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Abstract: During the last decades, metal-based biomaterials have been extensively explored to
be used as biocompatible metals for biomedical applications, owing to their superior mechanical
properties and corrosion resistance. Consequently, for long-term implanted medical devices, to
assure the biomaterials’ reliability, functionality, and biocompatibility, studying the various bio-
tribological damage mechanisms to obtain the optimum properties is one of the most important
goals. In this review, we consider the most important metal-based biomaterials such as stainless steel,
alloys of titanium (Ti), cobalt-chromium (Co-Cr), and Nichel-Titatium (Ni-Ti), as well Magnesium
(Mg) alloys and with Tantalum (Ta), emphasizing their characteristics, clinical applications, and
deterioration over time. The influence of metal elements on biological safety, including significant
effects of metal-based biomaterials in dentistry were discussed, considering the perspectives of
surface, mechanical properties, corrosion behaviors, including interactions, bio-mechanisms with
tissues, and oral environments. In addition, the role of the oral microbiota was explored due to its role
in this erosion condition, in order to further understand the mechanism of metal-based biomaterials
implanted on the microflora balance of aerobic and anaerobic bacteria in an oral environment.

Keywords: metal-based biomaterials; oral implants; toxicology; biotribology; microbiology; oral
microbiota; immunity; biochemistry; biomedical applications

1. Introduction

Metal biomaterials have been used and continue to be used for both the restoration
of partial dentition and in the surgical treatment of bone lesions. Thanks to their physical
properties such as mechanical strength, machining, and shaping (i.e., casting, forging,
ductility, etc.), which are relatively easy, together with electrical conductivity, have caused
them to be the most usable [1]. These properties are due to the metallic bond that prevails
in metals and to the mobile electrons they possess. One of the most important, if not
the most important, properties of metallic biomaterials is their resistance to corrosion,
since high corrosion resistance implies high biocompatibility and the retention of the
biomaterial [2]. Hence, they were initially used in orthopedics and dentistry, due to their
hardness and resistance to mechanical stress. Since access to the teeth was readily available
and it was also possible to maintain good antiseptic conditions, the scientists monitored
results. Today, they are widely used in maxillofacial surgery or orthopedic prostheses
for the restoration of bone defects (support plates, screws, wires, hip heads, etc.), where
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they promote bone healing, correction of bone deficits (from accidents, cancer, or other)
and the treatment of dentition [3]. However, since intense corrosive conditions mainly
develop in the oral cavity due to eating habits, oral fluids, and local microbiota, the metal
dental implants are very easily damaged. This has allowed the development of research
in the field of dentistry. To design biomaterials for deformities, diseases, and injuries
treatments, they must first understand the evolving nature and composition of ossified
bone so that the biomaterial can respond to mechanical and hormonal stimuli. Bone is not
a homogeneous material, similar to the metals used in most implants [4,5]. Human bone
can match mechanical properties and strength (bone tensile strength can be almost equal
to that of iron), however bone is three times lighter and ten times more flexible than iron.
The plates for osteosynthesis, metal-ceramic crowns and bridges, and dental implants are
typical cases of application of these biomaterials [6]. Internationally, coated or uncoated
titanium alloys (Ti), nickel-chromium alloys (Ni-Cr), chromium-cobalt alloys (Cr-Co), and
stainless steel are widely used in both prosthesis and its bone surgery [7]. Thus, the main
components of the elemental composition of dental alloys can be based on Ag, Pd, Co, Cr,
Mo, Fe, C, Si, Mn, Ni, Cr, Mo, Fe, C, Be, Mn, Pd, Ga, Cu, cpTi Ti, O, N, C, Fe, H, Ag, Au, Cu,
In, Pd, Pt, and Zn (Figure 1) [8,9].

Prosthetic metal alloys types

Predominantly Base Metal

High Noble Metal Alloys Noble Metal Alloys Alloys
(Au-Pt-Pd, Au-Pd-Ag and o _
Au-Pd) (Pd-Ag, Pd-Cu-Ga, Pd-Ga) (Titanium-based, Ni-Cr and

Co-CrNi-Cr and Co-Cr)

Figure 1. The metal oral implants and dental alloys for immobile and mobile prosthetic work, based
on the percentage content by weight of noble metals (such as Au, Pd, Pt, Ag), in the three categories:
(a) high noble metal alloys with a content percentage of noble metals greater than 60%, (b) noble metal
alloys with a content of noble metals between 25-60%, and (c) predominantly, base metal alloys may
also contain noble metals, in a percentage less than 25% by weight. The total percentage of Ni and Cr
in Ni-Cr alloys and Co and Cr in Co-Cr alloys, respectively, cannot exceed 85%. Source: American
Society for Testing and Material and ADA Standards Committee on Dental Products (SCDP).

