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a  b  s  t  r  a  c  t

Objectives. Dentin hypersensitivity often is treated by promotion of dentin tubule occlusion.

In  this in vitro study we evaluated nanomechanical properties and degree of tubule occlusion

conferred to sound and demineralized human root dentin following treatment with a 10%

(w/w)  strontium acetate solution and its relation to the treatment duration and delivery

method.

Methods. 24 human cervical root dentin disks (8 groups of 3) were polished through 0.25 �m.

12  disks were subjected to an acid challenge (1% citric acid, pH3.8) for 2 min. The specimens

were incubated in artificial saliva, treated by soaking or brushing with deionized (DI) water or

a  solution of 10% strontium acetate for 2 min twice a day for 28 days. The occlusion percent

and  nanomechanical properties were determined at the baseline, 5, 14 and 28 days. Cross-

sectioned specimens were prepared to evaluate the depth affected by strontium acetate /

dentin interaction by SEM. Statistical analysis was performed using linear mixed effects

models.

Results. A 10% strontium acetate treatment over 5-28 days significantly increased tubule

occlusion for normal root dentin and to a lesser extent for demineralized dentin and

increased the AFM based nanomechanical properties of demineralized dentin. Brushing

was  more effective than soaking in recovery of properties of demineralized dentin when

treated with strontium. No difference in tubuleocclusion was found between the two deliv-
ery  methods.

Significance. Strontium acetate itself proved to have the ability to occlude dentin tubules and

result in small changes in the mechanical properties of dentin.

emy 

In the 20th century life expectancy increased almost 30 years
©  2015 Acad

1.  Introduction
Dentin hypersensitivity has become a significant oral health
concern in developed countries, where an increased number
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of people retain their teeth longer [1] and people live longer.
[2]. Increased tooth tissue wear and loss due to abrasion, attri-
tion, abfraction and erosion has become a greater concern. It
is reported that non-carious tooth tissue loss occurred in up

td. All rights reserved.
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o 80% of children and in up to 43% of adults [3–5]. The Cen-
ers for Disease Control and Prevention (CDC) first added tooth
ear as a part of the National Health and Nutrition Exami-
ation Survey (NHANES) in 2003–2004 [6]. Physical structure

oss of the enamel, cementum or surrounding soft tissue will
ead to exposed dentin. Once dentin is exposed it is subject
o various physical and chemical challenges in the oral cavity.
n most cases, sound (not caries affected) exposed dentin can
dapt to the environment, probably by tubules naturally being
ccluded and asymptomatic. In some cases exposed dentin

eads to dentin hypersensitivity. It is characterized by sharp
hort pain triggered by thermal, tactile, or chemical stimuli or
vaporation, without any form of dental defect or pathology.
here is no reported evidence of pulpal inflammation such
s irreversible or reversible pulpitis [7,8]. Common histologi-
al findings are enlarged dentinal tubules that occur in areas
ith larger numbers of tubules per area, when compared with
entin without sensitivity [9,10].

Symptom management ranges from the use of over the
ounter products (OTC) containing active ingredients that
ither desensitize the nerve tissue at the base of the dentin
ubule or by encouraging the promotion of dentin tubule
cclusion. Professional treatments may also include fluoride
arnish application to exposed root surfaces, placing a restora-
ion, a gingival graft to cover the exposed roots, or even
ulpotomy in severe cases. Improvement of dentin hypersen-
itivity symptoms is thought to be related to tubule occlusion
nd/or desensitizing the nerve. KNO3 is the most commonly
sed active ingredient in OTC toothpastes. Pashley suggested
NO3 works by potassium salt reducing the excitability of

ntradental nerves by altering the extracellular potassium con-
entration [11]. Occlusion agents are less widely employed
ut can be favored over nerve depolarization primarily due
o the rapid onset of pain reduction associated with the occlu-
ion approach [12]. Several chemicals such as fluoride help
o deliver Ca and P into tubules [13], and strontium salts,
ither strontium chloride or strontium acetate, are found
o be very effective in reducing dentin hypersensitivity [14].
trontium also was reported to have the ability to improve
adiodensity and if given prenatally it improves caries resis-
ance [15,16].

