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Abstract
The purpose of this study was to compare dentinal tubule sealing effects of a 532-nm diode-pumped solid-state (DPSS) laser,
gallic acid/Fe3+ complex, and three commercially available dentin desensitizers. Human premolars (n = 44) extracted for ortho-
dontics had standardized cervical cavities prepared, etched (37% phosphoric acid) and randomly assigned to either a control (n =
4), or one of five treatment groups (n = 8/group). Desensitizing treatments were either a 532-nm DPSS laser, gallic acid/Fe3+

complex, oxalate-based Super Seal™ (SS), DIO™ Enamel Coating Pen Pro Tooth (Dio), or adhesive-type Hybrid Coat™ (HC).
Dentinal fluid flow (DFF) was monitored continuously in real time during the application of each desensitizing agent, by using a
nanoliter-scaled fluid flow-measuring device. Following treatment, morphological changes on dentinal surfaces and within
tubules were observed by scanning electron microscopy (SEM). DFF rates were significantly reduced after treatment in all
experimental groups (P < 0.05), except SS (P > 0.05). The gallic acid/Fe3+ complex reduced DFF rates the most, and significantly
(P < 0.05) more than the three commercial dentin desensitizers. There were no significant differences in DFF reduction rates
between the gallic acid/Fe3+ complex and the DPSS laser groups (P > 0.05). There were no significant differences in DFF
reduction rates among the three commercial dentin desensitizers (P > 0.05). SEM examination of treated dentin showed that
the degree of occlusion of dentinal tubules correlated closely with the corresponding reduction in DFF rates. The gallic acid/Fe3+

complex and 532-nm DPSS laser were superior to other desensitizing methods in occluding dentinal tubules and reducing DFF
rates.
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Introduction

Dentin hypersensitivity (DH) is commonly attributed to the
hydrodynamic theory [1]. Stimuli applied to dentin induce
fluid flow within dentinal tubules, which activate
nociceptors in the pulp-dentin complex causing pain and
DH [2]. Unsealed dentinal tubules and high levels of dentin
permeability are observed in DH [3]. Therefore, occluding
dentinal tubules via in situ remineralization is the objective
of dentin desensitizers [4]. Most commonly, oxalate or fluo-
ride ions are used to form complexes with calcium, and
in vitro studies have demonstrated oxalate crystals occluding
dentinal tubules [5–7]. Additionally, varnishes such as adhe-
sives [8] and protein precipitation [9] have been applied to
occlude dentinal tubules. However, superficial layers of cal-
cium oxalate crystals or varnish may wear out by brushing
and/or dietary acids [10, 11]. Therefore, therapies with long-
term effectiveness have pursued intratubular mineral crystal
deposition [12].

Bioactive materials that are capable of intratubular miner-
alization have been used to block exposed dentinal tubules
[13]. Toothpastes containing bioactive glass ceramics or
nano-hydroxyapatite (n-HA) have demonstrated the occlusion
of open dentinal tubules through mineral deposition [13, 14].
DIO Enamel Coating Pen Pro Tooth (Dio Corporation, Pusan,
Korea) contains tricalcium phosphate (TCP) and n-HA, which
the manufacturer claims can fill abraded enamel, thereby man-
aging DH. However, its effectiveness in occluding dentinal
tubules is yet to be substantiated.

Gallic acid/metal ion complexes adhered and formed stable
cross links on the dentinal surface, and thus blocked dentinal
tubules by as much as 52% within 4 min [15]. However, a
comparison of their occluding efficacy with that of adhesive
type desensitizers is missing.

Laser treatments for DHwere introduced in the 1980s [16].
The five types of lasers used in these treatments are Nd:YAG,
Er:YAG, Er;Cr:YSGG, CO2, and GaAlAs (diode) lasers [16,
17]. The diode lasers have low-power output, while the others
have middle-power output, and the former produce a contin-
uous wave without overheating their substrate [18], whereas
the latter may harm the underlying pulp [19]. Diode lasers
with wavelengths between 780 and 900 nm have been clini-
cally effective in the treatment of dentine hypersensitivity [20,
21], and it was thought that they mediate an analgesic effect
through depressed nerve transmission [16]. However, the ef-
fectiveness of a 532-nm diode-pumped solid-state (DPSS) la-
ser in reducing DH has not been studied.

Most studies on the effects of desensitizing agents have
been limited to scanning electron microscopic examination
of dentinal tubules [13, 22]. Since dentinal fluid flow
(DFF) induced by external stimuli is the main mechanism
for DH, the measurement of DFF in real time during the
application of desensitizing agents, by using a nanoliter-

scale fluid flow-measuring device, is crucial in evaluating
the effectiveness of desensitizing agents [5, 6].