2. Characteristics and Toxicity of Metal Alloy Biomaterials

Austenitic stainless-steel alloys are used almost exclusively as biomaterials, i.e., alloys
with austenite (y-Fe) as the main phase. The austenitic stainless steels high fatigue strength
and high yield strength, especially when quenched, cause them to be a suitable material for
the fabrication of implants located in areas with high mechanical loads. For maxillofacial
surgery, steel is used for the manufacture of osteosynthesis devices (materials), i.e., of wires,
plates, screws, etc. [10,11]. In orthodontics, stainless steel is used in the manufacture of
orthodontic wires to move teeth. However, under conditions where mechanical stress and
reduced oxygen concentration coexist, stainless steel corrodes rapidly, releasing metal ions
(Cr, Fe, Ni) and particles in the body [12]. Bone responds to mechanical stimuli and reshapes
itself according to the mechanical needs of the environment to maintain its integrity,
unlike stainless steel. The mechanical loads exerted on the bone cause micro-deformations
that rarely exceed 3%. In fact, the cells of the bone tissue receive and recognize the
mechanical “signals” of the environment and bring about changes in bone mass and bone
architecture [13]. The bone in the unloading area stops receiving the mechanical stimuli
necessary for its homeostasis and is absorbed. This condition is called bone resorption due
to discharge or osteoporosis due to disuse (stress shielding) [14]. Nevertheless, there is
a critical limit of micro-deformations, which is necessary for bone homeostasis, and when
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their magnitude is below this critical limit (i.e., disuse and other) the bone is reabsorbed with
the decrease in mass. The biomechanical incompatibility of the metal—bone biomaterial in
terms of the elastic modulus considerably limits the transmission of mechanical loads from
the much more “rigid” metal biomaterial to the more “flexible” adjacent bone [15]. The
result of this condition is the loosening of the implant metal and the induction of refraction
for osteopenia of the bone, when the osteosynthesis materials are removed. The increase in
stainless-steel alloys’ corrosion resistance is achieved by coating with a thin passive layer
of Cr,Oj3 that firmly adheres to their surface [16,17].

In dentistry, chromium-cobalt alloys have been used for the building of prosthetic
structures, i.e., bridges and crowns. The composition of these alloys is usually Cr (about
over 30%), Mo (over 7%), and they contain small quantities of Ni (<1%), which, as is well
known, has shown an allergenic or carcinogenic effect [18,19]. They also contain traces
of Mn, Fe, Si, N, and C. The presence of carbon in the alloy greatly increases its hard-
ness because carbides (a compound composed of carbon and a metal) are formed. The
alloys, depending on the content of the carbon, are distinguished in low content, when its
concentration is about 0.05%, and high content, when the concentration is about 0.25%.
The thermal expansion coefficients of these alloys are similar to those of ceramics. Cr-Co
alloys have a higher thermal expansion coefficient than Ni-Cr [20]. In cobalt-chromium
alloys, two phases coexist: the dominant Co mother phase and the carbide phase (mainly
Cr carbides). The phase ratio and dispersion of the carbides affect the hardness and
mechanical behavior of the alloy. High carbon Cr-Co-Mo alloys are the metal biomateri-
als with the highest abrasion resistance, which is attributed to the carbide phase. Since
a stable passive film of Mo and Cr oxides forms on the surface of the alloy, they show good
corrosion resistance, although there are reports of Cr3* and Co®" ions being released into
fabrics due to their corrosion [21]. The method of processing the alloy also determines its
mechanical behavior. The manufacture of dental prostheses is obtained either by casting
with the “lost wax” technique or by mechanical processing, i.e., forging, turning, etc. or by
powder metallurgy, or hot isostatic pressing. Mechanical processing and powder metal-
lurgy improve mechanical behavior and show higher tensile strength, higher yield strength,
and higher fatigue strength than the corresponding cast alloys [22].

Titanium, useful in the manufacture of metal-ceramic works, has a low specific weight
(4.5 g/cm?), a high resistance to corrosion, optimal mechanical properties as well as bio-
compatibility, and optimal radiopacity [23,24]. Hence, unalloyed Ti and its alloys are
recognized as suitable to be optimum biomaterials [25]. However, even small variations
in the O, content significantly affect the mechanical behavior of titanium, because the O,
atoms scattered in the crystal lattice between the titanium atoms prevent the crystal planes
from moving. Pure titanium alloys contain oxygen that, depending on the content, are
divided into cpTi grade I, II, II, and IV [26]. The pure Ti grade IV shows the highest oxygen
content (0.40%). The content of N, C, H, and Fe does not differ significantly between the
four grades of commercially pure titanium. Iron is also added to titanium alloys to increase
the corrosion resistance. Therefore, the small variations of the O, content affect the plastic-
ity of the titanium, which is reduced as its yield strength increases instead. Titanium, as
a transition element, since it does not have the completed electron outer shell, easily forms
solid solutions with various data. The alloying elements are divided into x-stabilizers,
(3-stabilizers, and “neutral” elements (Figure 2) [27,28].

