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Introduction – A review of the literature 
 
 

1.1 General introduction 

 

Evidence of the first signs of the practice of dentistry date from 7,000 BC when manual bow 

drills were operated by craftsmen.[1] Early attempts to produce dental prosthesis date from 

700 BC when gold was used to make bridges and wires to fix loose teeth. Hippocrates (460-

370 BC) used wires to stabilize loose teeth and fractured jaws.[2] The era of ‘modern 

dentistry’ started with Pierre Fauchard in the seventeenth century, known as the “father of 

dentistry” opening the era of evidence-based dentistry and providing the basic scientific 

knowledge for contemporary dentistry. He introduced amalgams of lead, tin and gold as 

dental restorative materials, used gold to construct bridges, introduced dental braces to 

correct teeth position and used gold wires to splint loose teeth and to hold the teeth in their 

new position until firm.[3, 4] 

Modern dental appliances are generally made of three main groups of materials, e.g. metals, 

resins, and ceramics. Because they are intended to perform life-long in contact with the 

tissues of the oral cavity they are included in the group of biomaterials and considered, from 

a legal point of view, medical devices.[5, 6] Most of these biomaterials are not inert but 

rather induce an interaction between the material and the biological environment. This 

interaction will influence the material quality and might also have side effects for the patient. 

We call those “adverse reactions”. The extent of these effects will determine the 

biocompatibility and “safety” of the material.[7]  

In dentistry more than 3,000 alloys are available on the market for applications that put 

them into long-term direct or indirect contact with epithelium, connective tissue or bone.[7] 

The main alloys that are employed in dentistry (see Figure 1.1) are divided into different 
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groups and different classifications have been proposed. The American Dental Association 

established the following, also considering the general biocompatibility of each group in a 

descendant way: high noble alloys (noble metal content of ≥ 60%: gold (Au), platinum (Pt), 

palladium (Pd) and with ≥40% gold), noble alloys (≥ 25% Au, Pt, Pd) and predominantly 

base metal alloys (< 25% Au). Titanium (Ti) (alloys) (≥ 85% Ti) are also included and 

placed in between the high noble and noble alloys due to their excellent biocompatibility.[8] 

Noble metals are highly resistant to chemical corrosion and oxidation and do not require 

alloying elements for this purpose. Chromium (Cr) for example is required in alloys based on 

iron (Fe), nickel (Ni), or cobalt (Co) to provide passivation of the alloy through the formation 

of a thin layer of chromium oxide. In 1929 stainless steel was used for the first time to 

replace gold in orthodontics. In 1930 the introduction of a cobalt-chromium (Co-Cr) alloy 

made the production of strong structures as base for partial dentures possible, comfortable 

for the patient and lower cost than gold alloys making the later gradually replaced.[9] Also 

chromium-cobalt-nickel (Cr-Co-Ni) was used in the 1950’s but to a lesser extent.[10] The 

first porcelain-to-metal restorations were introduced in 1950, where the metal alloy 

contained a high percentage of noble metals, with 84-88% of Au, 4-10% of Pt, 5-7 % Pd 

and 2-3% of base metals.[11] Other groups of alloys were introduced gradually, with lower 

content of expensive precious metals Pt and Au and a higher content of Pd and sometimes 

silver (Ag). Next, Pd-based alloys were patented in the US, being at first Pd-Ag (1975) 

followed by Pd-Au (1978), Pd and a very low percentage of Co (1976) and palladium-copper-

gallium (Pd-Cu-Ga) (1983). In the late 1970’s with the considerable increase in the price of 

Au, Ni-based alloys for crown and bridges, i.e. fixed partial dentures, became popular. This 

contained a very large proportion of Ni (60-82wt%), Cr (11-20wt%), molybdenum (Mo) (0-

9wt%), and beryllium (Be) (0-2wt%). Some health concerns were raised from the potential 

hazard of Ni and Be from nickel-based alloys. Cobalt-based alloys for porcelain-to-metal 

restorations were also introduced.[11] In the late 20th century Ti appeared as a fixed and 

removable partial denture casting alloy.[12] 

In the 1980’s tooth-colored resin composite restorative materials were introduced enabling 

the replacement of the silver-white or discolored black dental amalgam restorations by 

hardly visible tooth colored restorations. In the following years the consumer demand for 

aesthetics, demanding tooth-colored appliances, increased. As a result, the era of aesthetic 

dentistry had begun. While the mercury-containing dental amalgam raised many concerns 

with regard to the toxicity of mercury and resulted in different “amalgam war” periods, the 

health concerns to other dental alloys, mainly applied in prosthodontic devices, were 

relatively limited and mainly oriented on accepted allergic reactions. Where even allergic 

reactions to gold were reported, the less precious metals such as Ni or Cr in dentistry-applied 

materials form the main risk for these adverse reactions. Recently, the work of Muris et al. 
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[13] showed that allergic reactions to the precious, but less costly than Au, Pd metal might 

even surpass the incidence of Ni allergy.  

 

 
 

Figure 1.1 Periodic table of elements. The metals normally composing dental alloys, their 

chemical formula and corresponding name are shown within the red line.  

 

 

1.2 Biological implications: released metal ions from dental appliances  

 

While improving and supporting human health, any medical device represents a risk in itself. 

Considered medical devices, dental materials are regulated by the European Union (EU) 

Medical Devices Directive (MDD) 93/42, which “aims to guarantee a recognized level of 

safety, efficacy and quality of medical devices”.[5, 14, 15] They must undergo strict safety 

evaluation testing and risk analysis prior to marketing introduction and clinical application. 

This occurs following a battery of tests to show conformity with recommended guidelines. 

The intended exposure route and duration period, the hazards potentially associated with the 

application, and the character of the leaching substances needs to be considered in the risk 

analysis and determines the extent of biological assessment prior to marketing. This is in 

principle the responsibility of the manufacturer (Figure 1.2) The standard currently in use for 

safety testing and risk assessment of medical devices is EN ISO 10993-1:2009 “Biologic 

evaluation of medical devices”.[15, 16] In this standard, tests to evaluate the various 

biological processes that may occur due to the presence of a material-leached substance in 

the inducement of a biological reaction (i.e. toxicological endpoint) are described. These 

include (analysis of) cytotoxicity, sensitization, irritation, acute toxicity, subchronic toxicity, 
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genotoxicity, implantation and hemocompatibility. The focus of this thesis is on the first two, 

defined as follows: 

 

Cytotoxicity refers to the degree to which a substance has specific destructive action on 

certain cells. Toxic compounds result in cell damage and cell death, indicated by loss of cell 

adhesion and viability. Metal ions released from dental appliances can induce tissue or 

cellular damage. 

Sensitization describes the process by which an individual’s immune system becomes 

reactive against a chemical, by induction of memory immune cells after exposure to very 

low, non-cytotoxic, concentrations i.e. sensitization phase. Repeated exposure after 

sensitization leads to elicitation of symptoms i.e. elicitation phase. An allergic reaction is a 

general example of this process. These responses are characterized by dose-independence, 

that is, the body’s reaction is independent of the dose applied, and dependent of 

immunologic recognition pathways, i.e. the agent will cause inflammation through activation 

of Langerhans cells rather than causing inflammation via toxicity mechanisms.[7] Allergic 
contact dermatitis (ACD) is the repeated or prolonged skin contact with allergens and it is a 

common reaction from contact with dental alloys.   

 

 

 
 

Figure 1.2 Manufacturers’ warning labels on the risk of using nickel-containing materials. 

 

A hypersensitivity reaction to a metal comes from the presence of ions following ingestion, 

skin or mucosal contact, or from corrosion processes of metallic appliances in the body. 

These ions are not sensitizers alone but form complexes with native proteins and as such act 

as allergens causing a delayed-type hypersensitivity reaction, i.e. may occur after 24h of 

exposure to the causative agent. This involves the recruitment of lymphocytes and 

inflammatory cells, including T-cells and granulocytes to the site of the allergic inflammation 

and release of anti-inflammatory cytokines including IFN-ƴ, TNF (Th 1 type) and IL-4, IL-5 

and IL-13 (Th2 type). This thesis does not intend to deeply explore the immunologic aspects 

of the allergic reaction to metals. The prevalence of metal allergy is high in the general 

population, for example up to 17% of women and 3% of men are allergic to Ni and 1-3% 

allergic to Co and Cr.[17]  
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The biological interaction of the dental alloys and the human body results in the 

development of a reaction of inflammatory nature between the metal ions and the tissues. 

Metal ions will cause inflammation either by inducing immune reactions, specifically 

activating the Langerhans cells as a metal-protein complex or disrupting normal immune 

pathways in a non-specific way that can cause an inflammatory response. These processes 

may manifest locally or systemically. Locally, target tissues are the soft tissues in the mouth, 

but the released metal ions in the oral cavity may enter the blood stream circulation via 

swallowing saliva and passage through the epithelial barrier or gastro-intestinal tract and 

reach distant sites where a reaction can occur. Figure 1.3 attempts to give an overview of 

the possible results of the interaction of the dental appliance with the tissues. Whenever 

manifestations are clinically visible intra-orally, hyperplasia, redness and swelling of the 

mucosa, are the basic manifestation of the presence of a dental appliance. The cause behind 

it can be a simple mechanical irritation or plaque accumulation just from the presence of an 

extern body, or have a deeper cause such as toxic, irritating or sensitizing effect of the 

leached by-products of the alloy. The distinction/detection of the cause is sometimes difficult 

and the consequences persistent. Oral hygiene may resolve inflammation of the gingiva if 

plaque accumulation is the cause; removal of sharp edges, or placement of margins supra-

gingivally, if mechanically irritating the surrounding tissues. But when an immune-toxic 

involvement exists only fully removal of the appliance will resolve the symptoms. 

 

 
  

Figure 1.3 Biological reactions upon contact with leached metal ions from dental alloys 

and mechanisms of development of inflammatory reaction. Adapted from [6]. 
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The skin is the most extensive tissue for manifestations. Yet, oral exposure to metal ions 

may elicit other reactions than when the skin is exposed to the metal. The concentrations of 

a metallic ion released from a dental alloy that may lead to a systemic reaction are possibly 

much higher than those that may induce a reaction locally at the margin of a metallic crown. 

This may relate with four facts: (i) at the margin of a crown, especially when infra-gingival, a 

microenvironment can be created at the gingival sulcus increasing corrosion and metal 

ionization due to the anaerobic conditions from the narrow space and limited washout from 

saliva.[7] Therefore accumulation of the metallic ions in the crevicular fluid is likely with 

possible cellular or tissue damage; (ii) the oral mucosa has stronger immunologic barriers to 

allergens than the skin and as such responds differently. This is partially because of the 

influence of specific immune systems for each organ, such as skin-associated lymphoid 

tissue and mucosa associated lymphoid tissue. In the oral mucosa, the number of 

Langerhans’ cells, which act as antigen-presenting cells, is much smaller [18]; (iii) its 

reduced permeability accounts for the fact that the oral mucosa must be exposed to allergen 

concentrations 5–12 times greater than the skin in order to cause tissue microscopic 

reactions [19]; (iv) immune oral tolerance is thought to occur where antigen presenting cells 

such as dendritic cells and T-cell subtypes play a key role.[20, 21] This all contributes to the 

unpredictability and absence of local reactions from exposure to Pd or Ni containing dental 

appliances.  

 

Adverse reactions 
The frequency of adverse effects to dental materials is very small, within the range of one-

tenth of a percent when one considers the frequency of use.[7] On the other hand they may 

occur for many types of materials including metal alloys, resin-based materials and cements. 

Therefore Wataha stated “Awareness and knowledge of issues of biocompatibility is 
fundamental to ensure health of patients, dental staff members and practitioners 
themselves.”[22] 40-50% of the dental personnel reported work-related health problems, 

primarily related to latex gloves followed by acrylates.[23-26] Reports on health complaints 

regarding dental alloys are scarce, with a frequency of 0.01-0.02%.[7] The frequency of 

adverse effects in a selected group of people was estimated to be 1:100 in orthodontic 

patients, and 1:330 in prosthetic patients. From those, 85% of the first and 27% of the 

second group of patients attributed their problems to their dental alloys.[6] Objective 

symptoms and general complaints (subjective) reportedly related to the exposure to Ni and 

Pd from dental alloys are summarized in Table 1.1. Some of the patients’ complaints are 

difficult to relate to dental alloys and are as such very subjective. Such general and non-

specific complaints are possibly triggered by other factors such as concurrent systemic 

diseases like diabetes mellitus, the use of medication and other factors like sex, age, and 

saliva flow. The psychological background of the patient may be of great influence on the 
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manifestation or experiencing of complaints. Of note, the most common and important group 

of patients reporting objective or subjective complaints are women between the 40-60 years 

of age.[13] 

 
Clinical manifestations 
The local mucosa, lateral tongue and gingiva in contact with the dental restoration are the 

most proximal site that can be affected by contact allergic reactions. Objective local 

symptoms include: gingival inflammation in the vicinity of dental restorations with signs of 

swelling, erythema and bleeding, persistent after plaque reduction measures or removal of 

mechanical irritation; anomalies of the tongue; redness of the tongue and oral mucosa; 

discoloration of the gingiva at the margin of the crowns; lichenoid reactions and/or lichen 

planus. Systemically, allergic skin contact dermatitis is the most frequently described 

symptom associated with skin (or mucosal) contact with metal ions. Epicutaneous patch 

testing makes the diagnosis for allergy, together with the patient’s medical history and the 

clinical findings.[27, 28] 

 

(Cyto)toxicity 
It has been questioned whether corrosion products of dental alloys may or may not induce 

cellular toxicity, i.e. cytotoxicity. This is in principle not extreme, since we must assume that 

before the product enters the market it was tested extensively for its biocompatibility. 

However, the time of application in the tests and before entering the market might be too 

short to represent the real application time. This is especially true considering the lifelong 

duration of application of some of these appliances. Also, as explained before, even small 

doses of metal ions released might not be sufficient to induce an immune response from the 

individual, but may locally provoke an alteration in the mucosal cells at the application site. 

Likewise, although a cytotoxic reaction of the cells of the epithelium at the crown margins 

might not be detectable, a local reaction is sometimes visible as a greyish-bluish 

discoloration of the gingiva surrounding the crown margin (at the place where a 

microenvironment is created), so-called non-plaque related gingivitis (Figure 1.4 and 1.5). 

The question of whether this indicates a manifestation of an allergic reaction is though not 

answered. 
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 Table 1.1 Adverse reactions associated with oral Ni and Pd exposure.[29-32] 

 

Adverse reactions 

 Nickel Palladium 

Systemic Allergic contact dermatitis 

Hand dermatitis / diffuse eczema 

 

Allergic contact dermatitis 

Allergic contact granuloma 

Occupational asthma,  

Chronic urticaria, localized angio-oedema 

Local Peri-oral urticaria, with vesicles and 

papules 

Gingival hyperplasia and hypertrophy 

Erythema 

Oral lichenoid reactions 

Oral lichen planus 

Angular cheilitis / labial descamation  

Gingival hyperplasia 

Non-plaque related gingivitis 

Oral lichenoid reactions 

Oral lichen planus 

Cheilitis 

General 

complaints 

Chronic fatigue  

Asthma / respiratory problems 

 

Chronic fatigue  

Metallic taste 

Oral lichenoid reactions 

Burning mouth, pain and soreness of the 

tongue 

Xerostomia 

Joint and muscle pain 

Memory and concentration problems  

 
 

 
 

Figure 1.4 An example of a local reaction giving a visible greyish-bluish discoloration.  
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Nickel ions are able to induce vigorous inflammatory reactions of tissues surrounding Ni-

containing implants which relate to cytotoxicity in a dose dependent manner (concentrations 

of >25 µg of Ni were able to cause severe inflammation and necrosis).[33] The pattern of 

distribution of Ni in those tissues correlated well with evident tissue inflammation. At non-

cytotoxic low concentration, Ni ions were reported to induce a change at the cellular level, 

with oxidative DNA damage; it was also suggested that changes of gene expression occur 

earlier than the alterations at the cell level.[34-36] A concentration of Ni(II) of 100µM was 

shown to be enough to cause changes at the molecular level. This concentration is within the 

range of reported Ni release from dental alloys and orthodontic appliances (Table 4.2, 

chapter 4). Also within that range is the concentration where palladium might have cytotoxic 

potential.[37] 

The degree of cytotoxicity of dental alloys has been related to the alloy composition and the 

released ions into the surrounding medium due to corrosion. However, the extent in which 

each element is released and the potential of those ions to induce cellular damage is 

decisive. For example, the presence of Ag and Zn, but especially Cu on noble alloys was 

linked to the unfavorable cytocompatibility of those alloys as correlating to the ion 

release.[38-40] Once again, recasting processes affects the element release and cytotoxicity 

of (base-metal) dental alloys.[40-42] 

 

1.3 Biological implications: exposure to nickel and palladium 

 

Nickel is a solid silvery-white hard ductile transition metal with an atomic number of 28. It 

was first isolated and classified as a chemical element in 1751 and its use has been traced 

since 3,500 BC. Palladium is a solid silvery-white soft transition metal with an atomic number 

 

 
 

Figure 1.5 An example of non-plaque related gingivitis.  
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of 46, discovered in 1803. These two metals belong to the same group of the periodic table 

(group 10) (see Figure 1.1) whereby their chemical structure is very similar, characteristic 

that plays an important role on their biologic activity as discussed further. 

The primary purpose of a restoration is to repair decay and restore function for a long period 

of time. Regardless, as a result of the interaction with the aggressive oral environment, 

deterioration of the dental material will always occur. In the conditions of the oral cavity, 

where moist, heat, variable pH, microorganisms and salivary enzymes are met, metals will 

corrode. Generally, corrosion is the deterioration of a metal due to an electrochemical 

reaction with the moisture from saliva, with release of metallic ions as a result, i.e. 

ionization. This releases metal ions into the oral environment and potentially into saliva, oral 

mucosa cells, and gingival crevicular fluid that may have biological implications. This means 

that metal-based dental restorations are not inert and the patient is always exposed to the 

products that compose the restoration.[17, 31, 43, 44] Besides, the material is weakened 

and can eventually fail due to fracture.   

In the oral cavity, different types of corrosion may occur. For the oral appliances, the most 

influential and detrimental are: [10, 45] 

 
crevice corrosion which occurs in narrow spaces such as the space between the metal 

restoration and the tooth, the subgingival area or scratches in the metal, because of 

acidification and lack of oxygen. 

pitting corrosion occurs in a metal where a naturally protective coating exists. In the 

presence of chlorides this coating can locally break down and rapid dissolution of the 

underlying metal occurs in the form of pits. 

galvanic corrosion which occurs when restorations of dissimilar metals come into contact 

with each other with the saliva acting as an electrolyte. The less noble metal will be affected, 

releasing metal ions. In an alloy, the constituents are preferably present in a ‘solid solution’. 

When the casting procedure is not properly followed, the constituents can form separate 

islets/crystals. In that case, internal galvanic corrosion of the alloy may occur. 

 

The extent in which a dental alloy will corrode, i.e. its corrosion ability, is influenced by many 

factors such as the composition [46, 47] and microstructure [48-50] of the alloys, but also 

the manufacturing process [51] and the surrounding environment.[6, 52, 53] For example, 

the corrosive effect of saliva is highest at low pH, due to food and beverages and acidic 

production from microorganisms in dental plaque, and at increased chloride concentration, 

an important ingredient of toothpastes and mouthwashes. Also, recasting of dental alloys is 

believed to relate to increased release of metal ions due to corrosion.[42, 50, 51, 54-56]  

The biological activity of ions of Ni and Pd and their ability to induce adverse reactions is 

dependent on the availability of Ni and Pd ions. The availability of these ions after ingestion 
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of Ni or Pd-rich foods and/or their complexation with proteins in saliva may differ than when 

isolated ions, such as released from metallic dental appliances, are available in the organism. 

This will influence the ability of causing a reaction. With respect to dental alloys, the quality 

of the restoration and the lifestyle, i.e. brushing and/or diet, will influence the corrosion 

behavior of the alloy in the mouth and the level of Pd and Ni biologically available in the 

form of Pd2+ and Ni2+ ions. 

 

1.4 Nickel 

 

Nickel is ubiquitous being present in the air, earth crust, soil, drinking water and with a wide 

range of utilizations making contact to Ni inevitable. Nickel also occurs in living organisms, 

mainly plants, is an essential trace element for inferior species and plays a role in some 

physiologic functions of the human body metabolism.[57, 58] A list of possible sources of 

exposure to Ni is endless; an attempt summary is shown in Table 1.2.  

Nickel is a potent sensitizer and the most common contact allergen among female dermatitis 

patients worldwide. The prevalence of Ni allergy in the general population is estimated at up 

to 17% in women and 3% in men.[17] The difference in Ni allergy incidence between male 

and female is mainly related to daily contact to jewellery and especially (ear) piercings in the 

female population is considered the most important cause of Ni sensitization.[70-72] 

Nevertheless, other important sources of exposure are cosmetics, detergents, coins, the 

professional environment, and dentistry.[73-75] There is strong association between Ni 

contact allergy and hand eczema in adolescents.[76] Systemic contact dermatitis can also 

occur from ingestion of Ni through diet [67, 77, 78] or accidental ingestion of nickel-

containing items such as coins as reported in a 2-year-old boy.[79] Medical and dental 

devices can contain Ni in amounts high enough to cause risk to both patient and medical 

personnel.[80] Tobacco smoking was shown to be associated with nickel allergy, in a dose-

dependent matter and independent of sex.[81] Ni sensitization can start in school from 

contact with school-issued musical instruments [59] to seating in classroom chairs 

developing allergic contact dermatitis, so-called “school-chair” sign.[82-84] The prevalence 

of nickel sensitization in children and adolescents ranges from 0.9% to 14.9% in the general 

population.[72] The possibility of a genetic predisposition to Ni allergy has been investigated. 

While no definite genetic predisposition could be found [85], and environmental exposure is 

more likely to explain Ni allergy, recently, null mutations in the filaggrin gene have been 

associated with a higher risk to develop Ni allergy.[86] A susceptibility of some individuals to 

suffer from metal allergy has been suggested as it has been observed that some patients can 

suffer from multiple allergies [87] and that individuals with previous reactions to metals or 

jewellery have a greater risk of developing a hypersensitivity reaction to a metal implant.[88]  
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Table 1.2 Possible sources of exposure of the general population to nickel.  

