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Abstract

Our previous work has shown that non-thermal plasma treatment of demineralized dentin

significantly (p<0.05) improved adhesive/dentin bonding strength for dental composite restoration

as compared with the untreated controls. This study is to achieve mechanistic understanding of the

plasma treatment effects on dentin surface through investigating the plasma treated dentin surfaces

and their interaction with adhesive monomer, 2-Hydroxyethyl methacrylate (HEMA). The plasma

treated dentin surfaces from human third molars were evaluated by water contact angle

measurements and scanning electron microscopy (SEM). It was found that plasma-treated dentin

surface with subsequent HEMA immersion (Plasma/HEMA Treated) had much lower water

contact angle compared with only plasma-treated (Plasma Treated) or only HEMA immersed

(HEMA Treated) dentin surfaces. With prolong water droplet deposition time, water droplets

spread out completely on the Plasma/HEMA Treated dentin surfaces. SEM images of Plasma/

HEMA Treated dentin surfaces verified that dentin tubules were opened-up and filled with HEMA

monomers. Extracted type I collagen fibrils, which was used as simulation of the exposed dentinal

collagen fibrils after acid etching step, were plasma treated and analyzed with Fourier transform

infrared spectroscopy (FT-IR) and circular dichroism (CD) spectra. FT-IR spectra of the Plasma/

HEMA Treated collage fibrils showed broadened amide I peak at 1660 cm−1 and amide II at 1550

cm−1, which indicate secondary structure changes of the collagen fibrils. CD spectra indicated that

67.4% collagen helix structures were denatured after plasma treatment. These experimental results

demonstrate that non-thermal argon plasma treatment was very effective in loosing collagen

structure and enhancing adhesive monomer penetration, which are beneficial to thicker hybrid

layer and longer resin tag formation, and consequently enhance adhesive/dentin interface bonding.
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1. Introduction

Polymer-based dental resin composites are replacing dental amalgam and becoming the

most popular dental filling materials. Resin composites are widely accepted by patients due

to aesthetic reasons and decrease of the potential health risk caused by mercury release from

amalgams [1]. However, compared with dental amalgam, resin composite generally has

shorter longevity [2, 3]. Extensive studies indicated that adhesive-dentin interface failure is a

common issue reducing longevity of dental composite restoration [4–7]. There are two

commercial adhesive systems—the self-etch and total-etch [8], in which the total-etch

adhesive system is the most commonly used in dentist offices since it is deemed to provide

stronger bonding on enamel than self-etch system [9]. However, the bond strength on dentin

surface is still not very satisfactory with total-etching adhesive system. In dental composite

restoration process, to remove smear layers, acid is used to etch dentin surface before total-

etch adhesive application. The resulting dentin surface after acid etching is composed of

collagen fibril network. Infiltration and polymerization of adhesive monomers into the

exposed collagen network and dentin tubules forms micromechanical interlocking at the

adhesive-dentin interface [10, 11]. Because of the unsatisfactory longevity and higher failure

rate of dental composite restoration, numerous research works have been done to enhance

adhesive infiltration in the exposed collagen fibril network and open dentin tubules in order

to improve the adhesive/dentin interface bonding [12, 13].

Non-thermal plasma technique has attracted increasing attention in the biomedical field [14,

15]. In dentistry research, non-thermal plasma technique has been applied for dental cavity

treatment [16], teeth whitening [17], oral bacteria deactivation [18]. Our group has reported

the improvement of composite restoration in term of bonding strength using non-thermal

plasma techniques [19–21]. It was observed that non-thermal plasma treatment of

demineralized dentin surfaces could significantly improve adhesive-dentin interfacial

bonding. However, the effects of plasma treatment on dentin substrate have not been well

understood.

The micro-tensile test results reported in our previous study have shown that plasma

treatment of demineralized dentin surfaces significantly improved the adhesive/dentin

bonding strength with a 64% increase as compared with the untreated dentin controls [19].

