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INFORMATION ABSTRACT

Article History Background: Calcium phosphates (CPs) form hydroxyapatite (HA) in physiolog-
ical solutions. These are commonly used to treat dentine hypersensitivity (DH)
Received 5t May 2021 as they mimic the mineral composition of the natural tooth.

Aim: The present study aims to characterise the apatite formation ability of a
Received revised

: . . ™ . . _—
17 June 2021 commercially available calcium phosphate Teethmate™ (TM) in physiological

like media.
Accepted 1stJuly 2021 Materials and methods: In this study, 4mm (D) x 6mm (L) cylindrical samples
of TM were produced and immersed in tris(hydroxymethyl)aminomethane
(TRIS) buffer (pH: 7.3) and artificial saliva (AS) (pH: 6.5) for up to 24 hours. This
was followed by characterisation of the samples after immersion using 31P magic
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angle - nuclear magnetic resonance spectroscopy (MAS-NMR), X-ray powder
diffraction (XRD) and dentine treated with the material using scanning electron
KEYWORDS microscopy (SEM).

Results: 31P MAS-NMR and XRD analyses revealed that samples immersed in

Dentine h ivit TRIS buffer solution formed hydroxyapatite within approximately 6 hours of
ntn TSENS1t1vV1

© © hypersens Y immersion. This change was observed at around 12 hours for samples soaked in
Tetracalcium phosphate AS. The pH of the immersion media increased with increasing immersion time.

SEM analysis showed a transitional phase formation of structures exhibiting

Calcium hydrogen plate-like morphology.

phosphate Conclusion: This study shows that TM converts to HA in vitro rapidly and
provides an effective option for the treatment of dentine hypersensitivity.

Hydroxyapatite

Octacalcium phosphate 1. Introduction

Dentine Hypersensitivity (DH) is a significant problem caused by exposed
dentinal tubules. DH is characterised by a short sharp pain in response to ther-
mal, tactile, evaporative, osmotic or chemical stimuli [1]. Pathologic exposure of
dentinal tubules results from the dissolution of enamel or denudation of the root
surface. DH can develop into pulpal inflammation as a result of an invasion of
dentinal tubules by oral Streptococci and P. Gingivalis and can present the clinical
features of reversible pulpitis [2]. So, early diagnosis and management is critical
in the prevention of DH.

There are three main theories, which explain dentinal hypersensitivity, odonto-
blastic transduction theory [3], neural theory [4] and hydrodynamic theory [5].
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The prevalence of DH in the adult population ranges
from 4 to 57% [6].

DH is treated by blocking exposed dentinal tubules
with desensitising agents, such as soluble fluorides,
oxalate and calcium phosphates (CPs), which reduce
dentine permeability in vitro [6]. CPs are primarily
used as bone graft substitutes and have seen
significant developments in recent years, showing
clinical successes and interesting biomineralisation
properties [7]. CPs cements are particularly useful for
the treatment of DH because in addition to reducing
dentine permeability, they also chemically occlude
dentinal tubules by forming hydroxyapatite (HA,
[Ca10(P04)6(OH)2]) and directly bonding to the tooth.
CPs-based materials allow dentinal tubules to be
sealed with a material naturally present in the tooth
structure.

A commercially available desensitising agent
Teethmate™ combines tetracalcium phosphate (TTCP,
[Cas(P04)20]) and anhydrous dicalcium phosphate
(calcium hydrogen phosphate) (DCPA, CaHPO4)
(Kuraray, Noritake Dental Inc., Tokyo, Japan). TTCP is
also known as hilgenstockite, which was discovered
by G. Hilgenstock in 1883 [8]. Once mixed with water
or immersed in body fluids, these components break
down to Ca2* and PO43- via a hydrolysis process result-
ing in nucleation and crystallisation of HA.

