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Introduction

Abstract

Background and Aim: Effective composite bonding to primary teeth is
crucial. Cold plasma treatment could enhance this bonding. This study
investigated the effect of cold atmospheric plasma on dentin microshear
bond strength (USBS) of primary anterior teeth.

Materials and Methods: In this in vitro study, 84 eligible primary
anterior teeth were randomly assigned to six groups: (I) Adper Single
Bond 2 fifth-generation bonding agent, (II) fifth-generation bonding
agent + 15-second plasma treatment, (III) fifth-generation bonding
agent + 30-second plasma treatment, (IV) Single Bond Universal
adhesive, (V) universal adhesive + 15-second plasma treatment, and
(VI) universal adhesive + 30-second plasma treatment. The uSBS test
was then performed. Fracture mode was determined under a
stereomicroscope. Scanning electron microscopy (SEM) and
stereomicroscopic assessments were also performed. Data were
analyzed by one-way and two-way ANOVA, and Tukey and t tests.
Results: The universal adhesive group had a significantly higher uSBS
(39 MPa) than the fifth-generation bonding group (13.5 MPa). A
significant difference existed between the no plasma and 30-second
plasma treatment groups (P=0.001). In the universal groups, significant
differences were noted between no plasma and both 15-second and 30-
second treatments (P<0.05). Universal adhesive outperformed the fifth-
generation bonding agent in the no plasma and 15-second treatment
groups (P=0.007). Adhesive failures predominated in all groups, and
SEM analysis showed distinct differences in dentinal tubules among the
bonding systems.

Conclusion: It is recommended to use Single Bond Universal adhesive
without plasma, and consider plasma treatment to enhance bonding in
Adper Single Bond 2 fifth-generation system.
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and development, coordination of dental arch,

Preservation of primary teeth is a critical goal and occlusal balance [1]. Premature loss of
in pediatric dentistry to ensure proper growth primary teeth can lead to malocclusion, esthetic
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problems, speech problems, or
temporary/permanent functional problems [2].
The growing emphasis on minimally invasive
dentistry and
esthetics necessitate the use of advanced

increased awareness about

restorative materials, such as composite
restorations, in pediatric dentistry [3]. However,
these materials with
disadvantages, including debonding of the
composite from the tooth structure, which can
lead to postoperative tooth hypersensitivity,
secondary caries, and microleakage in composite
restorations [4, 5]. Efficient bonding of
restorative materials to both enamel and dentin
in primary teeth is essential to preserve the
tooth structure and enhance esthetics and
durability. Bonding to dentin is more challenging
than bonding to enamel due to its heterogeneous
structure, which varies by type, location, and
distance from the dentinoenamel junction.
Bonding to primary dentin is particularly
difficult because of its unique microstructure
and chemical composition [3]. Different
methods are available for preparation of tooth
surfaces: phosphoric acid etching and rinsing
(fourth and fifth generations), self-etch
adhesives (sixth and seventh generations), and
universal adhesives (eighth generation) [4, 6].
Considering the importance of time in
behavioral management in pediatric dental
procedures, single-step bonding agents are often
preferred [6].

come certain

Cold atmospheric plasma has numerous

biomedical applications since its contact
temperature is below 40°C, minimizing damage
to underlying healthy tissues [7]. Plasma
treatment induces microstructural and chemical
changes in the enamel and dentin, enhancing
bonding and improving the interface with

composite resins [8]. Short-term plasma
treatment can alter the chemical structure of
collagen fibers and increase the hydrophilicity of
enamel, improving composite infiltration into
the collagen fibers and significantly enhancing

the bond between composite and dentin [9].

While
demonstrated the positive effect of plasma on

studies on permanent teeth have
improving the bond strength of composite to
tooth structure [10, 11], research on the impact
of plasma on composite bonding to primary
teeth is limited.

Therefore, this study aimed to investigate the
effect of cold atmospheric plasma on dentin
microshear bond strength (uSBS) of primary
anterior teeth. The null hypothesis of the study
was that using cold atmospheric plasma would
have no significant effect on dentin uSBS of
primary anterior teeth.

