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Introduction 

Orthodontic treatment plays an important role in enhancing facial esthetics, self-esteem 

and occlusion. Fixed orthodontic brackets are increasingly being used to treat different types 

of malocclusions in various age groups. However, the presence of orthodontic brackets in the 

oral cavity can cause iatrogenic effects at different tissue levels1. 

Adhesives such as composite resins  are considered one of the most significant 

developments in dentistry and especially in orthodontics. The concept of using orthophosphoric 

acid (H3PO4) on the enamel surface during bonding procedures was first introduced by 

Buonocore2 in 1955. Nowadays, adhesive systems using acid etchant when attaching the 

orthodontic brackets on the enamel surface have been widely accepted by most orthodontists 

as a routine technique. This bonding system provides a strong adhesion of the brackets to the 

tooth surface, hence minimizing the rate of bracket failures3. However, acid-etching also 

produces unwanted effects on the enamel surface. 

Acid etching affects the enamel by creating surface roughness (15 seconds 180.3 nm, 

30 seconds 260.9 nm) and micro porosities (15-30 sec 3322.6 ± 708.9 nm) in depth by removal 

of inorganic enamel structure at either the prism center or the periphery4. During direct bonding 

of orthodontic attachments to teeth, the micro porosities are filled with resin, producing 

mechanical retention of the bonding material and the attachment. It is difficult clinically to etch 

only that portion of the tooth surface to be bonded; often the entire labial or buccal surface is 

routinely etched. Excessive orthodontic etching of the complete labial enamel surface, instead 

of the area of the bracket bases only, is one of the most predisposing factors affecting white 

spot lesion formation5. Moreover, the procedure of removing orthodontic attachments leaves 

micro and macro cracks on the enamel surface which can be noticed by the naked eyes6. These 

irregular surfaces are susceptible to bacterial adhesion and caries formation 

The overall incidence of white spot lesions occurring during fixed orthodontic therapy 

ranges widely from 2% and 96%7.  

Plasma, the most dominant state of matter in the universe, is typically referred to as 

ionized gas. It was discovered in 1879 under the name ‘radiant matter’ by Sir William 

Crookes8. It was named plasma 30 years later9. 

Plasma research has recently evolved at a rapid pace and extended not only in 

biomedical applications but also in other life scopes like environmental, industrial, and 
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agriculture fields. Plasma can be generated at low and high atmospheric air pressure and a wide 

range of temperatures. While thermal plasmas are natural phenomena, non-thermal plasmas are 

artificially generated with individually adjusted composition and temperature. 

Today, non-thermal plasmas are utilized in the appliances of daily life like energy-

saving lamps, flat panel displays, and for industrial purposes such as polymer pretreatment, 

surface finishing, waste, and air pollution management. Non-thermal atmospheric pressure 

plasma (NTAPP), which is also called Cold Atmospheric Plasma (CAP) or low-temperature 

atmospheric pressure plasma, has the unique advantage of extending plasma treatment to living 

tissue10. In addition, different chair-side applications have been made possible due to the 

invention of small handheld plasma units like the Plasma jet of the plasma in small devices like 

radiofrequency plasma needles11. 

CAP has a positive influence on the bonding properties of tooth enamel and dentin. It 

enhances physicochemical interaction between the tooth surface and the adhesives by 

introducing free radicals. In addition, CAP increases the surface energy, hydrophilicity and 

penetrability of enamel and dentin and thus their adhesion to composite resin12. 
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Review of literature 
 

 A breakthrough in orthodontics was the introduction of fixed appliances to the teeth with 

bands or brackets. Fixed appliances, which encompass the various shapes of brackets 

whether directly bonded to enamel or laser welded to bands or cemented to teeth, tubes, 

buttons, with the activated archwires in place, move teeth into new positions. 

Since the launch of the “fixed orthodontics” concept, numerous trials have been made to 

attach the brackets to the teeth. Anciently, the brackets used to be welded to gold or 

stainless-steel bands that surrounded the teeth circumferentially, requiring the creation of 

interproximal space to accommodate the width of the band. At the end of treatment, these 

interproximal gaps had to be addressed again which was challenging to the clinicians. 

Moreover, the teeth frequently suffered from decalcification under bands and the 

surrounding periodontal apparatus also suffered from severe inflammation. Therefore, to 

avoid these drawbacks, the clinicians started to attach the brackets directly on the teeth’ 

enamel surface, thus eliminating the need for bands13. 

The evolution of Adhesives and Bonding in Orthodontics: 

➢ Conventional Acid Etch Technique 

In 1955, Bunocure 2 revolutionized dentistry by introducing the acid-etching material 

that was composed of phosphoric acid that can alter the surface structure of the enamel 

to enhance the bonding of the dental materials to the tooth structures. In 1971 Miura and 

his colleagues14 at Tokyo Medical and Dental University developed a new technique 

(They used the monomer (methyl methacrylate, MMA), the polymer (polymethyl 

methacrylate, PMMA), and the catalyst to attach the plastic brackets to the etched enamel 

surface. Although the bond strength decreased over time due the exposure to the oral 

fluids, this system started to replace the ordinary band system. In early 1971 3M UNITEK 

CORPORATION (California, USA) introduced the first two paste system in a study 

conducted by Bowen15.  

In the 1980s light-cured materials were introduced in different dental specialties which 

provided the operators with increased working time. In 1985 Reliance Orthodontic 

Products Inc. (Itasca, IL, USA) introduced the light cure orthodontic bonding system 

with the adjunctive of phosphoric acid etching material. Until today, the use of 37% 

phosphoric acid is the standard protocol for enamel conditioning.16
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➢ Self-etching primer in orthodontic adhesion: 

The concept of the self-etching approach was established approximately 25 years ago, in an 

attempt to decrease the working time and moisture sensitivity during the bonding of orthodontic 

brackets.  The demand for decreased technique-sensitivity, briefer clinical application time, 

and lower incidence of post-operative sensitivity have made self-etch adhesive systems a 

promising approach when compared to the etch-and-rinse systems17.  

The main component of self-etch adhesive systems and self-etch primers (SEPs) is a solution 

composed of acidic functional monomers, with a PH moderately higher than the PH of 

phosphoric acid etchants and capable of demineralizing the tooth structure similarly as 30 to 

50 percent phosphoric acid used in a conventional acid-etching technique.  

Self-etching adhesive systems typically incorporate meth-acrylate phosphoric acid esters, 

which etches and primes at the same time. After application of this system to enamel, the 

phosphate group dissolves and eradicates calcium ions from hydroxyapatite, and then becomes 

incorporated in the network before the primer polymerizes, neutralizing it. This results in one 

of the most important features of the SEPs and that is, the penetration of the primer to a depth 

identical to that of the etchant during the bonding procedure. On the contrary, by using the two-

step adhesive technique, the primer cannot reach the same depth created by the acid etchant, 

so the resin tags do not clog the whole defect.18  

To avert harmful effects triggered by oral bacteria, an adhesive system with antibacterial 

properties was invented. This is delivered by a newly developed monomer methacryloxy 

dodecyl pyridium bromide (MDPB) added to the primer of an adhesive system. Numerous in-

vitro research studied the preemptive effect of MDPB, demonstrating considerable 

antibacterial effects on infected human dentin. The question was whether that will affect the 

adhesion quality of the orthodontic appliances or not. Sorake et al 19 compared the shear bond 

strength of five different adhesive SEPs with and without antimicrobial effect and they found 

that all the groups had adequate clinically acceptable bond strength. 

Despite the several advantages of self-etch adhesives, few serious limitations persist such as 

relatively lower “immediate” bond strengths, increased interfacial nano-leakage, enhanced 

osmosis, and continued demineralization of surrounding hard tissue. One of the inherent 

problems in these light-cured, self-etch adhesives is the compromised polymerization initiating 

efficacy, which arises from the reaction of acidic monomers with amines used in the initiator 
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systems (such as camphorquinone/amine system in most current adhesives). In addition, the 

presence of water dramatically decreases the degree of conversion and polymerization rate. 

The combination of compromised photo-polymerization, the presence of water, and the 

hydrophilic nature of self-etch adhesives would likely contribute to the above-mentioned 

limitations.20 

In the year 2000, several companies started introducing hydrophilic self-etching primers such 

as Transbond Plus (3M Unitek) and SEP (Reliance Orthodontic Products) that can bond to the 

wet and dry enamel surfaces. These primers excluded the “rinse and dry” step and decreased 

the overuse of acid etchant over the tooth structure. 

 

The Dilemma: Conventional Acid Etch Technique or Self-etching 

primer 

Shear bond strength (SBS) which is the maximum stress that a material can withstand before 

failure in a shear mode of loading is the most important factor in the evaluation of the bonding 

materials. It is of paramount value to have good bond strength between the adhesive material 

and the dental hard tissue, to tolerate masticatory forces and pressure exerted by wires during 

orthodontic treatment. Therefore, there has been a major research effort in the past few years 

to enhance the bond and to lessen the associated demineralization around fixed orthodontic 

appliances. Reynolds21 stated that for routine clinical orthodontic bonding, bond strength of 

5.9–7.8MPa is adequate. Bishara et al.22 compared bond strengths of an acidic primer and 

composite resin with a conventional adhesive system and found mean bond strengths of 10.4 

and 11.8 MPa, respectively. The SBSs of self-etching primers can vary widely, ranging from 

2.8 to 16.6 MPa. In SEPs, the penetration of the primers into the entire depth of the generated 

pores of the enamel (resin tags), provides predictable attachment and mechanical fixation of 

the fixed orthodontic appliances.23 

Baysal et al 24 evaluated the effectiveness of one-step self-etching primers and two steps 

orthodontic primers on enamel demineralization around orthodontic brackets. They measured 

the Calcium-ion release from each sample using atomic absorption spectrophotometry. They 

concluded that neither the one-step SEPs nor the two-steps primers have a protective effect 

against enamel demineralization and should be used carefully considering the risk of 

demineralization involved in its application. 
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Likewise, Visel et al25 compared the demineralization effect around the brackets after using 

SEP with and without fluoride and the Conventional technique. The mineral loss was assessed 

using quantitative light-induced fluorescence with a specialized camera system (Inspektor Pro). 

They found that the use of the self-etching primers was not associated with patterns of enamel 

demineralization different from those treated with phosphoric acid. The only significant 

difference was observed between the self-etching fluoride-releasing primer and traditional 

etching. Thus, they concluded that the fluoride-releasing system was advantageous.  

Aljubouri et al 26 compared the mean clinical chair-side time required for bracket bonding and 

the mean bond failure rate at 6 and 12 months of stainless steel brackets with a micro-etched 

base bonded with a light-cured composite using a self-etching primer (SEP) or a two-stage etch 

and prime system. They found that there was no statistically nor clinically significant difference 

between the overall bond failure rate and the mean bond failure rate per patient for the two 

bonding systems at 6 and 12 months but the mean bracket bonding time per patient with the 

SEP was significantly less than that with the two-stage bonding.  