In vitro dentine permeability of Teethmate™ was pre-
viously studied, and it was found that this material can
occlude dentinal tubules and reduce dentine permea-
bility by 30 to 50% [9, 10]. The present study aims to
understand the apatite formation ability of the materi-
al in vitro in artificial saliva (AS) and tris(hydroxy
methyl)aminomethane (TRIS) buffer. TRIS buffer in
this study provides an ion-free physiological pH
medium to analyse the formation of apatite due to Ca?+
and PO43- release from the material itself. Artificial
saliva (AS) simulates the acidic environment in the
oral cavity. These two combined give a comparison of
the expected behaviour in vivo.

2. Materials and methods
2.1. Preparation of TRIS buffer solution
TRIS buffer solution was prepared by dissolving

15.090 g tris (hydroxymethyl) aminomethane (purity:
2 99.8%, Sigma-Aldrich, St.Louis, MO, USA) in Ca.

800 mL deionised water, adding 44.2 mL 1 M hydro-
chloric acid (purity: ACS reagent grade, Sigma-Aldrich,
St. Louis, MO, USA), heating to 37°C overnight, adjust-
ing the pH to 7.30 with 1M hydrochloric acid using a
pH meter (Oakton, EUTECH Instruments, Malaysia)
and filling to a total volume of 2000 mL with deionised
water. TRIS buffer solution was kept at 37°C in an
incubator.

2.2. Preparation of artificial saliva

The artificial saliva was prepared using potassium
chloride (2.236 g/L), potassium dihydrogen phosphate
(1.361 g/L), sodium chloride (0.759 g/L), calcium chlo-
ride dihydrate (0.441g/L), mucin (2.200g),
sodium azide (0.2 g) (purity: analytical grade, Sigma-
Aldrich, St. Louis, MO, USA). The reagents were
weighed using an electronic weighing scale and

and

dissolved in 800 mL of deionized water. The pH was
adjusted to 6.5 with potassium hydroxide.

2.3 Preparation of cement samples

To determine the apatite formation ability of the mate-
rial, 4mm (D) X 6émm (L) cylinders (as given in ISO
9917-1:2007) of TM were produced (by mixing the
reagents according to manufacturer’s instructions and
letting them set in stainless steel moulds for 1
hour at 37°C. Produced TM samples were then
immersed in 10 mL of TRIS buffer and artificial saliva
for 15, 30 and 45 min, 1, 3, 6,9, 12, 15, 18, 22 and 24
hours. After each time interval, the samples were col-
lected, blot-dried and stored in the fridge until further
analysis.

2.4 Preparation of dentine discs

Caries-free teeth were embedded in impression com-
pound and were then sectioned mid-coronally using
Accutom-5 (Struers A/S, Ballerup, Denmark) to pro-
duce 1 mm dentine discs.

2.5 31P magic angle spinning - nuclear magnetic
resonance spectroscopy

31p MAS-NMR analyses were carried out on a Bruker
Avance 600 MHz (Bruker Corporation, Billerica, MA,
USA) spectrometer at a resonance frequency of 242.9
MHz in a 4 mm (outer diameter) rotor at a spinning
speed of 12 kHz. Each spectrum is a sum of 16 scans.
Spectra were referenced to 85% H3POs (ortho-

phosphoric acid, 0 ppm).
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2.6 X-ray powder diffraction

The samples collected after each time point were ana-
lysed using an X'Pert-PRO diffractometer (PANalytical
D.V., Almelo, Netherlands). Diffraction patterns were
collected from 5° to 75° 26. The Cu K« X-ray frequency
was A1=1.54059A,

2.7 pH measurement

The pH of the immersion media was measured using a
pH meter (Oakton, EUTECH Instruments, Malaysia).

2.8 Scanning electron microscopy

Samples were mounted after being dried on alumini-
um stubs via a self-adhesive carbon tape and were
then coated using a sputter coating machine with a
conductive material. Samples were analysed using an
FEI Inspect F (FEI Company, Hillsboro, OR, USA).