 

Type of source Examples 

Personal care products Razors, nail clippers, eyelash curlers 

Beauty and cosmetic products Make-up, body lotion, detergents 

Fashion Jewellery, ear and body piercing, clothing fasteners, buttons, belt 

buckles, brasseries, suspenders 

House hold and hobby products Music instruments [59], coins, cell phones iPhone [60], iPad, 

laptops [61, 62], exercise equipment, cutlery and cooking 

utensils, keys, doorknobs, children’s toys [63] and gaming 

controllers (e.g. xbox [64]), carpentry/ construction/ gardening 

tools   

Food Drinking water [65], beer, coffee, red wine 

Fish (mackerel, herring, salmon, shellfish, tuna) 

Vegetables (e.g. chickpeas, lentils, peanuts, peas, spinach, red 

kidney beans, soy beans) 

Cereals (e.g. whole wheat, buckwheat, millet) 

Nuts (e.g. almonds, hazelnuts, walnuts) 

Cocoa and chocolate [66], canned foods, foods cooked in 

stainless steel utensils (especially if acidic such as tomatoes) [67, 

68] 

Lifestyle habits Cigarette smoking, cigarette lighter 

Occupational exposure Mining and plating industry, handling weapons, craftsmen  

Health  care Dental restorations and implants 

Medical implants and devices for (prosthetic) rehabilitation ((e.g.

cardiovascular therapy (artery stents), orthopedics, bone-

integrated implants) 

Inorganic medicine uses metals for drug development, metal-

based therapeutic agents (metallo-drugs, e.g. platinum anti-

cancer, gold anti-arthritic, and bismuth anti-ulcer agents) [69] 

Metal-based diagnostic tools (radio-isotopes and contrast agents 

for MRI) 

 

The main clinical manifestation of skin contact with Ni is allergic contact dermatitis. Diagnosis 

of Ni allergy can be made based on history and clinical presentation alone, such as well-

demarcated localized earlobe dermatitis from Ni in jewellery. However, for definite diagnosis 

of most of the situations, a standard series of the most frequent allergens are placed in 
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Table 1.3 Summary of diagnostic tools for detection of skin exposure and established Ni 

allergy. 

 

Diagnostic tools 

Established Ni allergy 

(invasive, sensitive and specific) 

Detect skin exposure 

(non-invasive, sensitive, non-specific) 

Epicutaneous patch test 

 

DMG (dimethylglyoxime) Ni spot-test – for screening 

purposes and to access presence of Ni on the skin 

Oral mucosa Patch test Acid wipe sampling – quantification of Ni exposure 

dose on the skin 

Lymphocyte Transformation Test (e.g. LTT-

Melisa®) or Lymphocyte Proliferation test

(LPT) 

Finger immersion method – idem 

Flow cytometry LPT – for detection of Pd and

Ni sensitization [90] 

 

Repeat Open Application Test, ROAT [91]  

 

contact with the skin of the upper back, i.e. the epicutaneous patch test, of the subject and 

readings are made after 48h, 72-96h and 7 days. Patch testing is the gold standard for 

diagnosis of allergic contact dermatitis and it is important to do to identify specific allergens 

and common co-reactors. Co-sensitization can occur between chromium or cobalt with nickel 

[89] and cross-reaction between palladium and nickel. Nickel allergy due to skin exposure 

can be diagnosed with different methods, which are summarized in Table 1.3. Risk factors of 

Ni allergy in the general population include cosmetic products, tobacco smoking, diet, and 

medical devices.  

 

Cosmetic Products 
The prevalence of Ni allergy in the world population has increased in the last decades. 

Understanding the rapidly increase in the prevalence of subjects allergic to Ni and the urge 

to limit the extent of developing contact dermatitis to Ni, the European Union enacted 

legislation to restrict the amount of Ni released from consumer products, the Nickel Directive 

(EU Directive 2004/96/EC). This states that the amount of Ni released from objects that are 

intended to come into direct and prolonged contact with the skin should not exceed 

0.5µg/cm2/week and from piercing post assemblies should be limited to a maximum of 

0.2µg/cm2/week. Descriptions such as “nickel-free”, “nickel safe” and “hypoallergenic” are 

not covered by the regulations and are misleading to the consumer. The introduction of this 

legislation in Europe lead to a decrease in the sensitization rates [92] (e.g. from 24.8% to 
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9.2% in Denmark, and from 36.7% to 25% in Germany) and prevalence of nickel allergy 

[93] as well as it decreased the morbidity of already allergic subjects.  

The globalization of product exportation influences the prevalence for development of 

sensitivity to Ni in Western Countries and the USA. Earrings found in Chinese and Thai 

markets are high in Ni, extensively sold to global tourists and exported to Western Countries 

and the USA. In the USA, approximately 15.6% of males and 35.8% of females under the 

age of 18 are affected with Ni contact allergy.[94] Similarly, the prevalence of Ni allergy 

among Thai women is reportedly 33.8%.[95] Interestingly, among dermatitis Thai and 

Chinese patients, the median prevalence of Ni allergy is around 18%, which is comparable to 

that prevalence in Europe. There is no regulation for Ni content in products in Thailand, but 

since 2002 the Chinese government passed the Chinese Ni Standard (GB 11887). In the 

United States there is no such similar regulation and Ni allergy is increasing dramatically.[94, 

96] Because of the rise in allergic contact dermatitis rates to nickel, the American Contact 

Dermatitis Society recognized Ni to be the “allergen of the year” in 2008.[97] In China and 

Korea there are currently some attempts to regulate consumer products. The content of Ni in 

earrings in Thai and Chinese markets tested with DMG spot test is similar to those found in 

the USA and both much higher than those bought in Denmark or Sweden(~30% vs 23-

15%). Furthermore, this content was higher before the introduction of the EU Nickel 

Directive than after (23 vs 16%), which shows that the European consumer exposure to Ni 

from general products is lower.[95]  

The Ni Directive does not restrict the skin dose of Ni, which is the key factor for the 

development of Ni contact dermatitis.[98] To measure the deposits of Ni on the exposed skin 

of nickel-susceptible individuals or for screening purposes to detect the presence of Ni in 

daily used objects, a DMG spot test can be performed.[99] This test gained popularity due to 

its simplicity, quickness and low cost as opposed to other methods, such as acid wipe 

sampling or finger immersion method, that required specific laboratory machinery, and has 

been proved to have adequate sensitivity to detect amounts of Ni according to the stated by 

the Directive.[95, 99] It basically consists in rubbing a white cotton swab immersed in a 

ammoniacal solution of dimethylglyoxime (DMG) into metallic items or the skin. DMG 

produces a bright pink insoluble salt with Ni, so this colour in the swab indicates the release 

of Ni from the product or the presence of Ni deposits in the skin. This commercially available 

tool can be useful for Ni allergic subjects when purchasing a new product where it is 

suspected to contain Ni, but also to dermatologists and retailers.  

The knowledge of which oral dose is able to induce sensitization could give a better 

indication of the applicability of a certain metallic material on the mouth of a specific 

individual. However, studies have shown that sensitization and elicitation thresholds can 

have a 250-fold variation and some nickel-sensitive individuals react to extremely low doses 
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Table 1.4 Overview of the content and sources of exposure to Ni and Pd through routine 

daily life. This table aims to give an idea of the relative proportions of exposure via different 

sources and must be read acknowledging the limitations. Various factors influence the 

concentrations of these ions in water, air and soil and many studies and governmental 

documents report different values.  

 

Source Average levels 

 Nickel Palladium 

Water 0.005–0.025 mg daily[102] 0.03µg/person/day[103] 

Air 5-35 ng/m3 rural and urban areas 

1-10 ng/m3 remote areas[102, 104]

0.3 ng/person/day[103] 

Earth crust 86000 µg/kg (0.0089%) 6.3x10-7%[105]  

 

Soil 210000 µg/kg in NL <0.7-47 µg/kg[103] 

Cigarette smoking 0.04-0.58 µg/cig Additive catalyst. Unknown content 

Diet 20- >480 µg/day <2µg/person/day[103] 

Dental alloys 0.006-54 µg/ml/day 

22-40 µg/day (orthodontic 

appliance) 

0.00006-59 µg/ml/day 

 

of Ni. Therefore the establishment of a safe threshold that will protect all individuals from 

nickel allergy and dermatitis is unfeasible.[100, 101] Table 1.4 attempts to provide an 

overview on the reported values of Ni (and Pd) in the human body and surrounding 

environment.  

 

Smoking  
Smoking presents a significant form of exposure to Ni. Ni carbonyl is present in the gaseous 

form in tobacco smoke, passes through the alveolar barrier very quickly after inhalation, 

enters the blood, attaches to protein carriers and reaches all organs and tissues by means of 

the bloodstream. Furthermore, trans-placental transfer of Ni represents the very beginning of 

Ni exposure and it can also reach the child through mother’s milk.  

Nickel concentrations in cigarettes and tobacco derivatives range from 2.20 - 4.91mg/kg and 

2.32 - 4.20mg/kg, respectively.[106] In Germany, cigarettes have an average Ni 

concentration of 1.2 - 4.0mg/kg and in the USA 2.3µg. Research have shown that 0.04 - 

0.58µg of Ni is taken through consumption of one cigarette.[107] Consumption of two packs 

of cigarettes per day includes the intake of 3 - 15µg/day (1 - 5mg per year).[104] Smokers’ 

blood levels of Ni were slightly higher and urinary levels significantly higher than compared 

to non-smokers, which means that smokers are more exposed to the effects of this 
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carcinogenic substance than non-smokers. Electronic cigarette smoking is increasingly 

popular and despite the 10-fold decrease in the total exposure to particulate elements in e-

cigarettes compared to normal cigarettes [108], they can be a strong source of Ni, Cr, and 

Ag, either from the chemicals included in the liquid or from the cartridge of the device itself.  

 
Diet 
The daily dietary intake of Ni is 0.02 - 0.48mg/day. This intake depends largely on the type 

of diet of the individuals. Consumption of large amounts of food rich in Ni may increase the 

daily intake of Ni to 0.9mg or more. Foods typically rich in Ni are for example cocoa, 

chocolate, soy beans, oatmeal, nuts and almonds, and leafy green vegetables.[68, 109] Also 

drinking water contributes to the daily intake of Ni with variable content according to regions 

and rural or industrialized areas. Running tap water for a few seconds before using to 

release Ni that may have leached out from pipes is a general recommendation for sensitized 

individuals.[65, 110] Of note, the way of preparation of food also influences the intake of Ni 

through diet. For example, cooking acidic food with stainless steel utensils increases the 

amount of Ni content in the food due to leaching of some Ni from the utensils during 

preparation.[102, 110] 

Exposure between 0.22 and 0.35mg/day of nickel consumption in average diet are expected 

to provoke a systemic reaction in 1% of the Ni-allergic individuals.[65] As comparison, skin 

exposure to a dose equivalent to that ingested through diet can elicit systemic reactions in 

some Ni-sensitized individuals.[100] The avoidance of contact to nickel and low-nickel diet 

has been reported to be successful in the management of nickel allergy.[78, 80] 

 

Medical Devices 
Orthopedic implants, heart stents or artificial valves as well as dental appliances are 

classified as medical devices and have to show conformity with the EU-directive of medical 

devices. Surgical stainless steel (316L) and titanium are the mainly used alloys. Surgical 

stainless steel (316L) contains 8 - 12wt% nickel. In dentistry Ni is nowadays mainly used in 

orthodontic and prosthetic appliances and in appliances for pediatric dentistry such as 

crowns and space maintainers. 

 

Orthodontic appliances: active treatment 
The orthodontic treatment of malocclusion is carried out by means of arch wires, brackets 

and bands, headgear, space maintainers and/or removable appliances. These appliances are 

typically made of stainless steel, Ti alloys, Ni-Ti, and Co-Cr-Ni alloys (Table 1.5). Gold alloy 

wires are still available commercially, normally Au-Pt alloy, but are relatively expensive and 

have minimal clinical use. Its use, together with ceramics and plastic, is for esthetic 

purposes, or when attempted to replace stainless steel in Ni sensitive patients.  
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Table 1.5 Composition of the most common alloys used in orthodontics. Adapted from 

[111]. 

 

Alloy Composition (%wt) 

Stainless steel 8-12% Ni, 17-20% Cr, approx. 70% Fe, max. 

0.15% C  

Cobalt-Chromium-Nickel (Elgiloy) 40% Co, 20% Cr, 15% Ni, 15.8% Fe, 7% Mo, 2% 

Mn, 0.15% C, 0.04% Be 

Beta-Titanium (TMA) 77.8% Ti, 11.3% Mo, 6.6% Zr, 4.3% Sn 

Nickel-Titanium (Nitinol) 55% Ni, 45% Ti, small amounts of Cu or other

elements  

“Nickel-free” ~18% Mn, ~23% Cr, ~60% Fe 

Gold alloy 55-65% Au, 11-18% Cu, ≤10% Ni (∆% of Pt, Pd, 

Ag) 

 

Nickel constitutes ~8-50% of orthodontic alloys (in stainless steel and Ni-Ti wires 

respectively). The highest Ni content is present in arch wires, bands and brackets for active 

orthodontic treatment. These are mainly composed of Ni-Ti, Ni-Cr, containing up to 60% of 

Ni or stainless steel containing up to 12% of Ni. Extra-oral appliances such as headgear, 

facial bow, etc., also contain relative high amounts of Ni.   

Orthodontic treatment mostly occurs in patients of young age, typically 11-14 years old, with 

adult orthodontics being a minor percentage. Therefore it is reasonable that Ni-containing 

orthodontic appliances contribute to Ni sensitization. Yet, oral exposure to Ni due to 

orthodontic treatment with Ni-containing metallic appliances prior to cutaneous Ni exposure, 

e.g. through ear piercing, was found to reduce the frequency of Ni hypersensitivity, 

suggesting immune tolerance.[72, 112, 113] It is believed that the first oral contact with Ni 

acts as a tolerizing agent, while further skin contact as a sensitizing event. The contact with 

high Ni-containing orthodontic appliances preceding ear piercing was estimated to reduce 

the risk of Ni sensitization by a factor of 1.5-2. This risk reduction is associated with the 

estimated Ni release and the length of treatment, sex, age at piercing and number of 

piercings.[114] Oral tolerance is dose-dependent, antigenic specific and only achievable if 

there is no preceding cutaneous exposure even at sub-sensitizing doses.[115] 

 

Orthodontic appliances: retention 
During active orthodontic treatment, the active appliances are used for a relatively short 

period of time with an average of approximately 2 years. However, due to the unpredictable 

stability of the achieved teeth position, to prevent relapse is common practice to apply a 

retainer (wire). This is normally applied for a less well-defined period of time and can remain 
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in place life-long. A multi-stranded stainless steel wire is commonly used with a content of 

approximately 8wt% Ni. Low-Ni content or claimed “nickel-free” retainers are also available. 

They are mainly composed of Cr and manganese (Mn), but trace amounts of Ni (<0.2wt%) 

are still included in the wires during the process of manufacturing. 

Retention can also be achieved with a removable retainer. The choice of the retention 

method and period of retention varies widely between countries and practitioners and it is 

not well defined. In the Netherlands, 64% of the orthodontists place a retainer after active 

orthodontic treatment, with up to 97% using bonded wires both for the upper and lower 

jaw.[116] This percentage is higher than in the USA where a removable Hawley or vacuum-

formed retainer is still the most frequent choice for the maxilla, although the trend is 

changing to fixed retainers; in the lower arch fixed retainers are more common.[117, 118] 

 

Orthodontic appliances: nickel release 

Orthodontic appliances were reported to release 22-40µg/day of Ni [114] (and 36µg/day of 

Cr) [119] in vitro, and many studies report on the release of Ni from different orthodontic 

alloys. This release is influenced by salivary conditions, regional pH value, diet, personal 

habits like smoking, chewing gum and hygiene. Also, the structure and composition of the 

appliances and mechanical and thermal loadings influence the release of metal ions from 

orthodontic appliances.[120-124] Of note, stress and anxiety also seem to act in favour of 

corrosion by affecting the composition by increasing the total protein content of saliva and 

the reduced pH of saliva.[125] Salivary Ni content of patients undergoing orthodontic 

treatment was shown to increase after induction of stress.[126] In the modern society, the 

ever-increasing psychological and physical stress associated with daily activities like school 

works, computer games, work-related concerns and personal relationships’ stress must be 

considered.  

The content of Ni in body fluids, such as saliva and urine, but not in plasma, was shown to 

be in general increased in patients undergoing orthodontic treatment in in vitro and in vivo 

studies. This was especially true immediately after placement of the appliances.[127-130] 

Also dental plaque of patients with orthodontic appliances was richer in Ni than controls and 

oral mucosal cells were shown to accumulate metal ions of Ni in orthodontic patients.[131-

133] Furthermore, orthodontic alloys (both stainless steel and “nickel-free” and Ni-Ti alloys) 

were able to induce DNA damage in oral mucosa cells.[132, 134] These localized genotoxic 

events may revert after removal of the appliances.[135] 

Ni release from orthodontic appliances is far below the average Ni daily dietary intake, thus 

in theory well tolerated and non-toxic for non-sensitized individuals. However, these subtle 

amounts lead to increases in the urinary nickel levels of 1:7 to 1:4 of the baseline, varying 

under influence of differences in lifestyle, socioeconomic conditions and dietary habits. 

Normal urinary nickel level is reported to be about 4.5µg/L in people with occupational 
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exposure to nickel [127] and approximately 9µg/L in orthodontic patients. This might imply 

that corroded products of nickel might be more absorbable than nickel available in daily 

food, probably due to the fact that it is combined in protein complexes as result of being 

solubilized by the biofilm microorganisms. 

Lower periodontal health with increased plaque accumulation and bleeding on probing has 

been reported in patients undergoing orthodontic treatment.[136] Albeit, the (low-dose) 

continuous release of Ni ions from orthodontic appliances was shown to induce epithelial cell 

proliferation [137] and thought to be the initiating factor of gingival overgrowth. This 

induces reactions of an inflammatory nature, such as gingival hyperplasia seen in patients 

undergoing active orthodontic treatment [138] and dependent of exposure time.[139] The 

cumulative effect of nickel throughout orthodontic treatment was associated with clinically 

significant periodontal abnormalities in allergic individuals over time.[140] In contrast, when 

treated with “nickel-free” brackets, the periodontal status of allergic individuals after 9 

months of orthodontic treatment was better than those with conventional ones.[139] 

Nevertheless, there is still little scientific evidence in which to base the choice of “nickel-free” 

brackets for safe clinical application.[141]  

 
Pediatric dental appliances: stainless steel crowns and space maintainers 
The content of Ni and Cr in contemporary European crown and bridge work for adult 

prosthodontics is minimal. On the other hand, in extensively decayed primary teeth, 

preformed metal crowns, commonly known as stainless steel crowns are indicated. Due to 

their durability, relatively inexpensive cost and minimum technical sensitivity during 

placement they are widely used.  

Premature loss of a posterior primary tooth results in mesial tilting of the tooth distal to the 

extraction space due to the mesial direction of eruption of the first permanent molar. The 

lack of space prevents eruption of the permanent tooth into its proper position. To maintain 

the space and allow normal eruption of the permanent tooth a space maintainer is placed. 

Both appliances are made of base metal alloys containing mainly Ni (9-12%) and Cr (17-

19%), similar to that of many orthodontic bands and wires. Subject to the oral environment 

they are prone to corrode with release of metal ions.[142-145] On the contrary, a study of 

retrieved crowns after oral exposure compared to unused crowns showed no differences in 

metal composition.[146] Some cases of perioral skin eruptions and gingival inflammation as 

result of contact to Ni from stainless steel crowns have anyhow been reported.[147, 148] 
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1.5 Palladium 

 

Palladium is used in electrical appliances, chemical and automotive emission control 

catalysts, jewellery and dentistry. Its use in biomedical applications has more than doubled 

in the last decade and this seems to be linked with the increased frequency of adverse 

reactions to Pd.[29] Increases of Pd in the environment have also been shown in snow, air 

and dust samples.[103] Yet, the main sources of Pd exposure to the general population are 

dental alloys.[103] Pd in dental appliances is used the most in Japan, being subsidized by 

the government when Pd content in the dental alloy is above 20%, followed by North 

America and Europe. Interestingly, the prevalence of Pd sensitization has a corresponding 

distribution, with the highest levels in Japan (7-24%) and the least in Western Europe (4.9-

11.7%).[31, 149] 

Occupational exposure to Pd is infrequent but may also occur in dental technicians, miners 

and workers of the electronics and chemical industries.[6, 31, 103] 

Pd is ranked, after Ni, as the second most frequent reacting skin sensitizer within metals in 

epidemiological studies.[150] A prevalence of 7.4% is found in dental patients and 7.8% in 

dermatitis patients.[31] This clearly shows the importance of dental alloys as source of 

exposure. This prevalence varies when Pd sensitization is considered to Pd alone or when it’s 

seen globally insofar as sensitization occurs very often together with sensitization to Ni. Until 

the introduction of a new test allergen for use in the patch testing series, the prevalence of 

Pd monosensitization ranged from 0.2% [31] to 1.6% while the prevalence of Pd 

sensitization in association with Ni sensitization was 13.0%.[29]  

The salt normally used in epicutaneous patch testing for diagnosis of Pd allergy was, until 

2007, palladium chloride, PdCl2 (1-2% in petrolatum or in water), which forms an oligomeric 

or polygomeric structure with water accounting for a very poor solubility of this salt. As such, 

skin penetration, of which epicutaneous patch testing highly depends, might be impaired and 

thus the results devalue the extension of the problem. Sodium tetrachloropalladate, 

Na2PdCl4, at 3%, was shown to be a much more accurate test allergen for epicutaneous 

patch testing, mainly due to its solubility in water and monomeric structure.[151-153] In 

fact, the results of patch testing with this new test salt showed much higher rates of Pd 

sensitization, which means that until now Pd sensitization was largely underestimated. In a 

recent multicenter study in Europe, where 3% Na2PdCl4 was used, prevalence of Pd 

monosensitization increased from 1.6% to 4.2% and Pd sensitization prevalence increased 

from 9.3% to 18.2% among dermatitis patients.[149] Interestingly, the rate of Pd 

sensitization was similar to that of Ni (6-7%).[30] Furthermore, the results of that study 

support the previous suggestion [154] that Pd might be a more potent sensitizer than Ni 

since a formulation of the new Pd salt including fewer atoms is sufficient for elicitation and 

probably for sensitization.[149] In contrast with that of Ni, Pd (mono) sensitization is not 
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related to female sex, which relates to the different sources of exposure of the two 

metals.[149] The prevalence of Pd allergy is higher in female patients, because it goes 

together with the prevalence of Ni sensitization, which is higher in women and which relates 

to the contact with jewellery. In this way, different sources of exposure are expected. Pd 

allergy/sensitization relates to the presence of dental alloys.[149] Positive patch test to Pd 

relates more to skin reaction to metals in contact dermatitis patients than in patients with 

oral symptoms, e.g. contact stomatitis.[155] In other words, Pd sensitization is more 

frequent in patients with skin reactivity to metals. On the other hand, when considering Pd 

monosensitization, the opposite is found: more likely have patients with oral manifestations a 

positive patch test to Pd alone. This is most probably due to concomitant or cross-reactivity 

with Ni.[30] 

Reactivity within metals is known to occur. Besides, Ni test reactivity to Pd is often seen 

together with, for example, Au, Co, Cr, Cu and Pt.  One study found the prevalence of 

palladium (and gold) allergy higher in dental patients than in dermatitis patients. This was 

partially explained by the association with gold, frequently used in dental appliances.[156] 

This finding was however not replicated in later studies where the prevalence of Pd 

sensitization in dental patients and in dermatitis patients is similar.[30, 31]  

 

Palladium release 

Considerable amounts of Pd are released from dental alloys in in vitro and in vivo studies.[6, 

48, 49, 55, 157, 158] As explained before, this release is influenced by the composition and 

microstructure of the alloy and the surrounding environment. Pd-containing dental alloys 

were reported to release up to 33.7μg/cm2/week of metal ions in a corrosive test 

solution.[159] 

Measurable levels of Pd and other components of dental alloys are found in saliva and oral 

mucosa cells, which are consistent with release of Pd from dental appliances.[29, 157, 160] 

Also, samples of serum and urine of patients with Pd monosensitization were found to have 

significantly elevated concentrations of Pd, with the highest in urine, suggesting a 

predominantly kidney excretion of Pd. Amounts in serum were however not significant.[29] 

These levels were shown to return to normal values when the appliances were removed from 

the oral cavity together with a remission of the symptoms. The levels of released Pd from 

dental appliances related to oral clinical symptoms and to skin sensitization to Pd. Also, 

specific induction of IFN-ɣ responses in peripheral blood mononuclear cells (PBMC) was 

detected in Pd-sensitized individuals.[29, 161] Production of IFN-ɣ by T-cells is thought to be 

responsible for Pd allergy.[162] 
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1.6 Sensitization to nickel and palladium  

 

As mentioned, Pd and Ni are mechanistically interlinked in the development of an immune 

reaction. This accounts for the enhanced sensitization ability (i.e. concomitant sensitization) 

and increases the prevalence of allergic reactions to both metals. 