The high biocompatibility with osseointegration and its high resistance to corrosion
have caused it to be a biomaterial of choice in dentistry for the realization of dental
implants, in maxillofacial surgery and more. The osseointegration (which would be the
direct biomechanical connection, without the intervention of fibrous connective tissue, of
the living bone tissue with the implant) would ensure a better functional stability [32]. This
occurs for example in bone-integrated dental implants with titanium “artificial roots” in jaw
bones, effective for the treatment of both partial and total dentition with a very high success
rate of the implant, and it has been found that for the lower jaw it varies between 87 and
98% [33]. Finally, it is believed that chronic exposure can release Aluminum and Vanadium
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ions (due to corrosion) with toxic effects that can be a risk factor for the development of
polyneuropathy, Alzheimer’s disease, and others. In fact, Vanadium can have a toxicity
both in its elemental form, but also in the form of the oxide V,0Os5 [34].

a alloys, which contain exclusively
a stabilizers and consequently have
a microstructure in the a phase.

Similar to a alloys, which contain 1-
2% P stabilizers and 5 — 10% of
their microstructure is in the B

phase.

Types of titanium alloys

a - B alloys, which contain a higher
percentage of B —stabilizers, so
they contain the B phase in a
percentage of 10 —30%.

B —alloys with an even higher
content of B — stabilizers than the
above, which retain 100% of the B
phase by rapid cooling of the alloy
to a temperature below B —trans.

Figure 2. Types of titanium alloys are classified according to their metallurgical characteristics as
follows. A-{3 titanium alloys (such as Ti-6Al1-4V, Ti-6Al-7Nb, Ti-5A12.5Fe) show a high resistance to
corrosion and fatigue and find application in cases where a high mechanical load is required, such as
ex. as osteosynthesis materials [29-31].

Magnesium (Mg) is essential for bone and cellular metabolism, replaces calcium in
hydroxyapatite, membrane function, and integrity and does not demonstrate toxicity (even
at high concentrations) [35]. Under certain condition, the vulnerability of magnesium to
corrosion is an advantage when it is controlled. Indeed, the biodegradation extent and rate
of this biomaterial must be considered with the pace of tissue regeneration, so that when
the regeneration is complete (the biomaterial must be completely degraded) [36]. This
finds its application to second generation dental implants that are placed for permanent
use together with a scaffold for tissue regeneration in the damaged area, only for a certain
period until they are replaced by newly formed tissue.

However, magnesium degrades too rapidly and produces a hydroxide layer on the
surface. In the human environment, hydroxide is converted into highly soluble magnesium
chloride that promotes the corrosion of the implant. Furthermore, hydrogen evolution
during corrosion can cause the formation of gas bubbles that can cause the separation of
the human tissue to the implant and slow down the healing process [37].

To increase the mechanical strength and the corrosion resistance of magnesium,
the most common used metal is aluminum. It is believed that at low concentrations
of aluminum a layer of Al,O3; forms, which protects the alloy and is less soluble than
Mg (OH); [38]. However, aluminum belongs to the category of metals that promotes
Alzheimer’s, so its use is avoided. The addition of rare earth elements that include the
elements Lanthanum (La), Luthenium (Lu), Scandium (Sc), and Yttrium (Y) to Mg increases
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mechanical and corrosion resistance and their biological behavior has been studied in vitro
by Shi et al. [39]. Recently, researchers have turned to non-toxic alloys (such as those
with Ca, Mn, Zn, and Zr) that alter the mechanical properties and corrosion resistance of
magnesium [40].

Manganese (Mn) added to magnesium alloys increases corrosion resistance but does
not increase the mechanical strength of the alloy, which is why it is used in conjunction
with Al and Zn. The Mn in high concentrations have toxic behavior. The Zn is an element
that is often used to increase the mechanical properties of magnesium alloys and, in high
concentrations, it behaves as toxic for organisms [41,42]. The bioabsorbable Mg-Zn alloy is
marketed under the trade name ZE41 (Mg-4Zn-1RE). Zr is one of the first metals used in
magnesium alloys. It increases the mechanical and corrosion resistance of the alloy, which
is why it is used in dental materials [43,44]. The Mg-Li alloys as bioabsorbable dental
implants have shown in vitro that the biodegradation and absorbability times of the alloys
are equivalent to those required for bone regeneration [45].

Finally, Ni-Ti alloys are “intelligent” biomaterials because, in addition to their high
resistance to corrosion (in particularly corrosive environments, such as the oral cavity),
they combine elasticity, excellent formability (shape memory), and, therefore, biomimetic
behavior [46,47].