3. Results

31p MAS-NMR results presented in Figure 1 shows
three spectra, t-0 (powder) one taken at 30 sec and
one at 45 min after mixing with water. The peak posi-
tions are 4.8 ppm, 3.7 ppm, -0.3 ppm and -1.4 ppm
with peak integrals of 1, 0.93, 0.80 and 2.51, respec-
tively. 31P MAS-NMR results shown in Figure 2(a)
(TRIS buffer) and Figure 2(b) (Artificial saliva) shows
how the phosphorus environment changes with in-
creasing immersion time.

During earlier time points, the peaks are broader,
which shows that the material is poorly crystalline.
With increasing duration in the selected media, the

peaks associated with the phosphorus environment
shift upfield and narrow down, which shows that the
material is becoming more crystalline because the sig-
nal is coming from more magnetically equivalent sites.

X-ray diffraction analyses of the cements soaked in
TRIS buffer shown in Figure 3(a) shows how the
material gradually transforms to HA. Both, TTCP and
DCPA phases can be observed at one and three hours.
Similar results are presented in Figure 3(b), where
samples immersed in artificial saliva show X-ray
scattering from TTCP, which gradually transforms to
HA. DCPA at selected time points is not observed in AS.
DCPA shows much higher solubility (Ksp 10-679) than
TTCP (Ksp 10-38) [11].

The results presented in Figure 4(a) and Figure 4(b)
shows how the pH increases in both media with in-
creasing immersion time and reaches a cut-off point at
around 9 hours in TRIS buffer and at around 15 hours
in AS where there are no further increases.

Hydrolysed reagents

45 min

Hydrolysing reagents
+— (DCPA+TTCP+H,0)

30 sec

t-0 (Reagents)

10 0 -10 -20 -30
Chemical Shift (ppm)

30 20

Figure 1. 31P MAS-NMR spectra of the reagents

mixed with water at 30 seconds and 45

minutes.

(a) TRIS buffer

(b) Artificial saliva

10 0 -10 -20
Chemical Shift (ppm)

30 20

Chemical Shift (ppm)

Figure 2. 31P MAS-NMR spectra of cements immersed in (a) TRIS buffer solution (1, 3 and 6

hours); (b) artificial saliva (1, 3, 6, 9 and 12 hours).
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Figure 3. X-ray diffraction patterns of cements immersed in: (a) TRIS buffer solution (1, 3 and 6 hours);
(b) artificial saliva (15 min, 1, 3 and 6 hours).
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Figure 4. pH of the solutions with cement samples: (a) TRIS buffer solution; (b) artificial saliva;
time: 15, 30 and 45 minutes, 1, 3,6, 9, 12, 15, 18, 22 and 24 hours.
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Figure 5. Scanning electron micrograph showing

dentine surface treated with Teethmate™ (one
hour in artificial saliva).
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Scanning electron micrograph (Figure 5) of a dentine
disc treated with the material and immersed in AS for
one hour shows that after application, the material
exhibits plate-like morphology (Figure 5).

4. Discussion

The occlusion of exposed dentinal tubules is necessary
to prevent both dental pain and potential tooth
infection. In vivo and in vitro synthesis of apatite is a
highly complex multi-phase hydrolysis-nucleation-
crystallisation process. It has been shown that the
formation of HA begins with the nucleation of
Ca(HPO4)3%- complexes which aggregate, take up addi-
tional calcium ions and result in the formation of
Caz(HPO4)3%2- post-nucleation aggregates, which form
the basis of octacalcium phosphate (OCP,
CagH2(P04)6-5H20) and HA structure [12]. OCP is con-
sidered a precursor phase in apatite formation in vivo
and it is also a constituent of the human dental calcu-
lus, among other mineral phases, such as brushite
(CaHPO4:2H20) and whitlockite (S-Ca3(P04)2) [13].
Using the classical crystallisation theory, it has been
calculated that OCP phase formation is also a kinetical-
ly favourable process in physiological-like media [14].
The six non-equivalent sites of OCP are generally cate-
gorised into two groups, PO43- (P1-P4) and HPO42- (PS5,
P6). OCP can be described by an alternating layer
structure of an apatite layer (P1-P4) and a hydrated
layer (P5, P6). 31P MAS-NMR peaks for pure OCP are
observed at 3.7, 3.3, 2.0 and -0.2 ppm and are assigned
to P1, P2/P4, P3 and P5/P6, respectively [15]. The sig-
nal at 2.0 ppm (P3) is assigned to the PO43- at the junc-
tion of the apatitic and hydrated layers.