The purpose of this study was to evaluate the dentinal
tubule sealing effect by measuring DFF in real time during
each application. Five different types of desensitizers,
which included a 532-nm DPSS laser, gallic acid/Fe3+ com-
plex, oxalate-based Super Seal™, Dio™ Enamel Coating
Pen Pro Tooth, and adhesive-type Hybrid Coat™, were test-
ed. Morphological changes in the dentinal tubules follow-
ing these treatments were examined by scanning electron
microscopy (SEM). The null hypothesis was that there
would be no difference in the DFF rate before and after
desensitizing agent application, and there would be no dif-
ferences between the desensitizers.

Materials and methods

Structure of the real-time fluid flow-measuring
instrument

DFF was measured by using a nanoliter-scale fluid flow-
measuring device (Nano-Flow, IB Systems, Seoul, Korea)
as used in the previous studies [5, 6] (Fig. 1). The instru-
ment contained three components: (i) a glass capillary and
photosensor for detecting fluid movement; (ii) a servomo-
tor, lead screw, and ball nut for tracking fluid movement;
and (iii) a rotary encoder and computer software for re-
cording data. An air bubble was created in a water-filled
glass capillary (internal diameter of 0.5 mm), which con-
nected the tooth to a water reservoir. A photosensor
consisting of an infrared light-emitting diode and a photo-
transistor detected movement of the air bubble in the cap-
illary. The servo amplifier and servomotor rotated a lead
screw in response to voltage from the photosensor, which
continuously tracked the air-water interface. The rotation
of the screw was measured by a rotary encoder (1000
pulses/rotation), and recorded by a computer. This instru-
ment measured water movement at a threshold volume of
0.2 nL.

Specimen preparation

This study was approved by the Institutional Review
Board, Seoul National University Dental Hospital, Seoul,
Korea (ERI15005). Maxillary and mandibular premolars
(n = 44) that had been extracted for orthodontic treatment
and devoid of caries or restorations were collected. Their
roots were resected at 5 mm below the cementoenamel
junction (CEJ) with an IsoMet® Low Speed Saw
(Buehler, Lake Bluff, IL, USA). The pulp tissue was re-
moved from the pulp chamber with endodontic files. A
metal tube (diameter 0.9 mm) was inserted into the canal
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to connect the tooth through silicone tubing with the glass
capillary of the fluid flow-measuring device (Fig. 1). The
tooth was mounted on a glass slide and secured with a
dentin bonding agent (Adper™ Scotchbond™ Multi-
Purpose, 3M ESPE, St. Paul, MN, USA) and a flowable
composite (Denflow, Vericom, Anyang, Korea). The ex-
posed root surface and outer surface of the bonded inter-
face between the tooth and glass slide were covered with
nail varnish to prevent leakage.

Cervical cavity preparation and measurement
of dentinal fluid flow during desensitizing agent
application/laser irradiation

The mounted teeth were connected to the measuring de-
vice, and the absence of leakage under hydrostatic pres-
sure (20 cm H2O, 10 min) was confirmed. A standardized
V-shaped cervical cavity was prepared at the CEJ of each
tooth (mesiodistal width 5 mm, occluso-cervical height
3 mm, depth 2 mm) by using a high-speed handpiece
(MACH-QD, NSK, Tokyo, Japan) with a round-end ta-
pered diamond bur (TR-12, Mani, Tochigi, Japan). The
cavity was etched with 32% phosphoric acid (Scotchbond™
Universal Etchant, 3M ESPE) for 15 s to remove the smear
layer, rinsed with water, and dried with a cotton pellet.
Throughout these procedures, the DFF was measured continu-
ously in real time.

The mounted teeth were randomly assigned to five ex-
perimental groups (n = 8/group) and a control group (n =
4), and their cervical cavities subjected to one of the fol-
lowing desensitizing treatments, according to the manu-
facturers’ instructions. The mode of action of the
desensitizing agents were further subdivided into (i) for-
mation of mechanical barrier on the dentinal tubules
(Super Seal™, Hybrid Coat™, Dio™ Enamel Coating
Pen Pro Tooth), (ii) a structural change to the dentinal
surface (DPSS laser), and (iii) a chemical action on the
dentinal surface (gallic acid/Fe3+ complex).