Several studies shown cross-reactivity of Ni and Pd in vitro [163-167] and in vivo [168] and 

the mechanistic pathway behind it has become more clear. Belonging to the same group of 

the periodic table they have similar chemical properties and electron arrangements in their 

ionic state that might be responsible for true cross-reactivity at the T-cell receptor level. The 

ability to form similar complexes with sulfur ligands was thought to be on the basis of 

formation of similar metal-protein complexes.[169, 170] Also, in the human body, both Ni 

and Pd activate the immune response through binding the Toll-like receptor 4 (TLR-4), 

known relevant for dendritic cell maturation during the sensitizing process. This all explains a 

true cross-reactivity at the T-cell level.[149, 166, 171, 172] 

Despite the constant contact with Ni (and probably Pd) it is remarkable that not more 

individuals in the general population are allergic to Ni (and Pd). The natural response of the 

immune system to antigens is thus of tolerance rather than immunity. The maintenance of a 

non-reactive state (i.e. tolerance) actually requires an active intervention of the immune 

system, that depends on regulatory T-cells (CD25+).[173] The development of an allergic 

reaction is thus a consequence of a defective function of this regulatory mechanism that 

requires recognition of inflammatory signals by pattern recognition receptors such as 

TLR.[174] 

Of note, the age group of dental appliances containing Ni or Pd is different. Nickel is mainly 

present in orthodontic and pediatric dental appliances, such as stainless steel crowns and 

space maintainers, while palladium is almost exclusively found in the adult prosthodontics. 

Discarding other factors, this might support the distinct sensitization rate of these two metals 

among age groups. 

 

1.7 Alternatives to metals  

 

Metals have been part of the dental restorative materials since the beginning of dentistry as 

we know it. It was not before the 20th century that metallic restorations were recognized as 

causing adverse reactions and impairment of general health. The increasing knowledge and 

awareness of the impact of the released metallic ions from dental alloys on the immunologic 

and general health of susceptible individuals and the general population raised the quest for 

alternatives to metallic restorations. Besides, esthetics has always been a remarkable trigger 

for the development of non-metallic materials. Perception of esthetics is a subjective and 

acquired issue influenced and conditioned by social and cultural beliefs; economic, political or 
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moral values; fashion trends and peers’ opinions; and it is temporal and cyclic. In the 

modern society of Western Countries and North America, the ideal of beauty includes white 

aligned teeth and thus, tooth colored materials are an absolute requirement for demanded 

“cosmetic dental restorations”.  

Metal-free dentistry is, however, not always possible. The mechanical and handling 

properties of metals and the knowledge and predictability resultant from long-term usage 

make dental alloys still the material of choice in many cases. With the introduction of yttrium 

stabilized zirconia (YSZ) (or yttrium tetragonal zirconia polycrystals, Y-TZP), metal-free fixed 

dental prosthesis was made possible. Of note, zirconia is the oxide of the metal zirconium, 

which stabilized with yttrium oxide becomes a strong, inert, and thus, biocompatible, 

ceramic. Zirconia for metal-free dental restorations is a well-established alternative to metal-

based restorations. The superior mechanical (and esthetical) properties of zirconia such as 

fracture toughness and high thermal stability, higher strength, lower elastic modulus and 

better wear properties, make it ideal for use as core or framework material. Its use for more 

applications is being studied. 

In orthodontics, more esthetic materials include transparent or tooth colored brackets, wires 

and ligatures, clear plastic aligner systems (generally made of poly-vinyl siloxane) and lingual 

appliances. “Esthetic” though, does not mean they are free of metal components on their 

structure. Lingual appliances can be made of ceramic and/or metallic materials. Esthetic 

archwires are normally coated metallic Ni-Ti or stainless steel wires. In these coating, 

palladium is sometimes included due to its white color, obviously not representing an ideal 

alternative for sensitized individuals. Clear brackets can be made of acrylic or polycarbonate 

plastics or different ceramic/porcelain/glass materials (aluminium silicate particles or metal-

reinforced in polycrystalline brackets, synthetic sapphire in monocrystalline brackets and 

zirconia brackets).  Transparent non-metallic arches made of fiber-reinforced polymers have 

also been introduced. These are generally a composite polymer matrix, reinforced with fibers 

of different nature, such as glass, polyethylene or carbon. 

During active orthodontic treatment, archwires brackets and bands are in use for a period of 

2-4 years. For this period, TMA wires and wires commercialized as “nickel-free” are 

presented as alternatives in individuals susceptible to Ni. As explored before, the latter is not 

free of releasing Ni in considerable amounts under certain conditions in the oral cavity. 

Afterwards, the teeth must be stabilized in the achieved position and to prevent relapse a 

retainer is applied. Normally, a metallic wire is bonded to the teeth for an indefinite period of 

time. A removable plastic splint would represent a safe alternative for retention in these 

individuals but the need for high patient compliance compromises the success of the 

treatment. For fixed retention, glass fiber or polyethylene-ribbon reinforced composite (FRC) 

materials are also used. Contradictory studies on the success of the latter for orthodontic 

retention are to be found in the literature. While a longitudinal study show successful use of 
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FRC for orthodontic retention [175], the golden standard (i.e. metallic multistranded wire) 

still performs better in most of the studies.[176, 177] The reliability of these retainers is 

questioned because a certain degree of flexibility of the retainer system is required to allow 

essential physiologic tooth movement. As explored further in this thesis, with high strength 

and not withstanding flexibility, the current formulation of fiber reinforced composite (FRC) 

might not perform adequately for the purpose of orthodontic retention.   

Summarizing, zirconia can successfully replace dental alloys for fixed dental prosthesis while 

the properties of metallic appliances are still irreplaceable in most parts of the orthodontic 

treatment.  

 

1.8 Aims and outline of this thesis 

 

The application of a dental material into the oral cavity is not free of biological implications, 

as deterioration of the material will undoubtedly occur. The subsequent release of metallic 

ions from palladium-based dental alloys and nickel-containing orthodontic retention wires 

when submitted to a corrosive environment were the main focus of this work. The adverse 

health effects of palladium and nickel are well known and their immunologic cross-reactivity 

is well established.  

The aim of this thesis was to explore the extent of metal ion release in corrosive media 

(Chapters 2 and 3), to assess in vitro the cytotoxicity of these appliances (Chapters 4 and 5) 
and to investigate whether existent alternatives can sufficiently replace the standard metallic 

applications (for orthodontic retention) (Chapter 6). 
The adversity of the dynamic environment of the oral cavity and its effect on metallic 

orthodontic retention wires is put into light in Chapter 2, with the effect of a low pH from, for 

example, bacterial action and diet and mechanical load from the functional occlusal and 

para-functional forces, together with the moisture from saliva leading to corrosion of 

orthodontic retention wires and subsequent metallic ion release. In Chapter 3 the influence 

of the manipulation of the dental alloy to shape a crown and surface polishing on the 

composition of the final prosthetic work were evaluated. Further, the metallic ion release was 

investigated by means of submersion in a corrosive medium.  In Chapter 4 the cytotoxicity of 

salt solutions of the ions most commonly released from dental appliances is evaluated, 

contemplating concentrations that were reported to be released from these appliances. 

Chapter 5 explores in vitro the cytotoxicity of nickel-containing and “nickel-free” orthodontic 

retention wires by means of an MTT assay with eluates in mouse fibroblast cells. Finally, 

Chapter 6 evaluates the retainer-composite-enamel system, by means of a Finite Element 

Analysis regarding bond strength of the retainer to the teeth, flexibility of the retainer itself 

and failure mode of the whole system. A summary of this thesis is given in the last section. 
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2.1 Abstract 

 

Objectives: To quantitatively evaluate the influence of mechanical loading and pH on the 

nickel release from orthodontic retention wires.  

Methods: Five different types of multi-stranded wires (Original Wildcat, Noninium, Lingual 

retainer, Dentaflex 3-s, Dentaflex 6-s), were submersed for 24h in either 10ml of distilled 

water or lactic acid, both submitted to cyclic loading in a 3-point bending test (0x, 1,000x, 

10,000x). The solutions were analyzed by Inductively Coupled Plasma-Mass Spectroscopy 

(ICP-MS), and the data was statistically analyzed (ANOVA, p<0.05).  

Results: Mechanical loading has a strong effect on the Ni release from orthodontic retention 

wires, especially in distilled water. Acidity has more impact on Ni release when compared to 

mechanical loading. Manganese-steel “nickel-free” wires released quantifiable amounts of Ni 

due to trace elements of Ni within the wire.  

Significance: All investigated wires release considerable amounts of Ni to which exposure 

may have biological implications.  
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2.2 Introduction 

 

Nickel (Ni) is the most common cause of allergic contact dermatitis, with an estimation of 

incidence up to 17% in women and 3% in men.[1] The difference in Ni allergy incidence 

between male and female is related to daily contact to jewellery and especially (ear) 

piercings in the female population, and is considered the most important cause of Ni 

sensitization.[2-4] Nevertheless, other important sources of exposure are cosmetics, 

detergents, coins, the professional environment, and dentistry.[5-7]  

In dentistry, nickel is used in a broad spectrum of applications, but mainly in orthodontics for 

arch wires, bands, headgear, and brackets. During active orthodontic treatment, those 

appliances are used for a relatively short period of time with an average of approximately 2 

years. Many studies report on the release of nickel from these fixed orthodontic appliances in 

both static and dynamic conditions.[8-10] To achieve teeth position stability and prevent 

immediate relapse after the active orthodontic treatment it is common practice to apply a 

retainer wire. These wires remain in the oral cavity for many years or even decades.[11] The 

most commonly used wires are made of stainless steel containing approximately 8wt% 

nickel. Nowadays, these wires are multi-stranded instead of plain round or rectangular wires. 

In this way, they can achieve increased mechanical retention and improved physiologic 

movement of the teeth. The cross section of a strand can be round or rectangular and a wire 

is formed from three to six fine strands.[12] Little attention is paid to adverse effects on 

dental or periodontal health after placement and if it is mentioned it is mostly related to the 

oral hygiene.[11, 13] To our knowledge reports on metal release, or specific the nickel 

release, from orthodontic retainer wires are scarce. One case report shows the clinical 

relevance of these retainer wires in a Ni allergic patient.[14] The most important factor 

influencing Ni release from orthodontic appliances is corrosion, i.e. deterioration of a (dental) 

material with metallic ion release. One case study reports clinical signs of corrosion from a 

solder joint of a removable retainer containing Ni. However, the causative agent of the 

reaction is not reported.[15] 

The oral environment is dynamic, where factors like pH variation, temperature, salivary 

conditions, mechanical load, microbiological and enzymatic activity/bacterial acidic 

production have effect on the corrosion rates of metals.[3, 16, 17] As mentioned above, 

retainer wires are twisted multi-strands and the Ni release rate of these wires might in 

principle be different compared to straight, plain wires, especially when subjected to 

movement induced by teeth function and para-functional habits. Furthermore, plaque is 

frequently accumulated on the retainer wires.[13] This can locally lower the pH and 

subsequently enhance Ni release. 

The aim of this study was to report on the nickel release of orthodontic retention wires which 

are subjected to mechanical loading at different pH. The Ni release of the wires was 
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measured under standardized in vitro conditions. Furthermore, different types of wires were 

investigated, i.e. triple or six-stranded, with different diameters and different chemical 

composition. 

 

2.3 Materials and Methods 

 

The type and brand of 4 stainless steel and 1 “nickel-free” retention wires investigated in this 

study are shown in Table 2.1. The multi-stranded wires were sectioned in specimen of 

22.0mm in length. Three hundred and sixty specimens of the 5 different types of wires were 

divided into two main groups: (1) wires submersed in distilled water and (2) wires 

submersed in lactic acid 90%. Each main group was further divided into three subgroups 

with (A) wires not exposed to cyclic loading; (B) wires exposed to 1,000 cyclic loading cycles; 

(C) wires exposed to 10,000 cyclic loading cycles. Each subgroup consisted of 12 wires. 

 

Table 2.1 Brand, composition (wt%) of the wires by EDAX analysis, dimensions and 

surface area (Aw) of the wires used in the study. Other relevant data are: rwire 

radius of the wire, rint radius of the circular space in the center of the strand; n 

number of turns of the strand; N number of strands of each wire, and the 

calculated length of strand Ls. Lwire is the length of the wire and was in all 

experiments 22.0mm. 

 

Wire Ni Fe Cr Mn d Aw rwire rint n N Ls 

Noninium1a 

Original Wildcat2b 

Lingual retainer3b 

Dentaflex 3-s1b 

Dentaflex 6-s1b 

0.0 

8.9 

8.0 

8.6 

8.8 

57.4 

69.7 

70.4 

72.0 

69.7 

23.1 

19.5 

19.8 

17.9 

19.6 

19.5 

1.2 

1.2 

 1.0 

 1.3 

0.45 

0.45 

0.81 

0.45 

0.45 

46.0 

46.6 

84.8 

48.0 

69.8 

0.105 

0.105 

0.188 

0.105 

0.065 

0.015 

0.015 

0.027 

0.015 

0.095 

9.5 

10.6 

  6.6 

13.2 

16.7 

3 

3 

3 

3 

5 + 1 

23.1 

23.4 

23.7 

24.1 

27.7 
1 Dentaurum, Ispringen, Germany; 2 Dentsply International, USA; 3 Unitek 3M, Monrovia, USA 
a Ni trace elements of <0.2% can be included according the manufacturer. b Contain also traces of Cu 

(~0.3Wt%) and Co (~0.3Wt%). 

 

For the cyclic loading, a metal-free setup was used where the wires were exposed to a 

three-point bending test. The test setup consisted of a modified injection syringe (Terumo® 

Syringe, Luer Lock Tip, 10ml) in which two parallel holes were made in each side of the 

syringe. Two wires per syringe were placed in the holes and were loaded by an air driven 

piston with a frequency of 1Hz and a loading cycle of 50%. Movement of the piston of the 

syringe led to a bending force in the wires, with a deflection of 2-3mm. Before testing, the 

specimens were ultrasonically cleansed with ethanol during one minute, rinsed with distilled 
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water and dried. The syringe with the 2 wires was placed in a plastic vial filled with 10ml of 

distilled water or the lactic acid solution (ISO standard 10271: pH=2.3, [NaCl]=5.83g, [Lactic 

acid]=9g/l) and mechanically loaded. After 24 hours the wires were removed from the 

solution and 1ml of nitric acid 6.5% was added to each sample, for measurement purposes. 

The solutions were analyzed by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

(ELAN 6100, SCIEX – Toronto, Canada) to quantify the amount of ions released. The ICP-MS 

was calibrated against standard solutions consisting of 1% nitric acid and two solutions of Ni, 

Cr, Co, Fe, Mn and Cu ions in a concentration of 100ppb and 10ppb. Control samples were 

also analyzed and the values for each ion were subtracted from each analyzed sample. 

These controls were the experimental media (i.e. distilled water or lactic acid) without 

contact with the specimens. The composition of the wires was evaluated by Scanning 

Electron Microscopy-Energy-Dispersive X-ray spectrometry (SEM-EDAX) (model XL20, FEI 

Company, Netherlands), which has a detection limit of 0.2wt%. 

For the calculation of the surface area of each specimen a few formulas were used. The 

length of each strand of a helix shaped wire can be calculated according to Eq (1), where Ls 

is the length of the strand, Lwire the length of the wire, and n is the number of turns of the 

strand. The radius of the circular space in the center of the strand is given by the rint and the 

radius of the wire by rwire. 

 
22

int ))(2(( wirewires LrrnL      (1) 

 

The area of the wire can be calculated according to Eq (2) and for the Dentaflex 6-s wire, 

with 5 strands turned around one central strand, Eq (3) is used.  

 

swirewirew LrNrNA  22 2      (2) 

 

wireswirewirew LrLrNrNA int
2 222     (3) 

 

The results of the nickel release were statistically analyzed using two and three-way ANOVA. 

For the two-way ANOVA the post hoc analysis was performed with the Tukey test at a P-

level of 0.05. The software used was SigmaStat 3.1 (SYSTAT Software, Inc., Point Richmond, 

CA, USA). It should be noted that all data, experimental and literature, are converted to  

g·cm-2·week-1, using the given experiment conditions (volume of the medium, specimen 

surface area, observation period). 
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2.4 Results 

 

Figure 2.1 shows the 5 different wires investigated in this study. All are classified as triple or 

six-stranded, round, twisted orthodontic retainers although the specimens showed a quite 

different appearance. A cross section of the Dentaflex 6-s and the Original Wildcat wire 

observed with the scanning electron microscope are shown in Figure 2.1. While 3-stranded 

wires consisted in three strands twisted around a void, the 6-stranded wire was constituted 

by five strands twisted around one central strand. The specific dimensions and the calculated 

surface area, according to Eq (1-3), of each wire are summarized in Table 2.1. 

 

 
 

Figure 2.1 Macroscopic photograph of the five wires used in the study (10x) (top); SEM 

photograph of the structure of the Dentaflex 6-s (150x) (bottom left) and 

Original Wildcat wire (200x) (bottom right). 

 

The composition, in weight percentage (wt%), of the wires was analyzed by SEM-EDAX and 

is shown in Table 2.1. The composition of the Original Wildcat, Lingual retainer, Dentaflex 3-

s, and Dentaflex 6-s is very similar, while Noninium contains mainly Fe, Cr and Mn and 

indeed Ni below the detection limit of the EDAX (ca. 0.2wt%). The nickel release from the 5 

studied wires in the different conditions is summarized in Table 2.2 and graphically depicted 

in Figure 2.2. Three-way ANOVA showed that the type of wire (F=109.9; P<0.001), the 
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different storage medium or pH (F=801.3; P<0.001), and mechanical loading (F=3.5; 

P=0.032) had a significant effect on the nickel release. The data were further analyzed per 

storage medium. In water, two-way ANOVA showed significant difference for the type of 

wire (F=18.1; P<0.001) and mechanical loading (F=9.9; P<0.001). In lactic acid, two-way 

ANOVA showed significant difference for the type of wire (F=108.5; P<0.001) but not for 

mechanical loading (F=3.1; P=0.051). The post hoc Tukey tests showing the individual 

significant differences between the wires and number of loading cycles are summarized in 

Table 2.2. 

 
 

Figure 2.2 Graphic representation of the nickel release from the five studied wires 

according to loading and submersion medium. The dotted line depicts the 

reference value of Ni release accepted by the EU Nickel Directive for the skin 

(0.5µg・cm-2・week-1). 
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Table 2.2 Ni release (ppb) from one “nickel-free” and four stainless steel twisted, round, 

orthodontic retainer wires according to loading (0x, 1,000x and 10,000 cycles) 

and submersion media. 

 

Water Non loaded 1.000x 10.000x 

Noninium 

Original Wildcat 

Lingual retainer 

Dentaflex 3-s 

Dentaflex 6-s 

   0.9 (0.1)1,a 

0.6 (0.6)1 

  0.2 (0.1)1,c 

1.3 (1.8)1 

4.8 (0.9)e 

  1.9 (0.9)2,a 

  3.0 (2.5)2,b 

  1.1 (0.4)2,c 

9.3 (2.0)d 

   2.4 (1.2)2,e,f 

 1.7 (1.3)3a 

  5.3 (4.5)4,b 

5.4 (2.0)4 

9.0 (3.4)d 

 1.9 (1.0)3,f 

Lactic acid Non loaded 1.000x 10.000x 

Noninium 

Original Wildcat 

Lingual retainer 

Dentaflex 3-s 

Dentaflex 6-s 

  12.1 (0.9)2,c 

189.7 (1.9)1,b 

  26.0 (6.1)2,d 

  131.8 (17.9)1,e 

263.5 (19.6)f 

  14.8 (2.1)4,c 

280.6 (2.8)3,a 

  28.1 (5.8)4,d 

181.4 (42.1)e 

  263.4 (28.2)3,f 

13.7 (0.4)c 

     239.5 (2.4)5,7,a,b 

    44.2 (12.3)7,d 

  163.2 (21.5)6,e 

    226.5 (25.2)5,6,f 
a-e  Statistically significant difference within the wire between the different loadings. 
1-7  Statistically significant difference within the cyclic loading between the different wires. 

 

In Table 2.2 the absolute release in ppb is shown. These values, together with surface area 

of each wire summarized in Table 2.1, were used to calculate the nickel release in 

µg・cm-2・week-1. These results are shown in Figure 2.2 together with the release limit of 

0.5µg・cm-2・week-1 according to the EU Nickel Directive for the use of Nickel (94/27/EC).  

 

2.5 Discussion 

 

Variation of the pH or mechanical loading of orthodontic retention wires had significant effect 

on the leaching of metal ions. These results showed that mechanical loading had some 

influence on the measured Ni release, but pH is clearly a determining factor. Furthermore, it 

was shown that the investigated wires with similar composition, e.g. Lingual retainer, 

Original Wildcat, Dentaflex 3-s and Dentaflex 6-s, can have different Ni release rates and 

that the investigated “nickel-free” wire still contain some traces of Ni. The Ni release of the 

latter wire and the Lingual retainer (3M, Unitek) was similar. The type of wire, i.e. triple 

(Dentaflex 3-s) or six-stranded (Dentaflex 6-s), did not have a major effect on the Ni release. 

To our knowledge, the release of nickel from orthodontic retention wires was never reported. 

Besides Ni, other ions were released from the wires. Iron (Fe) and Chromium (Cr) had the 

highest release values in a range of 0.01 to 23.4µg・cm-2・week-1 and 0.01 to  
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30.26µg・cm-2・week-1 respectively. However, the focus of this study was the nickel ion 

release. 

Although there is no literature available for direct comparison, these wires should behave 

similar to arch wires, brackets, headgears, or simulators of the whole orthodontic appliance, 

which are made from similar materials. The results obtained in this study are in accordance 

with those from other authors, which used appliances made either from stainless steel or 

nickel-titanium (NiTi) alloys. Although all include dynamic conditions, the immersion media 

and the methods for analysis were different.[8-10, 18, 19] Noninium and Unitek stainless 

steel wires were tested in a mechanical and thermal setup by Arndt et al.[18] The Ni release 

for Unitek, after exclusively mechanical loading in water, was similar to that obtained in our 

study, with 0.2µg・cm-2・week-1 after 10,000 cycles. In their study the Noninium wire did not 

release detectable amounts of Ni while we observed a Ni release comparable with the 

release from the Lingual retainer (Unitek, 3M). Both Jia et al. [9] and Peitsch et al. [19], 

reported that NiTi wires under dynamic loading release more Ni compared with statically 

immersed wires with values of loaded / non-loaded wires of 1.08µg・cm-2・week-1 / 

0.27µg・cm-2・week-1 and 0.33µg・cm-2・week-1/0.01µg・cm-2・week-1, respectively. 