31p MAS-NMR signals (-0.3, -1.4 ppm) from the rea-
gents mixed with water (Figure 1) reduce in intensity
and result in the development of new signals down-
field (4.8, 3.7 ppm), which shows that TTCP and DCPA
are reacting with water. The spectra shown in Figure 1
lack PO43- (P3), which shows that the material does not
contain pure OCP. The OCP phase may exhibit a
dynamic structure when transitioning to HA with one
species becoming dominant over another, which is
evident from major environments observed from 31P
MAS-NMR (Figure 2) after immersion at around 3.7,
3.5 and 3.3 ppm preceding HA formation. These gradu-
al changes in the chemical shift are also indicative of
ongoing hydrolysis and reducing interatomic distances
between phosphorus and calcium. It is known that OCP
has a hydrated structure. Tseng etal (2006) [16]

demonstrated via 3!P{1H} cross-polarisation NMR
experiments that water molecules enter the OCP
structure during HPO42- hydrolysis:

HPO42- + OH- = PO43- + H20

Therefore, the signal (P3) may develop after the pH
increases for the HPO42- and OH- to react. During fur-
ther hydrolysis, the water molecules disassociate,
which with the addition of calcium ions results in a HA
structure.

X-ray diffraction results in Figures 3(a) and 3(b) show
gradual conversion of the prepared material to HA.
When immersed in TRIS buffer solution, the material
formed hydroxyapatite in approximately 6 hours with
a transient OCP between one and three hours. The
conversion to HA phase was slower in artificial saliva
where the material formed calcium-deficient HA at
approximately 12 hours, with a transient OCP phase
somewhere between approximately one and nine
hours. The hydrolysis of the reagents was more rapid
in AS than in the TRIS buffer as a result of the differ-
ences in the pH (AS: 6.5, TRIS: 7.3). The more rapid
apatite formation observed in the TRIS buffer solution
can be attributed to higher pH of the solution, which is
a favourable factor in apatite formation [17]. This
cannot be generalised and does not apply to bioactive
glasses, which are used to regenerate bone, such as the
Bioglass® 45S5 where at lower pH the material shows
faster ion release, which facilitates a very rapid for-
mation of HA (3 hours at pH 5.0 and 6 hours at pH 7.3)
[18].

The conversion of DCPA and TTCP to HA can be
observed from the reduction of intensities of the prin-
cipal X-ray diffraction peaks associated with both
phases. The material is engineered with an apatitic Ca
to P ratio of 1.67 to facilitate stoichiometric and rapid
apatite formation as described in equation 1 (Eq. 1).

Cas(P04)20 + CaHPO4 — Cas(P04)3(0H) (Eq. 1)

However, it is notable that TTCP and DCPA exhibit dif-
ferent solubilities, so the reagents may not initially
react in synergy.

The pH (Figure 4(a)) with samples in TRIS buffer
reaches a cut-off point at around 9 hours with a pH of
7.6 where there are no further increases in the pH and
this is the point at which the material is fully reacted
and displays characteristic to

X-ray scattering

nanocrystalline HA. The pH of the samples immersed

80



International Journal of Dental Materials 2021;3(3): 76-83

in AS (Figure 4(b) also show a gradual increase until it
reaches a cut-off point at 15 hours with a pH of about
6.9, which shows that the material is fully reacted with
no reagents remaining. These changes in the pH occur
as a result of the production of hydroxide ions during
the hydrolysis of TTCP as described in equation 2.