Zinc (Zn)-based alloys are considered as a third-generation metallic material thanks
to their biodegradable behavior, ideal corrosion rate, and acceptable biocompatibility [48].
Zinc plays an essential role in bone metabolism, as it stimulates osteoblast bone formation
and inhibits osteoclast differentiation [49]. Furthermore, biodegradable Zn guarantees
sufficient mechanical support and presents an appropriate biodegradation rate able to
prevent inflammation. The addition of Zn increases resistance to corrosion also in adding
and mixing alloys with Fe, Ni, and Cu. Li played a significant role in strengthening the Zn
matrix, while the ductility declined significantly with Li and Mg additions.

In the corrosive environment, pure Zn is covered by an intact corrosion layer with
tiny precipitates on the surface. Binary Zn alloys presented a corrosion morphology similar
to that of pure Zn except Zn-0.8Ca alloy, where precipitates in a much larger size were
observed [50].

Iron is a nontoxic and biodegradable metal. It is commonly used for medical ap-
plications due to its ease of manufacturing and mechanical reliability [51]. However, its
degradation rate is quite slow. Alloying iron with Mn or Mn-Pd can help iron degrade
faster and more uniformly [52]. However, the Fe-Mn alloy form an oxide layer between the
tissue and implant, that can slow down the degradation rate of the implant [53].

In the process of iron degradation, it can also produce reactive oxygen and free radicals,
resulting in cell and tissue damage. For this, some researchers do not consider it as a safe
metal [54].

3. Tissue Reaction to the Metal Ion Toxicity

During the implantation of a biomaterial, there is damage to the adjacent tissues and,
if the surfaces of the trauma do not converge, healing is slow with consequent discontinuity
of the tissues with consequent formation of disfiguring scars or infections. The healing
process begins with the granulation tissue formation [55]. This happens because it is
an immune response (therefore not microbial), leading to the formation of a reactive granu-
loma (or foreign body granuloma) [56]. This depends on the shape, size, surface/volume
composition ratio, porosity, and rate of implant degradation. This granuloma is constituted
of multinucleated giant cells, which result from the aggregation of macrophages to engulf
the implant and from granulation tissue (macrophage cells, sprouting new capillaries
(angiogenesis), and abundant fibroblasts) [57]. A greater number of macrophages and mult-
inucleated giant cells accumulate around implants with a rough surface (such as porous
or intertwined except for those that are inserted into the bone where the osseointegration
process occurs) and with a high surface-to-volume ratio compared to smooth surface im-
plants. Therefore, the granulation tissue is a vascularized connective tissue. Angiogenesis
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Biological environment: ‘
Bioincorporation or unwanted clinical

manifestations
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begins 48-72 h after tissue injury and lasts several days. The granulation tissue formation
follows inflammation and practically marks the onset of healing with the production of
myofibroblasts and smooth muscle cells, which migrate to the wound within 3 days af-
ter implantation [58]. Thanks to the growth factors (TGFf, PDGE and FGF) secreted by
macrophages, the fibroblasts can be multiplied and lead to the production of components of
the extracellular matrix such as collagen type I and type III, proteoglycans, and fibronectin,
which chemotactically act on them. Type I collagen is one of the components of the fibrous
capsule, which surrounds the biomaterial when the healing process is complete. The type
and progression of healing depend on both local (such as infection, blood perfusion, and
more) and systemic (such as infections, pre-existing pathological conditions, and more)
factors [59].

4. Oral Environment Bio-Mechanisms Reactions and Corrosion
4.1. Chemical Mechanisms on the Surface of the Biomaterial (Cell-Surface Reactions)

When a metallic biomaterial is inserted in a biological environment such as the oral
cavity, an interaction occurs between the two materials (tissue—metal). Hence, biochemical
reactions occur because there is the integration of the biomaterial and its long-term stay
in the body. The metal contact surface in continuous transformation and evolution and if
corroded by this environment, will progressively lose its mass integrity and consequently
its mechanical strength (Figure 3) [60,61].

(toxicity, allergic

- E

Corrosion: release of metal ions ->
mass reduction -> mechanical wear ->
reduced resistance

Figure 3. Biomaterial and biochemical reaction mechanisms: interaction between electrochemical
metal reactions and biological environment. Therefore, the first critical factor in the evolution
of the phenomenon from a material point of view is its surface condition. The consequences of
electrochemical corrosion.