Strontium has an atomic radius slightly larger than
alcium, and readily substitutes for calcium in miner-
ls. Strontium is known to be able to replace calcium
n bone [17]. In the oral environment, strontium and
ther divalent cations with a similar charge-to-size ratio to
alcium can readily substitute in the lattice of hydroxyap-
tite. Dedhiya et al. confirmed a calcium strontium apatite
a6Sr4(PO4)6 (OH)2 is formed by the substitution of intracrys-

alline calcium in apatite by strontium [18]. Gedalia et al.
eported a significant increase of radiodensity after immers-
ng sound and etched dentin in a 25% (w/w) strontium
hloride solution for 24 h. Increased radiodensity was due
o formation of Ca–Sr apatite [15]. Strontium has shown
igh affinity to dentin and apatite similar to other met-
ls used for treating hypersensitivity such as zinc and

in.

Epidemiologically, Curzon et al. reported that there was
ow caries prevalence where the drinking water contains fluo-
ide and strontium [19]. This synergistic effect of strontium
( 2 0 1 6 ) 240–251 241

and fluoride was examined by Featherstone et al. [20].
They showed synthesized carbonated apatites precipitated
with strontium and fluoride had improved crystallinity
and markedly reduced acid reactivity. For low-carbonated
apatite, strontium and fluoride together improved the prop-
erty but fluoride alone did not improve crystallinity. Thuy
et al. showed co-presence of appropriate levels of fluoride
and strontium showed synergistic effects in remineralizing
artificial enamel lesions [21]. These findings are the founda-
tion of using strontium salts in remineralizing tooth paste
[22,23].

Generally two approaches have been taken to evaluate the
efficacy of proposed treatments. One is evaluating clinical pain
improvement in vivo, the other is evaluating morphological or
structural change in situ or in vitro. Reports are lacking on the
modification of mechanical properties of dentin and tubule
occlusion treated with occlusion agents purported to operate
by a mineralization mechanism. It is possible that occlusion
by mineralization could alter the nano-structure of dentin.
In this in vitro study we evaluated nanomechanical proper-
ties and degree of tubule occlusion conferred to sound and
demineralized human root dentin following treatment with
a 10% (w/w) strontium acetate solution and its relation to
the treatment duration (up to 28 days) and delivery method
(brushed/soaked).

2.  Materials  and  methods

Sound, single-rooted teeth were collected from subjects
requiring extractions following a protocol approved by the
UCSF Committee on Human Research. Teeth were sterilized
by gamma  radiation and stored in Hank’s balanced salt solu-
tion (HBSS) until used [24]. Hypersensitivity most commonly
presents on buccal cervical surfaces of permanent teeth thus
those areas are recommended for clinical studies [25]. We
elected to use the root dentin to meet the same recommen-
dation. Dentin blocks from the buccal surface of the root,
just below the dentin-enamel junction were prepared by cut-
ting with a diamond saw under water (Buehler, Lake Bluff,
IL), then polished with diamond suspensions on polishing
cloths (Buehler, IL) to 0.25 �m.  Surfaces were prepared to be
parallel to the root surface so the dentin tubules were approx-
imately perpendicular to the surface (Fig. 1). Teeth with visible
abrasion of the cervical area were not used. Specimens were
prescreened for tubule occlusion with AFM and those with
more  than 25% occlusion, assessed visually at baseline, were
excluded from the study.

Experiment 1 tested in vitro strontium acetate treatment of
dentin blocks in artificial saliva up to 28 days. Variables eval-
uated were the delivery method (soaking or with brushing),
length of treatment (5–28 days) and condition of the dentin
(sound or etched). We  evaluated changes in tubule occlusion
and nanomechanical property change with AFM. Experiment
2 evaluated strontium acetate interaction with sound dentin,

utilizing SEM/EDX. Cross-sectioned specimens were prepared
to evaluate the depth affected by strontium since the evalua-
tion in experiment 1 was detecting the accumulated changes
at the treated surface.

dx.doi.org/10.1016/j.dental.2015.11.020
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Fig. 1 – Dentin blocks obtained from the buccal surface of the root, just below the dentin-enamel junction were  prepared by
cutting with a diamond saw under water (Buehler, Lake Bluff, IL), then polished with diamond suspensions on polishing
cloths (Buehler, IL) to 0.25 �m.  Surfaces were  prepared to be parallel to the root surface so the dentin tubules were

approximately perpendicular to the surface.

2.1.  Experiment  1:  evaluation  of  in  vitro  strontium
acetate  treatment  on  tubule  occlusion  and
nanomechanical  properties

The root dentin of 24 teeth was treated as shown in Fig. 2
after half had been subjected to an acid etch to removed pro-
teinaceous material covering the dentin surface, as outlined
below. The specimens were treated by soaking or brushing
with deionized (DI) water or a solution of strontium acetate.

