectively.53 Particulate 
HAP induce remineralization by directly filling micropores 
in demineralized tooth tissue,48,54 where it acts as a crystal 
nucleus to promote crystal deposition and growth by 

Figure 1 Representative microradiographic images from the 3 treatment groups showed mineralized surface layer with fluoride (NaF) toothpaste (1450 ppm fluoride) but 
not with hydroxyapatite (HAP) toothpaste (10% HAP microclusters) or artificial saliva (AS). There was surface enamel breakdown in samples treated with AS but not in 
those treated with HAP and NaF toothpaste.

https://doi.org/10.2147/CCIDE.S319631                                                                                                                                                                                                                               

DovePress                                                                                                                          

Clinical, Cosmetic and Investigational Dentistry 2021:13 320

Amaechi et al                                                                                                                                                        Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


continuously attracting large amounts of calcium and phos-
phate ions from the surrounding fluids.54,55 In the present 
study, the root tissue was subjected to an aggressive 6 hours 
continuous acidic challenge each day, while the rest 18 
hours was remineralization by either toothpaste or artificial 
saliva. Thus it is believed that is remineralization action 
contributed to the 21% inhibition of demineralization 
observed in the present study.

Furthermore, HAP applied as a desensitizing toothpaste 
or cream on exposed root surface has been shown to 
relieve sensitivity by occluding the dentin tubules by 
deposition of calcium phosphate within the tubules and 
on the surface of the root dentin.56–58 It is believed that 
this mechanism may have contributed to the demineraliza-
tion inhibition by HAP observed in the present study. 
Moreover, considering that HAP was able to effect 21% 
demineralization inhibition, despite the high acidic chal-
lenge (pH 4.5) of daily 6 hours continuous demineraliza-
tion employed in the present study, and which is not 
obtainable in vivo, it can be postulated that 10% HAP 
toothpaste used routinely in oral hygiene procedure 
would prevent root caries, even in high caries risk condi-
tion that was modeled with the 6 hours demineralization. 
However, this needs to be confirmed in a clinical trial.

Although there are strong evidences supporting the 
effect of fluoride dentifrice on enamel caries,59,60 there 
are limited data on the relative preventive and therapeutic 
effects of fluoride on dentin.16,17 Previous studies pointed 
to the direction that the strength of the fluoride effect on 
dentin is different from that on enamel.21,61 Combination 
of standard fluoride dentifrice (1100 ppm F) and profes-
sional fluoride applications (varnish, gel, 38% SDF) was 
recommended for control of dentin caries.16,17,21,22 

A review of clinical trials reported that standard fluoride 
toothpaste was only able to produce caries reduction (aver-
age 21%) when daily toothpaste use was complemented 
with fluoride gels.62 Thus, the 6% inhibition of deminer-
alization observed with only standard fluoride toothpaste 
(1450 ppm) in the present study was not unexpected. 
Evidence exists that high-fluoride dentifrice (5000 ppm 
F) is more effective in controlling root caries in elderly 
people than toothpaste containing either 1100 ppm or 1450 
ppm F.18–20

Consistent with the observations in previous studies 
is the appearance of a mineralized surface layer in the 
fluoride group in the present study (Figure 1), which is 
known to be associated with the presence of fluoride. It 
is expected that the mineralized tissue would limit the 

acid diffusion into the tooth tissue, however, in dentin 
the interface with cariogenic acids is larger than in 
enamel,63 and as such acids may bypass the mineralized 
surface layer to effect more demineralization. It is also 
believed that this mineralized layer may also limit the 
rate of diffusion of mineral ions to effect remineraliza-
tion, which as discussed above helps to reduce the rate of 
demineralization. Furthermore, usually the demineraliza-
tion solutions used for creation of caries-like lesions are 
partially saturated with small amount of mineral ions 
(including NaF) to preserve the dentin surface 
integrity,21 but the demineralization gel used in present 
study is devoid of any mineral element, hence the rapid 
demineralization within 7 days. The authors strongly 
believed that this lack of partial saturation of the demi-
neralization gel was responsible for the absence of 
mineralized surface layer in both the HAP and AS 
groups, and the presence of the surface enamel break-
down observed in samples from AS group (Figure 1). 
However, the absence of this surface enamel breakdown 
in samples from the HAP group, despite the use of “not- 
partially-saturated” demineralization gel, is a further evi-
dence of the modulating effect of the HAP on the rate of 
demineralization, which can be attributed to the presence 
of calcium and phosphate ions provided through disso-
ciation of the HAP particles under acidic challenge. 
Furthermore, the absence of mineralized surface layer 
indicates that there was no limitation to the rate of 
remineralization that helps to reduce the rate of deminer-
alization, unlike the situation with fluoride where the 
mineralized surface layer may have reduced the rate of 
remineralization, as discussed above. Thus, the absence 
of mineralized surface layer may also have contributed 
to the greater percentage of demineralization inhibition 
effected by the HAP toothpaste. These factors contribu-
ted to the superiority of HAP toothpaste over fluoride 
toothpaste, despite lack of significant difference with 
respect to the amount of mineral loss.

Although the present model was able to demonstrate inhi-
bitory effect of HAP toothpaste on root caries, further studies 
are needed to evaluate the effect of complementing the use of 
10% HAP toothpaste (twice daily) with application of 15% 
HAP gel (once daily) to confirm which regime would be 
clinically more applicable and more effective for preventing 
root caries.32

A main limitation of the present study is the lacks the 
biological processes within the oral cavity, particularly within 
the dental plaque milieu, which would undoubtedly influence 
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the demineralization inhibitory potential of the investiga-
tional products. Furthermore, a more aggressive deminerali-
zation process than the acid attacks the tooth is exposed in 
the oral cavity was used in pH cycling. Future research to 
further establish the effectiveness of HAP-based toothpaste 
to prevent root caries should focus on clinical trials.

Conclusions
Under the present net-demineralization pH-cycling condi-
tions, the tested fluoride-free toothpaste containing 10% 
HAP was demonstrated to be an effective dentin caries 
control tool. Although effected a higher percentage of 
demineralization inhibition, toothpaste containing 10% 
HAP was not statistically more effective than standard 
NaF toothpaste with 1450 ppm fluoride in preventing 
root dentin demineralization. Thus, this study demon-
strated that HAP toothpastes can serve as an effective 
alternative to fluoride toothpastes for root caries 
management.
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