Furthermore, a simulator of a full mouth NiTi appliance released 38.76µg·week-1 / 

14.96µg・week-1 in 0.9% NaCl for dynamic and static conditions, respectively.[10] For a 

stainless steel appliance in 0.05% NaCl, a nickel release of 280µg・week-1 was reported.[20] 

Stainless steel wires are considered to be safe in nickel allergic patients.[4] However, it was 

shown that stainless steel wires and orthodontic appliances release considerable amounts of 

Ni.[10] A “safety threshold” of Ni release without biological repercussions has not been 

considered up to now. Furthermore, it has been reported that in cases of hypersensitivity to 

orthodontic appliances, removal of the appliances clearly shows an improvement of the 

symptoms.[3, 14, 21, 22] At the cellular level, other studies report that Ni-containing 

orthodontic appliances may induce DNA damage [23] or increase epithelial cell 

proliferation.[24] The gingival overgrowth associated with the orthodontic treatment is thus, 

not only often plaque-related, but may also be a consequence of the corrosion process.[24] 

Instead of using stainless steel wires, alternatives like Noninium can be used. Noninium wire 

is classified as a manganese-steel, “nickel-free” wire. However, slight traces of Ni can be 

included during the process of manufacturing (<0.2%). This explains the leaching of Ni in 

our samples. Other studies also found that the considered “nickel-free” wires release 

considerable amounts of Ni [7, 18, 25], which suggests a need for a cautious utilization of 

this wire. These “nickel-free”, manganese-steel wires were shown not only to release Ni, but 

also to influence cellular metabolism by inhibiting cell proliferation [25] and inducing DNA 

damage.[26] Moreover, allergic contact dermatitis/stomatitis to manganese is reported in a 

few clinical cases.[27-30]  
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All wires investigated in acid lactic and some in water in this study released a concentration 

of Ni higher than the EU Directive restricting the use of Nickel on the skin (94/27/EC). This 

directive states that “the rate of nickel release from products intended to come into direct 

and prolonged contact with the skin should not exceed 0.5µg・cm-2・week-1”. However, 

retention wires do not contact with the skin or directly with the oral mucosa. The clinical 

implication of this study is that the investigated retention wires release metal ions that may 

induce allergic reactions. In this way, the choice for a metallic retainer must be carefully and 

conscientiously considered. The dentist/orthodontist must be aware of the reactions that a 

retainer may induce, either in patients with known or unknown history of hypersensitivity to 

metals. Furthermore, it was shown that the pH had a drastic effect on the Ni release, while 

loading had only a marginal effect. The abrupt drop of pH after each meal and the 

microbiological activity in plaque [8, 16] contributes to periods of low pH. This reflects the 

importance of maintaining perfect oral hygiene to prevent the corrosion process. 

 

2.6. Conclusion 

 

To achieve teeth position stability, retention wires are used for a long and sometimes 

indefinite period of time. All investigated retention wires, i.e., Original Wildcat, Noninium, 

Lingual retainer, Dentaflex 3-s, and Dentaflex 6-s released Ni with a maximum of 

21.08µg・cm-2・week-1. The lowest Ni release was found for Noninium and Lingual retainer. 

Functional loading and, especially, pH strongly influence Ni release from metallic appliances 

in the oral cavity. Metal ions, especially nickel and chromium, are released continually and 

patients are continuously exposed to allergens that may be sufficient to elicit immune 

responses. 
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3.1 Abstract 

 

Objectives: To evaluate the effects of the surface treatment and shape of the dental alloy on 

the composition of the prosthetic work and its metallic ion release in a corrosive medium 

after casting.  

Methods: Orion Argos (Pd-Ag) and Orion Vesta (Pd-Cu) were used to cast two crowns and 

two disks. One of each was polished while the other was not. Two as-received alloys were 

also studied making a total of 5 specimens per alloy type. The specimens were submersed 

for 7 days in a lactic acid/sodium chloride solution (ISO standard 10271) and evaluated for 

surface structure characterization using SEM/EDAX. The solutions were quantitatively 

analyzed for the presence of metal ions using ICP-MS and the results were statistically 

analyzed with one-way ANOVA and a Tukey post-hoc test. 

Results: Palladium is released from all specimens studied (range 0.06-7.08µg·cm-2·week-1), 

with the Pd-Cu alloy releasing the highest amounts. For both types of alloys, ion release of 

both disk and crown pairs were statistically different from the as-received alloy except for 

the Pd-Ag polished crown (P>0.05). For both alloy type, disk-shaped pairs and unpolished 

specimens released the highest amounts of Pd ions (range 0.34-7.08µg·cm-2·week-1). 

Interestingly, in solutions submerged with cast alloys trace amounts of unexpected elements 

were measured.  

Significance: Shape and surface treatment influence ion release from dental alloys; polishing 

is a determinant factor. The release rate of casted and polished Pd alloys is between 0.06–

0.69µg·cm-2·week-1, which is close to or exceeding the EU Nickel Directive 94/27/EC 

compensated for the molecular mass of Pd (0.4µg·cm-2·week-1). The composition of the alloy 

does not represent the element release; therefore we recommend manufacturers to report 

element release after ISO standard corrosion tests beside the original composition. 
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3.2 Introduction 

  

The general population is exposed to palladium (Pd) due to inhalation and contact with 

jewellery and especially dental restorations.[1, 2] Although the use of palladium in dentistry 

had been described already in 1933 [3], its widescale use started in the early 70’s due to the 

increasing gold price demanding the use of other metals as lower-cost alternatives.[4] Once 

a minor constituent of gold-based alloys, palladium content of dental alloys exponentially 

increased in the last decades. For dental applications palladium is alloyed with other metals 

such as gold (Au), silver (Ag), copper (Cu), gallium (Ga) and zinc (Zn).[5] Among other 

alloys, palladium-silver based (Pd-Ag) and palladium-copper based (Pd-Cu) alloys became 

attractive for restorative dentistry.  

Dental restorations are in situ for many years and are exposed to many factors such as 

mechanical load and the conditions of the oral environment that lead to substantial metal ion 

release with possible local and systemic adverse reactions as a result.[2, 5, 6] Health 

concerns about palladium are mainly due to its effect on the immune system. Palladium is 

ranked, after nickel (Ni), as the second most frequent reacting skin sensitizer within metals 

in epidemiological studies with a prevalence of 7.4% in dental patients.[1] Furthermore, Ni 

allergic individuals are more susceptible to Pd, and the majority of the people with Pd allergy 

are also sensitive to Ni due to cross reactivity.[2, 7] Clinically, signs of allergic contact 

dermatitis and allergic contact granuloma, contact stomatitis with gingival hyperplasia and 

oral lichen planus are described in case reports on Pd sensitization after exposure to Pd from 

dental restorations. Also, general symptoms such as swelling of the lips and cheeks, burning 

mouth, dizziness, asthma, chronic urticaria have been described. The removal of these 

restorations resulted in remission of the symptoms. Besides, occupational exposure to Pd 

may occur in dental technicians, miners and workers of the electronics and chemical 

industries.[1, 2, 7] 

It has been shown that alloys containing palladium may release up to 33.7µg·cm-2·week-1 

metallic ions in a solution of sodium chloride and lactic acid at a pH of 2.3.[8] Of note, these 

in vitro experiments used alloys that were industrially cast, standardized shaped, and highly 

polished and therefore do not resemble the in vivo situation. Many factors influence 

corrosion of the dental alloys such as the composition [9, 10] and the microstructure of the 

alloy [5, 11, 12], but also the surrounding environment [6, 13, 14] and the manufacturing 

process.[15] 

During the casting process, impurities might be included in the alloys resulting in a product 

with different composition than what is claimed by the manufacturer for an “as-received” 

alloy. This may result either from the material transformation during the casting procedure 

or from the inclusion of residual metals from previous work. Furthermore, some laboratories 

recast the sprues by adding new alloy pellets. This requires caution, since it was shown that 
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recasting can reduce the corrosion resistance of Pd-based alloys.[15] All together, these 

factors might influence the corrosion of the final product, resulting in other corrosion 

properties than claimed by the manufacturer. Nevertheless, studies on the electrochemical 

properties of these alloys after casting, report satisfactory corrosion behavior.[11, 15] Also, 

when testing high-palladium alloys, a spontaneous passive behavior in electrochemical 

conditions similar to those in the oral environment was shown [16] and a Ag-based Pd alloy 

could be recast up to 4 times with little effect on its corrosion susceptibility in artificial 

saliva.[17] 

The aim of the present study was to evaluate whether the surface treatment and shape of 

the dental alloy would influence the elemental release of cast standardized shapes and 

crowns, compared to the “as received” Pd-Ag and Pd-Cu alloys.  

 

3.3 Materials and Methods 

 

The corrosion behavior of two crowns, two disks and the “as-received” alloys of a Pd-Cu 

(Orion Vesta, Elephant Dental B.V., The Netherlands) and a Pd-Ag (Orion Argos, Elephant 

Dental B.V., The Netherlands) alloy was evaluated. The disks (d = 10.0mm; h = 1.4±0.1mm 

thick) and the crowns (polycarbonate incisor shaped temporary crowns (P-101), 3M™ 

ESPE™, USA), were cast according to manufacturer’s instructions using the lost-wax 

technique, phosphate-bonded graphite-free casting investment and individual ceramic 

crucibles per alloy; melting was done by means of a gas-oxygen torch. The two crowns and 

two disks were casted at the same time on one sprue/base to ensure that the variation due 

to the casting procedure is minimized. The final surface areas of the specimens were: 

2.06cm2 for the disks, 2.57cm2 for the crowns and 1.17cm2 for the “as-received” alloys. One 

crown and one disk from each alloy type were wet-ground with 600-grit and 1200-grit 

grinding paper. The other pair and the “as-received” alloy from each alloy type remained 

unpolished. To submerse the specimens in the test medium, a suspension point of composite 

(Filtek™ Supreme XT, 3M ESPE) with a nylon wire was created (see Figure 3.1).  

 

 
 

Figure 3.1 Photographic representation of the different test specimens with the 

suspension point. 
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The specimens were ultrasonically cleaned with alcohol 99.9% (Emsure™, Merck, Germany) 

for 5 min. The plastic vials were rinsed with distilled water and filled with 1% HNO3 (Merck 

Suprapur) for 24 hr after which, they were rinsed again with distilled water. The specimens 

were submersed for 7 days in 5ml at 37oC. The solution used consisted of a lactic 

acid/sodium chloride solution from the ISO 10271 standard (Dental metallic materials - 

Corrosion test methods)[18]: pH = 2.3 ± 0.1, [NaCl] = 8.845g (Merck Suprapur), [Lactic 

acid 90%] = 9.2g/l (Merck Extrapur). The solutions with the submersed specimen were 

gently shaken daily during 30s.  

The samples were diluted 10x with 1% HNO3 (Merck Suprapur) and analyzed by Inductively 

Coupled Plasma-Mass Spectroscopy (ICP-MS) (ELAN 6100, SCIEX – Toronto, Canada). The 

palladium concentration was measured with a quantitative analysis method (no. of replicates 

= 8) using a blank and standard solutions of palladium of 10.0ppb and 100.0ppb (VWR 

International Ltd, UK). The detection limit, defined as 3x the standard deviation of the 

samples, was 0.7ppb or 0.035µg·cm-2·week-1 for palladium for the current test procedure. 

The concentrations of Au, Ag, Cu, Sn, In and Ga were measured using semi-quantitative 

analysis method (TotalQuant; no. of replicates = 1). TotalQuant, being a semi-quantitative 

program, gives quantitative results typically within +/-25% of the real value in simple 

matrices. The following settings were used for all analysis: RF power 1100W; nebulizer gas 

flow rate 0.92l/min; fluid peri pump rate 24rpm. Control samples were also analyzed and the 

values for each ion were subtracted from each analyzed sample. These controls were the 

experimental media (i.e. lactic acid/sodium chloride solution) without contact with the 

specimens. 

 

Table 3.1 Composition (in wt%) of Pd-Ag (Orion Argos) and Pd-Cu (Orion Vesta) alloys 

according to the manufacturer, EDAX analysis, and their wt% of corrosion 

products after one week exposure to the lactic acid solution (ISO 10271 

standard). 

 

  Pd Au Ag Cu Sn In Ga 

Orion Vesta (Pd-Cu) Manufacturer* 78.9 2.0 - 10.0 - - 9.0

 SEM 78.2 1.8 - 10.5 - - 9.4

 Corrosion products† 10 - - 22 - - 68

Orion Argos (Pd-Ag)1 Manufacturer* 53.8 0.1 36.3 - 7.0 2.0 -

 SEM 52.9 1.7 37.3 - 7.0 0.0 -

 Corrosion products† 12 - 41 3 17 27 -
*Contain also traces of Zn, Ru, Ir (<0.2wt%). †wt% corrosion products derived from Table 3.2. 
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Before and after submersion in the lactic acid/sodium chloride solution the specimens were 

also examined with Scanning Electron Microscopy and Energy Dispersive X-ray spectrometry 

(SEM/EDAX; XL20, Philips/FEI, The Netherlands) for surface structure characterization using 

the secondary electrons detector and the mapping mode of the EDAX. Furthermore, the 

composition of the alloys (Table 3.1) was analyzed by EDAX with a detection limit of 

0.2wt%. 

The results of the quantitative analysis method of the Pd ion release (n=8) were statistically 

analyzed using one-way ANOVA and Tukey post-hoc tests at a P-level of 0.05. The software 

used was SigmaStat 3.1 (SYSTAT Software, Inc., Point Richmond, CA, USA). It should be 

noted that all data, experimental and literature, are converted to µg·cm-2·week-1, using the 

given experiment conditions (volume of the medium, specimen surface area, observation 

period). 

 

3.4 Results 

 

The metal ion release from the 5 specimens of the two alloys studied is summarized in Table 

3.2. 

 

Table 3.2 Ion release from Pd-Cu (Orion Vesta) and Pd-Ag (Orion Argos) alloys  

(µg·cm-2·week-1) in lactic acid solution from the ISO 10271 standard. Standard 

deviations are given in between brackets. 

 

Pd-Cu alloy (Orion Vesta) Pd* Au Ag Cu Sn In Ga 

“as received” 0.11 (0.04)a  0.00 0.00 0.13 0.00 0.00   0.30 

disk unpolished 7.08 (0.10)   0.00 0.00 9.73 0.02 0.00 63.74 

disk polished 0.69 (0.01)   0.00 0.00 2.62 0.02 0.00 14.61 

crown unpolished 1.90 (0.01)    0.00 0.00 8.09 0.02 0.00 48.95 

crown polished 0.25 (0.01)    0.00 0.00 1.40 0.02 0.00   8.19 

Pd-Ag alloy (Orion Argos) Pd Au Ag Cu Sn In Ga 

“as received” 0.07 (0.01)a,1 0.00 0.47 0.04 0.04 0.00   0.00 

disk unpolished 0.97 (0.01)     0.00 0.68 0.02 0.75 0.87   0.00 

disk polished 0.34 (0.01)     0.00 0.85 0.05 0.53 0.90   0.00 

crown unpolished 0.33 (0.01)     0.00 0.51 0.04 0.64 1.23   0.00 

crown polished 0.06 (0.01)1     0.00 0.42 0.02 0.09 0.21   0.00 
*The concentrations of Pd were measured with quantitative method, while Au, Ag, Cu, Sn, In and Ga 

were measured with a semi-quantitative method (TotalQuant). a No statistical difference between 

alloys within shape. 1 No statistical difference between shape within the alloy. 
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One-way ANOVA (P<0.001) showed that all measured concentrations were significantly 

different from each other with two exceptions: (i) the “as received” Pd-Cu alloy (Orion Vesta) 

and the “as received” Pd-Ag alloy (Orion Argos) (P>0.05), and (ii) the “as received” Pd-Ag 

alloy (Orion Argos) and the polished crown of the Pd-Ag alloy (Orion Argos) (P>0.05). 

Casting, surface treatment, and shape of the specimen had a significant effect on the 

palladium release from both alloys. Casting the Pd-Cu alloy (Orion Vesta) followed by 

polishing never resulted in the Pd release of the “as received” alloy (0.69/0.25 vs. 

0.11µg·cm-2·week-1). Casting the Pd-Ag alloy (Orion Argos) followed by polishing resulted in 

the same Pd release of the “as received” alloy but only for the crown specimen (0.34/0.06 

vs. 0.07µg·cm-2·week-1). The unpolished disks released higher amounts of palladium for both 

types of alloy, where Pd-Cu alloy (Orion Vesta) released highest amounts. Interestingly, the 

shape also had an effect. For both alloys, the disks showed much higher palladium release 

compared to the crowns. This was observed for both the polished and unpolished specimens. 

Figure 3.2 shows the SEM and EDAX mapping images (Pd and Ag) of the surface of the 

polished specimens of Pd-Ag alloys (Orion Argos), before and after immersion in the lactic 

acid/sodium chloride solution and Figure 3.3 the SEM and EDAX mapping images (Pd and 

Ag) of the surface of the unpolished specimens. The EDAX maps of Pd and Ag showed that 

the microstructure of the Pd-Ag alloy was homogenous. Unpolished specimens presented a 

coarser surface than their polished pairs. After immersion in the lactic acid/sodium chloride 

solution medium no or little differences in the surface appearance could be seen. The 

SEM/EDAX images of Orion Vesta were similar (data not shown). 

 

3.5 Discussion 

  

The typical components of palladium-based alloys are silver (Ag), palladium (Pd), gallium 

(Ga) and copper (Cu).[5] Besides, our specimens also contained gold (Au), tin (Sn), indium 

(In), and trace amounts of zinc (Zn), ruthenium (Ru) and iridium (Ir). These are thought to 

improve the mechanical properties of the dental alloys.[19] The release of trace amounts of 

Cu from the Pd-Ag alloy (Orion Argos) and of Sn from the Pd-Cu alloy (Orion Vesta) was 

detected by ICP-MS analysis of the immersion solutions. Since the casting process was as 

contamination-free as possible (e.g. use of a phosphate-bonded graphite-free casting 

investment and individual ceramic crucibles per alloy), the presence of this elements on the 

solution is likely due to the presence of trace amounts of these elements in the original alloy, 

under the detection limit of the EDAX (<0.5wt%). Despite the presence of gold (Au) in both 

types of alloys, its release was not detected from any of the specimens.  
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Figure 3.2 SEM (SE) and EDAX mapping images (Pd and Ag) of the polished Pd-Ag alloy 

(Orion Argos) disk before (top) and after immersion for 7 days in 5ml at 37ºC in a lactic acid 

solution specified by the ISO 10271 standard (bottom). 

 

For all specimens, Pd-Cu alloy (Orion Vesta) released higher amounts of Pd than Pd-Ag alloy 

(Orion Argos) did. Even though the wt% of Pd was higher than that of other metals, the 

release of silver (Ag) from the Pd-Ag alloy (Orion Argos) and copper (Cu) from the Pd-Cu 

alloy (Orion Vesta) was higher than the release of Pd itself from each type of alloy. This is in 

line with the theory that the less noble metal within the alloy is released more easily 

according to the labilities of each metal. It is also consistent with earlier findings that the Pd 

release is not proportional to the content of Pd in the composition of the dental alloy.[10, 20] 

An explanation for the corrosion behavior of Pd-Cu and Pd-Ag alloys was proposed by Sarkar 

and Berzins [21] in which intraoral corrosion of high-Pd alloys is associated with dealloying of 

base metals. Further, their proposition on the protective nature of Ag in limiting Pd release 

might also have been observed in our findings. The Pd-Ag alloy released less Pd compared to 

the Pd-Cu alloy, even after accounting for the higher Pd content in the composition of the 

Pd-Cu alloy (i.e. the release of Pd from the Pd-Cu alloy was always at least double than that 

of Pd-Ag even though its Pd content was not). Besides the main components of the alloys 

studied (Pd, Ag, and Cu), also Sn, In and Ga showed a variable amount of corrosion 
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Figure 3.3 SEM (SE) and EDAX mapping images (Pd and Ag) of the unpolished Pd-Ag 

alloy (Orion Argos) disk before (top) and after immersion for 7 days in 5ml at 37ºC in a lactic 

acid solution specified by the ISO 10271 standard (bottom). 

 

products. The influence of those products in the cytotoxicity and biocompatibility of these 

alloys deserves further studies.   

Surprisingly, the shape of the specimens considerably influenced the metal ion release. 

Comparison of the unpolished disk and the unpolished crown showed that the corrosion of 

the disk was 3-4 times higher. The same observation was made for the polished specimens 

and also in both alloys. To our knowledge, there are no previous reports on the influence of 

shape on the corrosion of Pd-based dental alloys and an explanation is not straightforward. 

Besides shape, the difference between the crown and the disk is the layer thickness: the 

crown is generally slightly thinner, with approximately 1mm, which may account for the 

different release. Furthermore, the corrosion resistance of these alloys can also be influenced 

by manipulation of the alloys, i.e. the casting procedure and finishing and porcelain-firing 

heat treatment.[15, 22, 23] During the casting procedure, thin margins are affected 

differently by heat/cooling procedures, which can result in different microstructure and 

subsequently influence properties such as corrosion resistance.[24-26] 

Analysis of the surface structure under the SEM showed a contrast between the 

homogeneous surface of the polished specimens and the rough, coarse appearance of the 

unpolished ones. Independently of the shape, polished specimens released much lower 



Chapter 3 
 

66 
 

amounts of Pd than their unpolished pairs for both types of alloys, which is in line with 

previously reported results.[22] Although the rough surface of the unpolished specimens has 

a bigger surface area, this will not account for the 4 to 64 fold increase in the corrosion rate. 

The most important factor in the increase in corrosion might therefore be the crevice 

corrosion in the coarse surface instead of the enhancement surface area due to the 

roughness. The polishing process can also create a homogeneous surface which may enable 

the formation of the protective layer minimizing corrosion to some extent. 

It was reported that high noble cast alloys containing gold (Au) have the highest corrosion 

resistance, followed by Au-based and Pd-based noble alloys.[27] Au-Pd alloys were 

considered to have the highest corrosion resistance compared to other Au, Ag, Pd and Ni-

based alloys.[13] In our study, the lower Pd release from Pd-Ag alloy (Orion Argos) is in 

accordance with this. Furthermore, Au-Pd, Pd-Ag and Au-Pt-Pd alloys were reported to 

release minimal amounts of Pd (<10µg·cm-2·week).[8] In our study, only “as-received” alloys 

(and the polished crown) released low amounts of Pd, while the disk and crown specimens 

released much higher amounts of Pd. This suggests that the casting process and 

manipulation to shape the specimen introduce modifications in the alloy that play an 

important role in the corrosion resistance of the resultant product.  

