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Abstract:

 Metallic biomaterials have been extensively used in orthodontics throughout history. Gold, stainless steel, cobalt-chromium alloys, titanium and its alloys, among other metallic biomaterials, have been part of the orthodontic armamentarium since the twentieth century. Metals and alloys possess outstanding properties and offer numerous possibilities for the fabrication of orthodontic devices such as brackets, wires, bands, ligatures, among others. However, these materials have drawbacks that can present problems for the orthodontist. Poor friction control, allergic reactions, and metal ionic release are some of the most common disadvantages found when using metallic alloys for manufacturing orthodontic appliances. In order to overcome such weaknesses, research has been conducted aiming at different approaches, such as coatings and surface treatments, which have been developed to render these materials more suitable for orthodontic applications. The purpose of this paper is to provide an overview of the coating and surface treatment methods performed on metallic biomaterials used in orthodontics.
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1. Introduction


Metallic biomaterials are widely used today in dental practices around the world. Metals and alloys offer unique physical properties, such as excellent electrical and thermal conductivity, and outstanding mechanical properties. Some metals can be used as passive substitutes of hard tissues (dental implants) and fracture healing aids (bone plates and screws) due to their aforementioned exceptional mechanical properties and corrosion resistance. Others play more active roles, such as orthodontic brackets and archwires [1]. The most extensively used metallic biomaterials are commercially pure titanium and its alloys, stainless steel, and chromium-cobalt alloys [2].



Titanium and its alloys have been used in medicine and dentistry for decades. Different specialties within the dental profession take advantage of this material. Titanium alloyed with elements such as nickel, molybdenum or copper has widespread use in orthodontics [3]; the combinations of this metal with others, such as aluminium or vanadium, are used in oral rehabilitation, implantology [1,4,5], and maxillofacial surgery [6,7,8].



Titanium is an allotropic material that exists in two forms: a hexagonal closed pack structure (α-Ti) up to 882 °C and a body-centered cubic structure (β-Ti) above this temperature. The α-phase is characterized by high strength and low weight. Aluminium is one of the most common elements used to stabilize such a phase for titanium alloys used as biomaterials. The β-phase shows high corrosion resistance. Molybdenum and vanadium, among other elements, are used to stabilize this phase [1]. Titanium can be classified as unalloyed or commercially pure (cp) titanium and titanium alloys. Commercially pure titanium can be further classified into four grades (1 through 4) depending on titanium and impurity contents; the most common titanium alloy used for dental applications is Ti6Al4V, with aluminium and vanadium being the main alloying elements [1]. Commercially pure titanium grade 4 and Ti6Al4V alloy are the most widely used types for manufacturing orthodontic brackets. Additional titanium alloys, such as NiTi (nickel-titanium) and CuNiTi (copper-nickel-titanium) are used for fabricating orthodontic wires [9]. Currently, NiTi alloys have a composition of 55% nickel and 45% titanium [10], 5%–6% copper is added to NiTi alloys with the goal of increasing strength and reducing energy loss, 0.5% chromium is added to CuNiTi alloys to reduce the stress transformation temperature to 27 °C [11]. Table 1 shows the chemical composition of commercially pure titanium and Ti6Al4V alloy.



Table 1. Chemical composition of titanium and its alloys (% mass/mass) [12,13].



	
Element

	
Grade 1

	
Grade 2

	
Grade 3

	
Grade 4

	
Ti6Al4V






	
Nitrogen

	
0.03

	
0.03

	
0.05

	
0.05

	
0.05




	
Carbon

	
0.08

	
0.08

	
0.08

	
0.08

	
0.08




	
Hydrogen

	
0.015

	
0.015

	
0.015

	
0.015

	
0.0125




	
Iron

	
0.20

	
0.30

	
0.30

	
0.50

	
0.25




	
Oxygen

	
0.18

	
0.25

	
0.35

	
0.40

	
0.13




	
Aluminium

	
--

	
--

	
--

	
--

	
5.50–6.50




	
Vanadium

	
--

	
--

	
--

	
--

	
3.50–4.50




	
Titanium

	
Balance












Stainless steel is an alloy that is commonly used in orthodontics for manufacturing brackets, wires, ligatures, bands, and other applications [3,14]. This alloy is composed of iron and carbon and contains smaller quantities of nickel, chromium, and other elements that impart the property of resisting corrosion [15]. Cobalt-chromium alloys are mainly used in rehabilitation [16] and orthodontics [3]. The chromium content in this alloy enhances its corrosion resistance [1]. There are five types of stainless steel alloys depending on microstructure and chemical composition: austenitic, martensitic, ferritic, duplex (austenitic-ferritic) and precipitation-hardening [17]. Austenitic stainless steels are the most widely used types for manufacturing orthodontic brackets and archwires [18,19,20]. Table 2 shows the chemical composition and AISI (American Iron and Steel Institute) grades of stainless steel alloys.