Materials and Methods

This in vitro experimental study was
conducted at Islamic Azad University in Tehran,
Iran, from October 2023 to June 2024. The
university's ethical committee approved the
study (ethics code: IR.IAU.PS.REC.1402.494).
Based on the results of a study by Wang et al.
[12] and using one-way ANOVA power analysis
feature of PASS 11, the minimum sample size
required was determined to be 10 per group,
assuming a significance level (alpha) of 0.05%, a
beta error rate of 0.2%, a mean bond strength
standard deviation of 6.2 MPa, and an effect size
of 0.504. A total of 84 teeth were selected for the
study based on the eligibility criteria.

The inclusion criteria were primary anterior
teeth extracted due to orthodontic treatment or
exfoliated due to root resorption with intact
crowns. The exclusion criteria were teeth with
caries, anomalies, or existing restorations. After
extraction, the teeth were stored in 0.5% thymol
(Mainolab, Iran) solution to inhibit bacterial
growth until the day of the experiment. First, the
roots were cut using a diamond fissure bur
(Tizkavan, Iran) at low speed under water
coolant 2-3 mm below the cementoenamel
junction. The samples were mounted in acrylic
resin blocks (Acropars, Tehran, Iran) with 0.5
mm height and 1 cm diameter. Then, the buccal
surface dentin was exposed using 600-grit
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silicon carbide abrasive paper under water
coolant. The teeth were then examined under a
(Nikon,
magnification to ensure the absence of enamel

stereomicroscope Japan) at x40
and no pulp exposure. The samples were then
ultrasonically cleaned for 10 minutes to remove
debris and stored in distilled water at 4°C
throughout the study. The teeth were randomly
divided into six groups of 14 as follows:

Group 1 (fifth-generation bonding agent): The

teeth were prepared according to the

manufacturer's instructions as follows:

e Etching with 37% phosphoric acid
(Scotchbond, 3M, USA) for 15 seconds.

¢ Rinsing for 10 seconds.

e Applying the bonding agent (Adper Single
Bond 2, 3M, USA) on the specimen surface
with a microbrush and waiting for 15
seconds.

e Applying gentle air pressure for 5 seconds.

e Curing for 10 seconds with a light-curing unit
(Lied Plus, Woodpecker, China) with a light
intensity of 500 mW /cm2.

e Application of composite resin (Filtek Z350,
3M ESPE, USA) in polyethylene Tygon tubes
(Micro-bore Tygon Medical Tubing, Saint
Gobain Performance Plastics, Akron, OH, USA)
with 1 mm height and 0.9 mm internal
diameter.

e Placing the Tygon tubes on the middle third
of the buccal surface of the specimens and
curing for 40 seconds as explained earlier.

e Separating the Tygon tubes using a #15
scalpel (Hi-Cut, India).

Group 2 (fifth-generation bonding agent + 15-

second plasma treatment): The teeth were

prepared as explained for group 1 and also
underwent plasma treatment (Plasmart,

Nariatech Co., Tehran, Iran) after rinsing the acid

etchant and before the application of bonding

agent as follows:
A plasma jet nozzle was used with 8 W input

power, 4 mA intensity, and helium gas flow rate

of 3.8 L/min for 15 and 30 seconds. The peak

frequency and voltage were 50 Hz and 0.780 kV,

respectively. The operator maintained a safe
distance of 10 mm between the dentin surface
and the nozzle.

Group 3 (fifth-generation bonding agent + 30-

second plasma treatment): Similar to group 2,

with the difference that plasma was applied for

30 seconds.

Group 4 (universal adhesive): The teeth were

prepared according to the manufacturer's

instructions as follows:

e Applying universal adhesive (Single Bond
Universal, 3M, USA) on the specimen surface
with a microbrush and waiting for 20
seconds.

e Applying gentle air pressure for 5 seconds.

e Curing for 10 seconds with a light-curing unit
(Lied Plus, China) at 500
mW/cm?2.

e Application of composite resin (Filtek Z350,
3M ESPE, USA) in polyethylene Tygon tubes
(Micro-bore Tygon Medical Tubing, Saint

Woodpecker,

Gobain Performance Plastics, Akron, OH,
USA), with 1 mm height and 0.9 mm internal
diameter.

e Placing the Tygon tubes on the middle third
of the buccal surface of the specimens and
curing for 40 seconds with the same light
intensity mentioned earlier [31].

e Separating the Tygon tubes using a #15
scalpel (Hi-Cut, India).