Rogelio et al 27 also compared the shear bond strength between four different SEPs and the 

control group, in which the enamel was etched with 37% phosphoric acid, they concluded that 

the four self-etching adhesives yielded shear bond strength values higher than the bond strength 

suggested for routine clinical treatment, indicating that orthodontic brackets can be 

successfully bonded with any of these self-etching adhesives. 

In a study by Horiuchi et al 3, the efficiency of self-etching and phosphoric acid-etching 

orthodontic adhesives was evaluated for enamel bonding in simulated clinical conditions. They 

found that bracket debonding force using debonding pliers exhibited sufficient bond strength 

for clinical use while the results under a scanning electron microscope showed that the two 

acid-etching adhesives caused considerable demineralization. 

The effect of conditioning the enamel surface by phosphoric acid: 

Enamel is characterized by a high mineral content (96wt%) and by a low content of organic 

matter (0.4-0.8wt%) and water (3.2-3.6wt%). The mineral phase is generally described 

as calcium hydroxyapatite, which belongs to an isomorphous series of compounds known 

as apatites. The snugly packed needle-shaped crystallites of hydroxyapatite compose the real 

units of enamel and are arranged into prisms. Phosphoric acid etching is applied: to convert the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tooth-enamel
https://www.sciencedirect.com/topics/medicine-and-dentistry/hydroxylapatite
https://www.sciencedirect.com/topics/medicine-and-dentistry/apatite
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enamel surface from a lower to higher surface energy; and to dissolve and demineralize the 

inorganic matrix, creating micropores and microgrooves to improve mechanical retention. 28 

The fundamental characteristics to create a good bonding interface is to achieve a clean surface, 

a rough surface for interfacial interlocking, good wetting of the substratum by the 

adhesive/cohesive materials, flowability and adaptation for intimate interaction, and acceptable 

curing when phase changes are required for final bond formation.29  

During the etching procedure, the depth of penetration of the acid in the enamel surface depends 

on the concentration and type of the acid etchant, time of application and the structure of the 

enamel. Etching of the enamel causes permanent dissolution of the most superficial layer of 

the enamel and creates enamel micro porosities ranging in depth from 5 to 50 µm30. 

Although direct bonding using acid etching was a breakthrough, it showed several 

shortcomings. Among the common problems associated with acid etching are: Bond failures, 

enamel decalcification and predisposition to white spot lesions, unintentional loss of enamel 

during bonding and debonding procedures, technique sensitivity and resin tags retention inside 

enamel which can cause subsequent potential discolouration of enamel.16 

a) Bond failure: 

Clinical efficacy and treatment duration in orthodontics can be compromised by bond failures.  

Some authors consider accidental bracket failure as one of the most significant predictors of 

fixed appliance treatment duration. The reported overall bracket failure rate reported in long-

term studies ranges from 6-8%; approximately half of the patients experience at least one 

bracket failure.31  

Bonding of orthodontic brackets to fluorosed enamel is considered a challenge that faces 

clinicians. Lupan et al32 have shown that the bond failure rate with 37 % phosphoric acid is 

elevated in patients that have dental fluorosis. 

Several strategies were used in an attempt to decrease bond failure rate including the use of 

different adhesive materials, the new bracket base designs, enamel etching and conditioning 

procedures, use of adhesion promoters, use of different curing lights to enhance bracket bond 

strength. While some of these have shown success to an extent in improving the bond strength 

of brackets, no systematic analysis has been done so far to assess their efficacy in reducing 

bracket bond failure rates.33 

Bracket debonding from the tooth surface is a problem also encountered by clinicians in 

orthodontic dentistry. This may occur as the consequence of inaccuracy in the bonding process, 
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due to inadequate moisture control by dentists or due to excessive occlusal forces. Bracket 

debonding can prolong the course of treatment, increase chair time, and damage the dental 

enamel. On the other hand, in many cases, orthodontists must re-bond the bracket to correct its 

position, especially in the preadjusted system where the correct position of brackets is the most 

important factor for treatment success. 34 

b) White spot lesions: 

The development of white spot lesions (WSL) during orthodontic treatment represents a major 

clinical problem. WSL is by far the most common adverse effect of orthodontic treatment. 

WSL develop in areas associated with orthodontic appliances, such as locations for bands, 

brackets, arch wires, wire or elastomeric ligatures. While various factors increase the risk for 

developing WSL, the main factor is the lack of patient compliance in maintaining adequate oral 

hygiene. Orthodontic attachments and treatment-associated pain make tooth cleaning more 

difficult. Changes in the oral environment associated with treatment, such as increased plaque 

retention, altered bacterial flora, increased acidogenic bacterial counts, and reduced cleansing 

effect of the tongue and saliva, also play significant roles.5 

 Initial preconditioning of the enamel surface with phosphoric acid has also been considered a 

risk factor in the decalcification and appearance of WSL. Etching removes the uppermost 

fluoride-rich surface layer of enamel (approximately 10 μm), creating micro-porosities. This 

exposes the less mineralized underlying layers to a potentially acidic environment. Increased 

enamel surface permeability after 1-5 minutes of etching with phosphoric acid (37%) was also 

reported. Acid etching removes a thin layer of the highly mineralized enamel and exposes a 

layer of more reactive enamel crystals to remineralization. Acid-etched enamel can re-

mineralize, but the amount of time required is variable, and the extent of recovery is 

incomplete. The active crystals attract calcium, phosphate, and fluoride from the oral 

environment, which fill and obliterate the superficial porosity. Fluoride hardens the surface 

layer and makes it more resistant to further acid attacks.35  

In a cross-sectional study, Mizrahi 36 evaluated patients before and after fixed orthodontic 

appliance therapy. There were significant increases in both the prevalence and the severity of 

the opacity during the treatment. In a study by Gorelick et al7, it was found that individual teeth 

with fixed orthodontic appliances exhibited significantly more white spot lesions than did the 

teeth in the control group. The highest incidence of lesions was found at the labio-gingival area 

of the maxillary lateral incisors, and the lowest incidence was in the maxillary posterior 

segment. 
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Knösel et al5, investigated the susceptibility of enamel to iatrogenic white spot lesion formation 

after inattentive, surplus orthodontic etching with 30% phosphoric acid and the subsequent 

provision or absence of adequate oral hygiene. The results showed that orthodontic etching 

exceeding the bracket base significantly enhanced the formation of white spot lesions around 

the orthodontic brackets. Hummel et al 37 supported the idea of cautious application of the acid 

etchant on the enamel surface to decrease the side effects of the acid over the enamel structure. 

c) Enamel loss after acid etching and bonding 

Damage to enamel during bonding and de-bonding is a clinical concern. According to Wang 

38, minimum enamel damage with the maximum clinically useful bond strength is optimal and 

reduction in etching time and acid concentration that produce an optimal bond should be 

strived for. The amount of enamel lost during the removal of adhesive may be of clinical 

significance because of the removal of a major part of the protective fluoride-rich layer of 

enamel. Enamel removal occurs during various processes. Abrasive wear removes 

approximately 2 μm/year, routine etching 3-10 μm, enhanced mechanical interlocks remove 

another 25 μm. Thus, a total of approximately 35 μm is removed in the process of bonding 

and de-bonding; slightly more enamel can be removed depending on the instrument and 

procedure used for debonding.39 

The repair procedures on etched enamel surfaces which is not covered by adhesive were 

investigated. The repair of the defect is filled by organic/inorganic precipitates from 

saliva. Even after a 4-month exposure of etched enamel surfaces in the mouth environment, the 

etching lesion is still visible40. This procedure may lead to white spot lesions which are not 

only affecting the esthetics but also, they are the initial lesions of dental caries. The estimated 

prevalence of white spot lesions arising during fixed appliance treatment ranged from 2% and 

96% 41. 

Alternatives for enamel conditioning without phosphoric acid etching 

The considerable amount of data on the effect of bonding with acid etchant on enamel stimulated 

the development of alternative methods of appliance retention onto enamel: 

▪ Use of milder acids  

Research revealed that 10% maleic acid, which is supposed to diminish mineral loss alone, 

could yield similar bond strengths to 37% orthophosphoric acid. Nevertheless, the use of 

maleic acid has never been commercialized. 42 
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▪ Laser etching  

Laser treatment of enamel triggers thermally induced alterations within enamel to a depth of 

10 to 20 µm, reliant on the nature of laser and energy applied to the enamel surface. Laser 

etching entails a process of uninterrupted vaporization and micro-explosions caused by 

vaporizing the water trapped within the hydroxyapatite matrix. The extent of surface 

roughening differs with the system used and the laser wavelength. The results on achieved 

shear bond strength differ. Generally, lasers currently are unable to produce a standard, reliable 

etching pattern.43 

▪ Sandblasting  

An alternative method of enamel pretreatment is the “air-abrasion technique” (sandblasting). 

Although the enamel loss that results from sandblasting at low pressure and the short exposure 

time was found to be smaller than in acid etching, the bond strengths achieved with 

sandblasting alone were not clinically acceptable.44 

 

▪ Crystal growth  

In 1979, Maijer and Smith45 reported a method of bonding that involved crystal growth on the 

enamel surface. This system consists of a polyacrylic acid treatment liquid containing a sulfate 

component that reacts with the calcium in the enamel surface to form a dense growth of small, 

needle-shaped crystals. The crystal buildup on the enamel serves as an additional retentive 

mechanism for the resin that bonds the orthodontic attachment to the teeth. Micromechanical 

interlocking is created at the enamel surface, and most of the problems associated with 

conventional acid etching are said to be eliminated. Although debonding and adhesive cleanup 

were facilitated with this technique, the achieved SBS values consistently remained below 

those of conventional acid etching. 

Different Types of orthodontic Adhesives  

a) Composite resins  

Generally, all the dental composite products that have emerged in the past years have simple, 

common characteristics as they are all combinations of silane-coated inorganic filler particles 

with dimethacrylate resin (bis-glycidil methacrylate (BISGMA) or urethane dimethacrylate 

(UDMA). Sometimes, a percentage of a lower-molecular-weight monomer as triethyleneglycol 

dimethacrylate (TEGDMA) is added to this combination to reduce the viscosity. The filler 

particles utilized are either barium silicate glass, quartz, or zirconium silicate, frequently 
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combined with 5-10% weight of microscopic particles of colloidal silica. Modern composite 

materials are hence a mixture of glass or ceramic particles scattered in a photopolymerizable 

synthetic-organic resin matrix. Many investigations suggest that the use of BISGMA resins 

provides the greatest physical properties and are considered the strongest adhesives for metal 

brackets46. The stated failure rates for brackets directly bonded with highly filled diacrylate 

resins are as low as 1% to 4%47. 

b) Glass ionomer cement  

In 1995 Silverman et al 48 started using dual-cure glass ionomer cement (Fuji Ortho LC, GC 

America) for bonding the brackets with the enamel without using an acid etchant.  This was 

the first trial to avoid using phosphoric acid in orthodontic bonding. Glass ionomer cement has 

unique properties that make them useful in clinical orthodontics. First, they adhere to both 

enamel and metal. Second, these cement release fluoride and therefore may prevent or at least 

decrease the amount of enamel demineralization during the therapy. Vorhies et al 49 tested 

enamel demineralization adjacent to the brackets bonded by composite resin and hybrid glass 

ionomer adhesive. They found that the glass ionomer adhesives have a significant decrease in 

the area and depth of the demineralized enamel. Third, glass ionomer cement can be removed 

with much less difficulty than composite resin after debonding, because the cement remaining 

on the tooth surface can be desiccated by simply air drying it, thus rendering it more friable. 