For the clinical implication it is interesting to compare the Pd release to the release of nickel 

(Ni), especially because it was shown that these molecules have a cross reactivity for 

hypersensitivity.[28-30] The release rate for Ni assemblies that are inserted into pierced ears 

and other pierced parts of the human body should be less than 0.2µg·cm-2·week-1 (EU Nickel 

Directive 94/27/EC). For Pd we may estimate that its release rate should be less than 

0.4µg·cm-2·week-1 considering its molecular mass. While the “as received” alloys are well 

below this limit, cast Pd-Ag is slightly below the limit and cast Pd-Cu alloys exceeds it. It 

should be noted that these values are obtained in a lactic acid solution as determined by the 

ISO standard for corrosion testing. However, these circumstances are also possible in the 

oral environment. Therefore, and since the element release is fundamental for adverse 

reactions, we recommend manufacturers to include the element release from the dental 

alloys after ISO standard corrosive tests in their material’s safety data sheet.  

  

3.6 Conclusion 

 

Shape and surface treatment influence the metallic ion release from Pd-based dental alloys 

with polishing being a determinant factor. The release rate of Pd from casted and polished 

Pd alloys is between 0.06 – 0.69µg·cm-2·week-1; Pd-Cu alloy released more Pd than Pd-Ag 

alloys. These values are close to or exceed the EU Nickel Directive 94/27/EC compensated 

for the molecular mass of Pd (0.4µg·cm-2·week-1) Finally, since the element release is 

fundamental for adverse reactions and the composition of the alloy does not determine the 
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element release, we recommend manufacturers to include the element release from the 

dental alloys after ISO standard corrosive tests beside the original composition of the as-

received alloy in their material’s safety data sheet. 
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4.1 Abstract 

 

Objectives: to investigate the cytotoxicity of individual metal ions in concentrations similar to 

those reported to be released from Pd-based dental alloys on mouse fibroblast cells.  

Methods: Metal salts were used to prepare seven solutions (concentration range 100ppm-

1ppb) of the transition metals Ni(II), Pd(II), Cu(II), Ag(I) and the metals Ga(III), In(III) and 

Sn(II). Cytotoxicity on mouse fibroblasts L929 was evaluated using the MTT assay.  

Results: Ni, Cu and Ag are cytotoxic at 10ppm, Pd and Ga at 100ppm. Sn and In were not 

able to induce cytotoxicity at the tested concentrations.  

Significance: Transition metals were able to induce cytotoxic effects in concentrations similar 

to those reported to be released from Pd-based dental alloys. Ni, Cu and Ag were the most 

cytotoxic followed by Pd, and Ga; Sn and In were not cytotoxic. Cytotoxic reactions might be 

considered in the etiopathogenesis of clinically observed local adverse reactions.  
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4.2 Introduction 

 

Palladium (Pd)-based alloys used for dental applications can be subdivided based on their 

most important alloying metals, such as gold (Au), copper (Cu), and silver (Ag), referred to 

as Pd-Au, Pd-Cu and Pd-Ag alloys, respectively. To increase the mechanical or handling 

properties of the alloys, other metal elements are also included. Indium (In), gallium (Ga) 

and tin (Sn) are added to the cast alloys to increase its strength and hardness and they also 

contribute to porcelain-bonding by metal-oxide formation.[1] Zinc is generally added to 

prevent porosity by acting as an oxygen scavenger. Ruthenium, iridium and rhenium are 

included as grain refiners, improving the characteristics of the alloys.[2, 3] 

Corrosion with subsequent metallic ion release is a complex phenomenon that affects all 

alloys. In case of dental alloys, patients are exposed orally to these constituents, which may 

lead to adverse reactions like gingival swelling, pain, erythema, burning mouth, lichenoid 

reactions and chronic urticaria.[4, 5] Also non-plaque related gingivitis due to long-term 

contact of the metallic restorations with sulcular tissues has been reported.[6] These adverse 

reactions may result from local cytotoxic effects and/or immunologic responses. 

Interestingly, Pd, like nickel (Ni), is able to activate the innate immune system via Toll-Like 

receptor 4 (TLR-4) indicating that next to allergic reactions, basic (innate) immune responses 

may be responsible for adverse reactions.[7] Furthermore, it has been shown that palladium 

allergy prevalence might be underestimated due to the low sensitivity of the commonly used 

test allergen applied for allergy diagnostics.[8] Sodium tetrachloropalladate (Na2PdCl4) was 

found to be more sensitive compared to the commonly used palladium dichloride (PdCl2). 

The difference in sensitivity was explained by the poor solubility of PdCl2 polymer in water 

compared to that of Na2PdCl4 which is a monomer and well soluble in water. This may also 

imply that adverse reactions to palladium-based alloys may be underestimated.[9] 

Besides immune responses, cytotoxicity may also be responsible for the development of local 

reactions. Previous cytotoxicity studies analyzed the effects of metal ions on the gingival 

tissues using various cell lines and testing methods with eluates of submersed dental alloys 

or aqueous solutions of metal salts.[10-20] In general, the cytotoxicity of palladium is 

claimed to be low, but one should realize these experiments were carried out with, nearly 

insoluble, PdCl2 salt.  

In this study we focused on the cytotoxic effects of metal ions in concentrations that are 

reported to be released from the palladium-based alloys Pd-Cu and Pd-Ag.[15, 21-32]  Ni 

containing base-metals were investigated for comparison. Furthermore, we attempted to 

rationalize whether these concentrations are clinically relevant.   
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4.3 Materials and Methods 

 

We investigated the cytotoxic effects of the transition metals Ni(II), Pd(II), Cu(II), Ag(I) and 

the metals Ga(III), In(III) and Sn(II) in a concentration range from 100ppm to 1ppb, on 

mouse fibroblast cells. These concentrations were chosen to simulate the range of 

concentrations expected to be released from dental alloys. Pd-Cu alloys contain 

approximately 80wt% Pd, 10wt% Cu and 10wt% Ga, and Pd-Ag alloys contain approximately 

50wt% Pd, 40wt% Ag, 10wt% Sn; trace elements of In and Au are also included. Au was 

excluded because of its limited solubility and Ni was investigated for comparison.  

 

Preparation of the salts solution 
Stock solutions (2000ppm) of seven different metal salts were made from Ni2+ [NiSO4.6H2O] 

(Wako Pure Chemical Industries, Ltd. Osaka, Japan), Ga3+ [Ga(NO3)3.nH2O ], Cu2+ [CuCl2], 

Sn2+ [SnCl2], In3+ [InCl3], Ag+ [AgNO3], and Pd2+ [Na2PdCl4] (Sigma Aldrich Co. LLC, 

Missouri, USA). The metal salts were diluted with distilled water (stock solutions, 2000ppm), 

purified by a filter membrane (Millex® GS Filter unit 0.22µm, MF-Millipore MCE Membrane, 

Carrigtwohill, Co. Cork, Ireland) and further diluted with culture medium to make working 

solutions of six different concentrations: 100, 10, 1, 0.1, 0.01, and 0.001ppm. These are 

hereafter referred as metal salt solutions. 

 

Cytotoxicity test 
A colorimetric assay for assessing cell viability, the MTT assay, was used to determine the 

cytotoxicity of the metal ion solutions. This test is a basic vital staining technique 

(tetrazolium dye, MTT) used to rapidly monitor changes in metabolic activity of cells when in 

contact with an agent. Eight replicas and one control (no metal salt) for each concentration 

per salt were carried out. The whole experiment was carried out in duplicate according to 

the ISO standard for cytotoxicity testing-research, ISO 10995-5, and the results were 

averaged.[33] The cells used in this study were mouse fibroblasts cell line 929 (CCL-1, ATCC 

Lot 58928277), according to ISO 10995-5. Previously to the experiment the cells were 

cultured in E-MEM culture medium with 1% P/S and 10% horse serum. The cells were 

harvested and counted under phase contrast microscope (ELWD 0.3, Diaphot, Nikon, Japan, 

100x) with the help of an hemocytometer (Burker-Turk deep 1/10mm, Erma Tokyo 5843), 

after which they were resuspended in cell culture medium and diluted to a cell density of 

50,000cells/ml with medium. 100µl of this suspension were added to each well (14700 

cells/cm2) of a sterile 96-well cell culture plate (Cellstar, cat-no. 655180, Greiner bio-one) 

and the plates were incubated at 37ºC in 5% CO2, for 24hr in a humidified incubator (air 

jacket type incubator, Astec). Hereafter, the culture medium was discarded and 100µl of 

each metal salt solution was added to the incubated cells. The metal salts solutions were 
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centrifuged and resuspended to eliminate precipitation of the metals. The cells were then 

incubated for another 24h. Finally, MTT stock solution (5mg/ml in PBS(-) (3-[4,5-Dimethyl-

2thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide, C18H16BrN5S, Dotite MTT, Dojindo, Japan. 

Lot no. BK061) was diluted 10 times with E-MEM with 10% horse serum and 1% P/S. 100µl 

of this MTT solution was added to each well and the cells were incubated at 37ºC in 5% CO2 

for 3hrs. After discard of the cell culture medium, the cells were washed with 100µl PBS(-) 

after which 50µl DMSO were added and the spectrophotometric absorbance at 570nm was 

read in a microplate reader (Biorad, model 680). The mean absorbance values were 

calculated as percentages of control, according to the formula: 

 

Relative cell viability (%) = 100 x (A/B) 

 

in which A are the viable cells in the experimental well and B are the viable cells in the 

control. 
 
Statistical analysis 
The data were analyzed with one-way ANOVA and Tukey post-hoc test with a significance 

set at P<0.05 using SPSS (IBM SPSS Statistics 21). 
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Figure 4.1 Cell viability (%)  induced by the different concentrations of the transition 

metals tested. 

 

4.4 Results 

 

The effect of solution concentration for each ion on cell viability is shown in Figures 4.1 and 

4.2. Considering that a viability of less than 70% of the blank expresses the potential 

cytotoxic effect of an agent [33], Ni, Cu and Ag are cytotoxic at 10, whereas Pd at a 

concentration of 100ppm. The metals of Ga, In and Sn behaved completely different; Sn and 

In did not have any negative effect on cell viability in the concentrations studied. 

Interestingly, Ga and In showed increased viability around 0.1-1ppm, a decrease in cell 

viability in 1-10ppb region, and a cytotoxic effect at  100ppm for Ga. The exact cell viability 

at different concentrations and the statistical analysis are summarized in Table 4.1. 

Table 4.2 shows the reported ion release from Pd-based dental alloys and Ni-containing 

alloys.[15, 21-32] The cytotoxic concentrations in mouse fibroblasts found in the present 

study are also presented for each metal. These concentrations are within the range of 

reported release for each considered metal.  
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Figure 4.2 Cell viability (%) induced by the different concentrations of the metals tested. 

 

Table 4.1 Cell viability in % (mean (SD)) of different metal ions depending on 

concentration in ppm. Values in bold are considered cytotoxic and values 

quoted with the same letter are not significantly different (P<0.05).  

 

 0.001 0.01 0.1 1 10 100 

Ni 

Pd 

Cu 

Ag 

 

Ga 

In 

Sn 

114 (34)c   

84 (10)b   

91 (13)de 

114 (25)b   

 

62   (8)a   

78 (15)a   

88 (15)c   

96 (28)bc 

104 (11)c   

97 (15)e   

112 (20)b   

 

70 (26)a   

97 (11)ab 

85   (8)bc 

98 (31)bc 

101 (18)c   

81   (8)cd 

105 (21)b   

 

147 (50)b   

109 (10)b   

94 (11)bc 

116 (43)c   

99 (17)bc 

75 (13)c   

98 (15)b   

 

149 (40)b   

137 (30)c   

101   (8)ab 

68 (13)ab 

90 (14)bc 

54 (16)b   

35   (5)a   

 

124 (22)b   

84 (14)a   

110 (14)a   

40   (9)a 

41   (7)a 

32   (4)a 

33   (6)a 

 

62   (8)a 

83 (17)a 

109 (13)a 
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Table 4.2 Average range of the reported metal ion release from dental alloys (ppm/day). 

Please note that the original data were directly converted to ppm/day. The 

corresponding cytotoxic concentration in our study is also presented.  

 

 

 

 

Reported release (ppm/day) Cytotoxic concentration in the present 

study 

(ppm)  

Ni 

Pd  

Cu 

0.006-54 

0.00006-59 

0.045-98 

10 

100 

10 

Ag 0.003-19 10 

   

Ga 3-27 100 

In  0.00008-50 - 

Sn 0.00008-8875 - 

 

4.5 Discussion 

 

The present study aimed at investigating the cytotoxicity of metal ions in concentrations that 

are reported to be released from palladium-based alloys (Pd-Cu and Pd-Ag) and Ni-

containing base-metal dental alloys. Several studies report the ion release from dental alloys 

with different results.[15, 21-32] This is due to the different testing method, pH and 

composition of the analyzing solutions, but also the composition, structure and surface area 

of the sample of the alloy itself. As a result, comparison among the studies is difficult and no 

reference values can be considered. For this reason, we attempted to summarize the 

reported ion release from dental alloys having Pd, Ag, Ga, Cu, and Ni in its main 

constituents, and base the concentration range of the metal salts’ solutions used on those 

values. The reports were considered when the authors provided the surface area, time of 

immersion and ion release. The original data reported were further converted into ppm/day 

and are summarized in Table 4.2.  

The transition metals Cu, Ag, Pd and Ni, were able to affect cell viability in a toxic way in 

concentrations as low as 10ppm for Ni, Cu and Ag, and 100ppm for Pd. Sn and In were 

unable to cause cytotoxic effects and Ga had a non-straightforward behavior with cytotoxic 

potential at 100ppm. The cytotoxic concentrations of the transition metals are within the 

range of reported concentrations of ion release due to corrosion of dental alloys and 

therefore, it may be expected that they potentially can cause cytotoxic effects (Table 4.2), 

while Sn, In, and Ga are most probably not cytotoxic in dental applications. In our previous 

studies with Pd-Cu, Pd-Ag [34], and Ni-containing orthodontic retention wires [35] the 
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release of Pd, Ga and Ni ranged from 0.1ppm to 1ppb under similar circumstances. Based on 

these results it is unlikely that these metals are able to induce direct cytotoxicity.  

The adverse reactions to Pd-based alloys can in principle result from local cytotoxicity or an 

immunologic reaction that may be part of both the innate immune system via a TLR-4 

induction [7] and the adaptive immune system in terms of an allergic reaction.[36-38] 

Cytotoxic effects of metal cations are in general dose-dependent and different effects in 

distinct cell types are observed. The testing method, the cell line used and the number of 

target cells influence the evaluation of cytotoxicity and explain the discrepancy of the results. 

Notwithstanding, there is consensus in ranking Ag has having high potency followed by Pd, 

Ni and Ga.[39] The ranking of In is contradictory, being considered either highly potent 

cytotoxic [5] or the least potent cation.[10, 12] Schmalz et al. reported Cu to have a 

dramatic effect on cell viability and Pd and Sn, to lack toxicity.[17]  In our study, Ni, Ag and 

Cu seemed to have the most cytotoxic potential, followed by Pd and Ga. Sn and In did not 

show cytotoxic potential. Reports on the cytotoxicity of gallium are also contradictory; 

studies with Ga-containing alloys or Ga salts support the non-cytotoxic effects found in our 

study [40, 41] whereas other cytotoxicity assays with Ga alloys showed that they have 

cytotoxic potential.[29, 42] 

Individual ions may have effects on cell viability that are different from metals interacting 

within the alloy structure. Caution should be taken in the assessment of cytotoxicity using 

metal salt solutions since it might be a too simplistic approach. Medium extracts of dental 

alloys were reportedly non-cytotoxic on mouse fibroblasts but the amount of elements found 

in those extracts were weakly cytotoxic when prepared as salt solutions.[15] Thus, ions 

released from dental alloys might be below the accepted cytotoxic levels but because of the 

inherent interaction between metals within the alloy’s composition, the resultant alloy may 

be cytotoxic.[15, 43] Furthermore, the phase-structure of the dental alloy and 

electrochemical changes due to rearrangement of the alloy’s microstructure [44-48] during 

the casting and manufacturing process [49] may influence both the ion release and the 

cytotoxicity of the alloy. The correlation of ion release and cytotoxicity is not straightforward 

[50] which accounts for the complexity of the evaluation of cytotoxicity of the dental alloys.  

In our study, Pd showed considerable cytotoxicity in contrast to other studies where it was 

considered non-cytotoxic.[12, 25] This difference in cytotoxicity found for Pd is probably best 

explained by the different Pd salt used in the current study. Here we used Na2PdCl4 which is, 

in contrast to PdCl2, well soluble in water due to its monomeric structure. Furthermore, it is 

interesting to note that the concentrations used to assess Pd and Ni allergy in the in vitro 

LTT tests [38] and for the local immunological reaction via a TLR-4 [7] is approximately 24-

75ppm with the same number of monocyte derived dendrytic cells (MoDC) cells per 

experiment.[7] This shows that the concentrations in the latter tests, which are suboptimal 
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conditions, are relatively high and very close to cytotoxicity, at least for fibroblasts cells in 

the conditions of the present study. 

The in vivo situation is difficult to mimic and to evaluate. Metallic ions from dental alloys are 

most likely to contact with the mucosal epithelial cells at first and thus the choice of the cell 

line in our study might not have been the most adequate to mimic the oral situation. 

However, dental alloys are likely remaining in the mouth for decades, with a continuous low 

dose of metallic ion release eventually reaching the deeper layers of the oral mucosa and 

being clinically able to induce adverse reactions. Also, fibroblasts are the principal cells of the 

periodontal ligament. Considering the gingival sulcus a privileged microenvironment for 

accumulation of metal ions, the role of local cytotoxicity induced by metal ions released from 

dental alloys in the etiopathogenesis of periodontitis might be hypothesized and deserves 

further studies. 

 

4.6 Conclusion  

 

Transition metals were able to induce cytotoxic effects in concentrations similar to those 

reported to be released from Pd-based dental alloys. Ni, Cu and Ag were the most cytotoxic 

followed by Pd, and Ga; Sn and In were not cytotoxic. Cytotoxic reactions might be 

considered in the etiopathogenesis of clinically observed local adverse reactions. 

 

4.7 References  

 

[1]  Rosenstiel SF, Contemporary fized prosthodontics. 4th edition ed: Mosby Elsevier; 2006. 

[2]  Anusavice KJ, Philip's science of dental materials. tenth edition ed: Saunders Company; 1996. 

[3]  Noort Rv, Introduction to dental materials. 2nd ed: Mosby; 2002. 

[4]  Schmalz G, Garhammer P. Biological interactions of dental cast alloys with oral tissues. Dental 

materials : official publication of the Academy of Dental Materials 2002; 18: 396-406. 

[5]  Manaranche C, Hornberger H. A proposal for the classification of dental alloys according to 

their resistance to corrosion. Dental materials : official publication of the Academy of Dental 

Materials 2007; 23: 1428-37. 

[6]  van Steenberghe D, Quirynen M. [Non plaque-related gingivitis] . Nederlands tijdschrift voor 

tandheelkunde 2002; 109: 419-21. 

[7]  Rachmawati D, Bontkes HJ, Verstege MI, Muris J, von Blomberg BME, Scheper RJ, et al. 

Transition metal sensing by Toll-like receptor-4: next to nickel, cobalt and palladium are 

potent human dendritic cell stimulators. Contact Dermatitis 2013; 68: 331-8. 

[8]  Muris J, Feilzer AJ, Rustemeyer T, Kleverlaan CJ. Palladium allergy prevalence is 

underestimated because of an inadequate test allergen. Contact Dermatitis 2011; 65: 62-. 



In vitro cytotoxicity of metallic ions 

79 
 

[9]  Muris J, Kleverlaan CJ, Rustemeyer T, von Blomberg ME, van Hoogstraten IMW, Feilzer AJ, et 

al. Sodium tetrachloropalladate for diagnosing palladium sensitization. Contact Dermatitis 

2012; 67: 94-100. 

[10]  Yamamoto A, Honma R, Sumita M. Cytotoxicity evaluation of 43 metal salts using murine 

fibroblasts and osteoblastic cells. J Biomed Mater Res 1998; 39: 331-40. 

[11]  Schedle A, Samorapoompichit P, Rauschfan XH, Franz A, Fureder W, Sperr WR, et al. 

Response of L-929 Fibroblasts, Human Gingival Fibroblasts, and Human Tissue Mast-Cells to 

Various Metal-Cations. J Dent Res 1995; 74: 1513-20. 

[12]  Wataha JC, Hanks CT, Craig RG. The in vitro effects of metal cations on eukaryotic cell 

metabolism. J Biomed Mater Res 1991; 25: 1133-49. 

[13]  Yamamoto A, Honma R, Tanaka A, Sumita M. Generic tendency of metal salt cytotoxicity for 

six cell lines. J Biomed Mater Res 1999; 47: 396-403. 

[14]  Taira M, Toguchi MS, Hamada Y, Takahashi J, Itou R, Toyosawa S, et al. Studies on cytotoxic 

effect of nickel ions on three cultured fibroblasts. Journal of materials science Materials in 

medicine 2001; 12: 373-6. 

[15]  Schmalz G, Langer H, Schweikl H. Cytotoxicity of dental alloy extracts and corresponding 

metal salt solutions. J Dent Res 1998; 77: 1772-8. 

[16]  Craig RG, Hanks CT. Cytotoxicity of Experimental Casting Alloys Evaluated by Cell-Culture 

Tests. J Dent Res 1990; 69: 1539-42. 

[17]  Schmalz G, ArenholtBindslev D, Hiller KA, Schweikl H. Epithelium-fibroblast co-culture for 

assessing mucosal irritancy of metals used in dentistry. Eur J Oral Sci 1997; 105: 86-91. 

[18]  Locci P, Lilli C, Marinucci L, Calvitti M, Belcastro S, Bellocchio S, et al. In vitro cytotoxic effects 

of orthodontic appliances. J Biomed Mater Res 2000; 53: 560-7. 

[19]  Ermolli M, Menne C, Pozzi G, Serra MA, Clerici LA. Nickel, cobalt and chromium-induced 

cytotoxicity and intracellular accumulation in human hacat keratinocytes. Toxicology 2001; 

159: 23-31. 

[20]  Al-Hiyasat AS, Darmani H, Bashabsheh OM. Cytotoxicity of dental casting alloys after 

conditioning in distilled water. International Journal of Prosthodontics 2003; 16: 597-601. 

[21]  Ortiz AJ, Fernandez E, Vicente A, Calvo JL, Ortiz C. Metallic ions released from stainless steel, 

nickel-free, and titanium orthodontic alloys: Toxicity and DNA damage. Am J Orthod Dentofac 

2011; 140: E115-E22. 

[22]  Garhammer P, Schmalz G, Hiller KA, Reitinger T. Metal content of biopsies adjacent to dental 

cast alloys. Clinical oral investigations 2003; 7: 92-7. 

[23]  Garhammer P, Hiller KA, Reitinger T, Schmalz G. Metal content of saliva of patients with and 

without metal restorations. Clinical oral investigations 2004; 8: 238-42. 

[24]  Tufekci E, Mitchell JC, Olesik JW, Brantley WA, Papazoglou E, Monaghan P. Inductively 

coupled plasma-mass spectroscopy measurements of elemental release from 2 high-palladium 

dental casting alloys into a corrosion testing medium. J Prosthet Dent 2002; 87: 80-5. 



Chapter 4 
 

80 
 

[25]  Elshahawy WM, Watanabe I, Kramer P. In vitro cytotoxicity evaluation of elemental ions 

released from different prosthodontic materials. Dental Materials 2009; 25: 1551-5. 

[26]  Syverud M, Dahl JE, Hero H, Morisbak E. Corrosion and biocompatibility testing of palladium 

alloy castings. Dental Materials 2001; 17: 7-13. 