2.1.1.  Strontium  treatment  and  acid  challenge  treatment
The 24 teeth were divided into 8 groups, 3 per group (see
Fig. 2). 12 teeth were assigned for pretreatment with 1%
citric acid (pH 3.8) for 2 min  after the baseline occlusion per-
cent and nanomechanical properties were determined. Half
of each group (i.e. 6 teeth) was treated with 10% (w/w) stron-
tium acetate solution (Strem Chemicals, Newburyport, MA,
Lot#A5861018) for the strontium treatment and the other half
(n = 6) was treated with DI water. 10% was chosen as it falls
between the two tested concentrations of 8%, clinically [26–28]

and in vitro [29–31], and 12% clinically [32–34] for strontium
acetate. For the tooth brushing procedure, an electric tooth-
brush (Walgreens’ power whitening brush) was used. Each
group had an assigned soft brush head and battery so that

24 teeth

S ound
N =12

S trontium
N =6

B rushe d
N =3

D I w ater
N =6

S t

S oaked
N =3

B rushe d
N =3

S oaked
N =3

Fig. 2 – 24 dentin blocks were  divided into 8 groups based on pre
solution (strontium acetate or water) and delivery method (soake
there was the same amount of wear of brush and voltage
change among test groups. Remaining battery voltage was
monitored and it was changed as needed, at approximately
14 days for all groups when the voltage reached 1.2 V (fresh
battery – 1.5 V) and there was detectable change in brushing
noise. A force of 70 g was applied at the brush head dur-
ing brushing. The strontium solution or water treatment was
delivered  by soaking the specimen in the treatment solu-
tion or by brushing for 2 min. Two treatments per day were
provided for 28 days. AFM measurements were made at the
baseline, 5, 14 and 28 days. Specimens were stored in artificial
saliva (50 mM NaCl, 1.1 mM CaCl2·2H2O, and 0.6 mM KH2PO4,
pH 7.0, with 0.05% sodium azide to prevent bacterial growth)
at 37 ◦C in a double container with the outer container filled
with argon gas to avoid pH changes of the artificial saliva
(and resulting precipitation of calcium salts in the artificial
saliva) due to the air in the inner container until the next
treatment.
2.1.2.  Atomic  Force  Microscopy  (AFM)  and
nanoindentation
Conventional atomic force microscopy (AFM) (Nanoscope III,
Bruker, Santa Barbara, CA) was used to obtain topographic

E tched 
N =12

rontium
N =6

B rushe d
N =3

D I w ater
N =6

S oaked
N =3

B rushe d
N =3

S oaked
N =3

treatment with 1% citric acid (etched or sound), treatment
d or brushed).
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mages of specimens, immediately after they were removed
rom artificial saliva and briefly rinsed with DI water and air
ried with canned air. 50 �m × 50 �m images were obtained in
he dry condition from 2 well-separated typical positions from
ach specimen for tubule occlusion assessment.

Mechanical properties of the specimens were measured
fter topographic imaging. AFM-based nanoindentations were
ade in a liquid cell containing distilled and filtered water

“wet” condition) with the standard head replaced by a Tri-
oscope indenter system (Hysitron Inc., Minneapolis, MN), as
escribed elsewhere [35,36]. A cube corner diamond indenter
ith a tip radius of about 20 nm was used for indentations

nd imaging. Fused silica was used for calibration of the
achine compliance, the elastic modulus, and to define the

ip area function for indentation depths over a range of
0–600 nm for the cube corner tip. Indentation loads of 400 �N
n sound dentin resulted in indentation depths between 300
nd 400 nm.  A linear series of 6 indentations, spaced approx-
mately 3 �m apart in 2 well-separated typical areas, were

ade in each specimen (12 indents in each specimen). AFM
maging ensured positioning the indenter on the intertubular
entin while avoiding tubules and any peritubular dentin.

The indentation load–displacement data were analyzed to
etermine the elastic modulus (E) according to the method of
liver and Pharr [37,38].