Group 1: Super Seal™ (SS; Phoenix Dental, Fenton, MI,
USA), an oxalate-based topical desensitizing agent, was
applied for 30 s and gently air-dried for 30 s.
Group 2: Hybrid Coat™ (HC; Sun Medical, Moriyama,
Japan), a 4-methacryloyloxyethyl trimellitate anhydride
(4-META)-containing adhesive-type desensitizing agent,
was applied using a coat sponge, keeping the tooth sur-
face moist for 20 s, mildly air-dried for 5 s, and strongly
air-dried for 5 s, and then lightly cured for 10 s using LED
(B&Lite S, B&L Biotech, Ansan, Korea).
Group 3: DIO™ Enamel Coating Pen Pro Tooth (Dio;
Dio Corporation), a n-HA- and TCP-containing tooth-
paste, was applied with a cotton swab for 60 s, left in
place for 30 s, and then rinsed with water spray for 30 s.
Group 4: Diode-pumped solid-state laser (L; Dental 5,
Bison, Seoul, Korea) at wavelength 532 nm and energy
level 0.5 W, irradiated for 10 s, with a 5-s rest time be-
tween each of three repeat applications. Each application
was continuous-wave laser output, and in non-contact
mode with 2–3 mm between the optical fiber and the
irradiated surface.
Group 5: The gallic acid/Fe3+ complex (GF) was
applied for 60 s, with 60 s of rest between each of
the four repeat applications, as previously reported
[15]. The GF solution was refreshed in each applica-
tion. Gallic acid and FeCl3 were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Aqueous
solutions of FeCl3 (1.2 × 10−3 M) and gallic acid
(0.47 × 10−3 M) were separately prepared and mixed,
and the pH was raised to 8.0 by slowly adding NaOH
(0.1 M) solution.

Control: No desensitizing treatment was applied.
The DFF was continuously measured until 10 min after

initiation of the desensitizing treatment. From the DFF
curve, pre- (as a baseline flow rate) and post-application
DFF rates were determined. Reduction of the DFF rate was
calculated as follows: (%) = 100 × (baseline flow rate −
post-application flow rate) / baseline flow rate.

Fig. 1 A schematic diagram of
the sub-nanoliter-scale fluid flow-
measuring device
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SEM preparation

After measurement of DFF, three teeth in each group were
randomly selected for SEM examination. The coronal part of
the cervical cavity was sectioned horizontally to yield 3-mm-
thick disks, by using a low-speed diamond disk (NTI-Kahla
GmbH, Kahla, Germany). Buccal and lingual grooves were
prepared using the low-speed diamond disk, avoiding passing
through the disk specimen. These disks were then split along
their longitudinal axis, dried in a critical point dryer (HCP-2h),
and gold-sputtered. The treated surface and fractured subsur-
face were observed with an SEM (S-4700, Hitachi, Tokyo,
Japan) at ×3000 and ×10,000 magnifications.

Statistical analysis

Differences in the DFF rate before and after desensitization
treatment in each group were analyzed by paired t test. DFF
rate reductions among groups were compared by one-way
analysis of variance followed by Tukey’s HSD post hoc test.
IBM SPSS version 21 software package (IBMCorp, Armonk,
NY, USA) was used, and the level of significance was set at
P < 0.05.

Results

DFF reduction

The nanoliter-scale fluid flow-measuring device was effective
at measuring DFF in real time. Any changes in DFF that
occurred before, during, and after the application of each
desensitizing agent could be monitored by plotting DFF (nL)
as a function of time (s) for each specimen (Fig. 2). All groups
experienced negative flow during cavity preparation and
wash, and positive flow during acid etching and drying pro-
cedure. In the untreated control, DFF increased constantly
after drying (Fig. 2a). During the application of SS, DFF
was blocked momentarily, then increased abruptly from gentle
air drying, and soon re-established at a slightly reduced rate of
flow than the original baseline (Fig. 2b). In the HC group,
steep positive flow was shown during air blow after HC ap-
plication. Then, negative flow was observed during light cur-
ing, followed by positive flow with a decreased slope (Fig.
2c). In the Dio group, the slope of fluid flow maintained dur-
ing application of the agent and waiting, followed by a nega-
tive curve during wash. After washing, positive flow with a
decreased slope was observed (Fig. 2d). Laser irradiation
markedly decreased the slope of the fluid flow to a steady
state. After laser irradiation, the curve of DFF showed a pos-
itive flow with a decreased slope (Fig. 2e). Application of GF
reduced the DFF rate to nearly zero or even caused a slightly

negative curve. After the GF application, DFF demonstrated a
positive flow with a remarkably decreased slope (Fig. 2f).