Once the implant is placed in the appropriate tissue, it meets body fluids at the
implant site. Thanks to the predominant presence of water in each biological structure, it
will be the first to meet the surface of the biomaterial [62]. Therefore, thanks to its polarity,
the connection occurs with electronegative atoms of O,, while in polymers or composite
materials with hydrogen atoms and oxygen or nitrogen groups that form hydrogen bonds.
Hence, on the surface of the hydrated biomaterial, proteins that are linked by hydrogen
bonds (such as fibronectin, albumin, IgG antibodies, factor C3, etc.) can be produced
with the hydrogen atoms of the water molecules and gradually replace its water with
the connection of biological molecular tissue with the metal [63,64]. Finally, the protein
bonds form a network to the metal implant thus forming a winding that takes shape
around the implant. The type and density of the proteins depend on the biomaterial and
microenvironment of the implantation site. When proteins bind to the biomaterial, their
enthalpy changes due to the damage to the protein structure (the a-helix conformation
changes) thus losing the secondary structural conformation [63]. This condition leads to
a sequence of incorrect biochemical stimuli also linked to the biomaterial itself. It has been
noted that the formation of amyloid-like proteins causes irreversible damage and binds the
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mechanisms of fibril formation [65,66]. In addition, metal ions bind directly or indirectly
to Oy, N, and S atoms or to negative ions in the body. They can be one of the causes of
corruption from the fact that these belong to transition metals, which according to the
reactions of Fenton and Haber—Weiss are present in one of the phases of the deterioration
of materials [66,67]. Hence, biomaterials that contain metal ions such as Fe, Ni, Ti, or Cu
can initiate tissue damage. The production of hydroxyl radicals (HO) [68] contribute to
a series of electron transfers and oxidation reactions that cause tissue damage around the
implant site and also contribute to the maintenance of the patient’s inflammation, which is
not of microbial origin but can lead to chronic disease. Furthermore, these two reactions
prevail in the organism under the normal physiological conditions, where the transfer of
electrical charges is enhanced by enzymes and metal ions occupy much wider oxidation
states [69,70].

Subsequently, when the lymphocytes reach the surface of the biomaterial, they en-
counter the protein web that surrounds the biomaterial. Its adhesion and recognition occur
by binding the proteins of the network to the specific adhesion proteins of the inflamma-
tory cell membrane. This mechanism creates a dynamic local condition (therefore it does
not remain stable), creating an equilibrium and an exchange (Vroman effect) [71]. The
oxidative stress that occurs in the biological microenvironment of the implant can alter
the physiology of proteins. Therefore, during the oxidative stress that develops during
metabolism, the production of hydroxyl free radicals occurs and is more present in the
micro-environment around the implant. Furthermore, oxidative stress is one of the causes
of inflammation [72]. Hence, as we mentioned, hydroperoxyl oxygen anions, which are
produced in large numbers during oxidative stress, play an important role in the corrosion
initiation process. These anions easily transport electrons and thus the metal ions produced
by the reaction are deoxidized according to the Fenton equation producing hydroxyl free
radicals. Macrophages and giant cells remain at the implantation site throughout the
in vivo residence and function of the implant (>20 years) [73]. The long-term presence and
oxidative activity of macrophages, which release oxygen free radicals, in the implant area
can cause gradual wear, aging, and corrosion of the implant resulting in late failure. The
healing process around an implant is usually completed by the fibrous connective tissue
capsule formation, which encloses and isolates it from the body [74].

Tissue injury at the implant site causes another set of different problems that arise from
the nature of the material, biocompatibility, decay of the material, and the patient, which
in some cases can cause aseptic loosening of the prosthesis. Thus, several factors lead to
corrosion of biomaterials in addition to technical defects such as the use of ionizing radiation
for metal sterilization of biomaterials [68,75]. During irradiation, the metal is ionized and
the production of electrons leads to the acceleration of the corrosion phenomenon [76].
Therefore, specific reactions in the contact surface contribute to the onset of corrosion
but also to the development of inflammation. On the other hand, metal ions migrate
and can occupy sites of other metals in the biological environmental, disrupting the ionic
homeostasis of cells. The body’s oxygen, as it is a free radical, can also accept electrons
from the metal ions of the implants creating locally anoxic conditions, which stimulate
various body enzymes by triggering a new free radical mechanism, subsequently causing
oxidative stress, and thus maintaining in a state a chain wear reaction. Thus, oxidative
stress develops during the placement of biomaterials leading to both the development of
inflammation and direct redox reactions with implants [68]. The result of these conditions
is the onset of corrosion, the type of which depends on the chemical composition of the
alloys. Thus, the inflammation is primary or a continuation of acute inflammation and
can last for weeks, months, or years. Conversely, if the presence of inflammation persists
for a longer period, it is a strong indication of the establishment of an infection in the
implant area. Inflammation is characterized by interactions between endothelial cells,
monocytes, lymphocytes T, platelets, and the presence of chemotactic molecules (such
as chemo-regular protein 1 and osteopontin modified LDL, which are produced by the
peroxidation of proteins during oxidative stress and others) by increasing the degree of
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activation of these cells, induce hyperplasia cellular and strengthen the inflammatory
reaction at the damage sites [77]. Chemotaxis molecules induce the expression of specific
molecules (such as selectins, intercellular adhesion molecules, and others) on the cell
surface for the adhesion of monocytes and T lymphocytes crossing the endothelial layer.
The interactions of monocytes and T lymphocytes with chemotactic molecules [78].