However, the shear bonding strength between orthodontic composite resin and teeth was 

significantly greater than those of the glass ionomer cements 50.  

 

Although the increased fluoride release from the glass ionomer cement has the potential for 

lessening decalcification around orthodontic brackets, the SBS of the material is relatively low 

compared with composite adhesive. It is advisable to limit the use of glass ionomer cement to 

high-risk orthodontic patients to provide preventive actions and potentially re-mineralize early 

(subclinical) enamel demineralization.51 

 

Introduction to Cold Atmospheric Plasma (CAP): 

British physicist Sir William Crookes discovered plasma in 1879. but the name “plasma” was 

utilized by Irving Langmuir, an American chemist, in 1929. As the most common form of 

matter, 99% of the visible universe is made up of plasma, referred to as the fourth state of 

matter. The other states of matter are liquid, gas, and solid. Plasma is a partially ionized gas 

with ions, electrons, and uncharged particles such as atoms, molecules, and radicals. In other 
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words, plasma is a collection of incomplete particles. Once the electrons are removed from 

atoms and molecules, those particles change state and become plasma. Plasmas are naturally 

energetic because stripping electrons uses constant energy. If the energy dissipates, the 

electrons reattach, and the plasma particles become a gas once again. plasma resembles gas 

particles that do not have a definite shape. But unlike gas, magnetic and electric fields can 

control plasma and shape it into useful, malleable structures. 52 

Based on the relative temperatures of the electrons, ions and neutrals, plasmas are classified as 

“thermal” or “non-thermal”. Thermal plasmas have electrons and heavy particles at the same 

temperature. they are in thermal equilibrium with each other. Non-thermal plasmas on the other 

hand have the ions and neutrals at a much lower temperature (sometimes room temperature), 

whereas electrons are much “hotter”. 52 

In recent years, cold (less than 40 °C at the point of application) atmospheric plasma (CAP) 

sources have been introduced which provide the possibility to extend plasma treatment to living 

tissue. Cold Atmospheric Plasma (CAP) is known as non-thermal because it has electrons at a 

hotter temperature than the heavy particles that are at room temperature. Its temperature is less 

than 40 °C at the point of application. Gases that can be used to produce CAP are Helium, 

Argon, Nitrogen, Helium. Researchers have been interested in finding uses for CAP in dentistry 

and other fields.52 

▪ Methods and sources of CAP production: 

Several different types of CAP have been developed for biomedical uses. Energy is required to 

produce and sustain the plasma. Thermal, electric, or light energy could be used. Ordinarily, 

the discharge needed to produce CAP is stimulated electrically. Various methods are used to 

produce CAP which includes: Dielectric Barrier Discharge (DBD), Atmospheric Pressure 

Plasma Jet (APPJ), Plasma Needle, and Plasma Pencil.53 

✓ Dielectric Barrier Discharge (DBD): 

In 1857, Siemens was the first to conduct experiments on Dielectric Barrier Discharge. DBD 

has many applications including sterilization of living tissue, bacteria inactivation, 

angiogenesis, surface treatment, and excimer formation. DBD consists of two flat metal 

electrodes that are covered with a dielectric material. A carrier gas moves between the two 

electrodes and is ionized to create plasma. One electrode is a high voltage electrode and the 

other is a grounded electrode. High voltages are required to produce the discharge needed to 

create the plasma. 
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✓ Plasma jet (Radio frequency plasma jets): 

One type of plasma jet, which is employed for bacterial sterilization, is the Atmospheric 

Pressure Plasma Jet (APPJ). The APPJ consists of two coaxial electrodes between which a feed 

gas (mixtures of helium, oxygen, and other gases) flows at a high rate. The outer electrode is 

grounded while Radio Frequency (RF) power (50-100W) at 13.56 MHz is applied to the central 

electrode that creates a discharge. The reactive species produced exits the nozzle at high 

velocity and arrives at the area that is to be treated. APPJ has been used for the inactivation of 

several micro-organisms. Reuter et al 54 declared more properties from the Argon CAP jets 

(kINPen). They found that the argon plasma jet is a bullet jet in origin and the admixture of 

oxygen to CAP enhances the ozone concentration but leads to a reduction of visible length and 

intensity of the plasma effluent. 

 

✓ Pulsed direct current-driven plasma jets: 

Laroussi et al.10 developed a miniature jet that they called plasma pencil. It consists of a 

dielectric cylindrical tube of 2.5 cm in diameter where two disk electrodes of the same diameter 

as the tube and separated by a distance ranging from 0.3-1 cm are inserted. Each electrode 

consists of a thin copper ring attached to a dielectric disk. To create the plasma, submicro-

second high voltage pulses are applied between the two electrodes while gas is injected through 

the holes of the electrodes. As soon as the discharge is produced, a plasma plume is released 

through the hole of the external electrode into the air. Since the plasma plume stays at a low 

temperature (290K), it can be touched safely. The electrical power is delivered to the electrodes 

by means of a high voltage pulse generator. The high voltage is supplied to the pulse generator 

by a DC voltage supply with variable output. 

 

▪ Cold Atmospheric Plasma in dentistry: 

✓ CAP involved in sterilization: 

A lot of trials were made to overcome the side effects of sterilization methods UV radiation 

and autoclaving without compromising the sterilization effect. Sung et al 201355 tried to find a 

single method of sterilization to be used with all dental materials and instruments. They 

concluded that CAP was effective in the destruction of both E. coli and B. subtilis and was 

more efficient in the destruction of E. coli than the UV sterilizer.  

Rupf et al 201156 tested in vivo the effect of the application of CAP in the combination of 

air/water on the removal of biofilms from the micro structured titanium used for the production 
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of dental implants. They found that CAP in the combination of air/water succeeded in complete 

eradication of microorganisms on the surface of titanium and concluded that the use of CAP is 

promising in the treatment of peri-implant diseases. Also Wittkar et al 57 investigated the 

effectiveness of a commercial gas plasma etcher in cleaning of endodontic files. They 

concluded that CAP has a strong efficiency in the cleaning procedures of the dental instruments 

and reducing the transmission of the diseases in the dental operations. 

✓ CAP and Implantology: 

A lot of attempts were carried to enhance the osteointegration of the bone around the dental 

implants, sustain the bone level also around the implants and to impede the peri-implantitis 

which affects the stability of the implants in the jaws. Rapuano et al 58 studied whether heat 

(600°C) or radiofrequency plasma glow discharge (RFGD) pretreatment of titanium stimulated 

calcium-phosphate mineral formation in cultures of attached  osteoprogenitor cells with or 

without a fibronectin coating. The observed findings suggest that heat pretreatment of titanium 

increased the total mass of the mineral formed in osteoprogenitor cell cultures more than RFGD 

while the latter pretreatment hastened the early deposition of mineral. These findings help to 

support the hypothesis that the pretreatments enhance the osteoinductive properties of the alloy.  

Duscke et al59 studied the effect of cold atmospheric pressure gas‐discharge plasma to reduce 

water contact angles on titanium discs with different surface topography and to improve the 

spreading of osteoblastic cells on the surface of these discs. They concluded that the application 

of cold plasma may support in the treatment of peri‐implant lesions and may enhance the re‐

osseointegration around the dental implants. A study carried out by Yang et al60 also supported 

the effect of CAP in the treatment of peri-implantitis. Results showed that after application of 

CAP roughness and hydrophilicity of titanium surfaces were significantly increased also the 

results showed sterilization effect and bone formation effect on the surface of the titanium. 

Lee et al61 evaluated the effect of CAP with hydroxyapatite coated titanium implants. They 

concluded that CAP hat the affinity to change the surface characteristics of the titanium 

implants and increase the cell proliferation around them. 

✓ Use of CAP in deactivation of oral biofilm und pathogens: 

Researchers started to study the effect of CAP in deactivation of different pathogens and oral 

biofilm to enhance the success rate of different dental procedures. Yang et al62 assessed the 

surface modification and oral bacteria adhesion and growth after application of CAP to the 

zirconia implant abutment materials. They found that increasing the time of CAP application 

leaded to decrease the bacterial growth and the surface chemistry also changed while the 
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surface topography remains the same. They concluded that CAP has a potential prospect for 

improving soft tissue seal around the zirconia abutment, therefore providing better esthetics 

and most of all, prevent peri-implant lesions from happening.  

An evaluation of the effect of the CAP in destroying intra-canal biofilm and disinfection of the 

root canals was carried by Yinglong et al63. They coMPared the effect of CAP (argon/oxygen) 

with other disinfecting materials (Ca(OH)2, 2% chlorhexidine gel, and Ca(OH)2/chlorhexidine). 

The results showed that CAP is an effective method in endodontic treatment for its strong 

sterilization efficiency on fully matured biofilm within a few minutes. Meanwhile, it has an 

accepted mechanical safety for its low temperature and does not affect the microhardness and 

roughness of root canal dentin significantly.  In another research attempt64 a handheld, mobile 

plasma jet powered by a 12 V DC battery and operated in the open air without any external gas 

supply was used to disinfect a biofilm. They found that CAP is capable to inactivate the 

superficial layers of the bacterial biofilm, the deep layers and the base bacterial layers.  

✓ CAP and Caries: 

Oral bacteria are the primary cause of dental caries. They damage teeth material through the 

production of acid that is capable to dissolve tooth hard tissues. One of the attempts to 

deactivate the harmful oral bacteria was the idea of using CAP for caries deactivation.  

Sladek et al65 carried out a study to find a less destructive, and less painful method to prepare 

dental cavities. This may be done by using nonthermal atmospheric plasma. They found that 

the nonthermal character and good sterilizing properties of the plasma needle make it a very 

promising tool for the preparation of dental cavities. Another effort was done by Goree et al 66 

in which the plasma was applied to a culture of Streptococcus mutans For low-power 

conditions that would be suitable for dentistry, results revealed that S. mutans was killed within 

a solid circle with a 5-mm diameter, demonstrating that site-specific treatment is possible.  