Our very recent study using the same tooth control further verified that plasma treatment

could enhance the adhesive/dentin interface bonding by 30.8% and 45.1% of mean increases

(p<0.05) as compared with the untreated same tooth controls obtained using micro-tensile

test specimens with cross-sectional areas of 1 × 1mm2 and 1 × 2mm2 respectively [21].

Surface analysis and characterization of the adhesive/denting interface did provide

information about the possible underlying mechanism of why plasma treatment significantly

improved the adhesive/dentin interface bonding [19–21]. However, the mechanistic
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understanding of the plasma treatment effects is still lacking. In literature, study of the

adhesive/dentin interface have also shown controversial results regarding whether chemical

or physical bonds play a more important role on interaction between dentin substrate and

adhesive monomers [22–24]. In this study, the plasma treatment effects on dentin surfaces

were further investigated and evaluated through characterizing the surface properties and

collagen structure changes in order to understand the interactions of adhesive monomers

with plasma-treated demineralized dentin surfaces and thus the resulting adhesive/dentin

interface bonding.

2. Materials and Methods

2.1 Materials

Extracted human third molars without caries were collected under a project reviewed by the

Institutional Review Board. All tissue samples were non-patient identified and all samples

were handled and disposed according to the protocols suggested by Environmental Health

and Safety Department at University of Missouri. The teeth were stored in the pH7.4

phosphate buffered saline solution (PBS) with 0.02% sodium azide to inhibit bacteria

growth. Distilled 2-Hydroxyethyl methacrylate (HEMA) was obtained from Esstech

(Essington, PA, USA) which was used directly. Type I collagen was supplied by Elastin

Products Company (Owensville, MO, USA), which was extracted from calf skin and

lyophilized. Analytical grade argon was purchased from Airgas Company (Holts Summit,

MO, USA). All other reagents were of analytical grade and were used without further

purification.

2.2. Fabrication of dentin samples

Extracted unerupted human third molars were used by cutting off the root and enamel using

an Isomet 5000 diamond saw (Buehler, Lake Bluff, IL, USA) to expose the dentin. The teeth

were further cut into dentin slices with 0.3–0.5mm thickness. 600-grit silicon carbide

abrasive paper was used to polish the dentin surface. The polished surface was

demineralized for 15s using Scotchbond phosphoric acid gel (3M ESPE Dental Products, St

Paul, MN, USA) and then thoroughly washed with water spray. Excess water was gently

blown away to dry dentin surface with oil-free compressed air.

2.3. Plasma treatment on dentin surface

The plasma treatment method using a plasma brush has been described in our previous

works [19, 21]. The plasma brush was operated at a current level of 6 mA (equivalent to a

power level of 2–3W) using Spellman HV power supply SL60 (Spellman, New York, USA).

Argon was used as gas source with flow rate of 3,000 standard cubic centimeters per minute

(sccm). Plasma treatment time was set for 30s. Fifteen dentin slices were randomly assigned

to five groups for water contact angle measurement. The first group designated as Dentin

Control, was used for water contact angle measurement without any treatment. The second

group Designated as Plasma Treated was treated with plasma brush and rinsed with water

before water contact angle measurement. The third group slices designed as HEMA Treated

were immersed in HEMA for 2 min and then rinsed with water. The fourth group designed

as Plasma/HEMA Treated was treated with plasma brush and then immersed into HEMA
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monomer for 2 min. Then water spray was used to thoroughly washed dentin slices. The last

group was used for HEMA Absorption experiments. Dentin slices were immersed into

HEMA and taken out at 30 s, 2min, 1 h and 24 h and washed with water spray. The water

contact angles were then measured.

2.4. Water contact angle analysis

Excess water on dentin surface was gently blow-dried with oil-free compressed air for about

10s before water contact angle measurement. Water contact angles were determined with a

goniometer equipped with a special optical system and a charge-coupled device (CCD)

camera. A drop of water (approximately 0.5µl) was placed on dentin surface and the image

was immediately sent via the CCD camera to the computer for analysis. Images were

captured at 5s and 90s after drop deposition by Windows Live Movie Maker. Image J

software was used to determine the contact angle of the water droplet. 4–5 drops of water

were applied on dentin surface to get means and standard deviation of water contact angle.