The DFF rate after application of desensitizing agent/laser
irradiation was significantly reduced compared to the initial
DFF rate for all experimental groups (P < 0.05), except in the
SS group (P > 0.05) (Table 1). The DFF rate did not signifi-
cantly change in the control group (P > 0.05) (Table 1). The
GF group showed the greatest reduction in the DFF rate (79.4
± 13.6%), followed by L (66.1 ± 8.1%), HC (45.8 ± 8.1%),
Dio (42.6 ± 4.9%), and SS (37.5 ± 5.0%). The GF and L
groups did not show significant difference in reduction of
DFF (P > 0.05) (Fig. 3). There was no statistically significant
difference in the DFF reduction rate among the SS, Dio, and
HC groups (P > 0.05) (Fig. 3). All experimental groups
showed significantly greater DFF reduction than the control
(P < 0.05) (Fig. 3).

SEM examination

A SEM examination of the dentin surfaces revealed morpho-
logical changes following treatments with desensitizing
agents (Fig. 4). The untreated controls and acid-etched speci-
mens showed dentinal tubules that were open and empty (Fig.
4a). The SS group had dentinal tubules that were partially
occluded with micron-sized particles of various diameters,
which loosely filled their orifices (Fig. 4b). These precipitates
extended to a depth of up to 20 μm within the tubules, when
their fractured subsurface was examined (Fig. 4b). Similarly,
Dio-treated dentin showed partial occlusion of the dentinal
tubule orifice. In the cross-sectional view, many tiny crystal
precipitates were in the dentinal tubule. The deposits extended
to a depth of up to 20 μm within the tubules (Fig. 4d). HC-
treated dentin showed that nearly half the tubules were
blocked. In the fractured subsurface view, columnar mass
plugging tubule orifices were observed in the HC group
(Fig. 4c), whereas globular particles filled tubule orifices in
SS and Dio. Nearly half of the tubules had been obstructed
and constricted by laser irradiation. In the cross-sectional
view, the blocked dentinal tubules demonstrated an indistinct
boundary of the tubule (Fig. 4e). In the GF group, almost all
tubule orifice was occluded in the cross-sectional view. In the
fractured subsurface view of the GF-treated dentin, adjacent
peritubular dentin was connected by the gallic acid/Fe3+ com-
plex (Fig. 4f).

Discussion

In this study, DFF was measured in real time during the ap-
plication of each desensitization technique, by using a
nanoliter-scale fluid flow-measuring device. Despite the
ex vivo design, our model is revealed more clinically relevant
than previous studies, which were evaluated on dentin disks
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[22, 23]. Furthermore, the reductions in DFF can be quanti-
fied, and the statistical differences between the groups could
be compared.

The gallic acid/Fe3+ complex provided the greatest reduc-
tion in DFF, as their ion complexes bound tightly to the en-
trance of dentinal tubules. In gallic acid, the pyrogallol group
binds to dentin through Fe3+ ion, which create stable cross-
linked complexes in an aqueous environment, due to the high

binding energy of the pyrogallol-iron complex in water [24].
Under SEM, the treated dentinal surfaces showed tight bridge-
like connections between adjacent peritubular dentin, which
markedly reduced the outward flow. This study has demon-
strated the immediate effects of the gallic acid/Fe3+ complex
on DFF, and a previous study reported its long-term effects on
mineral formation after 7 days of incubation in artificial saliva

Fig. 2 Representative graphs of
dentinal fluid flow (nL) measured
in real time (s) during the
application of each desensitizing
agent. a Non-treated control. b
Super Seal. c Hybrid Coat. d Dio.
e DSPP laser. f Gallic acid/Fe3+

complex. An asterisk (*) means
that the post-application flow rate
significantly reduced compared
with that of the baseline flow rate
in HC, Dio, L, and GF groups. p,
cavity preparation; e, acid
etching; w, wash; d, dry; BFR,
baseline flow rate; PFR, post-
application flow rate; A,
application of the agent; g.a,
gentle air dry; lc, light curing; r,
water rinse; L, laser irradiation

Fig. 3 The reduction in dentinal fluid flow rate (%) by each desensitizing
agent. Different letters represent significant difference

Table 1 Mean value of baseline flow rate (BFR) and post-application
flow rate (PFR), and P value from the paired t test of the difference
between the BFR and PFR of control and each experimental group

BFR PFR P value

Control 1.2 1.228 0.216

Super Seal 1.124 0.686 0.063

Hybrid Coat 1.018 0.507 0.027*

Dio 1.21 0.696 0.009*

DPSS laser 1.922 0.63 0.009*

Gallic acid/Fe 3+ complex 1.788 0.486 0.015*

Statistically significant difference between BFR and PFR in each group
(P < 0.05)
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[15]. They mentioned that GF could slightly discolor dentin;
however, the color change fell into a category that was esthet-
ically acceptable (ΔE = 5.5) [25].

