Title page

Click here to download Manuscript Title page.docx

Click here to view linked References

©CO~NOOOTA~AWNPE

Effects of non-thermal atmospheric plasma treatment on dentin wetting and surface free energy

for application of universal adhesives

Jovana N. Stasic!, Nenad Selakovi¢?, Nevena Puaé?, Maja Mileti¢3, Gordana Malovié?, Zoran Lj.

Petrovi¢?, Djordje N. Veljovic*, Vesna Miletic*”"

1University of Belgrade, School of Dental Medicine, DentalNet Research Group, Rankeova 4, 11000

Belgrade, Serbia

2 University of Belgrade, Institute of Physics, Laboratory for gaseous electronics, Pregrevica 118,

11000 Belgrade, Serbia

3 University of Belgrade, School of Dental Medicine, Department of Pathophysiology, Dr Subotica 1,
11000 Belgrade, Serbia

4 University of Belgrade, Faculty of Technology and Metallurgy, Karnegijeva 4, 11120 Belgrade, Serbia

Corresponding author

Vesna Miletic

University of Belgrade, School of Dental Medicine, DentalNet Research Group
Rankeova 4, 11000 Belgrade, Serbia

Email: vesna.miletic@stomf.bg.ac.rs

Phone: +381117857051

Acknowledgements

This work was supported by the Ministry of Education, Science and Technological Development,
Republic of Serbia [grant numbers 11141011, ON171037 and ON172007]. The authors wish to thank
3M ESPE and Kuraray Noritake for a generous donation of materials used in this study. We would like

to thank Dr. Djordje Antonijevic for his assistance with SFE calculation.

*


http://www.editorialmanager.com/cloi/download.aspx?id=237355&guid=d13fbe5a-27d7-4e05-b05a-911258bfa0e6&scheme=1
http://www.editorialmanager.com/cloi/download.aspx?id=237355&guid=d13fbe5a-27d7-4e05-b05a-911258bfa0e6&scheme=1
http://www.editorialmanager.com/cloi/viewRCResults.aspx?pdf=1&docID=10847&rev=1&fileID=237355&msid={09667A22-4222-4D30-AF7E-831D4EB166D1}

Abstract

Click here to download Manuscript Abstract.docx

Click here to view linked References

©CO~NOOOTA~AWNPE

Effects of non-thermal atmospheric plasma treatment on dentin wetting and surface free energy

for application of universal adhesives

Abstract

Objectives: To evaluate the effects of non-thermal atmospheric plasma (NTAP) treatments on dentin
wetting and surface free energy (SFE) and compare the effects of NTAP treatment, etch-and-rinse

and self-etch protocols for application of universal adhesives.

Materials and methods: Mid-coronal dentin of intact third molars was used to measure contact

angles of distilled water, ethylene-glycol and diiodomethane and calculate SFE following different

NTAP preset treatments (feeding gas consisting of pure He, He+1%0,, He+1.5%0,), power input (1W

or 3W) and tip-to-surface distance (2, 4 or 8mm). Contact angles of reference liquids and SFE of

dentin following He+1.5%0; at 3W and 4mm treatment was compared to phosphoric acid etching.
Contact angles of Single Bond Universal (SBU; 3M ESPE) and Clearfil Universal Bond (CUB; Kuraray

Noritake) were measured following NTAP, etch-and-rinse and self-etch protocols.

Results: NTAP significantly reduced contact angles of reference liquids and increased dentin SFE
compared to untreated dentin (p<0.05). O; intensified the effect of He NTAP (p<0.05). NTAP and
phosphoric acid increased dentin polarity and Lewis base surface characteristics. Phosphoric acid
increased contact angles of adhesives compared to the self-etch protocol (p<0.05). NTAP resulted in
lower adhesive contact angles than phosphoric acid, the difference being statistically significant for
CUB (p<0.05). Compared to the self-etch protocol, NTAP slightly reduced CUB contact angle but not
that of SBU (p>0.05).

Conclusions: He NTAP with and without O, increased dentin wetting and SFE, surpassing the effect of

phosphoric _acid and lowering adhesive contact angles. NTAP produced no apparent micro-

morphological changes on dentin surface comparable to acid etching.

Clinical significance: NTAP treatment of dentin prior to adhesive application increases dentin wetting

and surface free energy facilitating better adhesive distribution on dentin surface compared to

phosphoric acid etching and similar to the ‘self-etch’ application protocol.

Keywords: contact angle, dentin, non-thermal atmospheric plasma, surface free energy, universal

adhesive, wetting
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1. Introduction

Current concepts of dentin adhesion include ‘etch-and-rinse’ (ER) or ‘self-etch’ (SE) approaches. An ER
approach consists of etching dentin with 32-37% phosphoric acid to remove the smear layer,
demineralize superficial dentin, expose the ultrafine collagen mesh and open dentinal tubules for
subsequent adhesive penetration [1]. An SE approach excludes phosphoric acid step and instead relies

on acidic monomers in dental adhesive formulation to partially demineralize dentin surface [2].