✓ CAP and Intraoral diseases: 

The use of CAP in treatment of the intraoral diseases and disinfection of intraoral wounds and 

infections has now a great interest by different researchers and scientists. Koban et al67 tested 

in vitro the efficiency of different low-temperature plasma devices as an antifungal factor in 

the treatment of Candida albicans. They concluded that CAP can be an alternative to chemical 

antiseptics.  

Another study was carried out by Delben et al68 to assess the capability of CAP as a tool against 

biofilms of C. albicans and Staphylococcus aureus. The results indicated that Atmospheric-

https://www.sciencedirect.com/topics/medicine-and-dentistry/chlorhexidine
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pressure cold plasma had the ability to eliminate biofilms of C. albicans and S. aureus without 

having toxic effects in oral epithelium. Similarly, Yamazaki et al 69 evaluated the effect of CAP 

as an antimicrobial agent. The results revealed that CAP jet had a sterilizing effect on oral 

pathogenic microorganisms. Another study by Sung et al70 investigated the inhibitory effect of 

CAP on cell migration and invasion in the oral squamous cancer cell lines. They found that 

CAP have an inhibitory effect on the migration and invasion of oral squamous cancer in 

addition N2 CAP has the most potent effect among the three gases  

Seebauer et al71 investigated the effect of CAP on the treatment of oral lichen planus. The in-

vivo treatment of OLP tissue revealed a reduction of pain and local inflammation. This result 

may be considered as a promising treatment way for patients suffering from oral lichen planus. 

✓ CAP and Root canal disinfection 

Schaudinn et al72 evaluated the effect of CAP on ex vivo biofilm in root canals of extracted 

teeth and compared it with 6% NaOCl and control group (without treatment). They observed 

that the untreated root canals were covered with variable thickness of bacterial biofilm, while 

after treatment with CAP the number of viable bacteria in these biofilms was decreased by one 

order of magnitude. The conclusion from this study was that CAP has antimicrobial activity 

against endodontic biofilms in root canals but was not as effective as the use of 6 % NaOCl.  

Moreover, Pan et al73 studied the disinfecting effect of CAP on root canals infected with 

Enterococcus faecalis biofilms. They applied CAP with different treatment times and 

compared them to a negative control group (without treatment) and positive control treated 

with calcium hydroxide. After prolonged CAP application, they found a significant decrease 

in the colony-forming unit. Under a scanning electron microscope, it was seen that the bacterial 

cell membrane was raptured that showed the high efficiency of CAP in disinfecting the E. 

faecalis biofilms in vitro dental root canal treatment.  

✓ CAP and adhesive restorations 

CAP is nowadays widely used in adhesive dentistry due to its capability of surface etching and 

cleaning and changing surface characteristics and functionalization. Also, CAP has a 

polymerization capability that can be used in different composite materials. Chen et al20 tested 

the efficiency and the effectiveness of non-thermal atmospheric plasmas for inducing 

polymerization of dental self-etch adhesives and compared the results with the dental light cure. 

The results showed that the non-thermal plasma brush was effective in inducing polymerization 



Review of literature  

17 
 

of the model self-etch adhesive. CAP showed a promising result for polymerization of dental 

composite restorations with enhanced properties and performance.  

Peutzfeldt et al74 also conducted a study to investigate the characteristics of resin composites 

polymerized by plasma arc curing units. They tested the remaining double bonds, depth of 

polymerization, flexural strength and modulus, and wall-to-wall polymerization contraction. 

They concluded that plasma arc curing units make it possible to polymerize resin composite in 

much shorter times than conventional curing units. However, the polymerization characteristics 

associated with the units may be less than optimal. On the other side, Ritts et al75 investigated 

the treatment effects of CAP on dentin surfaces for composite restoration. They applied CAP 

on the dentin of extracted unerupted human third molars after removing the crowns and etching 

the exposed dentin surfaces with 35% phosphoric acid gel. The dentin surfaces were treated by 

using argon CAP for various durations and then were analyzed for any molecular changes. An 

increase in carbonyl groups on dentin surfaces was detected with plasma-treated surfaces. 

When the dentin/composite interfacial bonding was evaluated, tests showed that the bonding 

strength of the composite restoration to peripheral dentin was significantly increased (by 64%) 

after 30 s plasma treatment. However, the bonding strength to plasma-treated inner dentin did 

not show any improvement. It was found that plasma treatment of peripheral dentin surface up 

to 100s increased interfacial bonding strength, while a prolonged plasma treatment of dentin 

surfaces, e.g., 5 min treatments, showed a decrease in interfacial bonding strength.  

Honggiang et al76 tested the ageing effects of post surface treatment with nonthermal plasma 

using air or helium mixed with 2% oxygen as the working gas. Fiber posts were treated with 

one of the nonthermal plasmas. Results showed that the improvement in bond strength 

disappeared when fiber posts were exposed to air for 1 hour or longer after being treated with 

plasma.  

Yavirach et al77 evaluated the effects of plasma treatment on adhesion between fiber-reinforced 

posts and composite core material.  Methacrylate-based (FRC Postec) and epoxy resin-based 

(DT Light-Post) posts were used and treated with oxygen plasma (O2), argon plasma (Ar), 

nitrogen plasma (N2), or helium mixed with nitrogen plasma (He+N2). A universal testing 

machine was used to perform Pull-out tests. The surface roughness of each group was evaluated 

using a profilometer.  The conclusion obtained was that Plasma increased the tensile-shear 

bond strength between post and composite.  

https://pubmed.ncbi.nlm.nih.gov/?term=Ye+H&cauthor_id=22930775
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Dong et al carried78 out a study to understand the effect of the plasma treatment on dentin 

surface through investigating treated dentin surfaces with plasma and their interaction with 

adhesive monomer, 2-Hydroxyethyl methacrylate (HEMA). Dentin surfaces from human third 

molars, treated with plasma, 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 a much lower water contact angle compared 

with only plasma-treated (Plasma Treated) or only HEMA immersed (HEMA Treated) dentin 

surfaces. SEM verified that dentin tubules in the Plasma/ HEMA Treated dentin surfaces group 

were opened-up and filled with HEMA monomers. This experiment demonstrated that non-

thermal argon plasma treatment was very effective in enhancing adhesive monomer penetration 

in loosing collagen structure which induces longer resin tags and consequently enhances 

adhesive/dentin interface bonding. Chen et al79 tested the effectiveness of non-thermal 

atmospheric plasma brush in surface wettability and modification of four dental substrates 

(dentin, enamel, and two composites). The prepared surfaces were treated for 5–45 s with CAP 

at working temperatures from 36 to 38 °C. The results showed that CAP argon plasma was 

very efficient in enhancing the surface hydrophilicity of four substrates. The results indicated 

that water contact angle values decreased considerably after only 5 s plasma treatment of all 

these substrates. After 30 s treatment, the values were further reduced. the percent of carbon 

decreased while oxygen percentage increased for all four substrates. SEM surface images 

indicated that no significant morphology change was induced on these dental substrates after 

exposure to plasmas. 

✓ CAP and Tooth whitening 

Hydrogen peroxide is the active ingredient most commonly used in whitening products and is 

delivered as either hydrogen peroxide or carbamide peroxide. Light-activated tooth bleaching 

with high hydrogen peroxide has risks and the actual role of the light source is doubtful. The 

use of conventional light might result in an increase in the temperature and cause thermal 

damage to the tooth structures. Lee et al80 tried to enhance the effect of hydrogen peroxide by 

application of CAP at room temperature. A nonthermal, atmospheric pressure, helium plasma 

jet device was used in this study. Combining plasma and hydrogen peroxide improved the 

bleaching efficacy three times more when compared with hydrogen peroxide alone.  

Nam et al81 investigated the effect of using CAP with 15% carbamide peroxide including 5.4% 

hydrogen peroxide, as compared with conventional light sources in relation to teeth bleaching. 
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They concluded that CAP has a greater capability for tooth bleaching than conventional light 

sources with a low concentration of HP without causing thermal damage. 

✓ CAP and Periodontics: 

Periodontitis is one of the most common oral diseases affecting tooth-supporting tissues in 

adults. Bacterial infection induces an inflammatory response of the alveolar bone and soft 

periodontal tissues. The inflammatory cascade often leads to irreversible bone resorption and 

destruction of the periodontal ligaments supporting the teeth causing loss of teeth. The 

regeneration of lost periodontal tissue including the bone, periodontal ligaments and the 

covering gingiva has always been the main goal of periodontal therapy.  

Current regenerative procedures are carried out to fulfil this goal, but the results are still 

unpredictable. Miletić et al82 tried to enhance the productivity of the human mesenchymal stem 

cells isolated from periodontal ligament using CAP. The results indicated that plasma treatment 

inhibited the migration of these cells. Additionally, plasma significantly promoted their 

osteogenic differentiation. 

CAP and Orthodontics: 

Since the available methods of brackets bonding have several demerits such as enamel 

substance loss and possible iatrogenic teeth damage during removal, the development of an 

ideal adhesive system is still a focus of research.  

The use of plasma in orthodontics is a newly emerging area of plasma medicine. This is why 

at present only a few research results are available. However, the great potential of cold 

atmospheric pressure plasma (CAP) that has already been demonstrated in other dental 

disciplines, can also be applied to certain aspects of orthodontics. Since CAP-sources with 

hand-held units are now available, plasma medicine was able to enter the field of dentistry. 

Modern plasma jet devices create a fine, needle-shaped plasma-effluent of about 10 mm that is 

very suitable for treating intraoral areas and surfaces that are otherwise hard to reach. CAP has 

a lot of characteristics that can be considered a beneficial tool in enhancing the orthodontic 

bonding between different orthodontic attachments and the enamel surface. Plasma is a quick, 

effective, inexpensive and environmentally friendly technique for surface cleaning. This was 

implemented in several industries such as microchip fabrication, food packaging 83. Moreover, 

plasmas can be used to alter the chemical characteristics of the exposed uppermost surface 

without affecting the material properties. For adhesion, plasma can also be utilized to 

implement chemically active species on the substrate surface by stimulating polar functional 

groups or through ion bombardment.84 
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Because of its unique characteristics, plasma arc light has the potential to dramatically reduce 

the curing time of dental composites. The plasma arc light reduces curing time because it 

produces much more intense light than does the halogen light. To improve practice efficiency, 

many orthodontists use plasma arc lights and other high-speed curing devices, even though all 

aspects of their efficacy for curing orthodontic adhesives have not been fully investigated.85 

➢ Surface conditioning with Cold Atmospheric Pressure Plasma: 

Excellent adhesion entails ultimate contact between adhesive and adherend surface. To 

establish the adhesion, the adhesive material must spread impulsively across the entire 

adherend surface, or optimal wettability of the substrate is required concerning that adhesive. 