 =
√

�

2
√

a
S

 = Fmax

a

The hardness, H, was calculated on the basis of maximum
orce, Fmax, divided by the projected contact area at maximum
oad, a, while the elastic modulus, E, was calculated from the
ontact stiffness, S, defined as the slope of the linear portion
f the force/displacement curve during unloading near the
aximum load

.1.3.  Occlusion  of  tubules
ercent of tubule occlusion was determined from the AFM
opographic images. Two examiners, who had more  than 5
ears of experience evaluating AFM images, were calibrated
n post-editing AFM raw images and definitions of “open”(O),
partially filled” (P), “filled”(F) and “covered” (C) tubules as
escribed elsewhere [39]. Each examiner scored the tubules

ndependently. The percentage of occluded tubules was cal-
ulated by dividing the sum of “partial occlusion”, “complete
cclusion” and “covered” tubules by the total number of
ubules in an image.  ((P)+(F)+(C))/ total number × 100.

.2.  Experiment  2:  strontium  acetate  interaction  with
entin

urther investigation with scanning electron microscopy
SEM) was carried out after we  observed changes in nanome-
hanical properties and tubule occlusion. Cross-sectioned

pecimens were prepared to evaluate the depth affected by
trontium acetate /dentin interaction.

The strontium treated specimens after nanoindentation
easurements in a wet-cell did not have detectable strontium
( 2 0 1 6 ) 240–251 243

acetate. To evaluate the interaction in more  detail, three addi-
tional teeth were used for this section. After prescreening
for tubule occlusion, they were treated with 10% strontium
acetate, and brushed two times per day with the electric brush.
They were stored in 100% humidity (sandwiched between
artificial saliva saturated sponges, with the treated surface
not touching the liquid) at 37 ◦C between treatments for 7
days. AFM topographic images were taken at day 3 and day 7.
At day 7, accumulation of deposits was noted. This first layer
was formed to establish dentin/strontium interaction. The
second layer was built by applying a drop of strontium acetate
solution to the layer every other day and specimens were
kept covered by KimWipesTM so the strontium solution could
evaporate at room temperature. This second layer was built to
create a thicker layer to serve as a reference for SEM analysis.

2.2.1.  SEM  and  energy-dispersive  X-ray  analysis
(SEM/EDX)
SEM (Topcon ISI ABT SX-40A, Milpitas, CA) visualization of the
samples was executed in backscattered mode without coat-
ing, using a charge-free anti-contamination system (CFAS)
and EDX analysis for chemical information (Thermo-Noran
Sigma2, Middleton, WI)  with accelerating voltage 10.0 kV at
magnification range from ×50 to 5000. The strontium distri-
bution was mapped (dwell time, 5600 �s; 128 × 128 pixels).

2.3.  Statistical  analysis

Statistical analysis was performed using linear mixed effects
models using the Kenward-Roger denominator degrees of
freedom method; the best fitting (smallest corrected Akaike
information criterion) of 8 correlation structures was used
for a random tooth sample effect to account for repeated
measures within samples (proc mixed Statistical Analysis
Software (SAS) system ver9.3, Cary, NC). The 2- and 3-
way interactions of the treatment (strontium/water), delivery
method (soaked/brushed) and time (0 (baseline), 5, 14, and 28
days) were evaluated for each condition (sound or etched).
Etched value was used as the reference value for statistical
analysis. Bonferroni adjusted P-values were used to account
for multiple comparisons.

3.  Results

3.1.  Nanomechanical  property  changes

We  observed significant interactions among variables (treat-
ment, delivery and time). Treatment differed in several groups,
whereas delivery method only differed significantly in elastic
modulus of sound dentin.

3.1.1.  Elastic  modulus
3.1.1.1.  Etched  condition.  In analyzing elastic modulus with
a mixed effects model no interactions with time were
significant. The treatment (strontium/water) × delivery

(brushed/soaked) interaction was statistically significant
(Table 1A). The “strontium brushed” group had significantly
higher E values (estimated: 18.2 GPa) than the “water brushed”
group (estimated: 15.9 GPa). However, the “strontium soaked”

dx.doi.org/10.1016/j.dental.2015.11.020
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Table 1 – Nanomechanical properties results after treatments. (Differences between Least Square Means with Bonferroni adjustment.).