Table 2. Chemical composition and AISI grades of stainless steel alloys (wt.%) [1,18,21,22,23,24,25,26].



	
Alloy/Element

	
AISI series

	
C

	
Cr

	
Ni

	
Mo

	
Mn

	
S

	
P

	
Si

	
Fe






	
Ferritic

	
4XX

	
0.12

	
12–29

	
<2

	
--

	
1

	
<0.03

	
<0.04

	
<1

	
Balance




	
Martensitic

	
4XX

	
0.15–1

	
12–18

	
>0.75

	
--

	
<1

	
<0.03

	
<0.04

	
<1




	
Austenitic

	
3XX

	
0.02–0.05

	
17–20

	
8–12

	
2 (316–316L)

	
<2

	
<0.015

	
<0.04

	
<1




	
Duplex

	
2205

	
<0.03

	
18–26

	
4.5–6.5

	
2.5–3.5

	
<2

	
<0.02

	
<0.03

	
<1




	
Precipitation-hardening

	
630 (17–4)

	
0.07

	
15.5–17.5

	
3-5

	
0.06

	
1.5

	
0.02

	
0.04

	
0.7












As already stated, metals and alloys have remarkable physical and mechanical properties. However, corrosion and elemental release are some of the distinctive disadvantages shown by metals used as biomaterials [27,28,29,30]. Corrosion can be defined as a “physicochemical interaction (usually of an electrochemical nature) between a metal and its environment which results in changes in the properties of the metal and which may often lead to impairment of the function of the metal, the environment, or the technical system of which these form a part” [31]. Saliva, as it contains bacteria, viruses, yeast, fungi and their products [32] may cause corrosion of orthodontic appliances. House et al. [33] classified the corrosion types observed in metallic biomaterials as uniform attack, pitting and crevice corrosion, galvanic corrosion, intergranular corrosion, fretting corrosion, corrosion fatigue, and microbiologically-influenced corrosion. The alloys used in orthodontic appliances rely on the formation of a passive oxide film to resist corrosion, but this layer is not infallible since it can be disrupted by chemical and mechanical attack [33].



Elemental release is influenced by the composition of the alloy. Zinc and copper are released from stainless steel due to the electronic structure of such elements at the atomic level and the phase structure of the alloy [30]. Chromium is also released by this alloy [14,34]. Nickel, a known allergen, is released by nickel-titanium and stainless steel orthodontic alloys [35,36,37,38,39]. Previous research showed high concentrations of nickel in the saliva and oral mucosa of patients wearing orthodontic appliances [40,41,42]. Oral signs and symptoms of nickel allergy include burning sensation, gingival hyperplasia, angular cheilitis, erythema multiforme, stomatitis, popular perioral rash, and loss of taste, as well as others [43]. In addition, orthodontic treatment carried out with fixed appliances provides a unique environment for colonization of microorganisms since orthodontic devices contain morphological irregularities that make it difficult for patients to maintain adequate oral hygiene [44].



Additional challenges are encountered when using metals as orthodontic biomaterials. Friction control is a major challenge since a percentage of the applied force is dissipated to overcome friction, while the remaining percentage is transmitted to the supporting structures to induce tooth movement [45]. Therefore, the total force is determined by the force to move a tooth and the force needed to overcome friction between the bracket and the wire [46,47]. A high friction coefficient is needed in case of anchorage, whereas for retraction of teeth and space closure, a low friction coefficient is desirable [48]. Friction coefficients differ among those materials used for fabricating orthodontic brackets and wires, which in turn, can modify treatment times according to the bracket/wire combination used [49].



Many approaches have been investigated to overcome the above-mentioned disadvantages. Coating the surface of orthodontic metallic wires using various techniques and materials, as well as modifying the surface of wires and brackets, are among those strategies developed to improve both mechanical and biological properties of metals used in orthodontics. Therefore, the main objective of this paper is to review coating techniques and materials as well as different surface treatments performed on metallic orthodontic materials.