However, the adhesive is not always well-matched to the wettability of the certain adherend 

surface. Surface modification or engineering for wettability enhancement is needed to improve 

adhesion between these substrates. 86 

It was suggested that CAP might be valuable for enhancing the mechanical and physical 

properties of GIC. Due to the low sensitivity of GIC to moisture, the bond strength could be 

improved even if the enamel is moisturized with water or saliva former to the placement of 

brackets. A potential justification for this is the presence of 2-hydroxyethyl methacrylate 

(HEMA) - a water-soluble hydrophilic monomer- in GIC. CAP has a positive effect on the 

enamel bonding properties. By launching free radicals, CAP raises the surface energy of dentin 

and enamel and hence their penetrability and hydrophilicity. The CAP-induced substitution of 

hydrocarbon groups with hydroxyl groups may be accountable for the enhanced hydrophilicity. 

CAP consequently was believed to have the potential to improve the properties of dental 

adhesive materials.87 

 

Metelmann et al88 started the first trial to enhance the bonding effect of glass ionomer 

orthodontic cement (GIC) between orthodontic brackets and enamel tooth surface. They 

compared the shear bond strength of the brackets bonded using GIC enhanced with CAP, to 

the conventional method using GIC in bonding the orthodontic brackets to brackets bonded 

using GIC onto the dried out enamel surface to brackets bonded with the conventional 

composite orthodontic bonding system. The results showed that the brackets bonded with GIC 

in the standard method had average shear bond strength while specimens treated with plasma 

showed decreased bonding values. Bonding onto dried out enamel surface led to spontaneous 

bracket debonding. The composite group showed acceptable adhesion values.  
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Almoammar et al89 carried out a study to investigate the effect of CAP on the bonding strength 

of the orthodontic brackets bonded with different techniques on the enamel surface. They tested 

five groups according to the bonding procedure Group 1 (Etch, prime and composite adhesive); 

Group 2 (Prime and composite adhesive); Group 3 (Glass ionomer cement); Group 4 (CAP, 

prime and composite adhesive) and Group 5 (CAP and glass ionomer cement). Shear bond 

strength and water contact angle of the treated and untreated enamel surfaces were tested. Half 

the specimens in each group were subjected to thermocycling and the other specimens served 

as baseline specimens. Adhesion strength values were recorded after debonding, and bond 

failure types were scored. Water contact angles of the NTP treated and the untreated enamel 

surface was measured. Group 1 specimen exhibited the greatest bond strength, and the smallest 

values were in Group 2 specimens. Among the CAP groups, Group 4 specimens exhibited high 

adhesion strength compared to Group 5 specimens. The water contact angle on untreated 

enamel surface was 53.1° ± 2.1° as compared to 1.4° ± 0.7° on the treated surface. According 

to these results, they concluded that the combination of non-thermal plasma (NTP) treatment 

with composite adhesives showed clinically acceptable adhesion strength and was properly 

within the optimal range (7–14 MPa) for enamel bonding. 

A trial by Dong et al90 was done to evaluate CAP treatment effects on dentin 

surfaces for improving adhesion of dental resin composite restoration to the dentin 

surfaces. Extracted Impacted third molars were used after that the crowns were 

removed to expose the dentin surfaces. One half of the sample was treated with 

argon CAP, while the other half was untreated and considered a control group. Self-

etching adhesive and universal resin composite were applied to the dentin surfaces. 

the adhesive-dentin bonding strength was evaluated by the micro-tensile bonding 

strength (μTBS) test. μTBS test results showed that, with plasma treatment, the 

average μTBS value increased as compared with the results obtained from the 

untreated control group. The results obtained from water contact angle measurement 

and scanning electron microscopy (SEM) examination verified that plasma 

treatment followed by water rewetting could partially open dentin tubules, which 

could enhance adhesive penetration to form a thicker hybrid layer and longer resin 

tags and consequently improve the adhesive/dentin interface quality.  

In another study to test the effect of CAP on enhancing the shear bond strength 

between the dental resin composite and the enamel surface, Han et al84 investigated 

the effect of monomer deposition through a CAP on adhesion of resin composite to 
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enamel and its durability. The adhesion of resin composite to enamel and its 

durability was compared using micro-shear bond strength (MSBS) tests, with or 

without monomer deposition and before or after thermocycling (TC). The bond 

strength data were interpreted using Weibull analysis. The hydrophilicity of treated 

surfaces was compared with contact angle measurements. Surface characterization 

was performed with a Fourier transform infra-red spectrophotometer and X-ray 

photoelectron spectroscopy. The fracture mode at the interface was evaluated using 

a stereomicroscope and a scanning electron microscope. The plasma polymer 

deposition was improved using CAP which improved the MSBS of resin composite 

to the enamel. Surface characterization suggested improved wettability and changes 

in the chemical composition of the plasma-deposited enamel surface. However, the 

mean values of the MSBS of the plasma polymer-deposited groups decreased after 

thermocycling. Plasma polymer deposition using CAP improved enamel adhesion 

but failed to improve durability in terms of mean bond strength.  

One of the most detailed studies which tested the effect of CAP on the enamel surface was 

carried out by Teixeira et al91 to investigate the effect of CAP on the mechanical properties of 

enamel and its capability to enhance sealant bonding to unetched enamel. Extracted human 

molar teeth were sectioned to obtain flat enamel surfaces. The samples were divided into two 

groups (etched and unetched) and distributed over three surface treatments (i) argon CAP 

treatment, NaOH surface treatment, and (iii) compressed air application (control). The enamel 

surfaces were tested by SEM, optical interferometry (IFM), and Goniometer instruments. 

nanoindentation and micro shear bond strength. After the investigation, they found that the 

Surface energy was significantly higher for the etched and unetched groups treated with plasma 

relative to the NaOH and control groups. For the mSBS test, they observed that CAP treatment 

on etched and unetched enamel increased bond strength significantly. The conclusion obtained 

from this study was that CAP increased surface energy, surface wettability and bond strength 

between enamel and sealants potentially serving as a substitute for conventional acid etching 

procedures or as an adjuvant for self-etch sealants. 

Despite that polymers are characterized by low density, flexibility, ease of manufacture, and 

cost-effectiveness, their surface properties often do not meet the requirements regarding 

wettability, biocompatibility, gas transmission, adhesion, or friction. Therefore, an additional 

surface modification may be essential to attain the required properties, while preserving the 

characteristics of the volume. Primarily, a plasma treatment provides various potentials to 
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refine a polymer surface, enabled by the adjustment of parameters like gas flows, power, 

pressure and treatment time. Depending on the gas composition and plasma conditions, ions, 

electrons, fast neutrals, radicals, and UV radiation contribute to the polymer treatment, 

resulting in etching, activation and/or cross-linking. 92 

Degradation of polymer surfaces primarily follows a rapid interaction with radicals or ions. 

Here, the intensity and duration of the plasma treatment are of importance. While a short 

treatment of polymers causes only outer chain scissions, which may lead to improved surface 

properties, a more intense treatment also yields inner chain scissions. Plasma treatment of 

polymer surfaces causes not only a modification during the plasma exposure, but also leaves 

active sites at the surfaces which are subject to post-reactions; this is also called ageing. Ageing 

effects depend on external influences like adsorption or oxidation, and on the internal tendency 

to attain an energetically favourable state (thermodynamic equilibrium) by restructuring 

processes and diffusion.92 

Primers are used in dentistry to promote adhesion between dissimilar substrates that do not 

naturally bond with each other. Primers are substrate-specific, and with some substrates, 

chemical bonding can be achieved. However, despite their surface specificity, improvement of 

the wettability of the bonding surface by the primer is a common property of all primers. Silane 

based primers are used with ceramic and with metal substrates, Recently universal primers, 

which can be used with various types of substrates, have been introduced.93 

 

Thus, the purpose of the current study is to examine the effectiveness of the CAP on the 

alteration of the enamel surface without using acid etchant by using conventional photo-

activated resin bond to bond the orthodontic brackets to overcome the drawbacks of acid 

enamel surface conditioning without affecting the shear bond strength between the enamel and 

the orthodontic brackets.  
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Aim of the study  
  

• In vitro: Qualitative assessment of the effect of CAP on the enamel surface.  

  

• Investigating the difference in shear bond strength between the standard bonding 

system, plasma enhanced standard bonding system (without etching), plasma-enhanced 

standard bonding system (without etching and with rewetting by deionized water) and 

standard bonding system without etching.  
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Materials and methods 
 

Pilot study:  

• Aim: 

1. The investigation, Comparison, and determination of the Argon CAP effect with 0.0 

%, 0.5 % and 1 % Oxygen admixture on the enamel surface under Scanning Electron 

Microscope (SEM).  

2. Comparison of untreated enamel surface with the Plasma treated enamel and 

phosphoric acid-etched enamel.  

3. Determining the most conductive composition of Argon CAP with or without oxygen 

on the enamel surface to be used in our study.  

Fifteen enamel specimens are prepared from disinfected bovine mandibular incisors (Rocholl 

GmbH, Aglasterhausen, Germany) by cutting the flattest portion of the buccal surface of the 

crown into square blocks (fig.1) (more details about how the specimens were prepared are 

given later). The specimens then are attached to the scanning pins. After that, the specimens 

are divided into three groups (fig.2):  

 

Figure 1. The flattest portion of the bovine central incisors. 

 

Figure 2. Specimens are attached to the scanning pins
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Group 1: 

Five specimens are treated with pure Argon CAP (kINPen® med, neoplasm tools 

GmbH, Greifswald, Germany) for 30sec (fig.3). After 10 minutes the samples are directly 

sputtered with platinum Coating. The coating of samples is required in the field of electron 

microscopy to enable the imaging of samples. Creating a conductive layer of metal on the 

sample inhibits charging, reduces thermal damage and improves the secondary electron signal 

required for topographic examination in the SEM. The coated samples are directly examined 

by the scanning electron microscope (Zeiss Evo LS 10, Zeiss Company, Oberkochen, 

Germany). 

 

Figure 3. Specimens treated with pure Argon CAP 

 

Group 2:  

Five specimens are treated with Argon CAP with an admixture of 0.5% 

oxygen (kINPen® med, neoplasm tools GmbH, Greifswald, Germany) for 30 sec and 

examined after 10 minutes by the scanning electron microscope (Zeiss Evo LS 10, Zeiss 

Company, Oberkochen, Germany) (fig.4).  

 



Materials and methods  
 

27 
 

 

Figure 4. Scanning electron microscope. 

 

Group 3:   

Five specimens are treated with Argon CAP with an admixture of 1% 

oxygen (kINPen med, neoplasm tools GmbH, Greifswald, Germany) for 30 sec 

and examined after 10 minutes by the scanning electron microscope (Zeiss Evo LS 10, Zeiss 

Company, Oberkochen, Germany).  