A: Strontium versus Water (Treatment × Delivery interaction)

Etched condition: Elastic modulus Etched condition: Hardness

Delivery
method

Estimated
difference
in modulus

Standard
Error

t  Value Adjusted P Delivery
method

Estimated
difference
in hardness

Standard
Error

t  Value Adjusted P

Brushed 2.344 0.787 2.98 0.020 Brushed 0.092 0.041 2.23 0.090
Soaked −2.446 0.787 −3.11 0.020  Soaked −0.087 0.041 −2.11 0.112

B: Strontium versus Water for each Treatment Time (Time × Treatment interaction)

Sound condition: Elastic modulus Etched condition: Hardness

Treatment
Time (days)

Estimated
difference
in modulus

Standard
Error

t  Value Adjusted P Treatment
Time (days)

Estimated
difference
in hardness

Standard
Error

t  Value Adjusted
P

0 −0.111 0.606 −0.18 1.000 Etched −0.073 0.046 −1.58 0.498
5 0.560 0.606 0.92 1.000 5 −0.103 0.046 −2.23 0.134

14 2.353 0.606 3.89 0.002 14 0.103 0.046 2.23 0.134
28 0.712 0.606 1.18 0.990 28 0.083 0.046 1.79 0.330

C: Pairwise Differences between Treatment Times

Sound condition: Hardness Etched condition: Hardness

Treatment
Time (days)

Estimated
difference
in hardness

Standard
Error

t Value Adjusted P Treatment
Time (days)

Estimated
difference
in hardness

Standard
Error

t Value Adjusted
P

0 vs 5 0.118 0.034 3.48 0.009 Etched vs 5 −0.010 0.027 −0.37 1.000
0 vs 14 0.079 0.043 1.85 0.439 Etched vs 14 −0.068 0.031 −2.17 0.226
0 vs 28 0.120 0.044 2.75 0.059 Etched vs 28 −0.013 0.033 −0.41 1.000
5 vs 14 −0.039 0.040 −0.98 1.000  5 vs 14 −0.058 0.027 −2.17 0.228
5 vs 28 0.002 0.044 0.04 1.000 5 vs 28 −0.003 0.031 −0.11 1.000
14 vs 28 0.040 0.043 0.96 1.000 14 vs 28 0.055 0.027 2.05 0.298

D: Treatment × Delivery interaction in Hardness

Sound condition

Effect Estimated difference in hardness Standard Error t Value Pr

Treatment:Strontium vs Water 0.081 0.034 2.34 0.032
Delivery: Brushed vs Soaked −0.033 0.034 −0.96 0.351

Elastic modulus ((GPa), no significance interactions with time), Hardness ((GPa), with significant interactions with time included). Reported value of sound dentin elastic modulus: 18.7 (17.5–20),
hardness: 0.86 (0.80–0.93) Mean (95%CI), Brauer et al. [40].

dx.doi.org/10.1016/j.dental.2015.11.020
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estimated 13.4 GPa) had lower and statistically significant val-
es than the “water soaked” group (estimated 15.9). Although
here was significant difference observed with the treatment-
elivery interaction, the estimated difference is within the
ariation observed in sound dentin nanomechanical property
17.5–20.0 GPa, 95% CI) [40].

.1.1.2.  Sound  condition.  There was significant interaction of
reatment and delivery method with time. The only signifi-
ant differences occurred at 14 days in which the strontium
reatment showed significantly higher E than water treatment
roup (Table 1B) (p ≤ 0.005). Although there was statistical sig-
ificance, the E values are still in the range of normal value

or human sound dentin, but there could be a trend of stron-
ium increasing elastic modulus more  than water with longer
reatment time.

.1.2.  Hardness

.1.2.1.  Etched  condition.  Treatment significantly interacted
ith time. No treatment changed the hardness of etched
entin (Table 1B and C).

.1.2.2.  Sound  condition.  Although there was no significant
nteraction with time, as there was in E, the strontium treat-

ent yielded significantly higher hardness values than the
ater treatment (Table 1D) (p = 0.03), but delivery method was
ot significant (p = 0.35). There was a slight decrease in hard-
ess at the beginning of the treatment, which was significant,
ut over the course of the treatment, it disappeared (Table 1C).

Detailed results and statistical analyses are shown in
able 1.

.2.  Occlusion  of  tubules

he total number of dentin tubules occluded using the
lassification: partial (P) + full (F) + covered (C) were evalu-
ted for sound and etched dentin. In analyzing occlusion
ith a mixed effects model, the 3 way interaction of condi-

ion (etched/sound) × treatment (strontium/water) × delivery
brushed/soaked) was statistically significant with both sound
nd etched conditions. AFM topographic images suggested
hat brushing seemed to remove the demineralized collagen
bers from the surface with both strontium and water treat-
ents.