2. Coating Techniques and Materials


The application of coatings is one of the approaches that is available to modify the surface of materials. Various coating techniques and materials have been used with the objective of improving surface properties. However, some problems with coatings have arisen, mainly the delamination or wear of the coating [1]. Nonetheless, investigations continue to find suitable materials and techniques to improve the properties of metallic biomaterials. To date, this approach has been used mainly in vitro to further evaluate coating behavior, biological properties of coated substrates, and mechanical characteristics of both coatings and substrates. For instance, Bandeira et al. [50] used a coating technology known as an electrostatic powder technique to apply epoxy paint to NiTi wires. The purpose was to compare friction between coated and uncoated wires. It was found that coated wires showed reduced friction when compared to uncoated ones. Regarding biological properties, Kobayashi et al. [51] deposited a diamond-like carbon coating on NiTi archwires to test in vitro whether nickel release could be reduced. This investigation concluded that there was a reduction in the concentration of nickel ions in physiological saline, which makes DLC non-cytotoxic in a corrosive environment. However, clinical approaches have also been tried. Demling et al. [52] coated stainless steel brackets with polytetrafluoroethylene (PTFE) and randomly placed them in the oral cavities of children for eight weeks to compare biofilm formation on those brackets vs. uncoated brackets. After this time, a significant reduction in biofilm formation was found in coated brackets.



Additional techniques and materials are addressed below. Figure 1 summarizes the classification of coating techniques for industrial use, some of which have been implemented in orthodontics to improve the surface properties of such materials.


Figure 1. Classification of processes used for coating at the industrial level (extracted from Peláez-Vargas, A [53].)
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2.1. Thermal Methods


2.1.1. Thermal Plasma Spray (TPS)


This is a process in which finely ground metallic and non-metallic materials are deposited on a substrate in a molten or semi molten state. This technology is based on direct-current-arc or radiofrequency inductively coupled plasma (RF-ICP) discharge, which provides high temperatures that, in turn, allow melting of any material [54]. Plasma spray allows for high deposition rates (80 g/min), thick deposits, and low costs. Further, coatings achieved by this technique possess a rough surface that is suitable for bone growth, which is desirable for orthopedic applications [55]. Investigations on the use of this technique on metallic substrates, some of which can be used in implant dentistry, are reported [56,57,58]; however, its use has not been reported in the field of orthodontics to date.




2.1.2. Chemical Vapor Deposition (CVD)


This technique involves the flowing of a precursor gas into a chamber that contains one or more heated objects to be coated. Some chemical reactions take place on and near the hot surfaces, which results in the deposition of a thin film on the surface. The production of chemical by-products and their further exhaustion out of the chamber along with unreacted precursor gases accompanies the process. CVD has distinctive advantages: the films obtained with this technique are conformal (film thickness on the sidewalls is comparable to thickness on the top), a wide variety of materials can be applied and they can be deposited with a high level of purity, and it also presents high deposition rates. Its main disadvantage lies in the properties of the precursors, since they need to be volatile at near-room temperatures, which is non-trivial for a great number of elements. Other drawbacks include the fact that precursors can be toxic, explosive, expensive, corrosive, the by-products can be hazardous, and films need to be deposited at elevated temperatures, which restricts the types of materials that can be coated [59]. CVD has been used in endodontics to coat NiTi files [60,61] and in the coating of burs used in dentistry [62,63]. The use of this technology for coating metallic substrates in orthodontics has not been reported.




2.1.3. Physical Vapor Deposition (PVD)


This process consists of atomic deposition procedures in which a material is vaporized from solid or liquid sources in the form of atoms or molecules and transported in the form of vapor through a vacuum or low-pressure gaseous (plasma) environment to a substrate, where it finally condenses. This technique is suitable for depositing films in the range of a few nanometers to thousands of nanometers, for multilayer coating, graded composition deposits, very thick deposits, and freestanding structures [64]. Ryu et al. [65] used this method to apply coatings based on silver (Ag)-platinum (Pt) alloys to orthodontic stainless steel appliances to test their antimicrobial properties. They concluded that Ag-Pt coatings provide good antimicrobial activity during active orthodontic treatment. Krishnan et al. [66] coated beta titanium orthodontic archwires with titanium aluminum nitride (TiAlN) and tungsten carbide/carbon (WC/C) using PVD and evaluated frictional properties, surface morphology, and load deflection rate. They found that WC/C archwires demonstrated reduced frictional properties, better surface characteristics, and low load deflection rate compared with TiAlN and uncoated archwires. In addition, Krishnan et al. [67] performed electrochemical corrosion behavior and surface analyses, mechanical testing, microstructure, elemental release and toxicology evaluations of TiAlN and WC/W coatings on beta titanium orthodontic archwires and concluded that TiAlN shows better resistance to fluoride corrosive effects on this type of archwire. Physical vapor deposition can be divided into evaporation and physical sputtering.