Group 5 (universal adhesive + 15-second

plasma treatment): The teeth were prepared

similarly to group 4, with a 15-second plasma
treatment before the application of adhesive.

Group 6 (universal adhesive + 30-second

plasma treatment): Similar to group 5, with the

difference that plasma was applied for 30

seconds.

The specimens were then examined under a

(Nikon,

stereomicroscope Japan) at 25x
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magnification to assess bonding defects, air
bubbles, or surface gaps.
Measurement of uSBS:

The uSBS was measured in a universal testing
machine (Santam STM-20, Tehran, Iran) (Figure
1). A 0.2 mm orthodontic wire was looped
around each specimen (in contact with half of
the specimen), and load was applied at a
crosshead speed of 1 mm/min until failure. The
force causing debonding was
recorded in Newtons (N) and converted to
megapascals (MPa) by dividing by the cross-
sectional area of the specimens using the
following formulae:

A=mr
Force (N)
Cross — sectional area

maximum

2

uSBS (MPa) =

A = area of the circle
m=3.14159
r = radius of the circle

Figure 1. Measuring the uSBS

Stereomicroscopic assessment:

All specimens were examined under a
(Nikon, Japan) at x40
magnification to determine the fracture mode.

Classification of the fracture mode was
performed as follows:

stereomicroscope

Adhesive failure: The restorative material

separates at the bonding interface, leaving

adhesive material on both the tooth and within
the dentinal tubules.

Cohesive failure: The failure occurs within the
molecular bonds of a material, with the adhesive
layer remaining both on the tooth and the
restorative material.

Mixed failure: A combination of the above-
mentioned two fracture types [13].

Scanning electron microscopy (SEM):
both with
longitudinal sections, were observed under the

The samples, and without
following conditions: Two samples exhibiting
adhesive failure were randomly selected from
each group and subsequently divided into two
subgroups, ensuring each subgroup contained
one sample from each original group. In one
subgroup, the specimens were longitudinally
sectioned using a diamond disc. All samples
were then polished sequentially, starting with a
1200-grit sandpaper, then 600-grit, and finally
400-grit sandpaper, with each polishing step
lasting for 5 seconds. Following
demineralization in 5% nitric acid for 20
minutes and immersion in 5% sodium
hypochlorite solution for 20 minutes, the
samples were rinsed, dried, and silver-coated.
Morphological analysis of dentin surfaces was
performed using SEM (VEGA Il XMU, Germany)
at x1000 and x5000 magnifications.
Statistical analysis:

SPSS version 29 (SPSS Inc, IL, USA) was
utilized to perform one-way ANOVA, two-way
ANOVA, Tukey’s HSD post hoc test, and t-test at

0.05 level of significance.

Results

The pSBS wvalues of the 6 groups are
in Table 1. One-way ANOVA
showed that the puSBS of group 4 (universal

summarized

adhesive with 15-second plasma treatment) was
significantly higher than that of group 1 (fifth-
without treatment).

generation plasma

Considering the presence of two variables of
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plasma treatment and bonding agent, two-way
ANOVA was also conducted, which yielded a P-
value < 0.001. Normal data distribution justified
the use of Tukey’s HSD post hoc test. The post
hoc test results for the fifth-generation groups
indicated no significant difference between the
group without plasma and the group with 15-
second plasma treatment (P>0.05). However, a
significant difference was observed between the
group without plasma and those with 30-second
plasma treatment (P<0.05, Table 2). The post
hoc test results for the universal adhesive
groups indicated no significant difference
between the two plasma treatment groups
(P>0.05), but there was a significant difference
between the group without plasma and the two
other groups (P<0.05, Table 2). T-test was
performed to compare two different adhesives
in the groups with and without plasma
treatment for 15 and 30 seconds (Table 3). In
the no plasma and 15-second plasma treatment
groups, the universal adhesive groups showed
significantly higher puSBS values (P=0.007), and
there was no significant difference between the
two bonding agents with 30-second plasma
treatment (P=0.779).