.2.1.  Etched  condition
here was a significant 3-way interaction between time,
elivery and treatment (p = 0.02). There was no significant
ifference in delivery method. With the 3-way interaction con-
idered, strontium treatment with brushing occluded tubules
ignificantly more  at 28 days than other times. If soaked in
trontium solution, 5 and 14-day treatments occluded the
ubules significantly more  than other times. Treatment with
ater did not occlude tubules at any evaluated time with

ither brushed or soaked method (Table 2).
.2.2.  Sound  condition
here was a 3-way interaction between time, delivery and

reatment (p = 0.01). Strontium treatment resulted in higher
ubule occlusion than water treatment (p = 0.001). Delivery
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Fig. 3 – Representative AFM topographic images of root dentin, after 28 days of brushing treatment. A and B were sound
dentin, A was treated with 10% strontium acetate, B was treated with DI water. C and D were pre-treated with 1% citric acid
(pH3.8) for 2 min  before starting strontium (C) or DI water (D) treatment. Note the enlarged dentin tubules when treated with
DI (D). Specimens treated with strontium (A) and (C) showed occluded, smaller tubules and some precipitation on the
surface. Images were  taken in contact mode (dry).

Fig. 4 – Comparison of delivery method on etched dentin. AFM topographic images of root dentin after 14 days of treatment.
Both A and B were  demineralized with 1% citric acid (pH3.8), before 10% strontium acetate treatment with different delivery
methods. A was soaked in 10% strontium acetate solution, whereas B was brushed with 10% strontium solution. In B, the
demineralized collagen layer appeared to be removed.
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ethod did not differ. Soaking resulted in a significantly
igher rate of tubule occlusion with time (p < 0.001). Soak-

ng significantly increased occlusion at 5 days. Occlusion rate
mproved over time with brushing and reached significance at
8 days, (Table 2)

AFM topographic images after 28 days of brushing showed
hat the diameter of dentin tubules became smaller and they
ere mostly filled in the sound dentin group (Fig. 3A), whereas

he sound group treated with water had enlarged tubules
ith no deposits (Fig. 3B). Cloudy deposits on the surface
f intertubular dentin were also observed with the group
reated with strontium (Fig. 3A and C). Etched dentin treated
ith water revealed the caniculi of dentin, similar to the
entin structure observed when treated with acid and sub-
equently treated with sodium hypochlorite [41]. The tubules
emained enlarged, without deposits in the tubules (Fig. 3D).
he soaking delivery method resulted in deposition of the
trontium-containing material without removing the dem-
neralized surface dentin (Fig. 4).

.3.  SEM  and  EDX  analysis

trontium-containing deposits did not form on the surface
niformly. On one specimen, areas with deposit (Fig. 5A) or no
eposit (Fig. 5C) could be observed. EDX confirmed Sr peaks
or strontium acetate powder (Fig. 5B), however there was no
etectable strontium peak from the areas in either Fig. 5A
r C. Fig. 6 shows SEM/EDX analysis of an additional set of
pecimens made by brushing with 10% strontium acetate.
nstead of transferring them to artificial saliva solution imme-
iately after treatment, specimens were kept in a chamber
ith a sponge saturated with artificial saliva. EDX analysis of

hose specimens showed a thick strontium containing layer
eposited on the surface (Fig. 6A and B). The strontium peak
as detectable at 20 �m from the surface (Fig. 6C). At higher
agnification, we confirmed that strontium containing parti-

les were deposited in dentin tubules (Fig. 6D).

.  Discussion

n this study, we selected tubule occlusion and mechanical
roperties as two objective measures, evaluated the effects
n dentin-strontium interaction of delivery methods and con-
ition of the dentin when strontium is used as an active

ngredient over time up to 28 days. The mechanistic study
esign focused on elucidation of the interaction of strontium
ith dentin rather than the mechanism of action in fully for-
ulated dentifrices.
Strontium can substitute for Ca in hydroxyapatite to

orm Sr-Ca-hydroxyapatite [15,17,18,20]. This substitution can
ccur naturally in our daily acidic food consumption with
he presence of strontium [19,42] or be induced in dental
alcified tissues [15,21] or synthesized [20,43,44] in various
trontium/calcium ratios. Synthesized strontium apatite has
een reported to demonstrate higher solubility than hydroxy-

patite, and the solubility increases with greater strontium
ubstitution (strontium ratio) [43,44]. However, it has also
een reported that the dissolution rate of synthetic hydroxy-
patite can be retarded in the presence of strontium. This
( 2 0 1 6 ) 240–251 247

latter observation was thought to be due to strontium form-
ing a very thin surface calcium-strontium apatite complex
[18].