In vitro study:  

The sample size of one hundred bovine mandibular incisors is a resultant of G*Power: 

Statistical Power Analyses Program (Heinrich Heine Universität Düsseldorf) and calculation15. 

the values used are the effect size of conventions 0.5 (medium), α:0.05 and the power:0.95. 

Enamel specimens are prepared from disinfected bovine mandibular incisors with 

amputated roots and removed pulp (Rocholl GmbH, Aglasterhausen, Germany).  

The teeth are cleaned then disinfected by 10 % chloramine-T hydrate solution16. The 

prepared teeth are embedded in cylindrical blocks of fast curing, two-component embedding 

resin (Technovit 4071, Heraeus Kulzer GmbH, Wehrheim, Germany) (fig.5), exposing the 

facial surface of the teeth (fig.6). All specimens are then kept wet and stored in ultrapure 

water.  
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Figure 5. Technovit 4071 (Fast curing, two-component resin) 

 

Figure 6. Prepared teeth are embedded in cylindrical resin blocks. 

 

An area measuring 5x5 mm, framing the location of the lowest labial curvature is marked 

on the teeth (fig.7). This area is cleaned with an oil-free, non- fluoridated paste (SuperPolishTM, 

Kerr GMBH, Biberach, Germany) (15s, 6000rpm) and thoroughly rinsed with water (15s). 

Upper left central brackets (Mini-Mono® brackets, FORESTADENT Bernhard Förster GmbH, 

Pforzheim, Germany Company, Roth system, Slot 0.022 inch, Profil N, REF N741-0151) 

(fig.8) are bonded on to the specimens using the five different bonding techniques. 
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Figure 7. Framing the location of the lowest labial curvature 

 

  

Figure 8. Mini-Mono® orthodontic Bracket (FORESTADENT). 

 

• Group I (Standard Orthodontic adhesive technique):  

A. Tooth Preparation: Polish twenty-five samples with an oil-free, non-fluoridated 

paste (15sec, 6000rpm, Super Polish™, KERR GmbH, Biberach, Germany) (fig. 

9). Rinse thoroughly with water (15sec). Air dry thoroughly using oil and moisture-

free air source.  
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Figure 9. Non-fluoridated polishing paste. 

 

 

B. Acid Etching: Etching the marked area on the enamel surface for 30 sec 

(Scotchbond™ Universal Etchant gel 32% by weight phosphoric acid). Rinse with 

water. Air dry thoroughly using oil and moisture-free air source until the surface 

is dull und frosty. (fig.10) 

C. Priming Teeth: Air dry tooth thoroughly. Place a small amount of Ortho SoloTM 

(Ormco Corporation, Orange, California, USA) Primer in well. Apply a thin 

uniform coat of primer on each tooth surface to be bonded. (fig.10) 

D. Adhesive Application: With the syringe apply a small amount 

of GreenglooTM (Ormco Corporation, Orange, California, USA) adhesive paste 

onto the bracket base. Use sparingly. When completed wipe the syringe tip clean 

and replace the cap. (fig.10) 
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Figure 10. From above to below GreenglooTM Orthodontic light cure adhesive, ScotchbondTM 
Universal Etchant, Ortho SoloTM Orthodontic light cure primer. 

  

E. Placement: Immediately after applying adhesive, lightly place a bracket onto 

the tooth surface. Adjust bracket to the final position, press firmly to seat bracket. 

Gently remove excess adhesive from around the bracket base without disturbing the 

bracket. (fig.11) 

 

               Figure 11.Applied bracket on the enamel surface. 

 

F. Curing: Hold the curing light stationary at 2-3 mm above interproximal contact 

to metal bracket, 5 seconds mesial, 5 seconds distal (Bluephase 2.0i 2.000-

2.200Mw/cm2; Ivoclar Vivadent AG, Schaan, Liechtenstein). Check the curing 

light after each use.  
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Figure 12.Bluephase 2.0i curing light. 

 

G. Thermal cycling procedures: Expose the samples to cyclic thermal fluctuations 

to simulate the oral environment (Temperature 5-55 o C, 10,000 cycles, Dwel time 

20 sec, Transfer time 5 sec) using the thermal cycling machine (HUBER SE, 

Berching Germany) 94,95. (fig.13)  

 

 

Figure 13.Thermocycling machine. 

 

• Group II (Standard Orthodontic adhesive technique without etching):  

A. Tooth Preparation: Polish twenty-five samples with an oil-free, non-fluoridated 

paste (15sec, 6000rpm). Rinse thoroughly with water (15sec). Air dry thoroughly 

using oil and moisture-free air source.  
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B. Priming Teeth: Air dry tooth thoroughly. Place a small amount 

of Ortho SoloTM Primer in well. Apply a thin uniform coat of primer on each tooth 

surface to be bonded.  

C. Adhesive Application: With the syringe apply a small amount 

of GreenglooTM adhesive paste onto the bracket base. Use sparingly. When 

completed wipe the syringe tip clean and replace the cap.  

D. Placement: Immediately after applying adhesive, lightly place the bracket onto 

the tooth surface. Adjust bracket to the final position, press firmly to seat bracket. 

Gently remove excess adhesive from around the bracket base without disturbing the 

bracket.   

E. Curing: Hold the curing light stationary at 2-3 mm above interproximal contact 

to metal bracket, 5 seconds mesial, 5 seconds distal (Bluephase 2.0i 2.000-

2.200Mw/cm2; Ivoclar Vivadent AG, Schaan, Liechtenstein). Check the curing 

light after each use.  

F. Thermal cycling procedures: Expose the samples to cyclic thermal fluctuations 

to simulate the oral environment. (Temperature 5-55 o C, 10,000 cycles, Dwel time 

20 sec, transfer time 5 sec).  

  

• Group III (pure Argon CAP with no visual surface effect without etching):  

A. Tooth Preparation: Polish twenty-five teeth with oil-free, non-fluoridated paste 

(15sec, 6000rpm). Rinse thoroughly with water (15sec). Air dry thoroughly using 

oil and moisture-free air source.  

B. Plasma Treatment: 30-sec application of pure Argon plasma 

(kINPen med, neoplasm tools GmbH, Greifswald, Germany) (fig.14), Argon gas 

flow set to 5slm, controlled by flow controller (MKS Instruments, Munich, 

Germany) (fig.15).  
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Figure 14. a) Pure Argon CAP beam which shows the actual length of the beam, 
b) application of Pure Argon CAP on the enamel surface. 

 

 

                                

Figure 15.CAP flow controller. 
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C. Priming Teeth: Air dry tooth thoroughly. Place a small amount of Ortho SoloTM 

Primer in well. Apply a thin uniform coat of primer on each tooth surface to be 

bonded. 

D. Adhesive Application: With the syringe apply a small amount 

of GreenglooTM (Ormco corporation) adhesive paste onto the bracket base. Use 

sparingly. When completed wipe the syringe tip clean and replace the cap.  

E. Placement: Immediately after applying adhesive, lightly place a bracket onto 

the tooth surface. Adjust bracket to the final position, press firmly to seat bracket. 

Gently remove excess adhesive from around the bracket base without disturbing the 

bracket.   

F. Curing: Hold the curing light stationary at 2-3 mm above interproximal contact 

to metal bracket, 5 seconds mesial, 5 seconds distal (Bluephase 2.0i 2.000-

2.200Mw/cm2; Ivoclar Vivadent AG, Schaan, Liechtenstein). Check the curing 

light after each use.  

G. Thermocycling: Expose the samples to cyclic thermal fluctuations to simulate 

the oral environment. 

 

• Group IV (CAP with etching like visual surface effect without Phosphoric acid 

etching):  

A. Tooth Preparation: Polish twenty-five samples with an oil-free, non-fluoridated 

paste (15sec, 6000rpm). Rinse thoroughly with water (15sec). Air dry thoroughly 

using oil and moisture-free air source.  

B. Plasma Treatment: 30-sec application of Argon with 0.5 % Oxygen admixture 

plasma (kINPen med, neoplasm tools GmbH, Greifswald, Germany) (fig.16), 

Argon gas flow set to 5slm, controlled by flow controller (MKS Instruments, 

Munich, Germany).  
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Figure 16. a) the actual length of Argon CAP admixture with 0.5 Oxygen beam,  
b) application of Argon CAP admixture with 0.5 Oxygen on the enamel surface. 

         

 

C. Priming Teeth: Air dry tooth thoroughly. Place a small amount 

of Ortho SoloTM Primer in well. Apply a thin uniform coat of primer on each tooth 

surface to be bonded.  

D. Adhesive Application: With the syringe apply a small amount 

of GreenglooTM (Ormco corporation) adhesive paste onto the bracket base. Use 

sparingly. When completed wipe the syringe tip clean and replace the cap.  

E. Placement and Curing: Immediately after applying adhesive, lightly 

place a bracket onto the tooth surface. Adjust bracket to the final position, 

press firmly to seat bracket. Gently remove excess adhesive from around 

the bracket base without disturbing the bracket. Hold the curing light 

stationary at a distance of 2-3 mm above interproximal contact to metal 

bracket, 5 seconds mesial, 5 seconds distal (Bluephase 2.0i 2.000-

2.200Mw/cm2; Ivoclar Vivadent AG, Schaan, Liechtenstein). Check the 

curing light after each use.  
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F. Thermocycling: Exposure of the samples to cyclic thermal 

fluctuations to simulate the oral environment (10.000 cycles, Dwel time 

20sec, transfer time 5-10 sec). 

 

• Group V (CAP with etching like visual surface effect with rewetting and without 

Phosphoric acid etching):  

A. Tooth Preparation: Polish twenty-five samples with an oil-free, non-fluoridated 

paste (15sec, 6000rpm). Rinse thoroughly with water (15sec). Air dry thoroughly 

using oil and moisture-free air source.  

B. Plasma Treatment: 30-sec application of Argon with 0.5 % Oxygen admixture 

plasma (kINPen med, neoplasm tools GmbH, Greifswald, Germany), Argon gas 

flow set to 5slm, controlled by flow controller (MKS Instruments, Munich, 

Germany).  

C. Rewetting: Apply deionized water on the plasma-treated surface 

(fig.17). 

D. Priming Teeth: Air dry tooth thoroughly. Place a small amount 

of Ortho SoloTM Primer in well. Apply a thin uniform coat of primer on 

each tooth surface to be bonded.  

E. Adhesive Application: With the syringe apply a small amount 

of GreenglooTM adhesive paste onto the bracket base. Use sparingly. 

When completed wipe the syringe tip clean and replace the cap.  

F. Placement and Curing: Immediately after applying adhesive, lightly 

place a bracket onto the tooth surface. Adjust bracket to the final position, 

press firmly to seat bracket. Gently remove excess adhesive from around 

the bracket base without disturbing the bracket. Hold the curing light 

stationary at 2-3 mm above interproximal contact to metal bracket, 5 

seconds mesial, 5 seconds distal (Bluephase 2.0i 2.000-2.200Mw/cm2; 

Ivoclar Vivadent AG, Schaan, Liechtenstein). Check the curing light after 

each use.  
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G. Thermocycling: Exposure of the samples to cyclic thermal 

fluctuations to simulate the oral environment (10.000 cycles, dwel time 

20sec, transfer time 5-10 sec). 