Universal adhesives, a recently marketed group of dental adhesives, are recommended for adhesion
to dental tissues following either approach as well as to materials for indirect restorations without
separate priming, hence the term ‘universal’. Despite reports favoring the SE approach [3, 4], the
manufacturers’ recommendations leave it up to the practicing dentist to choose a preferable
application strategy for universal adhesives suggesting that both ER and SE are likely used in current

dental practice.

Surface modification by phosphoric acid etching has long been the preferred method of choice for
optimizing dentin adhesion, though more complex than that on enamel. The effects of phosphoric acid
on dentin are well known from the micro-morphological point of view [1]. However, the reported
effects of acid etching on physico-chemical surface characteristics of dentin are contradictory. Attal et
al. [5] concluded that acid etching results in a hydrophobic dentin surface while other authors reported

increased hydrophilicity of dentin surface [6, 7].

Non-thermal atmospheric plasma (NTAP) is another powerful surface modification tool recently

gaining momentum in adhesive dentistry research. NTAP is widely used in material engineering,

production of semiconductor devices, integrated circuits, solar cells, etc. [8-11]. In case of biomedical

applications NTAP may be used for treatment of heat-sensitive samples that cannot withstand vacuum.

Also, NTAP or plasma liquid interactions is becoming great interdisciplinary area of research [12].

NTAPs are known for high amounts of reactive oxygen and nitrogen species (RONS) responsible for
plasma interactions with biological samples [13-15]. In this paper, as an NTAP source we used a plasma

needle constructed and developed in Laboratory for gaseous electronics, Institute of Physics Belgrade,

Serbia. The plasma needle was previously used to enable an osteogenic differentiation of human
periodontal ligament mesenchymal stem cells (hPDL-MSCs) that can help in cell-based treatment of
periodontal defects [16], decontamination of bacteria in planktonic samples and biofilms [17-19] and
the damage effect of plasma treatment was compared to the effects of ionizing radiation through

induced DNA damage [20].
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Literature review on NTAP in adhesive dentistry shows that NTAP was previously used to modify
surfaces of dental tissues and restorative materials, induce resin polymerization and facilitate resin
penetration and grafting onto collagen [21]. More specifically, NTAP was shown to substantially
decrease water contact angles on dentin [22-24] with atomic compositional changes in the form of
decreased percentage of C and N and increased O, Ca and P [22]. Similar effects of NTAP on water
contact angles were observed on enamel [22, 25], composites [22] and ceramics [26-28], suggesting

increased hydrophilicity of all these substrates. Argon NTAP increased surface free energy and

wettability of root dentin following sodium hypochlorite irrigation [29]. A recent paper [30] found no

significant changes in dentin-surface topography after NTAP treatment for clinically relevant times.

However, more numerous resin tags and a thinner dentin hybrid layer were visible after NTAP

treatment. Enzymatic activity of matrix metalloproteinases was dependent on the NTAP treatment

time [30]. Previous studies offered inconsistent evidence on the effects of NTAP on adhesive bond
strength to dentin warranting further research [23, 24, 30-34]. An insight into previous studies reveals
a non-standardized approach to the use of NTAP with differences regarding carrier gas, power, time

and distance between the plasma source and the treated substrate.

Wetting (wettability) indicates the ability of an adhesive to spread over dentin as a result of the
balancing adhesive and cohesive forces. It further contributes to adhesive penetration into collagen
interfibrillary spaces and dentinal tubules by capillary forces, thereby improving dentin hybridization
as the primary mechanism of adhesion [5]. In dental research, wetting characteristics of a substrate
(e.g. dentin) are commonly determined by measuring contact angles of water. Conclusions on
adhesive-dentin interaction based only on water contact angles may underestimate the effects of a
complex adhesive mixture of polar and apolar, hydrophilic and hydrophobic components. Taking into
account polar and apolar interactions between the liquid and solid, surface free energy (SFE) allows

better understanding of the nature of surface interactions between adhesives and dentin.

The aims of this study were to: (1) compare the effects of a range of NTAP treatments on wetting and
SFE of dentin and (2) compare a selected, most efficient NTAP treatment with ER and SE application
protocols for universal adhesives in terms of wetting and SFE of dentin. The following working

hypotheses were tested: (1) reduced distance, increased power and O, feed in NTAP reduce the

contact angles of reference liquids and increase SFE of dentin and (2) compared to ER and SE

application protocols, an NTAP treatment results in lower contact angles of reference liquids and

universal adhesives and higher SFE of dentin.
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2. Materials and methods

2.1 Sample preparation

A total of 278 human, intact, third molars extracted for orthodontic reasons were used in this study.
Ethics Committee of the University of Belgrade, School of Dental Medicine approved (Approval No.
36/16) of the use of such teeth in research purposes and teeth were collected with patients’ consent.
Following extraction, the teeth were cleaned of debris, stored in 0.2% thymol in a refrigerator at +4°C

and used within 3 months of extraction.