Table 4

stereomicroscopic assessment. Adhesive failure

show the results of the
was the most common failure mode across all
groups.

Figures 2-4 present the SEM results. The
dentinal tubules were not detectable on the
images of the samples with longitudinal sections.
In comparison of the two different bonding

agents, the fifth-generation bonding agent

Table 1. Mean uSBS (MPa) of the six groups (n=14)

showed fewer dentinal tubules with a smaller
diameter; while the universal adhesive group
tubule
openings. In using the fifth-generation bonding

exhibited more distinct dentinal
agent, the 30-second plasma treatment resulted
in fewer and smaller dentinal tubule openings.
There was no significant difference in
morphology among different groups when

universal adhesive was used.

Figure 2. SEM images of specimen surface after adhesive
bond failure at 5000x magnificaion. A: Fifth-generation,
group 1. B: Universal adhesive, group 4

Figure 3. SEM images of specimen surface of the fifth-
generation groups. A: no plasma treatment. B: 15-second
plasma treatment. C: 30-second plasma treatment

Figure 4. SEM images of specimen surface of the universal

groups. A: No plasma treatment. B: 15-second plasma
treatment. C: 30-second plasma treatment

95% confidence interval for mean

Group Mean (kN) uSBS (MPa) Std. deviation Lower Bound Upper Bound
1 0.04764 13.41 0.038812 0.02523 0.07005
2 0.07564 16.73 0.048244 0.04779 0.10350
3 0.10729 23.73 0.037164 0.08583 0.12874
4 0.17907 39.74 0.053458 0.14821 0.20994
5 0.12179 27.03 0.031684 0.10349 0.14008
6 0.11250 24.97 0.057723 0.07917 0.14583
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Table 2. Pairwise comparisons of plasma treatment effects on bond strength for the fifth-generation bonding agent and

universal adhesive

Bonding Agent Group 1 Group 2 P value
No plasma treatment 15-second plasma treatment 0.191
Fifth-generation bonding agent No plasma treatment 30-second plasma treatment 0.001
15-second plasma treatment 30-second plasma treatment 0.124
No plasma treatment 15-second plasma treatment 0.010
Universal adhesive No plasma treatment 30-second plasma treatment 0.003
15-second plasma treatment 30-second plasma treatment 0.871

Table 3. T-test results for the comparison of the two adhesives (n=14)

Group uSBS (MPa) Std. deviation
No plasma treatment Fifth-generation 13.41 0.038812
Universal 39.74 0.053458
15-second plasma treatment Fifth-generation 16.73 0.048244
Universal 27.03 0.031684
30-second plasma treatment Fifth-generation 23.73 0.037164
Universal 24.97 0.057723

Table 4. Stereomicroscopic assessment results regarding
the failure mode frequency (n=14)

Cohesive  Cohesive

Group (Dentin) (Resin) Adhesive Mixed
1 1 2 5 6

2 1 2 9 2

3 0 0 9 5

4 3 0 4 7

5 6 2 2 4

6 6 4 1 3
Total 17 10 30 27
Discussion

Given the importance of composite bond
strength to teeth, various methods have been
introduced to enhance bonding, one of the
newest being the use of atmospheric pressure
cold plasma [14]. This study evaluated the effect
of plasma treatment on dentin pSBS in primary
anterior teeth. Based on the present results,
application of plasma in the universal adhesive
group the puSBS

compared to the universal adhesive group alone,

significantly = decreased

but there was no difference between the 15- and
30-second plasma treatment groups. In fifth-
generation bonding agent groups, plasma
treatment significantly increased the pSBS.

Specifically, there was no difference between the

group without plasma and the 15-second plasma
treatment group, but there was a difference with
the 30-second group, indicating that the
effectiveness of plasma increased with time.
Therefore, the null hypothesis was rejected.