• Testing:  

The samples are attached by a 3D printed attachment to the universal testing machine 

(Zwick BZ050/TH3A, Zwick GmbH & Co.KG, Ulm, Germany) (fig.18) then the maximum 

force (Fmax) at which the brackets are deboned from the tooth surface by using a sharp tip at 

a speed of 1mm/minute is measured. The force decay was measured for each specimen in 

Newton. The data was automatically recorded on a computer by using Lab View graphical 

programming for instrumentation software Testxpert®III (ZwickRoell GmbH & Co. KG, Ulm, 

Germany). These values were then converted into shear bond strength (Rs) which is measured 

in Megapascal by considering the base area of the brackets (13.22 mm2) (fig.18) using the 

following formula: 

 

 

 

 

Figure 17.Universal testing machine. 

Rs =
Fmax

A
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Figure 18. measuring the surface area of the bracket base under a digital scanning microscope 
(Keyence GmbH, Neu-Isenburg, Deutschland). 
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Results 

Pilot study 

The SEM photos of the enamel exposed to CAP showed different surface characteristics 

according to the oxygen Concentration in Comparison to the intact and etched enamel.  

The first group in the pilot study (no admixture of Oxygen) show no or slight morphological 

effect under high-resolution electron microscopy. Surface alterations can be described as 

shallow grooves (crater-like effect) and are resulting from differential loss of enamel prisms 

among prismatic and aprismatic enamel. Clinically the teeth showed a bleaching like effect. 

The enamel surface has a whiter and mutt surface appearance. 

 

 

 

Figure 19. SEM (500 X) showing morphological alteration of the bovine enamel 
 surface after treatment with CAP (0% oxygen) 

 

Figure 20. SEM (5000X) showing the differential dissolution of crystallites between 
 prismatic and aprismatic bovine enamel
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 In the second group (Argon-CAP+ 0.5% admixture of oxygen) the specimens show no or only 

minor morphological effect under high-resolution electron microscopy. The probability, 

distribution and intensity of grooves are less than in enamel treated with pure Argon-CAP. 

 
Figure 21. SEM (500X) showing the bovine enamel surface after treatment with CAP (0.5% oxygen) 

 

 
Figure 22. SEM (5000X) showing the bovine enamel surface after  

treatment with CAP (0.5% oxygen). 
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The specimens of the third group (Argon-CAP, 1% admixture of oxygen) show no 

morphological effect under high-resolution electron microscopy. The surface remains 

unaffected, as is noticeable when compared to untreated enamel. Polished, untreated enamel 

shows a smooth surface. 

 
Figure 23. SEM (500X) showing no morphological alteration of the bovine  

enamel surface after treatment with CAP (1% oxygen). 
 

 
Figure 24. SEM (5000X) showing no morphological alteration of the bovine  

enamel surface after treatment with CAP (1% oxygen) 
 

 

 

 

 

 



Results  

43 
 

The untreated enamel shows a smooth surface without the surface alteration that 

appeared in the other specimens. 

  
           Figure 25. SEM (5000X) showing untreated bovine enamel. 

 

Contrary to this, enamel etched with 37% phosphoric acid shows complete alteration 

of surface morphology and exposed prismatic structures with aggressive microporosities 

along the enamel crystallites 

 

 
                 Figure 26.SEM (5000X) showing the bovine enamel surface  

             treated with a dental etchant (37% phosphoric acid). 
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In vitro study 

Statistical analysis: 

 Numerical data were represented as mean and standard deviation (SD) values. Shapiro-

Wilk's test was used to test for normality. Homogeneity of variances was tested using Levene's 

test. Welch one-way ANOVA test followed by Games-Howell post hoc test was used for 

intergroup Comparison. The significance level was set at p<0.05 within all tests. Statistical 

analysis was performed using R software1 version 4.0.2 for Windows. 

1. Distribution and normality testing: 

Descriptive statistics of shear bond strength values (MPa) and results of the Shapiro-Wilk test 

of normality for different groups were presented in table (1). The assumption of normality was 

found to be violated in the group (II) (p=0.021) and by viewing the histograms of different 

groups distribution presented in figure (1) positive skewness was found in all groups except 

group (I). 

 

Table 1: Descriptive statistics and normality test results for non-transformed shear bond strength 
values (MPa) 

Groups n Mean 

95% CI 

SD Median IQR 

Shapiro-Wilk 

Lower Upper Statistic p-value 

Group (I) 25 3.53 3.25 3.81 0.71 3.47 0.70 0.894 0.093ns 

Group (II) 14 0.24 0.16 0.31 0.14 0.20 0.12 0.848 0.021* 

Group (III) 25 1.73 1.28 2.18 1.15 1.39 1.46 0.930 0.305ns 

Group (IV) 25 2.16 1.81 2.51 0.90 2.15 1.22 0.951 0.581ns 

Group (V) 25 4.96 4.57 5.36 1.00 4.94 1.20 0.921 0.229ns 

Group I (Standard Orthodontic adhesive technique), Group II (Standard Orthodontic adhesive technique 

without etching), Group III (pure Argon CAP with no visual surface effect without etching), Group IV (CAP 

with etching like visual surface effect without Phosphoric acid etching), Group V (CAP with etching like 

visual surface effect with rewetting and without Phosphoric acid etching) 

 
1   R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. URL https://www.R-project.org/ 
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95%CI= 95% confidence interval for the mean; SD=standard deviation; IQR=interquartile range; *; 

significant (p < 0.05) ns; non-significant (p ≥ 0.05). 

 

               Figure 27: Distribution of non-transformed Bond strength values (MPa) in different groups 

 

2. Data transformation: 

The data were log-transformed to achieve normality. Results of the Shapiro-Wilk test presented in 

table (2) and data distribution presented in figure (2) showed all groups to be normally distributed.  

Table 2:Descriptive statistics and normality test results for log-transformed shear bond strength values (MPa) 

Groups n Mean 

95% CI 

SD Median IQR 

Shapiro-Wilk 

Lower Upper Statistic p-value 

Group (I) 25 0.54 0.51 0.57 0.09 0.54 0.09 0.912 0.167ns 

Group (II) 14 -0.69 -0.81 -0.56 0.24 -0.71 0.26 0.964 0.793ns 

Group (III) 25 0.14 0.03 0.26 0.30 0.14 0.43 0.970 0.874ns 

Group (IV) 25 0.30 0.23 0.37 0.18 0.33 0.27 0.952 0.595ns 

Group (V) 25 0.69 0.65 0.72 0.09 0.69 0.11 0.930 0.303ns 
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95%CI= 95% confidence interval for the mean; SD=standard deviation; IQR=interquartile range; ns; non-

significant (p ≥ 0.05). 

Figure 28: Distribution of log-transformed values in different groups. 

 

3. Testing for homogeneity of variance: 

Levene’s test of homogeneity was found to be statistically significant (Statistic=10.90, 

p<0.001) indicating variance inequality between groups. 

 

4. Detecting outliers: 

Box plot representation of grouped transformed data presented in figure (3) showed 2 single 

outliers in groups (I) and (IV), while after transformation all groups were free of outliers.  
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Figure 29: Box plot of the non-transformed values in different groups. 

 

  

 Figure 30: Box plot of the log-transformed values in different groups. 
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5. Intergroup comparison: 

Due to the violation of the homogeneity assumption, a robust Welch-ANOVA test was used to 

detect the difference between different groups. Results of the test as well as mean and standard 

deviation values of the transformed data were presented in table (3). There was a significant 

difference in shear bond strength (SBS) values between different groups (p<0.001).  The 

highest (mean±SD) value of (SBS) was found in the group (V) (0.69±0.09) followed by group 

(I) (0.54±0.09) then group (IV) (0.30±0.18) and group (III) (0.14±0.30) while the lowest value 

was found in the group (II) (-0.69±0.24). 

Table 3:Mean and standard deviation values for log-transformed shear bond strength values (MPa) with 
robust ANOVA results 

Mean±SD 

Statistic Df1 Df2 p-value 

Group (I) Group (II) Group (III) Group (IV) Group (V) 

0.54±0.09B -0.69±0.24D 0.14±0.30C 0.30±0.18C 0.69±0.09A 126.430 4 46.28 <0.001* 

Means with different superscript letters are statistically significantly different; SD=standard deviation; Df=Degree 

of freedom; *; significant (p < 0.05)  

Pairwise comparisons: 

Results of the Games-Howell post hoc test were summarized in table (4). They showed that 

there was no significant difference between groups (III) and (IV) (p=0.188), while the 

difference between all other pairs was statistically significant (p<0.001). An interval plot of the 

difference between groups was presented in figure (5).   
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Table 4:Results of Games-Howell post hoc test 

Groups 
Mean 

difference 

95% CI 

Statistic p-value 

Lower Upper 

 (I)- (II) -1.22 -1.43 -1.02 18.678 <0.001* 

 (I)- (III) -0.39 -0.58 -0.21 6.333 <0.001* 

 (I)- (IV) -0.24 -0.35 -0.13 6.093 <0.001* 

 (I)- (V) 0.15 0.08 0.22 5.901 <0.001* 

 (II)- (III) 0.83 0.58 1.08 9.527 <0.001* 

 (II)- (IV) 0.99 0.77 1.20 13.604 <0.001* 

 (II)- (V) 1.37 1.17 1.58 20.861 <0.001* 

 (III)- (IV) 0.16 -0.04 0.35 2.235 0.188ns 

 (III)- (V) 0.54 0.36 0.72 8.674 <0.001* 

 (IV)- (V) 0.39 0.27 0.50 9.764 <0.001* 

 

 

 Figure 31: Interval plot of the difference in log-transformed values in different groups. 



 

50 
 

Discussion 

Nowadays the use of acid etchant as a conditioning material for the enamel during orthodontic 

bonding is mandatory either by self-etch or total-etch bonding technique. However, the use of 

acid etchant has a lot of drawbacks on the enamel surface 36,40,41. the ideal scenario is achieving 

the optimum bond strength between the enamel and the orthodontic attachment without the 

micromechanical effect caused by acid etchants. the real challenge is to change the surface 

characteristics of the enamel to enhance the bonding procedure and prevent any harmful 

effects. CAP is nowadays used to modify the surface characteristics of the enamel12 and dentin 

75 to enhance the interfacial bonding characteristics90,91. 

Pilot Study: Which CAP admixture can be used? 