Cas(P04)20 + H20 — 4 Ca2* + 2 PO43 + 2 OH- (Eq. 2)

Bioactive glasses with a high phosphate content devel-
oped by Mneimne et al. (2011) [19] show similar
apatite formation ability in TRIS buffer (pH: 7.3) where
apatite was detected at approximately 6 hours after
immersion. The bioactive glasses synthesised by
Mneimne et al (2011) [19] showed the formation of
acid-resistant fluorapatite instead of HA, which from a
clinical perspective can provide longer protection
under acidic conditions found in the oral cavity.

It is also notable that HA shows higher crystallinity in
TRIS buffer than in AS. The 3'P MAS-NMR results
presented in Figure 2 show HA is observed at approxi-
mately 3.0 ppm at 6 hours (assigned to HA) in TRIS
buffer and at approximately 3.1 ppm (assigned to
substituted calcium-deficient HA) at 12 hours in AS.
Carbonate or hydrogen phosphate substitution occurs
in the presence of monovalent cations. Carbonated
calcium-deficient apatite is also naturally found in
enamel and dentine, which shows that monovalent
salivary components take part in biological hydroxyap-
atite formation, which results in the formation of a less
crystalline calcium-deficient form of HA. AS used in the
present study is saturated with monovalent cations,
such as K* and Na*. Tas and Aldinger (2005) [20] stud-
ied apatitic calcium phosphates formed in Na-K rich
solutions and suggested that the binding of Na* and K*
at the divalent Ca sites of calcium phosphates in the
presence of these cations may lead to the formation of
vacancies at OH- sites which then renders the material
to be more prone to CO32- substitutions at the OH- and
PO43- sites.

Figure 5 shows an SEM of Teethmate™ precipitate
(one hour in AS) exhibiting plate-like morphology. This
suggests that the material undergoes HA crystallisa-
tion via an octacalcium phosphate route. Similar
morphological features were also reported by
Thanatvarakorn et al (2013) [21] where investigators
suggested that after immersion in AS the material
formed was a combination of HA with transient-

formed OCP.

The average particle size of the material is 2.35um
(Supplementary Data), which is adequate to occlude
dentinal tubules that have a diameter from 0.9um
(peripheral dentine) to 2.5um (root dentine) [22].

Huang et al (2016) [23] reported that strontium (Sr)
can increase the potential of dentine regeneration. It
was found that Sr can significantly influence the prolif-
eration, odontogenic differentiation and mineralisation
of human dental pulp stem cells (hDPSCs) in vitro,
likely via the calcium-sensing receptor pathway. Thus,
incorporation of a strontium phosphate or a strontium
-containing bioactive glass additive in this material
may induce a regenerative response. Keeping in view
the limitations of the study, for further work it will be
useful to analyse the samples using more advanced 2D
CP/MAS experiments to elucidate the structure of the
substituted sites.

5. Conclusion

The results presented in this study show that HA
formation of a commercially available desensitising
agent Teethmate™ is dependent on the composition
and the pH of the immersion media. It was found that
HA formation was favoured in a solution having a
neutral pH as opposed to a solution with an acidic pH.
The presence of monovalent cations and a low pH
resulted in delayed and substituted HA formation. This
may have clinical implications and may require
patients to avoid eating and drinking soon after
treatment.
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2011/99.
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Supplementary Data

Particle size analysis of Teethmate™ powder component (um)

Sample 1 2 3 STDV Average
D[v,0.9] 8.1 8.83 11.3 1.67 9.41
D[v,0.1] 0.39 0.41 0.36 0.03 0.39
D[v,0.5] 2.34 2.33 2.38 0.03 2.35
D[4,3] 3.58 4.03 5.36 0.93 4.32
DI[3,2] 1 1.03 0.96 0.04 1.00

The samples (N=3) were dispersed in deionised water and analysed using laser
diffraction (Malvern 2000, Malvern Instruments, Worcestershire, UK).

&3