In terms of mechanical properties synthesized strontium-
partially substituted hydroxyapatite (Ca-Sr-apatite) has been
observed to result in an increasing tendency in Young’s
modulus compared with hydroxyapatite, whereas bending
strength was decreased. For strontium apatite (where stron-
tium replaced 100% of calcium), both modulus and bending
strength were lower than hydroxyapatite. Interestingly, in this
limited study when the hydroxyapatite was soaked in a stron-
tium containing solution (1.0 mol/l Sr(NO3)2) for 24 h, higher
modulus and bending strengths were observed compared to
non-treated hydroxyapatite [45]. The authors suggested sur-
face treatment with strontium resulted in strontium plugging
into the Ca-deficient site of hydroxyapatite.

There is no report on the effect of strontium substitu-
tion on mechanical properties in dental tissues, thus we
evaluated two strontium interactions scenarios, deminer-
alized and sound, in our mechanical property study. For
demineralized specimens, our results showed differences
between treatments with strontium or water. Strontium-
apatite can be formed at pH > 7. Pan suggested nucleation
of strontium-substituted apatite is easier than biological
hydroxyapatite in neutral pH and strontium apatite can work
as a template for apatite formation [44]. A work on dem-
ineralized enamel showed strontium significantly improved
remineralization with fluoride [21]. In our study, remineral-
ization of the dentin matrix seemed to be accelerated by
strontium, thus leading to the recovery of mechanical prop-
erties.

Secondarily, it is also possible that strontium led to the
development of Ca–Sr apatite when the specimen was repeat-
edly exposed to strontium acetate, because our sound dentin
specimens showed somewhat higher mechanical properties
if treated with strontium, although the treatment did not
increase the mechanical properties of sound dentin beyond
normal variation [40]. Our finding is consistent with the result
of synthesized apatite mentioned above [45].

The soaking method yielded better occlusion than brush-
ing at the beginning of the treatment, whereas brushing
increased tubule occlusion continuously through day 28. Soak-
ing may saturate the surface of dentin quickly and inhibit
further interaction between dentin and strontium acetate
while brushing may allow strontium acetate to penetrate
deeper and bind better to dentin. This finding is consistent
with an in situ study that reported significantly higher stron-
tium was detectable at deeper depth from the surface of
demineralized enamel after brushing with strontium contain-
ing toothpaste for up to 6 months [46].

Brushing in water, used as a control group in the study,
could still cause abrasion. Around 1 �m loss of dentin after
50,000 brushing strokes with 100 g weight was reported,
although the dentin smear layer was still preserved [47]. In
the present study, an electric toothbrush with around 3000
strokes per minute with 70 g weight was used. Brushing the

demineralized surface may have removed the exposed col-
lagen as deeper sound dentin was exposed and strontium
rich precipitates leading to higher mechanical properties.
This can explain the appearance of brushed specimens with

dx.doi.org/10.1016/j.dental.2015.11.020
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Fig. 5 – SEM images of dentin treated with strontium acetate solution. (A) Specimen brushed 28 days with 10% strontium
acetate solution. Most of the tubules are occluded. (B) Crystals of strontium acetate. (C) Area not occluded from the same
specimen as A. Tubule occlusion was not uniform, possibly because the specimen was soaked in DI water for mechanical
property measurements before SEM analysis and the occluded materials were  washed away. EDX confirmed peaks for
strontium in B, however there was no detectable strontium peak from A or C.

Fig. 6 – SEM images and EDX results from fractured specimen of strontium treated sound dentin. It was prepared by
brushing for 7 days, stored moist. Then a thick strontium containing layer was fabricated by precipitating the strontium
acetate solution on it, which is shown on the surface (A and B). EDX confirmed Sr peaks 20–30 �m from the surface and

particles (#1–#3) were  present in dentin tubules (C and D).