Cold plasma, also known as non-thermal
atmospheric plasma, can enhance bonding and
improve adhesion to composite resins by
causing microstructural and chemical changes in
etched enamel and dentin surfaces [9]. Previous
research has reported the positive effects of
[14].

generates free radicals and high-energy photons,

plasma on pSBS Plasma treatment
which can cause changes in the substrate

surface, increase surface energy and
hydrophilicity [15], and reduce excess dentin
moisture without degrading or demineralizing
the collagen matrix [10]. Studies have also
reported that cold plasma removes the organic
content from dentin by breaking carbon-carbon
and carbon-hydrogen bonds and releasing
hydroxyl groups [16, 17]. This process can
enhance bonding by increasing interactions
between the electron groups and hydrogen
bonds in the adhesive system and dentin [18].

Various factors, such as the type of gas used in
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the plasma (helium or argon) [19], plasma
exposure duration [12], distance from the tooth
surface [20], timing of plasma irradiation in
relation to the bonding procedure [10], and
constituents of different bonding systems, can
influence the effect of plasma on bond strength.
Based on previous studies, this study selected
the irradiation protocol with a duration of 15
and 30 seconds, at 10 mm distance from the
tooth surface, and plasma application before the
bonding procedure [12, 20, 21]. Due to the
conflicting results of previous studies regarding
the duration of treatment, both 15 and 30-
second intervals were examined in this study.
Inconsistent with the present study, Wang et al.
[12] concluded that applying plasma before the
SBS of

composite to permanent teeth using an eighth-

bonding procedure increased the
generation bonding agent, with the maximum
SBS reported at 15 seconds. This difference in
the results could be attributed to different
methodologies, as their study used plasma with
argon gas, which has different characteristics
from helium, including a higher electron
temperature and lower electron density [22].
Such differences can affect the plasma's ability to
modify the dentin surface and enhance adhesion
in composite restorations [23]. Additionally, in
the study by Wang et al. [12], SE Bond (Kuraray,
Tokyo, Japan) was used as the bonding agent,
which contains different components, including
hydrophilic amide monomers that create
numerous cross-links and dissolve the smear
layer and allow for high adhesive monomer
penetration. In contrast, Single Bond Universal
used in the current study contains phosphoric
acid and silane, which enhance its wetting
capacity and facilitate the penetration of the
adhesive system [24, 25]. This combination
allows the adhesive to permeate dentin smears
and effectively impregnate the underlying dentin

[26]. In contrast to the current study, they

observed dentinal tubules in samples with
longitudinal sections. However, in the present
study, SEM assessment of the samples with
longitudinal sections was not feasible due to the
small size of primary teeth. In the study by Wang
et al. [12], an improvement in SBS was observed
when using plasma with a fifth-generation
bonding agent; however, increasing the plasma
exposure time was associated with a decrease in
SBS, which was in contrast to the present
findings. According to a study by Strazzi-Sahyon
et al. [17], prolonged plasma exposure time can
degrade collagen fibrils by enhancing the etching
effect and potentially affect the long-term
durability of restorations. Consistent with the
current study, Bolla et al. [10] found that plasma
treatment after etching and before bonding in
fifth-generation bonding agents increased the
SBS. However, contrary to the present findings,
plasma treatment before the bonding process
was associated with increased SBS in using a
universal adhesive. The difference in the results
could be due to the differences in machine
and plasma protocols,

settings exposure

including higher energy of plasma, closer
distance to the tooth surface, and intermittent
plasma exposure at 5-second intervals. They
found that plasma irradiation after adhesive
application was associated with a reduction in
bond strength, and consistent with this study,
the effect of plasma on improving the bond
strength was reported to be better with the
total-etch

adhesive. In a study by Ayres et al. [27], a two-

system compared to universal

year follow-up demonstrated that plasma

application with a 30-second protocol
significantly increased the SBS in the etch-and-
rinse group, while no significant difference was
observed in the universal adhesive group.
Moreover, in a systematic review, Awad et al.
[14] reported that plasma effectively enhanced
the SBS with the

etch-and-rinse system.
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However, the universal adhesive did not show a
distinct impact, highlighting the need for further
Bond