2.1.3.1. Evaporation


Evaporation is the simplest physical vapor deposition method and has been proven useful for deposition of elemental films. This process is carried out in a vacuum system in which a material is heated to temperatures near its fusion or sublimation point [68,69]. Tripi et al. [60] used this technique for coating endodontic Ni-Ti files. The use of this technique to coat orthodontic metallic materials has not been reported in the literature.




2.1.3.2. Physical Sputtering


This technique involves the vaporization of atoms or molecules from a solid surface by momentum transfer from bombarding energetic atomic-sized particles. These particles are ions of a gaseous material accelerated in an electric field [64,68]. Physical sputtering can be divided into a number of methods, including radiofrequency (RF) magnetron sputtering and high-energy ionic scattering.



Radiofrequency (RF) Magnetron Sputtering Method



This process removes surface atoms from a solid cathode (target) by bombarding it with positive ions from an inert gas discharge and deposits them on the surface to form a thin film. Substrates are placed in a vacuum chamber and are pumped down to a prescribed pressure process. Sputtering starts when a negative charge is applied to the target material, causing plasma or glow discharge. Positively-charged gas ions generated in the plasma region are attracted to the negatively-biased target plate at a very high speed rate. This collision creates a momentum transfer and ejects atomically sized particles from the target. These particles are deposited as a thin film onto the surface of substrates [70]. Shah et al. used this method to apply photocatalytic TiO2 to stainless steel orthodontic brackets in order to assess the antiadherent and antibacterial properties of such compounds against Lactobacillus acidophilus. Photocatalytic TiO2 demonstrated antibacterial and antiadherent properties; therefore, these authors also recommended it as a surface modification material to prevent developing dental plaque during active orthodontic treatment [70]. Ozeki et al. [71] coated NiTi alloy plates with hydroxyapatite, alumina, and titanium using this method to alleviate the effects of nickel allergy from NiTi alloy implants. Ozeki et al. [72] used this technique to coat NiTi orthodontic wires with titanium to evaluate the deterioration of the superelasticity of such wires and concluded that this coating method has potential for application in the orthodontic field. Surmenev et al. [73] used this technique to deposit calcium phosphate on NiTi substrates to assess nickel release. They found that nickel release from this alloy decreased when a thin layer of such a compound was applied.






2.2. Chemical Methods


2.2.1 Electrodeposition


In this technique, the substrate to be coated is made the negative electrode or cathode in a cell that contains an electrolyte, which must allow the passage of an electrical current. The electrolyte is usually a solution in water of a salt of the metal to be deposited and is maintained at a controlled temperature. The electrical circuit is completed by the anode, which is generally made of the metal to be deposited, and is located a short distance from the cathode. When a direct, low voltage current is applied, positively-charged ions in the electrolyte move toward the cathode where they undergo conversion to metal atoms and deposit on the cathode [74]. Investigations carried out in this area are in vitro in nature, but results are promising enough to incorporate some of these treatments into orthodontic practice. Redlich et al. [75] used electrodeposition to coat orthodontic archwires to reduce friction. The coating is based on a Ni film impregnated with inorganic fullerene-like nanospheres of tungsten disulphide. Their results showed a significant reduction in friction in coated vs. uncoated archwires. Samorodnitzky-Naveh et al. [76] tested inorganic fullerene-like tungsten disulfide (IF-WS2) nanoparticles in vitro using electrodeposition to coat NiTi substrates in order to reduce friction and found a substantial reduction that might result in multiple applications. Zein El Abedin et al. [77] electroplated tantalum on NiTi alloys and evaluated corrosion behavior in 3.5% NaCl solutions. Coated samples showed better corrosion resistance than uncoated alloys. Qiu et al. [78] used electrodeposition to apply hydroxyapatite and hydroxyapatite/zirconia composite coatings on NiTi alloys with the goal of assessing corrosion resistance. It was found that corrosion resistance significantly improved in a simulated body fluid after application of such a coating.