Each tooth was embedded in super-hard gypsum up to the enamel-cementum junction. The cusps
were cut off using a slow-speed diamond saw (Isomet 4000, Buehler, Lake Bluff, IL, USA) to expose flat
dentin mid-coronally. A second cut was made 1 mm below the exposed dentin surface, producing a 1
mm thick dentin disk, one from each crown/tooth. Dentin disks were wet-polished manually with a

600-grit SiC abrasive paper for 30 s to produce a smear layer.

All dentin disks were allocated to groups and subgroups according to the subsequent treatment and

reference liquids used for contact angle measurement, as shown in Table 1. Based on the results for

100% He NTAP, 8 mm tip-to-surface distance was not tested with NTAP with O, feed to reduce the

overall number of groups. Additional disks were prepared for SEM analysis.

2.2 Non-thermal atmospheric plasma (NTAP) treatment

An NTAP source used in this work was the so-called plasma needle [35] which generated non-thermal
plasma at 13.56 MHz frequency (Figure 1). The powered electrode of plasma needle was wolfram wire
(outer diameter (0.d.) 0.5 mm) enclosed in a ceramic tube. Both were placed within a glass tube with
an inner diameter of 4 mm (outer diameter (0.d.) 6 mm). The glass tube was held in Teflon support. In
all experiments, we used helium or a mixture of helium and oxygen as the carrier gas and gas flow was
kept constant at 1 sIm (standard liter per minute). We used pure He, 99% He+1% O, or 98.5% He+1.5%
0O, mixtures. The distances between the treated dentin surface and the tip of the plasma needle were
2, 4 or 8 mm. The applied powers of plasma needle in this experiment were 1 W or 3 W. NTAP
treatment time was 30 s in all groups. In order to determine the power delivered to the plasma we
used derivative probes developed at the Laboratory for gaseous electronics, Institute of Physics

Belgrade, Serbia [36].
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2.3 Acid etching and adhesive application

To simulate the ER adhesive application protocol, the upper surface of each dentin disk was etched
with 32% phosphoric acid (Scotchbond Universal Etchant, 3M ESPE, St. Paul, MN, USA) for 15 s, rinsed

under tap water for 15 s and blot-dried using a cotton pellet (Agava, Prokuplje, Serbia).

To simulate the SE application protocol, dentin disks with the smear layer were blot-dried and used

without any additional treatment. Table 2 provides details on the materials used in this study.

2.4 Contact angle measurements and surface free energy calculation

The sessile drop technique was used to measure contact angles of three reference liquids: distilled
water, ethylene glycol (Sigma-Aldrich, St. Louis, MO, USA) and diiodomethane (Acros Organics,
Fairlawn, NJ, USA). Following the ER and SE protocols, universal adhesives SBU and CUB were also used

for contact angle measurements.

The experiment was so designed that NTAP treatment or acid etching and contact angle measurement

were performed under the same temperature (23.3+0.3°C) and humidity (34.1physi%+1.5%)

conditions. Immediately after NTAP or acid etching treatment, the samples were transferred onto the

contact angle measurement bench, so they remained still partially wet. A pre-set amount of liquid (2pl)

was dispensed from a micropipette (BIOHIT, BiohitOyj, Helsinki, Finland) onto dentin surface at a 90°
angle and 4 mm distance. The contact angles (8) of reference liquids and universal adhesives were

recorded using a contact angle analyzer 1s after the drop touched dentin surface and measured using

Image J software (Version 1.42, National Institute of Health, USA). Contact angle analyzer was

constructed at the Institute of Physics to allow the above mentioned standard conditions (Figure 2).

The setup included a DSLR Nikon D7100 camera with mounted Nikkor Macro lens 105 mm f2.8 D, Nikon

SB910 flashlight and position stand. Camera in relation to the sample was adjusted using a tripod with

built-in libel so it was always in the horizontal plane with the sample holder.

SFE (y) calculation was based on van Oss-Chaudhury-Good thermodynamic approach for solids and the
three-liquid phase method. According to this theory, both apolar and polar interactions occur at the

interface between liquid and solid materials [37]. Apolar interactions occurring between two

completely apolar compounds are known as Lifshitz-van der Waals interactions. A component of SFE

of compound i based on strictly apolar interactions is expressed as Lifshitz-van der Waals component

or y*W . Polar interactions are largely based on hydrogen-bonding or electron acceptor-electron donor

(Lewis acid-base) interactions between polar moieties. These Lewis acid-base interactions are

asymmetrical, so electron acceptor and electron donor parameters of the polar component of SFE of

compound i are expressed as ¥;" and y;~ [37]. SFE of a solid (ys) and its components (apolar y&%, Lewis

4
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acid yg and Lewis base y5) are calculated using the contact angles (8) of three reference liquids with

their known SFE parameters (yLLW, yL+ and y; ) according to the following formula:

(1 + cos®)y, = 2([vE" v + Jvdvi +Vvsvi)

where the SFE of liquid equals the sum of SFE components (apolar Lifshitz-van der Waals and polar

acid-base) according to the rule of additivity:

v = vi" +vi®

with y{*% = 2\/y" v,

By solving the van Oss-Chaudhury-Good equation three times for three reference liquids, it is possible

to differentiate between polar and apolar surface interactions and between Lewis acid and Lewis base

polar interactions of a tested solid. Though reference liquids may vary, two of them must be polar [37].