2.4. SEM analysis

Surface morphology of the typical dentin slices in Dentin Control, HEMA Adsorption and

Plasma/HEMA Treated groups were examined using scanning electron microscopy (SEM)

(Quanta 600, FEI, OR, USA). After drying in vacuum at room temperature overnight, the

specimens were mounted on aluminum stubs and coated with 5 nm of platinum for SEM

examination at 10 KV.

2.5. Fourier transforms infrared (FT-IR) analyses

Type I collagen was used as an analog of dentin collagen fibril, which was treated with

HEMA immersion and plasma treatment. In order to fully remove physically adsorbed

HEMA on collagen, acetone was used to thoroughly wash collagen immersed with HEMA.

Acetone was selected because it is a good solvent for HEMA but not for collagen, which

cannot be dissolved by acetone. After washing thoroughly with acetone, the collagen was

dried in vacuum. FT-IR spectra were obtained by KBr pellets technique which were taken

on a Cary 660 FT-IR spectrometer (Agilent Technologies, USA) in the absorption mode and

averaged from 32 scans.

2.6. Circular dichroism (CD) analysis

Approximately 0.3 mg collagen was exposed to plasma brush for 30s just like dentin slices.

Plasma-treated and untreated collagen were then dissolved in 5ml acetic acid (0.1M) and

stirring for 3h at room temperature respectively. The thermally denatured collagen was

prepared by placing untreated collagen solution in an oven at 95°C for 20min. CD spectra

was collected using AVIV Model 62DS spectrometer (Lakewood, NJ, USA) at 25°C over

the wavelength interval 190–260nm. Data were averaged from 3 scans. A bandwidth of 1

nm and averaging time of 3s were used in the measurements. The light length of the sample

cell was 1mm. A reference spectrum of 0.1M acetic acid was recorded and subtracted from

the sample spectra. CD spectra were expressed as molar residual ellipticity and normalized

to the protein concentration. They were analyzed using CONTIN algorithm and the

Reference set 7 at Dichroweb [25, 26].
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3. Results

3.1 Water contact angle measurements

Fig. 1 shows average water contact angle on dentin slices in Dentin Control, Plasma

Treated, HEMA Treated and Plasma/HEMA Treated groups. As shown in Fig. 1, the highest

value of water contact angle was obtained with untreated dentin surface. Only plasma

treatment or 2 min of HEMA immersion resulted in a slight decrease of water contact angles

(around 25%) at 5 s of water drop deposition. However, after 90s of drop deposition, there

was no significant difference for water contact angle between untreated dentin and plasma-

treated or 2min of HEMA immersed dentin slices (p=0.187). Fig. 2 shows the average water

contact angle on dentin slices with different HEMA adsorption times. After prolonged

HEMA immersion time to 24h, significant decrease of water contact angle started to be

observed on dentin surface at 90 s of water drop deposition. Plasma treatment plus HEMA

immersion showed the lowest values for contact angles. After 90 s of the water drop

deposition, the drops were observed to spread out on dentin surfaces. Less than 10° of water

contact angle was measured. Compared with untreated dentin surface, dentin slices in

Plasma/HEMA Treated groups showed 68% decrease of contact angle. The difference of

water contact angle between Dentin Control and Plasma/HEMA Treated groups was

statistically significant (p<0.001).

3.2 SEM examination

Representative SEM images of dentin surfaces with different treatment are presented in Fig.

3. Since dentin was demineralized with acid, the tubules were clearly observed without any

smear plugs (Fig. 3A, D). After immersion in HEMA monomer for 24h, HEMA was

adsorbed on the dentin surface and the edge of tubules (Fig. 3B, 3E). In Plasma/HEMA

Treated group, more HEMA was penetrated into tubules instead of adsorbed on dentin

surface after only 2min immersion (Fig. 3C, 3F).