2.3. Sol-Gel Method


This process is a chemical method that allows the synthesis of glass, glass/ceramic and ceramic materials at temperatures much lower than other methods like CVD, PVD, or plasma spray and a variety of shapes, such as monoliths or nanospheres, among others, may be obtained [53,79,80]. The sol-gel method (Figure 2) requires the presence in solution of species that undergo polymerization reactions, leading to the formation of a gelatinous network, which can be dried and densified to the required product. Two routes can be used for the formation of such species. The first route involves the use of alkoxides, in which an organic solvent (typically alcohol) is required to act as a mutual solvent for the organometallic starting compound and the water necessary for hydrolysis. The second route involves the use of aqueous solutions, in which colloidal-size particles are formed in an aqueous medium from ionic species using the principles of colloidal chemistry [81]. These methods have their greatest potential in thin organic films and coatings [82].


Figure 2. Sol-gel processing.
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Chun et al. [83] applied photocatalytic titanium oxide (TiO2) to stainless steel orthodontic wires using this method to evaluate its antibacterial and antiadherent properties. The results of their investigation showed that photocatalytic TiO2 may be used to prevent the development of dental plaque during orthodontic treatment. Rendón et al. [84] coated stainless steel orthodontic archwires with a glass using this method to evaluate friction between ceramic brackets and coated vs. uncoated archwires, since high friction coefficients are found between ceramic brackets and stainless steel archwires. It was found that a reduction in friction was not observed when coated archwires were slid against monocrystalline sapphire ceramic brackets and the authors concluded that a glass coating using the sol-gel method is not suitable to reduce friction between AISI 304 stainless steel archwires and ceramic brackets.





3. Surface Modification


Surface modification is aimed at improving surface properties of metallic materials. Horiuchi et al. [85] modified the surface of TiNi substrates through an electrolytic treatment to thicken the oxide film followed by heat treatment to induce crystallization of the oxide surface film in order to examine antibacterial effect. The amorphous oxide film was successfully modified. It was concluded that, after illumination with UVA light, photocatalytic activity was confirmed in treated TiNi alloy and an antibacterial effect was observed.



Ion implantation is another method used to modify the surface of materials. It consists of a low temperature process in which ions penetrate the surface of a material and modify it instead of coating it [86]. This technique has been used in orthodontics for different purposes. Teflon has been reported in the literature as one of the widest used materials to coat orthodontic appliances. De Franco et al. [87] used Teflon to coat stainless steel ligatures and compared frictional resistance between such ligatures and elastomeric ones. They used several archwire/bracket combinations and found that Teflon-coated stainless steel ligatures reduce friction between archwires and brackets. Neumann et al. [88] modified the surface of NiTi, beta titanium and stainless steel wires using polytetrafluorethylene (Teflon) by ion implantation with the objective of assessing corrosion resistance and mechanical endurance. This treatment prevented corrosion of the wires but Teflon was peeled off from the surface after mechanical testing. Husmann et al. [89] investigated force loss due to friction by ion implantation of Teflon on titanium alloy, beta-titanium, and stainless steel archwires. The main conclusion drawn from this investigation was that such coating significantly reduced frictional loss. A similar conclusion was drawn by Farronato et al. [90] in their study conducted to evaluate resistance to sliding of Teflon-coated archwires against different passive and active self-ligating brackets. A diamond-like carbon (DLC) coating was deposited on NiTi and stainless steel wires using the plasma-based ion implantation/deposition (PBIID) method to test friction and other mechanical properties, like hardness and elastic modulus. This study concluded that DLC could be successfully deposited by the PBIID method, there was a reduction in frictional force when this coat was present, and the DLC had a higher hardness value than untreated substrates [91]. A similar investigation was carried out to test DLC deposited on stainless steel orthodontic brackets using the PBIID method. The authors found a significant reduction in friction after application of the DLC [92].




4. Conclusions


Orthodontic surface treatment is an important area of active research. A myriad of materials and techniques have been implemented to modify the surfaces of dental materials. However, today only a few are being used in clinical orthodontics, especially in areas such as friction control and reduction of bacterial adhesion. In the last few years, multidisciplinary research has favored closing the gap that has existed between material surface engineering and clinical practice. Consequently, more new products have been introduced and have had a favorable impact in terms of reduction in biological and financial costs and in treatment time.
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