The survival and proliferation of monocytes and T lymphocytes are ensured by factors
such as the granulocyte-macrophage colony stimulating factor and interleukin-2, respec-
tively. Inflammatory diseases (such as interferon-y) appear to induce the apoptosis of
macrophages and participate in the formation of the necrotic nucleus of complex lesions.
Consequently, the immune response begins immediately after the foreign body enters the
body. To prevent free radical reactions and the onset of corrosion and aging of the implants,
coating materials have been developed with the presence of valid antioxidant compounds
and anti-inflammatory properties [79-81].

4.2. Bio-Mechanisms of Erosion at the Implant Site

As we have mentioned, in the implanted metallic biomaterial, some proteins are
adsorbed on its surface. The proteins are derived from the blood stream and tissue flu-
ids and then from cellular activity in the peri-implant area. The presence, locally, of
an abundance of proteins and amino acids not only affects the biochemical process but also
the erosion of the implant [68,82]. Macrophage-produced reactive oxygen derivatives cor-
rode the metallic biomaterial during phagocytosis. Indeed, the adsorption of some proteins
(i.e., IgM immunoglobulins), promote the activity of both polymorphonuclear neutrophils,
monocytes, and even macrophages, which is the mechanism of opsonization. The largest
cell population in the blood that are polymorphonuclear neutrophils are the first phago-
cytes to decant into the implantation site [83]. When no microbes or endotoxins are present
at the implantation site, neutrophils are rapidly replaced by monocytes/macrophages
within 12-24 h. Macrophages phagocytes have the advantage of longer survival and larger
size, which allows them to engulf larger targets [84]. Metal is their primary target, so
macrophages, in their attempt to engulf the metal biomaterial, increase the metabolic rate.
For about 3 h after phagocytosis, significant oxygen consumption is observed, referred to
as an oxidative or metabolic burst (respiratory or metabolic burst). They also increase their
mobility and the production of enzymes and reactive oxygen products, but without effect,
as phagocytosis cannot be completed [85]. In their attempt to increase their phagocytic
capacity, macrophages unite and create giant cells and are the components of granulation
tissue and promote the activity of fibroblasts by releasing cytokines. Fibroblasts create
a connective tissue capsule that encloses the metallic biomaterial and isolates it from adja-
cent tissues. The thickness of the capsule depends on the micro mobility of the implant,
the type of metal biomaterial, and the release rate of the metal ions [86]. It should be noted
that the inclusion of the biomaterial by the connective tissue occurs in most part of the
cases, but, in the case of titanium, osseointegration occurs, which is the “direct” structural
and functional connection of the organized bone with the surface of a mechanically loaded
implant. In the capsule of the connective tissue, metal ions originating from the corrosion of
the metallic biomaterial are detected, because the conditions that prevail in the implantation
area favor the phenomenon of corrosion [87]. At the beginning, in the implantation of
a metallic biomaterial in the bone, the pH value drops to 5.2 for at least 2 weeks, after which
it returns to the normal value of 7.4 and remains relatively constant thanks to the local
buffer systems. The concentrations of chloride ions in plasma and connective tissue are
113 and 117 mEqlL-1, respectively. The Cl1~ ions are responsible for the chemical disruption
of the metallic biomaterials’ passive layer [68]. The metal ions released in the oral cavity
spread to hard tissues (teeth, bones), soft tissues, saliva with subsequent diffusion into the
digestive tract and blood with subsequent diffusion in the body, accumulation, and/or
excretion. The local and systemic effects in the body correspond to the action of ion metals
released (Figure 4) [72,88].
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erythema,

Burning sensation, metallic taste, greater or lesser Allergy (such as from chromium, nickel and cobalt),
salivation, increased plaque formation, glossitis, allergic Dermatological (eczematous dermatitis), Ophthalmological,

erosion/ulceration/hyperplasia of the oral mucosa and disturbance.
tongue, flat lichen, cheilitis, ringlets, root fractures.

Metal ion effects

Nickel, Chromium, Cobalt, Silver, Copper, Tin, Zinc

Local Systemic

allergic contact stomatitis, Otorhinolaryngological, Gastroenterological and Neurological

Figure 4. The figure indicates some symptoms that are induced by the ion currents mainly from Ni,
chromium, cobalt, silver, copper, tin, and zinc and local effects caused by currents and the diffusion
of metal ions.

The metallic biomaterial corrosion resistance depends on the passivation phenomenon
that creates the passive layer on the surface of some alloys of a stable oxide and hydroxide
layer with a thickness of less than 5nm on the surface of the metallic biomaterial and has
a protective role—if in intact—thus contracting further corrosion [89,90]. The composition
of the alloy significantly affects the structure and composition of the passive layer and thus
the corrosion resistance of the alloy. The formation of this protective barrier between the
metal and corrosive environment is mainly due to the electrochemical mechanism of O,.
Furthermore, the low O; concentration in the implant area is significantly reduced, which
delays repassivation (Figure 5) [91,92].