3.4 FT-IR Spectra

Fig. 4 shows the FTIR spectra of pure collagen (a), collagen immersed into HEMA (b) and

plasma-treated collagen immersed into HEMA (c), respectively. The bands at 1660 cm−1,

1550 cm−1 and 1235 cm−1 corresponded to the amide I, II and III respectively. The main

band of HEMA is the C=O group which should be at 1730cm−1. In Fig. 4b and 4c, no new

characteristic absorptions band of HEMA in collagen was found after rinsing with acetone

thoroughly. In Fig. 4c, it was observed that after plasma treatment the absorption band of

amide I at 1660 cm−1 and amide II at 1550 cm−1 became broader.

3.5 Collagen structure

Water adsorption was investigated on untreated and plasma-treated collagen because

plasma-treated collagen is first exposed to oral environment with high humidity. In dental

composite restoration process, moreover, the water rewet process is performed before

adhesive application. As shown in Fig. 5, Fig. 5 shows that compared with untreated

collagen, plasma-treated collagen could adsorb more water, swelling and increase in

volume. The CD spectra of untreated collagen, thermally denatured collagen and plasma-
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treated collagen have been measured and were shown in Fig. 6. The general shape and peaks

of the spectrum of untreated and denatured collagen were in agreement with literature data

[27]. The spectrum of the plasma-treated collagen displays positive and negative peaks with

lower intensity compared to the untreated soluble collagen. As summarized in Table 1,

analysis using CONTIN algorithm at Dichroweb indicated that 84.4% helix was thermally

denatured by incubating at 95 °C for 20 min and 67.4% helix was denatured by 30s plasma

treatment.

Discussion

It is known that intrinsic dentin characteristics such as the number of tubules per mm2, water

content of dentin and tooth condition could affect the adhesive/dentin interface bonding

strength [28]. Comparisons of the adhesive-dentin bond strength of plasma-treated

specimens with that of their untreated same-tooth controls were performed in our previous

work. 30.8% and 45.1% of mean increases of bonding strengths were shown in plasma-

treated group with a cross-sectional area of 1×1mm2 and 1×2mm2 respectively, which are

statistically significant higher than their same-tooth untreated control groups(p<0.05) [21].

In our previous studies [19–21], we have proposed the hypothesis about plasma effects on

collagen fibrils on demineralized dentin surface. Plasma species consist of high-energy

electrons, ionic species, electronically excited neutrals and free radicals, which interact with

dried collagen fibrils and might change the conformation of the collagen fibrils. After

rewetting with water, the collagen fibers partially de-aggregate and allow the dental

adhesive to easily adsorbed into collagen and interact with the underlying fibers to achieve

higher bonding strength. We have also suggested that the significantly improved adhesive/

dentin interface bonding could be attributed to the free radicals or peroxide groups

introduced to the exposed collagen fibrils on dentin surface by plasma treatment. Both the

surface free radicals and peroxide groups could initiate the polymerization and thus curing

of resin monomers and form covalent chemical bonds between the resin and the collagen

fibrils [20].

In this work, HEMA was employed to investigate the adhesive and plasma-treated

demineralized dentin surface interaction. HEMA is widely used as monomer in dental

adhesive because it can enhance monomer diffusion, improve resin entanglement with

collagen fibrils and facilitate the formation of hybrid layers and resin tags [29]. The present

results reveal that only 30s plasma treatment led to completely change of HEMA

distribution on dentin surface. As shown in SEM images (Fig. 3), after plasma treatment

HEMA infiltrated into tubules instead of adsorbed on dentin surface. HEMA in dentin

tubules adsorbed water and decreased water contact angle with less than 10° was found after

90s of water drop deposition in Plasma/HEMA Treated groups.

In order to identify whether chemical bonding or physical adsorption play a more dominant

role in the interaction between HEMA and dentin collagen fibrils, FTIR was conducted on

collagen, collagen immersed with HEMA and plasma-treated collagen immersed with

HEMA. Through acetone rinse, physically adsorbed HEMA was removed. If HEMA was

chemically bonded to collagen, characteristic absorbance peak of HEMA would be observed

on FTIR spectra. However, the peak of C=O at 1730cm−1 from HEMA was not observed in
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Fig. 4. This indicates chemical bonding between HEMA and collagen is not remarkable.