In the present study, water and ethylene glycol were used as polar and diiodomethane as apolar liquid

with known SFE parameters [38, 39].

2.5 Scanning Electron Microscopy (SEM)

Representative samples from NTAP, acid etched and control groups (8 teeth in total) were subjected

to SEM to analyze the differences in surface micro-morphology. Without prior dehydration treatment,

the samples were mounted on aluminum stubs, fixed with graphite conductive tape, subjected to

vacuum in a sputter coater (POLARON SC502, Fisions Instruments, Ipswich, UK) and then coated with

a thin film of Au alloy. The samples were analyzed using TESCAN FE-SEM (Mira 3 XMU, TESCAN a.s.,

Brno, the Czech Republic) operating at 10 keV.

2.6 Statistical analysis

All data were statistically analyzed in Minitab 16 software package (Minitab Inc., State College, PA,
USA) with the level of significance set at 0.05. To test the differences in contact angles for each
reference liquid, general linear model (GLM) was applied for factors ‘plasma’, ‘power’ and ‘distance’
as well as their interactions. To test the differences in dentin SFE, GLM was applied using the same
factors. Where the interaction was significant, further one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test and Bonferroni correction was used. Differences in contact angles and SFE
between the selected NTAP treatment, ER and SE protocols were tested using one way ANOVA with

Tukey’s post-hoc test. Equal variances were tested using Bartlett’s and Levene’s tests and where
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necessary data transformation was applied to stabilize the differences in variances. Quadratic,

logarithmic or sqrt functions were used for data transformation.

3. Results

3.1 Screening of NTAP treatment regimes

Figures 3 present the box-an-whisker plots of contact angles of reference liquids following an array of
NTAP treatments. GLM analyses showed that all NTAP treatments significantly reduced the contact
angles of all three reference liquids compared to the untreated control group (p<0.001). The results
were most prominent for water with contact angles decreasing from 84.2°+2.6° in the control group
to the range of 6-30° in the NTAP-treated group with the exception of 100% He_1W_8mm group
(where the post-treatment contact angle was 69.1°+5.6°). Though contact angles for ethylene-glycol
and diiodomethane were similar in the control group (36.6°£5.3° and 37.9°+1.9°, respectively), NTAP
treatment decreased the ethylene glycol contact angle (5-12° range) to a greater extent than that of

diiodomethane (10-30° range).

GLM analyses for factors ‘plasma’, ‘power’ and ‘distance’ showed that O, feed further decreased

contact angles of water compared to pure He NTAP (p<0.001). There was no difference between 1%

and 1.5% O, in the resulting contact angles of water. Such effects of NTAP with O, feed were not

observed with ethylene-glycol and diiodomethane (p=0.183 and p=0.094, respectively).

NTAP power of 3 W significantly reduced contact angles of water and diiodomethane as compared to

1 W power (p<0.001) but this effect was not found for ethylene glycol (p=0.008). Tip-to-surface

distances of 2 and 4 mm did not produce any significant differences in contact angles of reference

liquids (water p=0.068; ethylene glycol p=0.109 and diiodomethane p=0.454). For 8 mm distance, 100%

He NTAP at 1 W resulted in significantly higher water contact angles than other groups (p<0.001).
Therefore, we excluded 8 mm tip-to-surface distance from the NTAP treatments with O, feed. Within
group differences were detected using one-way ANOVAs statistical test and are marked with letters

and symbols in Figures 3.

Regarding SFE, significantly higher SFE of NTAP-treated dentin was found than that of the untreated
group (Figure 4). Moreover, NTAP with O, feed further increased the SFE of dentin compared to 100%
He NTAP (p<0.001). No differences were found between NTAPs with 1% and 1.5% O, (p=0.357).

For the same NTAP source, higher SFE of dentin was associated higher power for pure He and He+1%0,

NTAPs i.e. 3 W resulting in higher SFE than 1 W treatment (p<0.001). Conversely, different powers of
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NTAP with 1.5% O, feed had no effect on the SFE of dentin (p=0.09), except for 1IW 4mm group which

resulted in slightly lower SFE of dentin compared to 3W _4mm (p=0.013).