Selective discharge
__metallions to biological
, enviroment
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[
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i
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i
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o\
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e
[}
e }

metall to metall
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il
A\

i
A\

i
i

]

Biological environment

Mechanical
breakdown

Figure 5. The employed passivate (both passivation and repassivation process). Breakthrough
and repassivation of the passive layer [93]. The passive layer can be damaged by mechanical
causes (mechanical breakdown), by abrasion or chemical decomposition, by the products of cellular
metabolism, such as hydrogen peroxide and carbon dioxide, and also by the metal ions that the
cell contains that can cause an exchange with the biological environment. The evolution of the
phenomenon manifests itself in three moments: (i) the breakdown of the passive layer, (ii) the
breakdown of the X* and Y* ions, and (iii) the X* metal ions are released in the body, while the Y *
restructure the layer. The X* ions that are released in the implant site and, depending on the oxidative
chemical characteristics, form organometallic compounds that are either removed or can replace the
cellular metal ions causing biochemical changes [93,94].
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4.3. Oral Microbiotas” Influenced Metal Corrosion

After delivery, the germs colonized the newborn’s body (this will occur in any area of
the body such as skin, oral cavity, nasopharynx, lung, intestine, system urogenital) from
the first minutes of its life within 10-13 years old. Finally, with the first teeth, we will
have new surfaces for microbial colonization and, subsequently, a change occurs after the
replacement with the adult dentition. This oral colonization goes hand in hand with the
gut microbiota which constitutes the great biological organ communicating with the other
microbiota via cross-talking axes such as oral/lung [95].

Indeed, the oral microbiota is the one that most influences the lung microbiota, thanks
to the translocation of microorganisms, such as “bio-aerosol” progression action, thus
conveying them from the oral cavity to the lower airway’s tract [96]. The saliva is produced
by the salivary glands and play a key role in the composition of the indigenous bacterial
habitat’s communities because: (a) saliva is composed of organic substances (amino acids,
mucoproteins, carbohydrates, vitamins, etc.) and minerals (Na, P, K, etc.), (b) as well as
keeping the environment moist (mucous membranes and teeth are constantly immersed
in saliva), has the properties of defenses against microorganisms through the action of
antibacterial compounds proteins (such as lysozyme, cystinates, histamines, galactoxin,
lactoperoxidase and calicidin, and others), which act on a salivary pH around 7 [97]. These
antimicrobial components can affect the growth of certain microorganisms by limiting it.
All microorganisms present in saliva are derived from the oral tissue micro composition
by detaching themselves from their surface. However, the microbiota of saliva is mainly
supplied by the bio-membrane of the tongue (mainly Prevotella and Streptococcus spp.) [98].
Several studies report that the oral microbiota of people in less well-off conditions are
characterized by a lower biodiversity with the presence of bacteria at higher concentrations
such as Aggregatibacter Segnis, Achromobacter xylosoxidans, and Neisseria cluster II, with the
risk of periodontal and systemic diseases [95,99].

On the other hand, wealthy people have higher levels of Rothia mucilaginosa, Megas-
phaera micronuciformis, Granulicatella adjacent, Veillonella parvula, Prevotella histicola, Fusobac-
terium periodontium, and Tannerella forsythia [100,101]. In addition, the alterations increase
processes such as the acidification of saliva and the decrease in oxygen, which leads to
the development of anaerobic bacteria. Instead, bacteria such as Nesseira subflava and
Corynebacterium are reduced in individuals who smoke. Antibiotics such as azithromycin,
amoxicillin, clindamycin, and ciprofloxacin are antibiotics with the greatest impact on the
microbiota leading to a decrease in Actinomycetota phylum [102-104].

Changes in bacterial functionality were also observed. Therefore, the oral microbiota
eubiosis state is correlated to the pulmonary one, which in turn is linked to the intestinal
one and consequently to all the axes of communication of the microbiota referred to above.
As in oral cavities, the gut microbiota composition has a group of bacteria that helps to
prevent the proliferation of some pathogenic bacteria. Indeed, Bifidobacteria, Escherichia coli,
Acidophilus influenzae, Enterococci spp., and others inhibit the growth of those opportunistic
bacteria, included laser therapy [105,106].

A metal material microbiologically influenced corrosion is due to microbial action
through the development of a biofilm as well as the chemical composition of the metal
surface. Biofilms are an organized community of microorganisms, bacteria, fungi, protozoa,
which are found in the polysaccharides network, and are attached to a living or inactive
surface [107-109].