more  exposed canaliculi, that was similar to demineralized
dentin treated with NaOCl [41]. Although we did not directly

measure surface loss, the reason delivery method differed
in the elastic modulus of etched dentin can be explained
by the removal of soft demineralized dentin by brushing,
whereas with the soaking method there was no mechanical
removal.
Tubule occlusion can occur by deposition of an occluding
layer on the top of dentin or occluding materials migration
into dentin tubules. Strontium treatments created surface

dx.doi.org/10.1016/j.dental.2015.11.020
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rystals, deposits on demineralized dentin surface in vitro,
ut they were easily washed away with water [48]. In vivo
nd in situ studies with strontium acetate [26,27,30] show
reater tubule occlusion compared to our in vitro study mod-
ls. To explain this discrepancy, we should consider dynamics
n the oral cavity in addition to the presence of fluoride
nd silica in the study design. We  can speculate that the
echanism is similar to that of topical fluoride applica-

ion and mechanism of fluoride retention in the oral cavity.
luoride is retained in solution in saliva as well as being
etained in the form of calcium fluoride. It can be retained
n the tooth surface, in saliva, plaque, on soft tissues such as
he tongue and lower posterior vestibule of the mouth [49];
hus these sites serve as reservoirs. Fluoride can penetrate
hrough light biofilm layers, which can increase the reten-
ion of intra-oral fluoride availability [50]. But if rinsed with
ater immediately after using the fluoride containing den-

ifrice, bio-availability of fluoride was reduced significantly
51].

Because of the possibility of losing the strontium deposit
rom the surface, we  carried out AFM contact mode tubule
cclusion analysis dry prior to mechanical property testing

n wet condition. Our SEM-EDX evaluation could not detect a
trontium containing layer after the specimens were soaked
n DI-water for mechanical property measurement in Experi-

ent 1. The levels of strontium incorporated into the surface
f dentin may be below the detection limits of EDX, or the
trontium salts formed may be soluble under the analysis con-
itions in the present study as reported by Addy and Mostafa

48]. Conversely, specimens kept on moist sponges (saturated
ith artificial saliva, simulating the reservoir, as in Experiment

, showed strontium acetate particles reaching 20 �m into
ubules and general evidence of strontium presence through
he dentin with SEM and EDX (Fig. 6).

In the present study specimens were placed in an artifi-
ial saliva solution immediately after the 2 min  application
f strontium acetate; this might not be sufficient for allow-

ng strontium to optimally interact with dentin. The absence
f reservoirs and immediate rinsing may explain the lower
cclusion rate of various in vitro studies compared to in vivo
tudies. Comparative studies of fluoride and strontium on bio-
vailability are warranted to improve the delivery method.

Various components in modern dentifrice formulations
an act to occlude dentin tubules in their own right, but such
ngredients are generally inert and confer a short term level
f occlusion. Despite the high uptake and deposit observed on
he surfaces and in the tubules, in some cases tubule occlu-
ion induced by dentifrice slurries can be washed away rather
uickly by water [52]. Davies et al. suggested that the retention
f the occluding particles and resistance to removal by acids
re related to the specific combination of the active ingredi-
nt and abrasives [31]. In our study, there were no abrasives or
hemicals in the study design except salts in artificial saliva,
hus tubule occlusion can be attributed purely to strontium
cetate, although the binding seemed to be loose and water
oluble. This may be one of the reasons that the occlusion

id not increase as much as in situ studies that have used
trontium acetate tooth paste containing abrasives.

Dentin and bone share many  characteristics, and substi-
uting strontium for calcium has been reported to aid bone
( 2 0 1 6 ) 240–251 249

formation [17,53,54] possibly by providing the template for
rapid mineralization [44]. It is possible the natural dem-
ineralization/remineralization process occurring in the oral
environment assists the uptake of strontium for incorporation
into the dentin apatite [20] by the same mechanism. Further
study will be needed to confirm if strontium can be taken into
the structure of dentin, promote remineralization and alter
the properties of dentin in the duration and delivery method
we used.

5.  Conclusions

A 10% strontium acetate treatment over 5–28 days signifi-
cantly increased tubule occlusion for normal root dentin and
to a lesser extent for demineralized dentin and increased
the AFM-based nanomechanical properties of demineralized
dentin. Brushing was more  effective than soaking in recov-
ery of mechanical properties of demineralized dentin when
treated with strontium. No difference in tubule occlusion was
found between the two delivery methods.

Strontium acetate itself proved to have the ability to
occlude dentin tubules and result in small changes in the
mechanical properties of dentin. However, strontium could
not be detected in the samples when analyzed by EDX. Further
research is required to understand the role strontium plays
in the occlusion of dentin tubules. Strontium may be taken
up by dentin and may form strontium-containing apatite,
which could explain the changes in mechanical properties
and tubule occlusion compared to the negative control. Stron-
tium, due to its chemical similarity to calcium, and its ability
to form complex strontium phosphate salts may have a direct
chemical action on dentin.
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