In general, the tip-to-surface distance did not affect the SFE of NTAP-treated dentin (p=0.514), with
exceptions being 100% He_1W_8mm and He+1.5%0,_1W_4mm, which showed significantly lower SFE

than their corresponding groups (p<0.001 and p=0.007, respectively) (Figure 4).

Component analysis of SFE is presented in Figure 5. In the control group (untreated dentin), apolar
component of SFE appeared more prominent than the polar component, of which Lewis acid was
predominant. NTAP treatments, except for the less effective 1W_8mm of pure He NTAP, all showed
rather similar effects i.e. polar component substantially increased compared to the control, and apolar
component also slightly increased. Within the polar component of SFE in NTAP-treated dentin, Lewis
base surpassed Lewis acid component. Compared to the control untreated dentin, Lewis base and

apolar components increased whereas Lewis acid component decreased.

3.2 Comparison of NTAP with ER and SE protocols for universal adhesives

Based on the previous screening, the following NTAP treatment was chosen for the next part of the
study: He+1.5%0; 3W_4mm. Contact angle measurements for three reference liquids and the
subsequent SFE calculation were performed for NTAP-treated, acid-treated and untreated dentin.
Universal adhesives SBU and CUB were used only to measure their contact angles on NTAP-treated,

acid-treated and untreated dentin. It was not possible to calculate the SFE of dentin using adhesives

as SFE may only be calculated using reference liquids (water, ethylene glycol and diiodomethane).

Contact angles of all reference liquids were lower on NTAP-treated than on acid-treated or untreated
dentin (p<0.001) (Figure 6). Phosphoric acid etching produced significantly lower water contact angles
compared to the untreated, control group (p<0.001) but the same effect was not found for ethylene-

glycol and diiodomethane (p=0.069 and p=0.120, respectively).

As for universal adhesives, higher contact angles of SBU and CUB (44.13+8.45° and 33.0416.04°,

respectively) were found on acid-treated than untreated dentin (29.94+1.86° and 26.56+2.33°,

respectively) (SBU p=0.003 and CUB p=0.009, respectively). Slightly lower contact angles of SBU and

CUB were measured on NTAP-treated dentin (35.68+2.35° and 19.9616.89°, respectively) compared
to acid-etched dentin, but the differences reached statistical significance only for CUB (p=0.015). NTAP-
treated and untreated dentin showed no significant differences in contact angles of universal

adhesives (p=0.808).
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The SFE of dentin was highest on NTAP-treated and lowest on untreated dentin. (Figure 7). NTAP and

acid etching increased polar, Lewis base and decreased Lewis acid component as compared to the
untreated dentin. NTAP increased and acid etching decreased apolar component of SFE compared to

that of untreated dentin.

3.3 SEM micro-morphological analysis

Representative SEM micrographs are presented in Figure 8. Phosphoric acid etching removed the
smear layer, exposed the collagen mesh and opened dentinal tubules. No visible micro-morphological

differences were found between NTAP-treated and untreated dentin (control group) which was only

ground with 600-grit SiC abrasive paper to produce the smear layer.

4. Discussion

The first working hypothesis was upheld i.e. all NTAP regimes reduced contact angles of reference
liquids and increased SFE of dentin compared to the untreated dentin with further detectable

differences relative to the tip-to-surface distance, power and O, feed.

He and Ar are commonly used carrier gases in NTAP studies on dental tissues with powers generally
higher (5-10 W) than in the present study (1 W and 3 W). A comparable power of 2-3 W was used in
the study by Zhang et al. [40] who used Ar-based NTAP to study adhesive penetration into
demineralized dentin. Our intention was to optimize He-based NTAP regimes with lower powers for
use on dentin in order to minimize the effect of heating and potential dentin cracks observable with
higher powered NTAPs. Furthermore, the chosen time and tip-to-surface distances are clinically
relevant and manageable. Up to 10% O, feed was added to NTAPs used for microbial disinfection [41]
whereas lower, up to 1%, O, was added to NTAP for dentin and root canal treatment [42]. We used 1%
and 1.5% O, feed to investigate if slightly higher O, feed would intensify the effect of NTAP. The results
indicated that whilst O, generally intensified the effects of NTAP on wetting and SFE of dentin, there
was little or no difference between 1% and 1.5% O, suggesting that there may be a ‘saturation’ effect
of O, feed in NTAP. In the study of Koban et al. [42] significant differences in water contact angles were
found between Ar NTAP with 0.2% and 1% O,. These findings indicate that O,feed as low as 0.2% may
be disregarded and pure carrier gas used for plasma treatment. If O, is to be added to NTAP, the

present results suggest that 1-1.5% O, may be recommended.

All NTAP regimes significantly reduced the contact angles of reference liquids, especially water, and
increased SFE of dentin compared to the untreated dentin, indicating a dramatic increase in dentin
wetting. The finding of lower contact angles of reference liquids was expected and is in accord with

previous studies [22-25]. Moreover, the same effects were achieved in the present study with lower

8
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powered NTAPs (1 W) at clinically relevant distances that allow focusing the NTAP needle on small

cavities, e.g. ‘slot’, Class lll and V and minimally invasive Class | cavities.