Alternatively, lasers have already proven to be proficient at
treating DH [17]. This study is the first to have used a 532-nm
DPSS laser while measuring DFF in real time. The 532-nm
DPSS laser treatment yielded the second greatest reduction in

DFF, which was not significantly different from that of the
gallic acid/Fe3+ complex. The DFF rate was maintained at a
steady level during the application of this low energy laser,
whereas Kim et al. [6] reported inward dentinal fluid flow
from the higher thermal energy of an Nd:YAG laser. SEM
showed tubules sealed by laser irradiation, which differed
from the mechanical interference that was created by the SS

Fig. 4 Representative SEM
images of the treated dentin
surfaces that show exposed
dentinal tubules at their openings
(left panels) and within their
lumen (middle and right panels),
following the application of each
desensitizing agent. a Untreated
control. b Super Seal. c Hybrid
Coat. dDio. eDSPP laser. fGallic
acid/Fe3+ ion complex group. Left
and middle panels, (original
magnification, ×3000); right
panel, magnified image of the box
in the middle panel (original
magnification, ×10,000)
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or HC treatments. In this study, there were three laser applica-
tions (0.5 W) of 10-s duration so that the dentin could be
cooled at the rest time between laser irradiation. Pulp temper-
ature increase of approximately 2.2 °C resulted in minimal
change to pulp and dentin [26]. Although the energy level of
the 532-nm DPSS laser used in this study was not intense, the
effects of the laser on temperature of the pulp will need to be
evaluated more carefully. Since diode lasers may block depo-
larization of afferent fibers and thereby suppress nerve trans-
mission, the desensitizing effects of this marked reduction
(60%) in DFF are likely to be further augmented by the sup-
pression of nerve transmission in vivo [27].

In the SS group, oxalate ions bound calcium ions on the
dentin surface to form calcium oxalate crystals [5]. SEM
showed that the orifices of dentinal tubules were filled with
many tiny crystals, as previously reported [5, 6, 28]. However,
the precipitates were sparsely packed, with gaps between the
crystals and the tubule wall, and the reduction in DFF was
insignificant.

Hybrid Coat is an adhesive type of desensitizing agent that
contains 4-META, which is a functional monomer with both
hydrophobic and hydrophilic groups on the same molecule
[29]. It might reduce DFF by forming a hybrid layer and tag
within open dentinal tubules [30]. In this study, the reduction
of DFF by HC was inferior to GF, which suggests that GF
formed a stronger bond to dentin than HC. After application of
HC, light curing was performed according to the manufac-
turer’s instruction. The light curing resulted in thermal expan-
sion of fluid within the pulp chamber, which caused a transient
negative curve as previously reported [5, 6].

The manufacturer of Dio claims n-HA and TCP will fill
within the abraded enamel layer. Under SEM, the particles
loosely filled open dentinal tubules without interaction with
the dentin structure. Since the degree of dentinal tubule occlu-
sion by Dio was less than the L or GF groups, the DFF reduc-
tion rate was lower. In this study, Dio was applied once, for
90 s. Dentinal tubule-occluding effects could be potentiated by
repeated application of Dio. Remineralization effects of n-HA
on demineralized lesions in teeth have been reported [31, 32].

The current study evaluated the sealing capacity of five
desensitizing methods on dentinal tubules. Dentin desensi-
tizers that induced structural changes (L), or chemical actions
on dentin (GF), showed greater DFF reductions compared to
dentin desensitizers that provided physical/mechanical bar-
riers (SS, HC, Dio). A new 532-nm DPSS laser and gallic
acid/Fe3+ complex could be effectively used in the treatment
of DH as suggested by their reducing DFF. However, the fluid
flow measuring device was operated in vitro using water.
In vivo, the process of demineralization and remineralization
occurs continuously and the occlusion of dentinal tubules may
be affected by saliva. Long-term effects of these agents and
their durability over abrasive or erosive challenges need fur-
ther clinical investigation.

Conclusion

The gallic acid/Fe3+ complex and the 532-nm DPSS laser
were superior to other desensitizing methods in occluding
dentinal tubules and reducing DFF rates.
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