[27]  Begerow J, Neuendorf J, Turfeld M, Raab W, Dunemann L. Long-term urinary platinum, 

palladium, and gold excretion of patients after insertion of noble-metal dental alloys. 

Biomarkers 1999; 4: 27-36. 

[28]  McGinley EL, Moran GP, Fleming GJP. Base-metal dental casting alloy biocompatibility 

assessment using a human-derived three-dimensional oral mucosal model. Acta biomaterialia 

2012; 8: 432-8. 

[29]  Wataha JC, Nakajima H, Hanks CT, Okabe T. Correlation of Cytotoxicity with Elemental 

Release from Mercury-Based and Gallium-Based Dental Alloys in-Vitro. Dental Materials 1994; 

10: 298-303. 

[30]  McGinley EL, Dowling AH, Moran GP, Fleming GJP. Influence of S. mutans on Base-metal 

Dental Casting Alloy Toxicity. J Dent Res 2013; 92: 92-7. 

[31]  Sjogren G, Sletten G, Dahl JE. Cytotoxicity of dental alloys, metals, and ceramics assessed by 

Millipore filter, agar overlay, and MTT tests. J Prosthet Dent 2000; 84: 229-36. 

[32]  Al-Hiyasat AS, Darmani H. The effects of recasting on the cytotoxicity of base metal alloys. J 

Prosthet Dent 2005; 93: 158-63. 

[33]  Organization IS. ISO 10933-5: biological evaluation of medical devices - Part 5: Tests for in 

vitro cytotoxicity. Geneva2009. 

[34]  Milheiro A, Muris J, Kleverlaan CJ, Feilzer AJ. Influence of shape and finishing on the 

corrosion of palladium-based dental alloys. J Adv Prosthodont 2015; 7: 56-61. 

[35]  Milheiro A, Kleverlaan C, Muris J, Feilzer A, Pallav P. Nickel release from orthodontic retention 

wires-The action of mechanical loading and pH. Dental Materials 2012; 28: 548-53. 

[36]  Kobayashi H, Kumagai K, Eguchi T, Shigematsu H, Kitaura K, Kawano M, et al. 

Characterization of T Cell Receptors of Th1 Cells Infiltrating Inflamed Skin of a Novel Murine 

Model of Palladium-Induced Metal Allergy. Plos One 2013; 8. 

[37]  Minang JT, Arestrom I, Troye-Blomberg M, Lundeberg L, Ahlborg N. Nickel, cobalt, 

chromium, palladium and gold induce a mixed Th1- and Th2-type cytokine response in vitro in 

subjects with contact allergy to the respective metals. Clin Exp Immunol 2006; 146: 417-26. 

[38]  Muris J, Feilzer AJ, Kleverlaan CJ, Rustemeyer T, van Hoogstraten IMW, Scheper RJ, et al. 

Palladium-induced Th2 cytokine responses reflect skin test reactivity. Allergy 2012; 67: 1605-

8. 

[39]  Manaranche C. Corrosion and biocompatibility of dental alloys Eur Cells Mater 2005; 9: 35-6. 

[40]  Xu G, Zhang C, Ning L. [Evaluation on the cytotoxicity of Gallium alloy by MTT-assay] . 

Zhonghua kou qiang yi xue za zhi = Zhonghua kouqiang yixue zazhi = Chinese journal of 

stomatology 2001; 36: 189-92. 



In vitro cytotoxicity of metallic ions 

81 
 

[41]  Chandler JE, Messer HH, Ellender G. Cytotoxicity of Gallium and Indium Ions Compared with 

Mercuric Ion. J Dent Res 1994; 73: 1554-9. 

[42]  Bumgardner JD, Johansson BI. Effects of titanium-dental restorative alloy galvanic couples on 

cultured cells. J Biomed Mater Res 1998; 43: 184-91. 

[43]  Wataha JC, Hanks CT, Craig RG. In vitro synergistic, antagonistic, and duration of exposure 

effects of metal cations on eukaryotic cells. J Biomed Mater Res 1992; 26: 1297-309. 

[44]  Endo K, Ohno H, Matsuda K, Asakura S. Electrochemical and surface studies on the passivity 

of a dental Pd-based casting alloy in alkaline sulphide solution. Corros Sci 2003; 45: 1491-504. 

[45]  Wataha JC, Lockwood PE. Release of elements from dental casting alloys into cell-culture 

medium over 10 months. Dental Materials 1998; 14: 158-63. 

[46]  Mulders C, Darwish M, Holze R. The influence of alloy composition and casting procedure 

upon the corrosion behaviour of dental alloys: An in vitro study. J Oral Rehabil 1996; 23: 825-

31. 

[47]  Wataha JC, Craig RG, Hanks CT. The Release of Elements of Dental Casting Alloys into Cell-

Culture Medium. J Dent Res 1991; 70: 1014-8. 

[48]  Wataha JC. Biocompatibility of dental casting alloys: a review. J Prosthet Dent 2000; 83: 223-

34. 

[49]  Viennot S, Lissac M, Malquarti G, Francis D, Grosgogeat B. Influence of casting procedures on 

the corrosion resistance of clinical dental alloys containing palladium. Acta biomaterialia 2006; 

2: 321-30. 

[50]  Wataha JC, Malcolm CT, Hanks CT. Correlation between cytotoxicity and the elements 

released by dental casting alloys. The International journal of prosthodontics 1995; 8: 9-14. 

 



Chapter 4 
 

82 
 

 



 
 

83 
 

 

 

 

 

 

Chapter 5 

 

 

 

 

 

 

Metal release and cytotoxicity of orthodontic retention wires 
  
Ana Milheiro, Kosuke Nozaki, Cornelis J. Kleverlaan, Joris Muris, Hiroyuki Miura, and Albert J. 

Feilzer  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To be submitted 



Chapter 5 
 

84 
 

5.1 Abstract 

 
Objectives: to investigate the cytotoxicity of “nickel-free” and nickel-containing orthodontic 

retention wires and, to compare it with the cytotoxicity of a metallic salt of Ni (nickel 

sulfate). Further, released concentrations of Ni, Cr and Mn were measured in E-MEM and 

compared with that of released from the wires when submersed in different media (distilled 

water and lactic acid). 

Methods: Four different orthodontic retention wires (Noninium, Original Wildcat, Lingual 

retainer and Dentaflex 3-s) were submersed in Eagle’s Minimal Essential Medium (E-MEM) 

for 7, 14 and 30 days. The eluate of each wire per time period was submitted to a MTT 

assay to evaluate cytotoxicity. Further, they were analyzed for ion concentration by means of 

ICP-MS (Inductively Coupled Plasma-Mass Spectroscopy).  

Results: None of the wires tested can be considered cytotoxic. Ni release in Noninium is 

below the detection limit and there is a low, but significant, release of Ni for the Lingual 

retainer; the release of Dentaflex 3-s and Original Wildcat was significantly higher (41.8 - 

98.8ppb). All wires released a similar amount of Cr ions (31.1 - 53.8ppb). Release of ions of 

Ni and Cr was lower in E-MEM than in distilled water or lactic acid. Released Ni ions were 

below cytotoxic concentration achieved with the Ni salt (≥10ppm). Submersion time in E-

MEM did not influence the ion release or the cytotoxicity of the wires.  

Significance: Orthodontic retention wires are expected to release metal ions continuously 

with unpredictable potential biologic alterations. 
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5.2 Introduction 

 

In dentistry, different types of alloys are used in the manufacture of inlay/onlay restorations, 

full crowns and bridges, orthodontic appliances, frame structures and implants. These must 

function for many years in intimate contact with the surrounding tissues and as such interact 

adequately, i.e. induce the desired effect with minimal harm. In this sense, biocompatibility, 

the ability of a (dental) material to relatively safely interact with and within its application 

site while functioning as intended, is an important issue on the evaluation of dental materials 

previous to their application.[1] Nickel (Ni) is a frequently used metal in dental alloys, with 

its major application in orthodontics. It is a component of appliances for active treatment 

such as brackets, archwires and bands and in wires placed to stabilize the orthodontically 

achieved position and prevent relapse (i.e. retention wires). These appliances may have up 

to 70% of Ni in their composition and release significant amounts of the same ion when 

submersed in a corrosive solution. Wires with reduced content of Ni are also available in the 

market (so called Ni-free wires) albeit considerable release has been shown.[2-4] 

Assessment of systemic and local toxicity is part of the evaluation of the compatibility of the 

material. Nickel can induce cytotoxic reactions and can have an effect on the innate and 

adaptive immune system. Ni is especially important due to its great sensitizing potential 

causing allergic contact dermatitis/stomatitis. The median prevalence of nickel allergy in the 

general population is 8.6%.[5] Nickel has been considered the allergen of the year 2008 [6] 

due to the increasing incidence in the North American population, owing to spread use and 

lack of local regulations limiting the content of Ni in consumer products and medical devices. 

Furthermore, it has been shown that Ni can also directly activate the innate immune 

response by triggering TLR-4, giving rise to the production of inflammatory cytokines.[7] 

Cytotoxic reactions in cell culture can be simply evaluated with the MTT assay, determining 

the activity of mitochondrial enzymes photometrically via a color change reaction. Using 

mouse fibroblast cultures and metal salts as potential cytotoxic compounds, we previously 

found potential cytotoxic concentrations of 10ppm for Ni sulfate (NiSO4.6H2O).[8] When 

considering an alloy for dental application, we must attend to its corrosion behavior in the 

conditions of the oral environment. These conditions will incite the decomposition of the 

material, which in the case of metallic appliances will translate into release of metal ions. In 

a previous study [4] we have shown that the release of Ni ions from orthodontic retention 

wires strongly depended on the environment. The Ni release increased a 3-fold by inducing 

mechanical stress and approximately 100-fold in a lactic acid solution according to the ISO 

standard 10271. The latter study also showed that there are significant differences between 

different commercially available wires, especially for “nickel-free” wires. 

The aim of the present study was to determine the cytotoxicity of eluates of “nickel-free” 

and nickel-containing orthodontic retention wires and to compare it with the cytotoxicity of a 
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metallic salt of Ni (nickel sulfate) from a previous study, both by means of an MTT assay. 

Furthermore, the concentrations of the metal ions of Ni, chromium (Cr) and manganese (Mn) 

were determined and compared to previous results of specimens of the same wire-type 

when submersed in either a corrosive solution or distilled water.  

 

5.3 Materials and Methods 

 

Four different orthodontic retention wires (Noninium, Original Wildcat, Lingual retainer and 

Dentaflex 3-s) (Table 1) were investigated in this study for composition, ion release and 

cytotoxicity in vitro. The composition of the wires and the MTT assay procedure with metallic 

salts were published previously.[4, 8] In short, the specimens were prepared to meet the 

ISO requirements of a ratio surface area or mass of the test sample to the volume of 

extraction medium of 0.1g/ml (ISO standard 10993-12).[9] The retention wires were 

weighted separately with no further treatment. All specimens were ultrasonically cleansed for 

30 minutes with 10ml acetone, 10ml ethanol and 10ml distilled water, in this order, for 

10min each and autoclaved at 121º for 40min (Autoclave SM200, Yamato). The autoclaved 

specimens were kept in a desiccator with dry silica at room temperature until the start of the 

experiment time. The specimens were then submersed in a medium consisting of 1% 

penicillin (5,000 units/ml), streptomycin (5,000 units/ml) (P/S) in Eagle’s Minimal Essential 

Medium (E-MEM, Wako #051-07615, Lot TLK7023) and kept at 37º, room atmosphere 

during the time of the experiment. The submersion times were 7, 14 and 30 days. To 

prevent evaporation, the plastic vials’ tips were covered with parafilm tape. For each 

submersion period and specimen type, one vial with medium in which no specimen was 

submersed was used as control (n = 48). For evaluation of cytotoxicity of the appliances, we 

performed an MTT assay, following the protocol stated in ISO 10993-5.[10] This test is a 

basic vital staining technique used to rapidly and efficiently monitor changes in metabolic 

activity of cells when in contact with an agent. Mouse fibroblasts of the cell line 929 (CCL-1, 

ATCC Lot 58928277) were used. Eight replicas and one control (no appliance) for each 

specimen type and submersion time were carried out. The whole experiment was carried out 

in duplicate and the results were averaged. Previously to the experiment the cells were 

cultured in E-MEM culture medium with 1% P/S and 10% horse serum. Then, the cells were 

harvested and counted under phase contrast microscope (ELWD 0.3, Diaphot, Nikon, Japan, 

100x), with the help of an hemocytometer (Burker-Turk deep 1/10mm, Erma Tokyo 5843), 

after which they were resuspended in cell culture medium and diluted to a cell density of 

50,000 cells/ml with medium. Hundred µl of this suspension were added to each well of a 

sterile 96-well cell culture plate (Cellstar, cat-no. 655180, Greiner bio-one) and the plates 

were incubated at 37ºC in 5% CO2, for 24h in a humidified incubator (air jacket type 

incubator, Astec). Hereafter, the culture medium was discarded and 100µl of each 
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submersion medium (i.e. eluates), including the controls, was added to the incubated cells. 

The cells were again incubated for 24h. Finally, MTT stock solution (5mg/ml in PBS(-) (3-

(4,5-Dimethyl-2thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, C18H16BrN5S, Dotite MTT, 

Dojindo, Japan. Lot no. BK061) was diluted 10 times with E-MEM with 10% horse serum and 

1% P/S. 100µl of this MTT solution was added to each well and the cells were incubated at 

37ºC in 5% CO2 for 3h. After discard of the cell culture medium, the cells were washed with 

100µl PBS(-) after which 50µl DMSO were added and the spectrophotometric absorbance at 

570 nm was read in a microplate reader (Biorad, model 680). The mean absorbance values 

were calculated as percentages of the control according to the formula: 

 

Relative cell viability (%) = 100 x (A/B) 

 

in which A are the viable cells in the experimental well and B are the viable cells in the 

control. 

The specimens were cleansed following the same procedure and submersed in 

corresponding medium (1% P/S in E-MEM) for the same periods of time. Thereafter the 

specimens were removed, and the eluates and controls analyzed by Inductively Coupled 

Plasma-Mass Spectroscopy (ICP-MS) (ELAN 6100, SCIEX – Toronto, Canada) to quantify the 

amount of ions released. For that purpose, the solutions were diluted 1:10 x in 1% HNO3 

(Merck Suprapur). TotalQuant program for multi-element semi-quantitative analysis was 

used. The concentrations of Ni, Cr, and Mn, were measured with a quantitative analysis 

method (n = 8) using a blank and standard solutions consisting of 1% nitric acid and two 

solutions of Ni, Cr, and Mn, ions in a concentration of 10ppb and 100ppb for calibration.  

 
Statistical analysis 
The data of the metal release and cytotoxicity were analyzed with one-way and two-way 

ANOVA and Tukey post-hoc test with a significance set at P<0.05 using SPSS (IBM SPSS 

Statistics 21). 

 

5.4 Results 

 

Figure 5.1 shows the cell viability of the different specimens as measured by MTT. According 

to the ISO10933-5, a reduction of cell viability by more than 30% is considered a cytotoxic 

effect and is depicted by the horizontal line. In the conditions of our study, none of the wires 

tested can be considered cytotoxic. Noninium wire presented values close to 100% of cell 

viability in all the test points. 
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Figure 5.1 Cell viability (%) as measured by MTT for the different retention wires 

studied. A reduction of cell viability by more than 30% is considered a 

cytotoxic effect (ISO10933-5) and is depicted by the horizontal line. 

 

 

Table 5.1 Brand and composition (in wt%) according to EDAX analysis of the materials 

used in the study.  

 

Wire Ni Fe Cr Mn 

Noninium1a 0.0 57.4 23.1 19.5 

Lingual retainer2b 8.0 70.4 19.8 1.2 

Dentaflex 3-s1b 8.6 72.0 17.9 1.0 

Original Wildcat3b 8.9 69.7 19.5 1.2 
1 Dentaurum, Ispringen, Germany, 2 Unitek 3M, Monrovia, USA, 3 Dentsply International, USA; a Ni 

trace elements of <0.2% can be included according the manufacturer. b Contain also traces of Cu 

(~0.3Wt%) and Co (~0.3Wt%). 
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Table 5.2 shows the mean concentrations of released ions of Ni, Cr and Mn from the 

orthodontic wires in E-MEM. Two-way ANOVA showed that there were significant differences 

for the different materials, time and their interaction (P<0.001) for Ni, Cr and Mn. The 

significant differences in time, versus the control, are summarized in Table 5.2. These results 

show that (i) the Ni release in Noninium is below the detection limit and that there is a low, 

but significant, release of Ni for the Lingual retainer. The release of Dentaflex 3-s and 

Original Wildcat was significantly higher and between 41.8 - 98.8ppb. (ii) all wires released a 

similar amount of Cr ions, with concentrations between 31.1 - 53.8ppb. (iii) the Noninium 

released more Mn that the other wires. (iv) all wires show a similar concentration of Ni, Cr 

and Mn ions at day 7, 14 and 30, with in many cases no significant differences between 

these time points. 

 

Table 5.2 Concentrations of Ni, Cr, and Mn (in ppb) and their standard deviation in 

parentheses after 7, 24 and 30 days submersion of 0.1 g/ml retention wire.  

 

Ni Control 7 days 14 days 30 days 

Noninium 1.2 (1.1)a 2.1 (2.3)aA 2.0 (2.3)aC 2.8 (1.7)aE

Lingual retainer 1.2 (1.1)b 2.4 (2.5)bA 2.8 (1.3)bC 2.3 (1.3)bE

Dentaflex 3-s 1.2 (1.1)  58.7 (41.5)cB 41.8 (26.2)cD 98.8 (37.6)  

Original Wildcat 1.2 (1.1)  64.4 (37.5)dB 44.3 (16.7)dD 56.5 (17.2)d

Cr     

Noninium 3.3 (0.3) 49.4 (6.7)aA 42.8 (7.3)B   51.2 (2.7)aC

Lingual retainer 3.3 (0.3) 45.5 (6.5)bA 52.5 (3.3)     41.1 (2.2)b  

Dentaflex 3-s 3.3 (0.3) 42.8 (6.4)cA 43.1 (6.8)cB 53.8 (4.5) C 

Original Wildcat 3.3 (0.3) 42.6 (6.9)dA 40.1 (7.2)dB 31.1 (3.0)    

Mn     

Noninium 0.1 (0.0)a 1.7 (0.7)    6.7 (3.8)      0.9 (0.2)aC

Lingual retainer 0.1 (0.0)b 0.7 (0.1)bA 0.5 (0.1)bB 0.6 (0.1)bC

Dentaflex 3-s 0.1 (0.0)c 0.7 (0.1)cA 0.7 (0.1)cB 4.6 (1.5)    

Original Wildcat 0.1 (0.0)d 0.7 (0.1)dA 0.7 (0.3)dB 0.7 (0.1)dC

a-d No statistically significant difference in time within wire type for each metal ion released.  
A-E No statistically significant difference between wire type within time period for each metal ion 

released.   
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Table 5.3 Concentrations of Ni and Cr (in µg/cm2) in E-MEM after 7 days submersion, 

and in water and lactic acid after 24 hours of submersion (data partial from 

ref. [4]). 

 

 E-MEM   Water  Acid  

 Ni Cr Ni Cr Ni Cr 

Noninium 

Lingual retainer 

Dentaflex 3-s 

Original Wildcat 

0.0008 

0.0009 

0.0412 

0.0234 

0.0176 

0.0162 

0.0153 

0.0152 

0.0090 

0.0010 

0.0130 

0.0060 

0.0007 

0.0042 

0.0178 

0.0035 

0.1310 

0.1540 

1.3730 

2.0350 

0.9128 

0.4861 

2.1460 

2.3290 

 

The data shown in Table 5.2 are based on the ISO 10993-12 standard, prescribing a 0.1 

gram of material submersed in 1ml. Recognizing that these wires have different numbers of 

strands, windings, and wire diameters, the active surface per gram of material will be 

different. The specific areas per 0.1 gram wire where: 280.2, 264.8, 142.6, and 274.9mm2 

for Noninium, Lingual retainer, Dentaflex 3-s, and Original Wildcat, respectively. The 

concentrations for Ni and Cr released after 7 days submersion per cm2 of wire are 

summarized in Table 5.3. The concentrations for Ni and Cr released after 24 hours 

submersion per cm2 of wire in water and lactic acid from a previous study are also reported 

here for comparison (only the Ni data were published previously).[4] Despite the difference 

in submersion time (7 days and 24hrs) the amount of Ni and Cr in E-MEM and water were 

very similar and the concentrations of Ni and Cr in lactic acid were much higher, as was 

shown previously. 

 
 

Figure 5.2 Cell viability (%) induced by the metal salt of Ni sulfate. 

 

Figure 5.2 shows the pattern of cytotoxicity of a metal salt of Ni (nickel sulfate, NiSO4.6H2O) 

in different concentrations (data published in [8]). Only above 10ppm was the salt able to 
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induce cytotoxic effects. The concentrations of Ni released in the different media from our 

studies were always way under that concentration.  

 

5.5 Discussion 

 

The aim of the present study was to evaluate in vitro the cytotoxicity of “nickel-free” and 

nickel-containing orthodontic wires. Within the limitations of the study and according to the 

ISO 10933-5 [10] on testing cytotoxicity in vitro, none of the wires tested can be considered 

cytotoxic and are, as such, virtually equally safe on this approach. Interestingly, eluates of 

wires submersed for longer time behaved similarly in the MTT test to those submersed for 7 

days. In this study, the long term (weeks) release of metal ions was investigated and no 

significant difference was observed, which is in agreement with the obtained results on 

cytotoxicity. Several studies present a variety of results on this matter. In general, high initial 

release rate is assumed, followed by a constant release. Because of the methodology of this 

study, equilibrium is established between the metals in the solution and at the wire surface 

and the ion concentration in the solution remains constant.[11-14]  Indeed it was shown that 

the release of Ni from stainless steel alloy (316L) was shown to occur in the first hour of 

exposure, with no or very low ion release subsequently.[15] 

The cytotoxicity of different metal salts in different concentrations were previously 

studied.[8] The metallic salt of Ni (nickel sulfate) was able to induce cytotoxicity when 

concentrations exceeded 10ppm. Those concentrations where chosen based on a literature 

search on the reported release of Ni (and other metals) from different dental devices 

including orthodontic appliances. In the present study, we tested only the orthodontic 

retention wire, with a much smaller surface area than a complete orthodontic appliance and 

anyhow none of the wires reached cytotoxic values.  

Park and Shearer [16] reported a release of 40µg of Ni (~10ppm) and 36µg of Cr (~9ppm) 

from a full orthodontic appliance when incubated in a 0.05% chloride solution. In our 

previous study [4], retention wires submersed in a corrosive solution (ISO 10771) released 

high values of Ni and Cr (up to 189ppb and 217ppb respectively) and in distilled water the 

values were low (up to 1.3ppb of Ni and 1.7ppb of Cr). Comparing the values in the previous 

and the present study, we can find a similar pattern of ion release in all media: Ni is released 

in the highest amounts from the wires Wildcat Original and Dentaflex 3-s (range 41.8ppb to 

98.8ppb); despite the difference in composition, Noninium and Lingual retainer wires behave 

similarly in respect with the release of metal ions in the different media; Mn is released in 

high amounts from the Noninium wire, which is in accordance to the Mn-steel composition of 

this wire. Further, while comparable amounts of metal ions were released from all wires in 

water and E-MEM, in the lactic acid solution the release was 100x higher. These acidic 

conditions would make culture of cells inviable. Yet, transient conditions of extreme low pH 
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may occur in the oral cavity (e.g. due to microbiological activity, diet or some systemic 

diseases). This represents, at least in theory, a boost of Ni ions being released from the 

wires. Considering the obtained values of Ni release in E-MEM (range 41.8-98.8ppb for 

Dentaflex 3-s and Original Wildcat), this 100-fold increase would translate into 

concentrations of 1-10ppm, which comes near the range of concentrations where the Ni salt 

was able to induce cytotoxicity. Under these conditions of low pH, wires like Noninium and 

Lingual retainer are less likely to induce cytotoxicity, because the expected release is 

<300ppb. 