A significant decrease in water contact angle was coupled with a greater decrease in the contact angle
of ethylene glycol than diiodomethane. NTAP induced a greater change with polar substances (water
and ethylene glycol) than apolar diiodomethane suggesting that a major change on dentin surface was
related to hydrophilic and polar interactions. This finding was corroborated by the SFE component
analysis, in which polar component increased substantially following the NTAP treatment. A change in
acid-base interaction was also detected following the NTAP treatment with an increase in Lewis base
component. This further suggests that more negatively charged sites appear on the surface of the
NTAP-treated dentin for potential interactions with electron accepting molecules, such as acidic

monomers from adhesives.

Our SFE component analyses is in accordance with previous spectroscopic (XPS and FTIR) studies which
reported grafting polar, oxygen-containing moieties on NTAP-treated surfaces as a result of an intense
attack of reactive oxygen species. Namely, Chen et al. [22] found an increased percentage of O in
dentin and enamel, Ritts et al. [32] found increased carbonyl C=0 groups on collagen and Lehmann et
al. [25] reported on increased carboxylate CO%* and carbonate COs% ions on the surface of enamel.
Beside negatively charged ions with clear affinity for reaction with Lewis acids (electron acceptors),
C=0 group also contributes to surface reactivity. C=0 group is moderately polar, considering the
differences in electronegativities of C and O, with affinity for interactions between O and Lewis
acids/electron acceptors (e.g. H*) or C and Lewis bases/electron donors (e.g. NH; or OH’). The present
results suggest that O, feed in NTAP further increases polar, specifically Lewis base, interaction sites

compared to pure He NTAP. Higher powered NTAPs further intensified this effect of O, feed.

Based on the screening of an array of NTAP treatments, we chose He+1.5%0;, NTAP at 3 W power and
4 mm tip-to-surface distance as the NTAP treatment in the second part of the study. Here we compared
the effects of the said NTAP treatment with phosphoric acid etching representing the ER protocol and
no treatment representing the SE protocol of adhesive application. Two universal adhesives were
chosen, SBU and CUB. According to manufacturers’ technical data sheets, both SBU and CUB are
ethanol- and water-based adhesives, containing BisGMA, HEMA and 10-MDP monomers. CUB is
claimed to contain a highly hydrophilic acidic amide monomer for improved wetting and adhesive

penetration, yet the manufacturer did not disclose its name and chemical structure.

The second working hypothesis was partially upheld as NTAP induced greater SFE of dentin and lower
contact angles of reference liquids compared to phosphoric acid etching (ER protocol) but had a limited

effect on universal adhesives in relation to the SE application protocol.
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The results showed that both NTAP and phosphoric acid significantly increase wetting of the treated
dentin surface, this effect being more pronounced with NTAP. Whilst NTAP significantly reduced the
contact angles of all three reference liquids, phosphoric acid did so only with water whereas ethylene
glycol and diiodomethane contact angles were not significantly different from those on untreated
dentin. Increased wetting of dentin surface following phosphoric acid etching is in accordance with
previous studies [6, 7]. Furthermore, our SFE component analysis revealed that untreated dentin
exhibited both apolar and polar sites with predominant Lewis acid electrostatic component. As is
customary in dental studies, the ‘untreated’ dentin refers to mid-coronal dentin cut with a diamond
saw and ground with 600-grit SiC abrasive paper to produce a smear layer of various thicknesses. Thus,
surface characteristics relate to the smear layer which is essentially an amorphous layer of inorganic-
organic debris containing hydroxyapatite, collagen and microbial remnants [43]. Electrostatic Lewis
acidity of the dentin smear layer is likely associated with the abundance of Ca? ions from
hydroxyapatite and contributes to the interaction of phosphate or carboxylate ions with the smear

layer and dentin itself during acid etching with phosphoric acid or acidic monomers in adhesives.

Despite its effect on water, phosphoric acid etching significantly increased the contact angles of
universal adhesives, SBU and CUB, compared to the untreated dentin where SBU and CUB were applied
following the SE protocol. This finding highlights the importance of the present approach based on
three reference liquids and SFE component analysis to elucidate the true interaction between
adhesives and dentin. Though phosphoric acid etching increased surface hydrophilicity it did not
contribute to wider adhesive distribution over etched dentin compared to adhesive distribution on un-
etched dentin. This could be due to the presence of hydrophobic monomers in both adhesives, namely
BisGMA, and the subsequent phase separation between hydrophobic and hydrophilic monomers
within the hybrid layer [44, 45]. Phosphoric acid etching decreased the apolar component of dentin
SFE further contributing to the depleted interaction between apolar adhesive components and dentin
surface. Though ether (R-O-R) and hydroxyl (R-OH) linkages in monomers exert some polarity, the
majority of spacer groups in hydrophobic monomers contribute to low polarity or apolarity [46].
Slightly decreased apolar component of SFE could explain why the only apolar reference liquid,

diiodomethane, exerted increased contact angle on acid etched dentin.