strength relies significantly on forming adequate

studies using consistent protocols.
resin tags and a compact, homogeneous hybrid
layer. The smear layer, composed of organic
materials and mineral remnants formed during
enamel cutting, occludes the dentinal tubules
[28]. The etch-and-rinse systems effectively
remove the smear layer using phosphoric acid,
creating a non-mineralized dentin surface that
enhances adhesive penetration into collagen and
forms a thick hybrid layer. In contrast, universal
systems reach the underlying dentin without
eliminating the smear layer, achieving
penetration with acidic monomers that leave
dentin non-mineralized, and form a thin hybrid
layer [29]. A wide range of SBS values has been
reported in the literature, with universal
systems exceeding 30 MPa and fifth-generation
total-etch systems achieving 25 MPa [30]. A
recent study also showed that the immediate
SBS of universal systems was lower than that of
etch-and-rinse systems but comparable after 24
hours [31]. Aligned with the current results,
Chauhan et al. [32]

strength of an eighth-generation bonding agent

reported higher bond

compared to a fifth-generation dentin bonding
agent, potentially due to the high technical
sensitivity of fifth-generation systems and
degradation of dentinal tubules and collagen
fibers during the etching and drying phases.
Meanwhile, the bond strength of the eighth-
generation bonding agent was enhanced with
the addition and 10-MDP

substance

of nanofillers
which
penetration into the tubules and

monomers, increase
chemical
bonding to hydroxyapatite, respectively;
thereby, improving long-term bonding durability
[33]. Despite various studies highlighting the
effects of plasma on aspects such as dentin
modification [34, 35],

surface dentin

hydrophilicity [36], improvement of monomer
polymerization [37], and enhancement of hybrid
layer integrity in etch-and-rinse systems [27], it
appears that plasma surface modification before
bonding in eighth-generation universal systems
may have altered the bonding interaction with
dentin due to their distinct bonding mechanisms
with  dentin.  This

microstructural changes, including collagen fibril

could stem from
degradation, affecting monomer penetration.
Additionally, universal systems penetrate into
the smear layer, and plasma treatment may
[38],

influencing the bonding efficacy of eighth-

modify this smear layer potentially
generation universal systems.

The SEM results assessing the qualitative
morphology of resin-dentin interface in the
universal showed no

groups significant

difference  between  plasma-treated and
untreated groups. However, in the etch-and-
rinse groups, plasma application and longer
treatment duration led to changes in the number
and diameter of tubules consistent with prior
research findings [14, 39]. Nevertheless, the
interpretation of adhesive penetration into
dentin remains contentious [40]. Hence, it
cannot solely explain the positive impact of
plasma on resin-dentin bond strength. This
study provided valuable insights into the effects
of 15- and 30-second plasma treatments and the
impact of plasma on the bonding of adhesive
systems to primary teeth.

This study had several limitations. First, it did
not include contact angle measurements to
validate the surface energy changes, which may
influence the bonding performance. Second, the
use of extracted teeth did not account for the
influence of pulpal fluid pressure, which could
affect resin infiltration and bond strength under
clinical conditions. Additionally, due to the small
size of primary teeth, it was challenging to

obtain reliable longitudinal sections for SEM



307 Jadidi et al.

Effect of Cold Plasma on Dentin Bond Strength

analysis, limiting the evaluation of resin tag
formation. Although previous studies suggest
that plasma treatment may enhance hybrid layer
thickness in etch-and-rinse systems [27], this
study could not comprehensively assess the
hybrid layer due to the limited cross-sectional
should

measurements,

SEM evaluation. Future research

incorporate contact angle
simulate intraoral fluid dynamics, and use
to better

investigate the effects of plasma treatment on

improved sectioning techniques

resin-dentin bonding.

Conclusion

Considering the limitations of this in vitro
study, it was shown that Single Bond Universal
adhesive provided the highest pSBS; while Adper
Single Bond 2 etch-and-rinse system yielded the
lowest pSBS. Plasma treatment significantly
decreased the pSBS in both 15-second and 30-
second protocols when using the universal
adhesive, with no difference between these
durations. In using the etch-and-rinse adhesive,
only the 30-second plasma protocol significantly
increased the uSBS compared to controls. It can
be concluded that for optimal results, Single
Bond Universal adhesive should be used without
plasma treatment; while for Adper Single Bond 2
fifth-generation system, plasma treatment may
enhance the bond strength.
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