Physical adsorption is supposed to be the dominant interaction between HEMA and dentin

collagen fibrils.

It should be noted that three major findings were obtained in this experimental study: i)
After plasma treatment, more HEMA was penetrated into tubules ; ii) The amide I band of

collagen at 1660 cm−1 became much broader after plasma treatment. It is well-recognized

that amide I band is the most useful information in infrared spectra for the secondary

structure of proteins [31, 32]. The helix state was shown at 1660cm−1 while the bands

around 1630, 1650 and 1675 cm−1 have been reported as to imide residues partly to β-sheet,

random coils and β-turns, respectively[33]. The much broader amide I band at 1660 cm−1

suggested plasma treatment led to loss in the triple helical structure. iii) The collagen

swelled more and absorbed more water after plasma treatment. It is known that triple helix

structure of collagen could be denatured by heat[34], electrospinning[35], chemical

agents[36] et al. It is reasonable to presume that collagen structure arrangement has been

partially broken down after plasma treatment. The loosened collagen structure could absorb

more water and thus make the collagen fibers swell more as observed in Fig. 5. All the

results strongly indicated plasma treatment change the secondary structural of collagen. CD

spectra confirmed collagen structure change after plasma treatment, which fully verified our

pervious hypothesis. Collagen structure was well-recognized as a helical conformation

which was made up of three polypeptide strands through N-H…C=O hydrogen bonds [37].

When electronically activated in plasma state, argon plasmas consist of many high energy

species which could break hydrogen bonds, loose structure and expose hydrophilic amino

acid inside the collagen helix structure. It helps HEMA to penetrate into tubules and

collagen structures which lead to thick hybrid layer and longer resin tags, which has been

observed and demonstrated in our previous work [19–21].

Conclusion

It can be concluded that plasma treatment is effective on modifying dentin surfaces and

improving monomer penetration into the exposed collagen fibrils and dentin tubules. Plasma

treatment could loose collagen helix structure and help monomer penetrate into dentin

tubules and collagen networks, form thicker hybrid layer and longer resin tags, which is

beneficial to enhancing adhesive-dentin interfacial bonding. Investigation of the interaction

between resin monomers and plasma-treated collagen fibers results in a better understanding

of plasma treatment effect on improving adhesive-dentin bonding.
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Figure 1.
Average water contact angle on slices in Dentin Control, Plasma Treated, HEMA Treated

and Plasma/HEMA Treated groups. 5s and 90s represent water droplets deposition time.
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Figure 2.
Water contact angle on dentin slices with different HEMA absorption times. 5s and 90s

represent water droplets deposition time.
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Figure 3.
SEM images of dentin surface (A, D), dentin with HEMA absorption for 24h (B, E) and

plasma-treated dentin with HEMA immersion for 2min (C, F).
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Figure 4.
FT-IR spectra of (a) pure collagen, (b) collagen immersed into HEMA for 2 min and rinsed

with acetone thoroughly, and (c) collagen treated with plasma for 30 s and immersed into

HEMA for 2 min and then rinsed with acetone thoroughly.
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Figure 5.
Photograph of (A) untreated collagen, (B) untreated collagen with water adsorption, and (C)

plasma-treated collagen with water adsorption
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Figure 6.
CD spectra of collagen (dotted line), plasma-treated collagen (dash line) and thermal

denatured collagen (solid line) dissolved in 0.1M acetic acid at 25°C. All the spectra shown

were obtained after subtraction of baseline spectrum for the acetic acid.
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Table 1

Summary of secondary structure analysis data of collagen, denatured collagen and plasma-treated collagen

using CONTIN algorithm at Dichroweb

Samples Helix (%) Unordered (%) Helix segment per
100 residues

Ave helix length
per segment

Collagen 100 0 25.0 4.00

Denatured collagen 16 84 3.88 4.07

Plasma-treated collagen 33 67 8.95 4.00
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