Clinically, a capital manifestation of Ni release from orthodontic appliances and cell 

accumulation is epithelial cell proliferation with gingival hyperplasia.[17, 18] Furthermore it 

has been shown that these low concentrations of Ni ions can induce an immune reaction in 

hypersensitive patients. Allergic reactions due to the presence of active orthodontic 

appliances and retention wires containing nickel have been reported.[19-23] Removal of Ni-

containing appliances or replacement with “nickel-free” or non-metallic appliances improved 

clinical signs of Ni allergy.[20, 22, 24] Although not able to induce in vitro cytotoxicity, the 

constant release of even small amounts of Ni (and other) ions may have biological 

repercussions. For the clinical application it means that patient’s history of previous allergy, 

knowledge of material properties and their biological implications and close observation of 

the patient is of prime importance. 

 

5.6 Conclusions 

 

Within the limitations of this study, none of the wires can be considered cytotoxic. As in 

previous studies with different media, Dentaflex 3-s and Original Wildcat released the 

highest amounts of Ni; Lingual retainer and the wire commercialized as “nickel free”, 

Noninium, released similar and considerable amounts of Ni. Noninium released high amounts 

of Mn and, Cr was released by all wires in similar quantities. Further, submersion time in E-

MEM did not influence the ion release or the cytotoxicity of the wires. However, the 

potentially high concentrations reached when considering submersion in an acidic medium 

cannot be excluded. Orthodontic retention wires are expected to release metal ions 

continuously. This cumulative effect may lead to biologic alterations. Awareness of these 

factors is of utmost importance for successful and safe orthodontic treatment. 
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6.1 Abstract 

 

Objectives: to determine the load and deflection at failure of different lingual retainers 

bonded with composite to enamel in a standardized 3-point bending test. The results were 

rationalized with Finite Element Analysis (FEA) models.  

Methods: Four types of multistranded wires, Dead Soft Respond, Twisted ligature, Penta-

One, and Gold-plated Penta-One, and two glass FRC retainers, Fiber 07 and Fiber 09, were 

bonded to enamel with composite and submitted to a 3-point bending test. The load and 

deflection at failure and the mode of debonding were recorded. The stiffness of the wires 

was determined and all experimental data were used in FEA models to rationalize the 

observed values and mode of debonding. 

Results: Significant higher load and deflection were found for the most flexible retainers 

Twisted ligature and Dead Soft Respond. All retainers failed between the wire and 

composite, which was confirmed by FEA showing the highest stress in the composite around 

the retainer. The FEA models showed that the amount of composite used for bonding the 

retainers should be 2-4mm. 

Significance: Based on the in vitro results, optimal bonding of lingual retainers can be 

achieved by flexible retainers, bonded with intrinsically strong composites. According to the 

FEA models the retainer should be bonded with 2-4mm composite, leaving the critical “free 

wire” length for the success of the retainer system.  
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6.2 Introduction 

 

To stabilize orthodontic teeth position and prevent relapse, orthodontic retention wires are 

used. These retention wires are made from metal alloys, e.g. stainless steel, gold-plated 

stainless steel, or glass or polyethylene fiber-reinforced composite (FRC). Although retainers 

are frequently used, there are limited in vitro and clinical studies available regarding the 

influence of type of wire, the bonding system, and composite used. Multistranded stainless 

steel wires are the most frequently used wires for long-term orthodontic retention. A recent 

clinical study found no statistical difference between the percentages of failures of 

multistranded stainless steel wire and polyethylene ribbon-reinforced resin composite 

retainers over a year period.[1] This is in contrast with previous studies where multistranded 

stainless steel wires were more reliable than polyethylene ribbon-reinforced composite [2] 

and glass fiber reinforced retainers.[3] Tacken et al. demonstrated significantly lower 

success rates (49 vs. 88%) of glass fiber reinforced retainers after two years in a multi-

center study. The low success rate of the fiber reinforced retainer was attributed to its low 

flexibility, unfavorable loading, and difficult handling properties during placement. 

Furthermore, glass fiber reinforced formulation, retainer thickness and number of 

overlapping teeth have significant effect on the success rate.[4] In the latter study, the bond 

failures were between the enamel-adhesive or adhesive-FRC interface. Littlewood et al. 
concluded in a systematic review that there is currently insufficient evidence on which to 

base the clinical practice of orthodontic retention.[5] 

For the successful clinical application of a retainer system, the force applied to the retainer 

must not exceed the yield strength of the retainer material itself, the composite should not 

cohesively fail, and the bond strength between the composite and the tooth should be high 

enough to withstand the induced stresses. Most of the in vitro studies pay attention to the 

bond strength, which was investigated in a “two-teeth-wire” [6, 7] or in a “cantilever” [8, 9] 

set-up. Most of the research is focused on the bond strength of the wires to the teeth, while 

clinically the low flexibility of the fiber reinforced retainer seems to be of importance.[3] 

Furthermore, the amount of composite that should ideally bond the retainer to the enamel 

has to our knowledge, not been proposed.  

Therefore, we have investigated the load to failure of flexible (Dead Soft Respond / Twisted 

ligature) and relatively stiff (Penta-One / Gold-plated Penta-One) metal retainers and 

compared these to even stiffer FRC retainers (Fiber 07 / Fiber 09). The load and the 

deflection at failure were measured in a standardized 3-point bending set-up (see Figure 

6.1). The null hypothesis was that there is no significant difference in the load to failure and 

deflection among these groups. Furthermore, the obtained results were rationalized by 

analyzing them with different Finite Element Analysis (FEA) models. For these computations 

we introduce the concept of “free wire”, as the portion of the retainer not covered with 
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composite and we presume that it will critically influence the deflection of the retainer, 

determining its success. 

 

6.3 Materials and Methods 

 

Ten specimens of each of the six retainers were tested in a standardized 3-point bending 

set-up as shown in Figure 6.1. The wires were bonded to three 6mm round enamel discs 

which had been cut from the vestibular surfaces of bovine incisors [10] and ground to 2mm 

thickness with wet silicon carbide papers up to 1200-grit. Metal rings were used to provide 

rigid support for two of the three enamel discs. The metal rings had an internal diameter of 

5.3mm and the outside diameter of 20mm. The distance between the central and the lateral 

discs was 6.5mm (SD = 0.4). The metal rings were silanized and the dentine sides of the 

two discs to be bonded to the metal were treated with 35% phosphoric acid (Ultra-Etch, 

Ultradent Products Inc., South Jordan, Utah, USA) and water sprayed for 30s each. Clearfil 

SA primer, Clearfil Photo Bond (Kuraray Medical Inc., Okayama, Japan) and dual cure 

composite Duolink (Bisco Inc., Schaumburg, Illinois, USA) were used to bond the discs to the 

metal. The enamel sides of all three discs were treated with Ultra-Etch for 45s and light cure 

adhesive primer (Transbond XT, 3M Unitek, Monrovia, California, USA). Light cure retainer 

composite (LCR, Reliance Orthodontic Products Inc., Itasca, Illinois, USA) was used to 

connect the retainers to the discs. In order to produce uniformly shaped bond sites and to 

stabilize the central disc and the retainer during the bonding procedure, a transparent 

silicone mold (Memosil, Heraeus Kulzer GmbH, Hanau, Germany) was used during light 

curing. The retainer was covered with approximately 1mm of composite.[11] The specimens 

were stored in water at 37ºC for 48 hours prior to testing. 

 

Table 6.1 Retainer characteristics and composition. 

 

Penta-One1 
Gold-plated 

Penta-One2 
Fiber 073 Fiber 093 

Dead Soft 

Respond®4 
Twisted ligature5

6 strands 6 strands 1000 fibers 1500 fibers 6 strands 3 strands 

Fe 71% 

Cr 19% 

Ni 8% 

 

Fe 48% 

Cr 14% 

Ni 6% 

Au 31% 

Unidirectional E-

glass fiber 

Composite 

Matrix 

Unidirectional E-

glass fiber 

Composite 

Matrix 

Fe 71% 

Cr 18% 

Ni 8% 

 

Fe 73% 

Cr 18% 

Ni 8% 

 
1 Masel Inc. Carlsbad, CA, USA, 2 Gold’n Braces Inc., Palm Harbor, FL, USA 3 EverStick® Sticktech Ltd, 

Turku, Finland 4 Ormco Corp., Orange, CA, USA 5 Dentsply GAC International, York, PA, USA.  
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The retainer’s characteristics and composition are shown in Table 6.1. The composition of 

the wires was evaluated by Scanning Electron Microscopy-Energy Dispersive X-ray 

spectrometry (SEM-EDAX; model XL20, FEI Company, Eindhoven, The Netherlands).  

 
Load at failure determination 
The specimens, with the retainer side down and the metal ring up, were positioned on a 

steel block. The load at failure was determined by using a universal testing machine (Instron 

6022, High Wycombe, Bucks, UK). The load was applied through the hole of the metal ring 

at a rate of 1mm·min-1 with a stainless steel shaft with a diameter of 5.0mm (Figure 6.1). 

The load and deflection at failure were recorded. The mode of failure was evaluated with 

stereomicroscopy (Olympus, Tokyo, Japan) at 25x magnification using the Adhesive 

Remnant Index (ARI) scores, which has been developed for bracketed wires [12] and 

adapted to retaining wires [9] with the following failure types: 1. Failure between tooth and 

composite (adhesive failure); 2. Failure between retainer and composite (cohesive failure); 3. 

Compound failure, i.e. combined failure type 1 and 2. 

 

 
 

Figure 6.1 Top view and cross-section of the standardized 3-point bending test set-up. 

 

A FEA of the experimental design, as shown in Figure 6.3, was used to evaluate the obtained 

values of load and deflection at failure. Since the elastic properties of the retainers were not 

available in the literature they were determined by using the universal testing machine. It 

was assumed that the properties of the retainer could be simulated as a single stranded wire 

with anisotropic behavior, i.e. different characteristics in the length direction (X axis) and 

perpendicular to the length (Y, Z axis) of the retainer. The elastic properties in the X 

direction were determined in a tensile test and, for the Y and Z direction a 3-point bending 

test was used. The Young’s modulus of the wires in the length direction was calculated with 

the obtained stress and strain in the tensile test. The tensile test was performed with 135mm 
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or 40mm long wires for the metal and the FRC, respectively The Young’s modulus in the 

direction perpendicular to the length were determined using a 3-point bending test. The 

elasticity of the retainer could then be calculated with the following formula [13]: 

 

	
12

 

 

where E is the Young’s modulus, F/D is the applied force divided by the deflection, r 
diameter of the wire, and L the distance between the support rollers, which was 20mm. The 

diameter of the wire and the diameter of the FRC bundle were determined with the use of 

Scanning Electron Microscopy (SEM; model XL20, FEI Company, Eindhoven, The 

Netherlands). 

 

Table 6.2 Diameters of the wires and the material properties used in the FEA. The 

diameters of the retainers were determined with SEM and the Young’s 

modulus in the tensile strength test and the three point bending test. 

 

 Diameter 

(mm) 

Young’s modulus Ex 

(GPa) 

Young’s modulus Eyz 

(GPa) 

Poisson ratio 

Penta one 0.54 50   5.8                  0.30 

Fiber 07 0.70 30 11.9 
x   0.35 

yz  0.11 

Dead Soft 0.49 44   4.6                  0.30 

 Young’s modulus (GPa)  

Enamel   95.0 0.30 

Composite     4.5 0.30 

Steel 195.0 0.30 

 

The Finite Element modeling was carried out using FEMAP software (FEMAP 10.1.1; Siemens 

PLM software, Plano, Texas, USA), while the analysis was done with NX Nastran software 

(NX Nastran; Siemens PLM Software, Plano, Texas, USA). A deflection of 0.5mm was given 

to the lower surface of the middle enamel disc. The nodes in the lower surface of the metal 

ring were fixed (no movement allowed in any direction). The material properties are 

summarized in Table 6.2. The Solid Maximum Principal stresses were calculated to establish 

the maximum tensile stresses caused by the deflections, and the Solid X Normal stresses to 

establish the shear stresses in the interface between the composite and the enamel. The FEA 

models were made with the dimensions of the set-up used in the in vitro study. Models were 

calculated with different amounts of composite used to bond the retainer to the enamel, with 

composite buds of 6mm, 4mm and 2mm, respectively. 
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Statistical analysis 
One-way analysis of variance (ANOVA) and Tukey post-hoc tests were used to assess the 

differences of the load and deflection at failure values with the different retainers as variable. 

The ARI scores were compared with Kruskal-Wallis one-way ANOVA. Significance for all 

statistical tests was predetermined at P<0.05. 

 

6.4 Results  

 

Figure 6.2 shows the stress-strain curve during loading in the standardized 3-point bending 

set-up with a Penta-One wire. This is a typical stress-strain curve of this set-up: in the first 

part of the curve obeying a normal elastic behavior (0.0 – 0.9mm), followed by a plastic 

region (0.9 – 1.1mm). In the plastic region partial debonding of the composite on the wire is 

observed, followed by total failure of the system within the composite on the wire or 

between the composite and the enamel. The load at failure was the highest value observed 

in the stress-strain curve and the deflection at failure is the point of total failure. The load at 

failure, the deflection at failure, and the ARI score for each retainer tested are summarized 

in Table 6.3, together with the statistical analysis.  

 

 
Figure 6.2 Typical stress-strain curve during loading of Penta-One in a 3-point bending 

set-up as graphically depicted in Figure 6.1. 

 

One-way ANOVA showed significant differences for the load at failure (F = 5.1; P = 0.001) 

and deflection at failure (F = 24.0; P<0.001). The highest load at failure was observed for 

the most flexible wires, e.g. the Twisted Ligature and Dead Soft Respond. The deflection at 

failure of the latter two wires was also significantly higher than that of the other four 

retainers. All retainers showed a cohesive type of failure, i.e. failure between the wire and 
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the composite, and there were no significant differences for the ARI scores. Furthermore, 

there was no event of wire fracture. 

 

Table 6.3 Mean load at failure (N) and deflection values (mm), with their standard 

deviation in parentheses, and median ARI scores of each retainer. 

 

 

 
Penta-One 

Gold-plated 

Penta-One 
Fiber 07 Fiber 09 

Dead Soft  

Respond® 

Twisted 

ligature 

Load  47.4(11.1)ab 48.8(12.9)ab 41.6(9.1)a 53.2(8.3)ab 61.4(14.7)abc 71.4(26.5)c 

Deflection  1.2 (0.5)a 1.2 (0.6)a 0.8 (0.3)a 0.6 (0.2)a 3.5 (1.3)b 2.9 (1.0)b 

ARI  2.0a 2.0a 2.0a 2.0a 2.0a 2.0a 
a,b,c  No statistical difference between the wires. 

 

 
 

Figure 6.3 Maximum tensile stress (solid maximum principal stress) in the Dead soft 

retainer with 4mm composite, “free wire” 2.5mm, with a displacement of the 

lower surface of the middle enamel disc of 0.5mm. 
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Figure 6.4 (Top) Stresses in the composite depending on the amount of “free wire” for 

the retainers Dead soft (● closed circles), Penta one (■ closed squares), and 

Fiber 07 (▲ closed triangles). The full horizontal line depicts the flexural 

strength of normal composite (140MPa) and the dashed line of flowable 

composite (100MPa). (Bottom) Shear stresses in the enamel-composite 

interface (Solid X normal stress) depending on the amount “free wire” for the 

retainers Dead soft (● closed circles), Penta one (■ closed squares), and Fiber 

07 (▲ closed triangles). The horizontal line depicts the bond strength of 2 or 

3-step etch and rinse adhesive system to enamel (approximately 40MPa). 

Note that the y-axis is a logarithmic scale.  
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Table 6.4 The maximum shear stress (solid X normal stress) calculated with FEA in the 

enamel/composite interface, the bond strength, the maximum tensile stress 

(maximum principal stress), and the ultimate strength of the composite and 

the retainer (all in MPa), for a “free wire” length of 2.5mm and a deflection of 

0.5mm.  

 

 Penta one Fiber 07 Dead Soft 

Maximum shear stress (solid X normal stress) in 

the interface 
34.7 78.0 28.2 

Bond strength Approximately 40 

Maximum tensile stress (solid maximum principal 

stress) in the composite 
226 335 166 

Ultimate strength composite Approximately 100 - 140 

 

The deflection and failure behavior of each pair, Penta-One / Gold-plated Penta-One, Fiber 

07 / Fiber 09, and Dead Soft Respond / Twisted ligature, respectively, were very similar. 

Therefore, the Finite Element modeling was only carried out for Penta-One, Fiber 07 and 

Dead Soft Respond. For the Finite Element modeling the elastic properties of these retainers 

were determined and are summarized in Table 6.2. Different Finite Element models, by 

varying the amount of “free wire” between two composite buds which fixed the retainer to 

the enamel were analyzed. Varying the composite buds from 6mm to 4mm and 2mm, the 

amount of “free wire” varied from 0.5mm to 2.5mm and 4.5mm. A typical example of the 

stresses in the model system is shown in Figure 6.3. This figure shows the tensile stresses 

(solid maximum principal stresses) for Dead Soft Respond with 4mm composite and 2.5mm 

of “free wire” with a deflection of the lower surface of the middle enamel disc of 0.5mm. The 

highest tensile stresses in the composite are observed in the bonding layer under the 

retainer at the lateral discs and above the retainer on the central disc, where the “free wire” 

leaves the composite bud. Table 6.4 summarizes the maximum shear stress (solid X normal 

stress) in the composite layer in the enamel/composite interface, the bond strength, the 

maximum principal stresses, and the ultimate strength of the composite and the retainer, for 

a “free wire” length of 2.5mm and a deflection of 0.5mm. Figure 6.4 shows the tensile 

stresses in the composite (top) and the shear stresses in the enamel-composite interface 

(solid X normal stress) (bottom) depending on the amount of “free wire” for the retainers 

Dead Soft, Penta One and Fiber 07. For the understanding of where the system fails, the 

bond strength between enamel and composite and strength of composite itself were added 

in the Table 6.4 and the Figure 6.4. The tensile strength of a normal composite is 140MPa 

and of a flowable composite is 100MPa.[14, 15] The bond strength for a 2- or 3-step etch 

and rinse adhesive system to enamel is approximately 40MPa.[16] 
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6.5 Discussion 

 

The null hypothesis was that there is no significant difference in the load to failure and 

deflection among flexible (Dead Soft Respond / Twisted ligature) and relatively stiff (Penta-

One / Gold-plated Penta-One) metal retainers compared to stiffer FRC retainers (Fiber 07 / 

Fiber 09). The null hypothesis was rejected because there were significant differences for 

both the load to failure and deflection at failure. Both the load to failure and deflection at 

failure of the most flexible systems (Dead Soft Respond and Twisted ligature) were 

significantly higher. For the load to failure most of the values were somewhat comparable, 

but for the deflection the differences were much bigger. For the clinical implication, the 

deflection of the retainer is the most important parameter because it should be able to 

stabilize teeth while responding to functional load and accompany physiologic teeth 

movement. In the clinical situation the teeth have limited movement which is, under normal 

circumstances, presumably less than 0.6mm, the lowest value of deflection at failure in this 

study. This implies that retainers do not fail due to direct overload, but most likely due to 

fatigue mechanisms. Nevertheless, it is interesting to observe that the in vivo and in vitro 

results correspond, i.e. the retainers with the lowest deflection at failure, i.e. the FRC wires, 

perform clinically significantly less favorably than the metal wires.[3] 

The mode of failure was in general a cohesive failure type, i.e. failure in the retainer-

composite interface. This is in accordance with the results from other authors using different 

testing methods for multistranded wires, making the composite the weakest point in the 

retainer system.[4, 6, 8, 11, 17] 

In order to rationalize the obtained results, different Finite Element models were made. The 

data for the 2.5mm “free wire”, which is comparable with the in vitro set-up conditions, are 

summarized in Table 6.4 and graphically depicted in Figure 6.3 and 6.4. The results of the 

metal wires show that, most probably, the composite around the wires fails due to high local 

stress in the composite bud, at the points where the “free wire” leaves it. In the composite-

wire region the tensile stress in the composite exceeds the ultimate tensile strength of the 

composite itself. This is also visible in the stress-strain curve (see Figure 6.2) where partial 

debonding is observed. Furthermore, the shear stress at the interface between the 

composite and the enamel is below the bond strength of composite to enamel, showing that 

this bond is not the weakest link in the system.  

Since the strength of the composite is the weakest link, the use of flowable composites for 

retainer bonding is questionable. Flowable composites have an average tensile strength of 

90-100MPa, where normal composite has a higher strength, in the range of 110-140MPa. It 

is therefore recommendable to use a high strength composite with good application 

properties to bond the retainers. 
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According to the FEA models, the greatest influence on the stress in the retainer system is 

the length of “free wire” rather than the material of the retainer. The length of “free wire” 

appeared to be the most critical factor for the success of the retainer system. If relatively 

small composite buds are used, both the maximum tensile stress around the wire and the 

stress at the composite-enamel interface are reduced. In contrast if the whole tooth is 

covered mesio-distally with composite, with the idea that extra composite will improve the 

bonding of the wire, the local stresses will increase dramatically and debonding will occur at 

lower deflections i.e. induced by slight movements of the teeth. According to our results, for 

optimal clinical bonding the composite bud should be between 4 and 2mm. We recognize 

that in the clinical situation this is not always practicable. Yet, caution should be exercised 

when placing a retainer: composite should not totally cover the mesio-distal width of the 

tooth. 

 

6.6 Conclusion 

 

This in vitro study, supported by Finite Element Analysis, showed that the flexible retainers 

Dead Soft Respond and Twisted ligature perform better in bond strength and deflection 

compared to the relatively stiff multistranded wires, Penta-One / Gold-plated Penta-One, and 

glass fiber-reinforced composite retainers, Fiber 07 / Fiber 09. The FEA models showed that 

for optimal bonding of the retainer the composite applied to bond the retainer to the teeth 

should be 2-4mm, leaving the critical “free wire” length for the success of the retainer 

system. 
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Discussion, Summary and Conclusions 
 
 

Discussion 

 

When exposed to the oral environment metal-containing dental devices are prone to corrode 

with as consequence the release of metal ions into the surrounding tissues. The amount of 

ions released from dental devices, like orthodontic retention wires and alloys for crown and 

bridgework, are dependent on a myriad of factors from salivary composition to diet and 

lifestyle. Although they will induce inflammation of the cells and tissues all over the body, the 

effects and its manifestation will rely on individual susceptibility.  