Both NTAP and phosphoric acid etching resulted in an increase of electrostatic Lewis base component.
Increased grafting of polar, oxygen-containing groups was previously discussed for NTAP treatment.
As for acid etching, Lehmann et al. [25] detected C=0 groups and CO? and COs> ions at enamel surface
following acid etching using XPS analysis. A similar increase in polar, oxygen-containing moieties at

dentin following acid etching could be the reason for increased Lewis base sites as found in the present
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study. This may favor the subsequent interaction of electron acceptors, or Lewis acids, and contribute

to hydrogen bonding between adhesive resins and dentin substrate.

NTAP treatment of dentin prior to adhesive application resulted in lower contact angles of SBU and
CUB adhesives compared to those on the acid etched dentin, suggesting better adhesive distribution
following NTAP treatment. A more favorable effect of NTAP than phosphoric acid in terms of adhesive
distribution could be due to the increased surface reactivity of dentin as indicated by increased both

apolar and polar (Lewis acid and Lewis base) interaction sites.

Increased surface reactivity and hydrophilicity are likely reasons for lower contact angles of CUB
adhesive on NTAP-treated than untreated dentin. The presence of a hydrophilic amide dimethacrylate
monomer in CUB, in addition to hydrophilic HEMA, may have contributed to this finding. The effect of
NTAP on adhesive contact angle appeared to be material-dependent as NTAP did not facilitate the
distribution of SBU adhesive compared to the untreated dentin as it did with CUB. Further research is

therefore required to elucidate the adhesive-dentin interactions following NTAP treatment.

Though positive effects of NTAP on adhesive penetration were documented, adhesive phase
separation was found in NTAP-treated dentin in a previous study [40]. NTAP increased the penetration
of hydrophilic but not hydrophobic monomers within the hybrid layer, limiting the positive effects of
NTAP. Phase separation within the hybrid layer due to increased penetration of hydrophilic monomers
increases the risk of creating areas more susceptible to water sorption, as hydrophilicity was found to
be the prime factor determining the extent of water sorption [47, 48]. In turn, water sorption promotes
faster biodegradation of adhesive itself [48] as well as adhesive-dentin bond [49, 50]. This could be the
reason for the lack of long-term effect of NTAP on adhesive bond strength despite positive effects on

immediate bond strength [23, 24, 33, 34, 51, 52].

The present qualitative SEM analysis revealed no micro-morphological differences between untreated
and NTAP-treated dentin. Previous studies also reported no structural differences in the appearance
of NTAP-treated dentin/enamel, hence no destructive effects of NTAP [22, 25, 42]. NTAP does have a
potential not only to chemically interact with the surface but also to increase surface roughness of
dentin by etching [21]. However, this roughening effect was not as notable as with phosphoric acid
[25] due to the selective etching of the organic phase by NTAP and not the mineral phase, which was
confirmed by elemental analysis [22]. Under the present experimental conditions, no etching effect of

NTAP occurred on dentin surface.
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5. Conclusion

He NTAP with and without O, substantially increased dentin wetting and SFE, surpassing the effect of
phosphoric acid etching. O; intensified the effect of He NTAP at 1 W and 3 W powers and clinically
relevant distances of 2 and 4 mm. Surface modification of dentin following NTAP treatment included
increased hydrophilicity, polarity and electrostatic Lewis base interaction sites. Phosphoric acid etching
did not favor adhesive distribution on dentin surface as indicated by increased contact angles of
universal adhesives, SBU and CUB, despite decreasing water contact angle compared to the untreated
dentin. NTAP treatment of dentin prior to adhesive application facilitated better adhesive distribution
compared to acid etched dentin. However, NTAP did not show an improvement regarding the adhesive
distribution on dentin compared to the SE protocol of application. Under the present conditions, the
effects of NTAP were mainly related to surface modification, with no etching ability but also no

structural damage on the dentin surface.
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FIGURE LEGENDS

Figure 1. Experimental setup of NTAP plasma needle for dentin treatment. [Signal generator,
amplifier and matching box are main components of the electrical circuit that supplies power to the

NTAP. The oscilloscope and PC are used to control the power delivered to the NTAP].

Figure 2. Schematic of the contact angle analyzer setup and representative images of dentin disks
with reference liquid drops. A) water on NTAP-treated dentin; B) water on phosphoric acid-treated

dentin and C) water on untreated dentin.

Figure 3. Summary of the contact angle data for the three reference liquids on NTAP-treated dentin.
[Same-type letters or symbols indicate statistical significance within each respective group (p>0.05);

N=5 samples/group].

Figure 4. Surface free energy (SFE) of dentin following various treatments (meantstandard deviation).