We carried out the Pilot study to describe the morphological effect of Argon-CAP on the 

enamel surface of bovine teeth in comparison with 37% phosphoric acid etched and untreated 

bovine enamel by means of scanning electron microscopy.  To aid decision making in 

designing our study, the focus of this investigation is put on how the admixture of a varying 

percentage of oxygen (0%,0.5%,1% O2) to Argon-CAP affects the morphological integrity of 

bovine enamel. 

The effect of CAP on the enamel surface under the electron microscope. 

The comparison of the electron micrographs indicates that Argon-CAP is cable to remove 

organic sheaths of enamel prisms but does not induce much damage to the enamel under given 

experimental conditions. Our pilot study confirmed the results from Yinglong et al63, Rupf et 

al56 that CAP has the capability of disinfection and the removal of smear layer on the enamel 

surface. But our SEM scans added the capacity of the CAP to remove the organic enamel 

sheath. We found that increasing the admixture of oxygen concentration with the Argon gas 

decreased the CAP effluent length which affected the clinical use of the CAP pin. after reaching 

1 % of oxygen, it was hard to see the CAP beam and this substantiates previous findings in the 

literature 54. 

Oxygen admixture changes the properties of CAP: 

 We compared the three pilot study groups. A remarkable result to emerge from the SEM data 

is that after increasing the oxygen percentage (1%) the CAP treated enamel surface is  

apparently like the normal unconditioned enamel while the other two Groups (0.5 % oxygen 

and without oxygen) shows crater-like effect under SEM magnification (5000 X).
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This concurs well with the results from a study carried out by Reuter et al54 which came out 

with important results that the bullet velocity strongly depends on the oxygen admixture. 

The travelling velocity of the bullets has an inverse correlation with rising oxygen content. Our 

findings appear to be well substantiated by this study as the crater shape effect is decreased by 

increasing the oxygen admixture with the argon gas. We have devised this pilot study to draw 

the inference to use which argon CAP can be applicable in our main experiment. from this 

point, we have chosen pure argon CAP and argon CAP with 0.5 % oxygen admixture to be 

used in treating the enamel surface before bonding the orthodontic brackets. 

In Vitro Study: the effect of CAP with different oxygen admixture on the 

bonding of orthodontic brackets.     

The present study compared the SBS of the orthodontic brackets bonded by standard adhesive 

technique (Group I), standard adhesive technique without etching (Group II), pure Argon CAP 

instead etching (Group III), Argon CAP with 0.5 Oxygen admixture instead etching (Group 

IV) and argon CAP with 0.5 oxygen admixture and rewetting (Group V). 

The important results to emerge from the data that the mean SBS of group I (median: 3.47 

MPa) is decreased remarkably. The values in our study have not confirmed previous studies 

from Reynolds21 and Bishara et al22  on SBS of the orthodontic brackets bonded by self-etch 

adhesive and total-etch technique. However, the difference may reflect the change in the 

methodology between our study and the other studies. We have used 10,000 thermocycling 

cycles94,95 which reflect the temperature fluctuation in the oral cavity in one year. It is crucial 

to note that thermocycling cycles or ageing procedures affect dramatically the SBS values. 

In our view the strikingly decrease of the SBS results of group II (median: 0.20 MPa) 

emphasized the efficiency of the use of acid etchant during the bonding procedure. The 

micromechanical mechanism of resin adhesion in the enamel depends on the surface tiny pores 

and roughness formed by the phosphoric acid28. There were 25 samples we lost 11 samples 

during the thermocycling phase (spontaneous debonding) without the application of any forces. 

Our technique in group III (median: 1.39 MPa) shows clearly that the effect of Argon CAP is 

a step forward in enhancing the bonding between the Orthodontic attachment and enamel. The 

SBS between group II and group III shows statistically different results. Our results are 

consistent with the previous results declared from Teixeira et al91 that CAP surface treatment 
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increased surface energy and surface wettability of the enamel which corresponds to increasing 

the bond strength between the enamel and sealants and concluded that the increase in polarity 

for NTP group accounted for the increased μ-SBS values when compared to untreated controls. 

Further tests carried out 12,79 with CAP corroborated our findings which demonstrated the effect 

of CAP on the enamel surface, including reduction of contact angle and carbon percentage on 

enamel and concluded that a super-hydrophilic surface could easily be achieved by the CAP. 

The previous factors contribute to the enhancement of the chemical and physical bond strength 

between the enamel surface and the orthodontic attachments. However, the SBS results of the 

samples treated with pure argon CAP (group III) and those bonded with the standard technique 

(group I) showed a statistically significant difference. This is contributed to the micro-

mechanical bond strength that showed high integration of the resin tags in the etched enamel 

surface. These results are in good agreement with the different factors revealed by Marshall et 

al 29 which affect the bonding strength between the different tooth substrates. While mechanical 

bonding is the primary factor for dental adhesion. 

The correlation between the admixture of Oxygen with CAP and the increase in SBS was tested 

in Group IV (median: 2.15 MPa). X-ray photoemission spectroscopy (XPS) revealed the 

benefits of the use of  Oxygen with the CAP which promoted the formation of reactive oxygen 

species on the surface of the treated enamel, respectively lead to form variable hydrophilic C-

O bonds which correspond to the increased surface activity and enhancement of the chemical 

bonding with the different orthodontic adhesives12. However, the analysis did not show a 

significant difference between group IV and group III regarding the SBS. The SBS values in 

addition to the SEM results of group IV achieved a super-hydrophilic enamel surface with 

acceptable bond strength without affecting the enamel construction. 

The rewetting procedure enhances the effect of CAP on the SBS between the 

enamel surface and orthodontic brackets.  

Further investigation was carried out to enhance the bond strength by rewet process of the 

enamel surface after the application of CAP with 0.5 oxygen admixture. Unexpectedly, the 

high SBS values of Group V (4.94 MPa) was found that there was a significant positive effect 

on the bonding strength after rewetting of the enamel with deionized water. Our results 

correlate fairly well with the study carried out by Dong et al 90 which attributed that CAP 

treatment followed by the rewetting process could remove the smear layer better than the 

application of CAP without rewetting, and thus enhance the bonding forces.  
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From this point, we aimed to rewet the enamel after the CAP application to remove any 

remnants on the enamel surface to enhance the SBS values. The deionized water was used to 

prevent the suppression of reactive ions on the enamel surface. The significant difference 

values between Group IV (2.15 MPa) and Group V (4.94 MPa) shows the importance and the 

efficiency of the rewet procedures to enhance the adhesion capability after the surface treatment 

with CAP.  A similar outcome or a little bit lower SBS than Group I (3.47 MPa) were expected 

during the experiment but on the other hand the results were much higher and the values 

between Group V and Group I were statistically different. Which can be relayed on the water 

sorption during the ageing process. In contrast to the earlier results found by Han et al 84 that 

CAP doesn’t increase the durability of the bond strength between the resin polymer and the 

tooth structure. However, there are no studies reported on the ageing of CAP treated 

orthodontic brackets so far. We used the ageing process which imitates one year of function 95 

which was not used before in the CAP studies. The effect of water sorption during the ageing 

process (Thermal Cycling) affected the samples in Group II which lead to bonding failure of 

11 samples before the testing of SBS. The interpretation of these results gave us attention to 

the importance of the ageing process in the experiments carried out to test the bond strength 

between the orthodontic attachments and the enamel surface.
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Conclusion 

Our work has led us to conclude: 

▪ The SEM results indicate that the CAP have the capability to remove the 

smear layer without affecting the Structural integrity of the enamel. 

▪ The evidence from this study implies that CAP is a safe method to change the 

chemical surface characteristics of the enamel surface. 

▪ In comparison between the group bonded without acid etchant and the other 

groups bonded with CAP, we have obtained satisfactory results proving that using 

CAP can enhance the SBS between the orthodontic attachments and the enamel 

surface. 

▪ We have provided further evidence that demonstrated the effect of oxygen 

admixture with CAP to enhance the bonding strength of the orthodontic adhesive with 

the enamel surface. 

▪ The significant importance of plasma treatment followed by water rewetting, 

which could enhance adhesive penetration in the enamel layer. 

▪ In vitro studies have inherent limitations as they cannot fully imitate the intra-

oral conditions, like masticatory forces, trauma, moisture, temperature, and other 

variables, which can influence the bond strength. 

▪ Our study provides a blueprint for a new way to bond the orthodontic 

attachments without the use of acid etchant to preserve the surface enamel integrity. 
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Recommendations 
 

• Further experimental investigations are needed to estimate the exact mechanism for 

enhancing the SBS with the rewet process. 

• We believe that our research will serve as a base for future studies on clinical 

applications of CAP on adhesion of orthodontic attachment and decreasing the white 

spot lesions caused during the orthodontic treatment 

• Future work should focus on enhancing the efficiency and the clinical simplicity of 

using CAP in different orthodontic treatment procedures. 
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Limitations 

 

• Our study provides a blueprint for a new way to bond the orthodontic attachments 

without the use of acid etchant to preserve the surface enamel integrity. 

• In vitro studies have inherent limitations as they cannot fully imitate the intra-oral 

conditions, like masticatory forces, trauma, moisture, temperature, and other 

variables, which can influence the bond strength. 

• Based on a lot of articles there is no solid data regarding whether bovine teeth are 

considered as a substitute for human teeth in dental research96. 
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Abstract 

Objectives:  

This study investigates the effectiveness of the Cold AP on the alteration of the enamel surface 

without using acid etchant by using Conventional photo-activated resin bond to bond the 

orthodontic brackets. 

 

Materials and Methods:  

One hundred and twenty-five Enamel specimens are prepared from disinfected bovine 

mandibular incisors are divided into five groups. Group I: brackets are attached on the enamel 

surface with the standard adhesive technique (etch + primer +bond). Group II: the brackets are 

attached with the Standard Orthodontic adhesive technique without etching. Group III: the 

enamel surface is conditioned with pure Argon Cold atmospheric plasma before the application 

of the primer without using an acid etchant. Group IV: the enamel surface is conditioned with 

the admixture of Argon Cold atmospheric plasma with 0.5 % Oxygen before the application of 

the primer without using acid etchant Group V: after the application of Argon Cold atmospheric 

plasma with 0.5 % Oxygen the surface is rewetted by deionized water before the application 

of the primer and adhesive. After that, the samples are exposed to thermal cycling. The shear 

bond strength of the samples is tested by the universal testing machine which measured the 

maximum force at which the brackets are deboned from the tooth surface at a speed of 

1mm/minute is measured. 

 

Results: 

Significant intergroup differences were found. Group V showed the highest shear bond 

strength followed by Group I, VI, III, II respectively. There isn’t a statistical difference in the 

values of The Shear bond strength values between Group III and IV. 

 

Conclusions: 

this study implies that Cold Atmospheric Plasma is a safe method to change the chemical 

surface characteristics of the enamel surface.in addition to the significant importance of plasma 

treatment followed by water rewetting, which could enhance adhesion between the orthodontic 

attachments and the enamel layer. 
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