Corroding dental restorations are nowadays considered as an important source of metal 

exposure and significant morbidity is related to hypersensitivity to different metals which are 

part of dental alloys. Yet, in the world of today they are among many other sources. To 

name a few: orthopedic implants, biomedical devices, vaccines, coated medical pills, but also 

jewellery, food and coins play a role in the chronic exposure to heavy metals. Also, smoking, 

long been a concern for the integrity of the respiratory tract and general health, is the cause 

of exposure to a large amount of chemicals and heavy metals like nickel, cadmium, 

manganese, mercury, lead and arsenic. Electronic cigarette smoking is nowadays 

increasingly popular and although the total exposure to particulate elements in e-cigarettes 

is lower compared to normal cigarettes, they can be a source of Ni, Cr (and Ag), either from 

the chemicals included in the liquid or from the cartridge of the device itself. In the cosmetic 

industry metals like titanium dioxide, iron oxide, cadmium and lead are abundant in pigments 

and color dyes which are part of skin-whitening products, acrylic nails, hydrating lotions, etc. 

To give an example, the use of sunscreens to protect skin from harmful solar UV radiations 

may also present a threat because of the nanomolecular size of particulates of metal oxides 
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(i.e. titanium dioxide) which may penetrate and accumulate on the skin and be potentially 

harmful.  

Health concerns behind the continuous leaching of metal ions from dental restorations are 

mainly due to their effect on the immune system by triggering hypersensitivity reactions with 

systemic or local expression, and (cyto)toxic reactions on the application site. From an 

immunologic perspective, Ni and Pd metals aim to cross-react leading to concomitant 

sensitization to both metals. While the EU Nickel Directive decreased the prevalence of Ni 

sensitization in Europe, the use of Pd in consumer products and biomedical appliances 

increased during the same period. This may have been caused by a replacement of nickel by 

palladium and/or the implementation of a more appropriate test salt for diagnosis of 

palladium sensitization which contributed to the increased prevalence rates of sensitization to 

this metal. In spite of the fact that palladium is a precious metal which when used as 

alloying component will be more resistant to corrosion than Ni-containing alloys, effort on 

legislation to limit Pd use in consumer products should be attempted as it has been shown 

that it will lead to a comparable sensitization rate as nickel.  

Alloys and its metals in diverse forms will always be part of the industrialized world. While 

we cannot change that, the dentist and the dental specialists should opt for metal-free 

dental appliances when available, and invest in the development of reliable alternatives for 

dental application. Yet, completely metal-free dentistry is still a utopia, either because there 

is no alternative that completely replaces the use of metals in every case or because the 

existing metallic appliance has characteristics that make them essential for the clinical 

conditions. The mechanical properties, predictability and durability of metallic dental devices 

make metal alloys in many cases the best choice for clinical application. From a corrosion 

and thus biocompatibility perspective, alloys with a low risk of inducing sensitization or toxic 

reactions should mainly be used. For orthodontics where appliances are applied for a limited 

time period, nickel-containing wires seem unavoidable. Wires with low content of Ni exist in 

the market. Yet, these wires are also not risk-free since, as exposed in this thesis, they 

release considerable amounts of metallic ions. Furthermore, orthodontic retainers aim to 

serve life-long and thus, there might be a continuous release of metal ions. Despite the 

favorable behavior on cytotoxicity tests on this (and other) studies, the possibly harmful 

effect of these appliances cannot be excluded. This continuous release of subliminal amounts 

of Ni and other ions may account for a reaction that may go undercover until sufficient 

amounts have accumulated.  

Of note, the chance of contact with Ni or Pd from dental appliances differs with the age of 

the patient. The probability of using nickel-containing appliances in children is higher than in 

appliances used in adults in Western Countries due to, for example, Ni-Cr pediatric crowns, 

space maintainers or Ni-containing orthodontic appliances. On the other hand, adult patients 

are more likely to have crown and bridge constructions and frame structures containing 
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palladium. This may account for the earlier age of sensitization to Ni than to Pd, 

notwithstanding the possibility of oral tolerance when contact with the oral cavity precedes 

skin contact. 

 

Summary 

 

This thesis focused on three general aspects of the application of metals of nickel and 

palladium in dental appliances for orthodontic retention and fixed prosthodontics. First, the 

metal release on itself when submersed in corrosive solutions such as stated by ISO norms, 

intending to reproduce oral conditions (Chapters 2 and 3). All the materials tested released 

metal ions. Mechanical load and pH influenced the release from the orthodontic wires tested 

while for the Pd-alloys casting manipulation to shape a crown and surface polishing, 

determined the release of metal ions. The ions of Ni, Cr and Mn from orthodontic wires and 

Pd, Ga, Cu and Ag from Pd-alloys were the most released. Considering the composition of 

each material these results are not surprising. It is of interest though, that a) Pd-Ag alloys 

released less palladium than Pd-Cu ones, and b) nickel from wires commercialized as “nickel-

free” was released in measurable amounts and higher than that considered by the Ni 

Directive for the skin.  

Second, the effect of those ions at cellular level was tested in a very simplistic approach for 

testing eventual cytotoxicity (Chapters 4 and 5). The mitochondrial activity of mouse 

fibroblasts was tested when in contact with eluates of orthodontic wires and metallic crowns 

and, with metallic salt solutions in concentrations equivalent to the reported ion release for 

those appliances. While the appliance when tested as a whole was not considered cytotoxic, 

the metal salts of Ni, Cu, Ag, Pd and Ga where able to induce cellular damage in 

concentrations within the reported release range. This means that with the permanent 

character of the metallic dental appliances, sometimes life-long, the value of the continuous 

release of metallic ions from dental appliances must not be underestimated. 

Finally, one suggested alternative to the use of metals in orthodontic retention, the fiber-

reinforced composite, was tested for load and deflection at failure (Chapter 6). The rigidity of 

that system prevents its long-term successful clinical use. Deflection of the wires is of utmost 

importance to maintain teeth position while accompanying physiologic movement. 

Influencing flexibility, the length of the wire not covered with composite during bonding to 

the teeth plays a critical role for the success of the retainer system.  

In sum, all metallic devices release metal ions in concentrations that might have biological 

implications in the long term. Palladium-based and other metal alloys can, in an increasing 

number of situations, safely and successfully be replaced by zirconia in the construction of 

fixed dental prosthesis. Yet, in orthodontics, metal alloys are still the gold-standard and until 

now, irreplaceable in it’s whole. 
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Conclusions 

 

 Both nickel-containing and “nickel-free” orthodontic retention wires release Ni when 

submersed in a solution, in a pH-dependent manner (corrosive solution > water > 

culture medium). Further, mechanical loading also has a strong effect on the ion 

release. This release occurs in considerable amounts and mostly higher than what 

considered by the EU Nickel Directive for the skin. 

 Pd-Cu crowns submersed in a corrosive solution release higher amounts of Pd than 

Pd-Ag alloys. This release is mainly influenced by the surface finishing of the alloy, 

with polishing being a determinant factor, but also by the shape of the alloy (disks > 

crowns).  

 The cumulative effect of the continuous release of ions from alloys for oral 

application may contribute to cellular damage. Concentrations of metallic salts 

equivalent to those reported to be released from dental alloys were able to induce 

cellular toxicity (10ppm for Ni, Cu and Ag; 100ppm for Pd and Ga), although the 

material is not considered cytotoxic and, as such, safe for clinical application. 

 Fiber-reinforced composite retainers are not reliable alternatives for (long-term) 

orthodontic retention. To accompany physiologic teeth movement and prevent 

relapse, flexible multistranded wires bonded to the teeth with minimal amounts of 

composite (2-4mm) are the most efficient. 

 

New from this thesis 

 

 “Nickel-free” orthodontic retention wires are not free of release of Ni. FRC are not 

reliable alternatives for orthodontic retention. Metal-free bonded orthodontic 

retention is not yet feasible.  

 The deflection of the retainer is of prime importance to accompany physiologic teeth 

movement and as such prevent relapse. But, the length of “free wire”, i.e. the 

amount of wire not covered with composite, is the most critical factor for the success 

of the retainer system.  

 Shape, as well as surface finishing, influences the corrosion trend of Pd-containing 

dental alloys. 

 Concentrations of metallic salts equivalent to those reported to be released from 

dental appliances have a cytotoxic effect. Remaining in place for years or even life-

long, the continuous release of ions from orthodontic retainers and palladium crowns 

may have a cumulative effect and lead to biological implications.  
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Discussie 

 

Wanneer metaalhoudende tandheelkundige voorzieningen (medische hulpmiddelen) aan de 

orale omgeving worden blootgesteld kunnen, als gevolg van corrosie, metaalionen vrijkomen 

waaraan de omringende weefsels vervolgens worden blootgesteld. De hoeveelheid ionen die 

uit tandheelkundige voorzieningen, zoals orthodontische retentiedraden en metaallegeringen 

voor kronen en bruggen, kan vrijkomen is afhankelijk van een groot aantal factoren zoals 

bijvoorbeeld de samenstelling van speeksel, het dieet en de levensstijl. Hoewel de 

blootstelling aan metaal ionen kan leiden tot het ontstaan van ontstekingen van de weefsels 

en cellen in het gehele lichaam, zullen de effecten en de ernst afhankelijk zijn van individuele 

gevoeligheid. 

Corroderende tandheelkundige voorzieningen worden tegenwoordig beschouwd als een 

belangrijke bron van metaalblootstelling met een significante morbiditeit van 

overgevoeligheid voor de verschillende metalen die in tandheelkundige metaallegeringen 

worden toegepast. Naast tandheelkundige blootstelling zijn er vele andere bronnen te 

noemen: orthopedische implantaten, biomedische implantaten, vaccins, gecoate pillen, maar 

ook juwelen, voedsel en munten spelen een rol bij chronische blootstelling aan zware 

metalen. Ook, roken, al lang een zorg voor de gezondheid van de luchtwegen en de 

algemene gezondheid, is de oorzaak van blootstelling aan zware metalen zoals nikkel, 

cadmium, mangaan, kwik, lood en arseen. Hoewel de totale blootstelling aan metalen in e-

sigaretten, tegenwoordig in toenemende mate populair, in vergelijking met normale 

sigaretten lager is vormen elektronische sigaretten ook een bron van Ni, Cr (Ag), hetzij uit de 

chemische stoffen in de vloeistof in het patroon, hetzij stoffen die uit het patroon of het 
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apparaat zelf vrijkomen. In de cosmetische industrie worden metalen zoals titaniumdioxide, 

ijzeroxide, cadmium en lood overvloedig toegepast in pigmenten en kleurstoffen, 

huidbleekmiddelen, acryl kunstnagels, hydraterende lotions, etc.. Voorbeelden hiervan zijn 

zonnebrandmiddelen die enerzijds de huid beschermen tegen schadelijke UV-straling maar 

anderzijds een bedreiging kunnen vormen vanwege de metaaloxidedeeltjes van 

nanomoleculaire grootte, zoals bijvoorbeeld titaniumdioxide, die de huid kunnen 

binnendringen en aldaar accumuleren.  

De risico’s voor onze gezondheid als gevolg van de continue blootstelling aan metaalionen 

vanuit tandheelkundige voorzieningen zijn voornamelijk te wijten aan hun effect op het 

immuunsysteem. Dit gebeurt door het initiëren van overgevoeligheidsreacties met 

systemische of lokale expressie en (cyto-)toxische reacties op de plaats van blootstelling. 

Vanuit een immunologisch perspectief leidt de kruisreactie van nikkel en palladium tot 

gelijktijdige sensibilisatie voor beide metalen, ook wanneer men slechts is blootgesteld aan 

één van deze metalen. Terwijl de ‘EU-nikkel-richtlijn’ heeft geresulteerd in een daling van de 

prevalentie van nikkel-sensibilisatie in Europa, heeft het gebruik van palladium in

consumentenproducten en biomedische apparaten in dezelfde periode geleid tot een stijging 

van palladium-sensibilisatie. De toegenomen prevalentie van sensibilisatie voor dit metaal 

kan zijn veroorzaakt door een vervanging van nikkel voor palladium in diverse toepassingen 

en/of de implementatie van een meer geschikt testzout voor de diagnostiek van palladium-

sensibilisatie. Ondanks het feit dat palladium een edel metaal is dat als legeringselement de 

legering beter bestand maakt tegen corrosie dan Ni-legeringen is het verstandig om 

wetgeving te ontwikkelen die het palladium gebruik in consumentenproducten beperkt 

omdat is aangetoond dat verhoogde toepassing van palladium zal leiden tot een 

vergelijkbare sensibilisatie-graad als nikkel. 

Metaallegeringen zullen altijd deel uitmaken van de geïndustrialiseerde wereld. Dat kunnen 

we waarschijnlijk niet veranderen, echter in de tandheelkunde kunnen wij wel vaker kiezen 

voor metaalvrije tandheelkundige voorzieningen en investeren in de ontwikkeling van 

betrouwbare metaalvrije alternatieven voor tandheelkundige toepassing. Ook een volledig 

metaalvrije tandheelkunde is vooralsnog utopie, hetzij omdat er geen alternatief voorhanden 

is dat het gebruik van metalen in alle gevallen volledig vervangt, hetzij omdat de bestaande 

metaalhoudende voorziening kenmerken heeft die essentieel zijn voor de klinische 

toepassing. De mechanische eigenschappen, voorspelbaarheid en duurzaamheid van 

metalen tandheelkundige voorzieningen maken metaallegeringen vaak de beste keuze voor 

een specifieke klinische toepassing. Vanuit de invalshoek van corrosie en biocompatibiliteit 

moeten bij voorkeur legeringen worden gekozen met een laag risico voor het induceren van 

overgevoeligheid of toxische reacties. Voor de orthodontie waarbij in de mond apparatuur 

wordt toegepast voor een beperkte periode, lijkt de toepassing van nikkel-houdende draden 

vooralsnog onvermijdelijk. Draden met een laag gehalte aan nikkel bestaan, maar ook deze 
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draden zijn niet zonder risico omdat, zoals beschreven in dit proefschrift, ze leiden tot een 

aanzienlijke blootstelling aan metaalionen. Orthodontische retentiedraden, toegepast als 

spalk, hebben vaak als doel om een leven lang te functioneren. In deze gevallen zal er 

sprake zijn van een continue afgifte van metaalionen. Ondanks de gunstige resultaten van 

cytotoxiciteits-testen zoals die blijken uit ons onderzoek (en die van anderen) kan het 

mogelijk schadelijke effect van de orthodontische retentiedraden niet worden uitgesloten. 

Zelfs de continue afgifte van extreem kleine hoeveelheden van nikkel- en andere ionen kan 

verantwoordelijk zijn voor een reactie die pas wordt opgemerkt nadat voldoende 

hoeveelheden metaalionen zich hebben opgebouwd in het lichaam. 

In westerse landen is de kans op contact met nikkel of palladium, vanwege tandheelkundige 

toepassingen, afhankelijk van de leeftijd van de patiënt. De kans dat nikkelhoudende 

tandheelkundige toepassingen bij kinderen wordt toegepast is hoger dan bij volwassenen als 

gevolg van het feit dat bijvoorbeeld pediatrische Ni-Cr kronen, nikkel bevattende 

orthodontische toepassingen (retentiedraden) vooral bij kinderen worden toegepast. 

Anderzijds, volwassen patiënten hebben vaker kroon- en brug-constructies die palladium 

kunnen bevatten. Dit kan de jongere leeftijd van sensibilisatie voor nikkel in vergelijking tot 

die van palladium verklaren, ondanks het feit dat orale tolerantie voor nikkel kan ontstaan 

wanneer, voorafgaand aan contact met de huid, het eerste contact van nikkel met de 

mondholte plaatsvindt.  

 

Samenvatting 

 

Dit proefschrift richt zich op drie algemene aspecten van de toepassing van de metalen 

nikkel en palladium in tandheelkundige voorzieningen voor orthodontische retentie en 

prothetische voorzieningen. Als eerste, werd het vrijkomen van metaalionen onderzocht 

onder nagebootste orale omstandigheden; onderdompeling in corrosieve oplossingen zoals 

aangegeven in ISO normen (hoofdstukken 2 en 3). Uit alle geteste materialen kwamen 

metaalionen vrij. Het bleek dat voor orthodontische draden de mechanische belasting en de 

zuurgraad van het medium (pH) en voor kronen vervaardigd van Pd-houdende legeringen de 

oppervlakte-bewerkingen van het gietstuk, zoals polijsten, en daarnaast ook de vorm van het 

gietstuk van invloed zijn op de hoeveelheid vrijkomende metaal-ionen. Bij orthodontische 

draden kwamen vooral de ionen van Ni, Cr en Mn en bij de Pd-legeringen de ionen van Pd, 

Ga, Cu en Ag vrij. Gezien de samenstelling van elk materiaal waren deze resultaten niet 

verrassend. Echter, het is van belang te weten dat a) Pd-Ag legeringen minder palladium 

vrijgeven dan Pd-Cu legeringen en b) uit draden die in de handel worden gebracht als zijnde 

"nikkel-vrij" toch in meetbare hoeveelheden nikkel ionen vrijkomen en wel in concentraties 

die hoger zijn dan de EU nikkelrichtlijn voor blootstelling aan de huid toestaat. 

 



 
 

116 
 

Het tweede onderwerp dat werd onderzocht betrof de effecten van metaal-ionen op cellulair 

niveau. In een simplistische benadering werd de cytotoxiciteit onderzocht (hoofdstukken 4 

en 5). De mitochondriale activiteit van muizen-fibroblasten werd getest door deze cellen 

bloot te stellen aan eluaten van orthodontische draden en metalen kronen en tevens aan 

metaalzoutoplossingen in concentraties gelijk aan die welke gemeten zoals vrijkomend uit 

tandheelkundige voorzieningen. De tandheelkundige voorziening als geheel beschouwd bleek 

niet cytotoxisch, desondanks bleek dat de separate blootstelling aan metaalzouten van Ni, 

Cu, Ag, Pd en Ga, in concentraties binnen het bereik van de gemeten afgifte, toch cel-

beschadiging te kunnen induceren. Dit betekent dat vanwege de lange aanwezigheid van 

metaal bevattende tandheelkundige voorzieningen in de mond, de waarde van de continue 

afgifte van metaalionen niet mag worden onderschat. 

Tenslotte werd vezel-versterkt composiet als alternatief voor het gebruik van metalen draden 

in orthodontische retentiespalken onderzocht en getest op belasting en vervorming 

(hoofdstuk 6). De stijfheid van dit systeem verhindert succesvolle langdurige klinische 

toepassing. Doorbuiging van de spalkdraden is van het grootste belang om fysiologische 

beweging van de gespalkte elementen te behouden. Het vergroten van de flexibiliteit van het 

systeem, bijvoorbeeld door de lengte van de spalkdraden/vezels die niet worden bedekt met 

composiet tijdens het hechten aan de tanden te verlengen, speelt daarom een cruciale rol 

voor het welslagen van de spalk. 

Kortom, uit alle metaal-bevattende tandheelkundige voorzieningen komen metaalionen vrij in 

concentraties die op lange termijn biologische gevolgen kunnen hebben. Op palladium 

gebaseerde maar ook andere metaallegeringen kunnen, steeds vaker veilig en met succes 

worden vervangen door zirkoniumoxide in de toepassing van kronen en bruggen. Voor 

orthodontische toepassingen zijn metaallegeringen nog steeds de gouden standaard omdat 

nog geen goede metaalvrije alternatieven zijn gevonden. 

 

Conclusies 

 

 Uit zowel nikkelbevattende als "nikkelvrije" orthodontische retentie draden komt 

nikkel vrij wanneer deze draden worden ondergedompeld in een oplossing, en wel in 

een pH-afhankelijke wijze (bijtende oplossing> water> kweekmedium). Daarnaast 

heeft mechanische belasting ook een sterke invloed op het vrijkomen van metaal-

ionen. Gedurende deze belastingen komen nikkel-ionen in aanzienlijke hoeveelheden 

vrij. Deze hoeveelheden zijn meestal hoger dan wat de EU nikkel-richtlijn voor de 

huid toestaat. 

 Uit kronen vervaardigd van Pd-Cu-legeringen, ondergedompeld in een corrosieve 

oplossing, komen grotere hoeveelheden Pd-ionen vrij dan uit kronen vervaardigd van 

Pd-Ag legeringen. De hoeveelheid ionen die vrijkomt wordt voornamelijk beïnvloed 
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door de oppervlakte-afwerking van de legering. Polijsten is een bepalende factor 

maar ook de vorm van het gietstuk is van invloed. 

 Het cumulatieve effect van de continue afgifte van ionen uit legeringen voor orale 

toepassing kan cellulaire schade veroorzaken. Concentraties van metaalzouten gelijk 

aan die gerapporteerd worden als vrijkomend uit in de tandheelkunde toegepaste 

legeringen konden cellulaire toxiciteit (10 ppm Ni, Cu en Ag; 100 ppm voor Pd en Ga) 

induceren, ondanks het feit dat deze materialen als niet cytotoxisch en als veilige 

klinische toepassing worden beschouwd. 

 Spalken vervaardigd van vezelversterkt composiet zijn geen geschikt alternatief voor 

(lange termijn) orthodontische retentie. Om fysiologische tandverplaatsing en 

‘relapse’ te voorkomen blijken flexibele ‘multistranded’ metaal draden gehecht aan de 

tanden met minimale hoeveelheden composiet het meest efficiënt. 

 

Nieuw in dit proefschrift 

 

 Uit "Nikkelvrije" orthodontische retentiedraden komen toch nikkel-ionen vrij. Vezel-

versterkt composiet is geen geschikt alternatief voor orthodontische retentie. 

Metaalvrije orthodontische retentie is nog niet haalbaar. 

 De doorbuiging van spalkdraden is van het grootste belang om zo fysiologische 

tandbeweging te behouden om daarmee ‘relapse’ te voorkomen. De lengte van het 

draaddeel dat niet is bedekt met composiet is de meest kritische factor voor het 

succes van de retentiespalk. 

 De vorm van het gietstuk, alsmede oppervlaktebehandeling, beïnvloedt de mate van 

corrosie van Pd-bevattende tandheelkundige legeringen. 

 Concentraties van metaalzouten gelijkwaardig aan die welke gerapporteerd worden 

als vrijkomend uit tandheelkundige voorzieningen hebben een cytotoxisch effect. 

Wanneer wordt beoogd om dergelijke voorzieningen levenslang in de mond te 

plaatsen, kan de continue afgifte van ionen uit orthodontische voorzieningen en 

palladium houdende kronen een cumulatief effect en biologische implicaties hebben. 
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Ter saudades é viver. 
Não sei que vida é a minha 

Que hoje só tenho saudades 
De quando saudades tinha. 

 
Passei longe pelo mundo. 

Sou o que o mundo seu fez, 
Mas guardo na alma da alma 

Minha alma de português. 
 

E o português é saudades. 
Porque só as sente bem 

Quem tem aquela palavra 
Para dizer que as tem. 

 

Fernando Pessoa (1988-1935) 

 

 

Claiming no direct translation in other language, saudade is a word in Portuguese that 

describes a somewhat melancholic feeling of incompleteness or emptiness, an emotional 

state of nostalgia, longing for an absent something or someone that one loves and should be 

there in a particular moment. It brings sad and happy feelings all together, sadness for 

missing and happiness for having experienced the feeling. 
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I wandered afar through the world. / I am what the world has made me / But I keep in my 
soul of souls / My soul as a Portuguese.  
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