[Same-type letters or symbols indicate statistical significance within each respective group (p>0.05)].

Figure 5. Polar (Lewis base and Lewis acid) and apolar components of surface free energy on NTAP-

treated and untreated, control dentin. The tested groups are presented on the x-axis [100% He NTAP

at1W, 2 mm; 100% He NTAP at 1 W, 4 mm, 100% He NTAP at 1 W, 8 mm etc.]

Figure 6. Contact angle values (mean and standard deviation) for reference liquids and universal
adhesives following different dentin treatments (group name: treatment_liquid). ‘Control’ denotes

untreated dentin. Groups ‘SBU’ (Single Bond Universal) and ‘CUB’ (Clearfil Universal Bond) present

contact angle values of the respective adhesive following the self-etch application protocol. [Groups

connected with horizontal bars are not significantly different (p>0.05)].
Figure 7. Surface free energy (SFE) and its polar (Lewis acid and Lewis base) and apolar components.

Figure 8. SEM micrographs of dentin following different treatments. All three NTAP treatments had

the same parameters (3 W and 4 mm) but differed in O, feed. Dentin was acid etched for 15 s. No

treatment was performed in the control group.
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Tables

Table 1. Allocation of teeth to groups and subgroups according to treatments and reference liquids.

Group

Surface treatment
parameters

Reference liquid

Number of teeth

NTAP
100% He

1W,2mm

Distilled water
Ethylene-glycol
Diiodomethane

1W,4mm

Distilled water
Ethylene-glycol
Diiodomethane

1W,8mm

Distilled water
Ethylene-glycol
Diiodomethane

3W,2mm

Distilled water
Ethylene-glycol
Diiodomethane

3W, 4 mm

Distilled water
Ethylene-glycol
Diiodomethane

3W,8mm

Distilled water
Ethylene-glycol
Diiodomethane

NTAP
99% He + 1% O,

1W,2mm

Distilled water
Ethylene-glycol
Diiodomethane

1W,4mm

Distilled water
Ethylene-glycol
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NTAP_adhesive 3W, 4 mm CuB 5
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(control x 1 teeth; phosphoric acid x 1 teeth; 8

100% He NTAP x 2 teeth; 99% He+1% O, NTAP X 2 teeth;
98.5% He+1.5% O, NTAP x 2 teeth)

Abbreviations: NTAP - Non-thermal atmospheric plasma; SBU - Single Bond Universal; CUB - Clearfil
Universal Bond; SEM - Scanning Electron Microscopy



Table 2. Materials used in this study.

(Cclz/é?at/g;i::h) Manufacturer Composition* Application protocol
Etch-and-rinse:
Apply etchant for 15 s
Rinse for 15 sBlot-dry with a
cotton pellet
Apply SBU to dentin using a
disposable applicator and rub it
BisGMA (15-25%), HEMA (15- In for 20 s
25%), DMDMA (5-15%), ethanol Air dry with a gentle stream of
(10-15%), water (10-15%), silane air for about 5 s
. treated silica (5-15%),1,10-decanediol
Sll?r?il\?e?:a?d SS I\FilaEISIT\I/IEN methacrylated phos_phates_(l-lo%), _
(SBU/595822) USA copolyme_r of acryllc_ and itaconic acid
I (1-5%), dimethylaminobenzoat Self-etch:
(<2%), camphorquinone (<2%), Dinca and
DMAEMA (<2%), methylethylketone H'D”;ﬁ/agggrto dentin using 2
(<0.5%) disposable applicator and rub it
infor 20 s
Air dry with a gentle stream of
air for about5 s
Etch-and-rinse:
Apply etchant for 15 s
Rinse for 15 s
Blot-dry with a cotton pellet
Apply CUB
Dry the entire cavity by blowing
Clearfil Kuraray BisGMA (15-35%), HEMA (10- mild air more than 5 s
Universal Noritake 35%), ethanol (<20%), 10-MDP,
Bond Dental Inc., | hydrophilic aliphatic dimethacrylate,
(CuB/ Okayama, | colloidal silica, camphorquinone, Self-etch:
BN0010) Japan silane, accelerators, initiators, water Rinse and dry
Apply CUB with a rubbing
motion to the entire cavity wall
with an applicator brush
Dry the entire cavity by blowing
mild air more than 5 s
Scotchbond 3M ESPE Water, phosphoric acid, synthetic
Universal st Paul MN amorphous silica, fumed, crystalline Apply etchant for 15 s
Etchant ’ USA ' | free, polyethylene glycol, aluminum Rinse for 15 s
(Acid/603390) oxide

*Manufacturers’ data. Abbreviations: BisGMA - bisphenol A diglycidylmethacrylate, HEMA - 2-
hydroxyethyl methacrylate, DMDMA - decamethylenedimethacrylate, DMAEMA - dimethylaminoethyl-
dimethacrylate, 10-MDP - 10-Methacryloyloxydecy! dihydrogen phosphate
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