Oral microbiota are highly prevalent in humans. Its evolution is strongly influenced
by the Streptococcus spp., which are considered the main group of early settlers and predom-
inates in the oral cavity. Oral microbiota biofilm can cause significant pitting corrosion and
faster dissolution of metal ions including Ni and Cr. Hence, some electroactive microbiotas’
microorganisms via extracellular electron transfer from the oral microbiota may be the
cause of accelerated corrosion [110]. S. mutans appear to be the main cause of caries. It
synthesizes extracellular and intracellular polysaccharides from which it produces acids.
It also produces bactericides that influence the formation of dental plaque [111]. They
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are divided according to antigens that have in eight different serotypes. After bacterial
culture, the abundant oral commensal of the oral microbiota of Streptococcus spp. (such as
S. sanguinis and S. mutans), the elution of Fe, Cr, and Ni from stainless steel orthodontic
appliances but not in those produced by Ni/Ti material of these from oral bacteria releases
metal ions (such as nickel), which can be one of the causes of allergic manifestations [112].
When, in the mouth, a metal corrodes (for chemical or biological reasons or for electro-
chemical corrosion), it sends ions into solution that diffuse in the saliva (then pass into the
gastro-enteric tube) or are absorbed by the hard and soft tissues of the mouth and then
pass into the bloodstream. The reactions that the organism opposes to this entry of ions
(which are generally released in the form of insoluble salts) depend on the biochemical
characteristics of the ion or of the salt itself [113]. Therefore, the metals that easily provide
this type of salts (such as CuSO4, AgCl, and others) cause, in a certain way, reactions that
are toxic to the organism. Sulphur proteins (such as nickel and others) mainly cause allergic
reactions. So, it can be said that the corrosion can be correlated by the “microbial digital
import” that characterizes the microbiota, which thus causes it to be unique for everyone
by the presence of a dysbiosis from food habits or toxic substances (such as abuse sub-
stances, heavy metals poisoning, etc.) and by the immunity related to it [114,115]. Indeed,
an example is the biological corrosion of dental interest are those of orthodontic brackets
in stainless steel and silver cones, which were formerly used as an occlusive material in
endodontic treatments [112,113].

A biofilm is an organized microbial community consisting of cells characterized
by an irreversible adhesion to a substrate, surface, or between them, incorporation in
a substrate of extracellular polymers (extracellular substances polymeric-EPS), which in
themselves produce and have the appearance of a differentiated phenotype, in terms
of the growth rate and gene expression [108,116]. The cells” proximity conditions favor
genetic differentiation (quorum sensing), with the consequent predominance of resistant
forms [117]. The biological corrosion is caused by interactions, often synergistic, between
the surface of the biomaterial, abiotic corrosion products, and bacteria with direct or
indirect action (such as biofilm metabolites) [117]. Bacterial metabolites can be organic and
inorganic acids or volatile compounds (such as ammonia and hydrogen sulfide). Indeed,
the aluminum alloys structures can undergo corrosion from these metabolites, which for
the most part is due to fungi rather than bacteria. The correction decreases as the molecular
weight of the acid increases. The metabolites consist of various organic acids such as formic,
succinic, citric, isocitric, aconitic, and 2-oxoglutaric, whereas enzymes associated with
certain bacteria would preferentially attack the zinc and magnesium present in aluminum
alloys [97-119]. Some bacteria can then reduce the sulphates or iron or produce. The most
common forms of corrosion are therefore pitting, crevice corrosion, and stress corrosion
cracking. In an oral environment coexist microorganisms that reduce sulphates (bacteria
that reduce sulphates), i.e., Bacteroides corrodens, sulphur oxidizing bacteria such as Thiotrix,
and acid-producing bacteria such as S. Mutans. These microorganisms form biofilms, which
appear to be a strong risk factor for the biological corrosion of dental alloys together with
the electrochemical reactions (Figure 6) [61,90,107,120].

Finally, this change that may exist in the oral microbiota, could be linked to certain
systemic diseases. In fact, S. mutans, Porphyromonas gingivalis, and Gemella haemolysans
are involved in several pathologies [121]. It has been noted that S. mutans, as well as
being responsible for dental caries, contributes by altering the functionality of epithelial
cells and thus facilitates the development of atherosclerosis, an important factor for the
hypertensive state. Besides, Porphyromona gingivalis promotes the secretion of inflammatory
cytokines following tissues that compromise and aggravate the condition of atherosclerosis
by covering the atheromatous plaque and contribute to the development of coronary heart
disease [122]. Additionally, other species leading to the development of oral microbiota
dysbiosis with a possible subsequent impact in metal-based biomaterials are Porphyromonas
endodontalis, Campylobacter rectus, Prevotella intermedia, Prevotella nigrescens, and A. actino-
mycetemcomitans [123]. Further focused research studies on this area between metal-based
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biomaterials and other qualitative and qualitative oral microbial reactions in correlation
with systemic diseases will be useful in advancing knowledge for targeted therapeutic
alternatives, i.e., the use of probiotics for rebalancing dysbiosis [124-128].

Local inflammation

|
! |

Oxidative stress Oral microbiota
Metallic biomaterial
corrosion

l

| Discharge metal ions |

Migration to systemic biological |
enviroment (Gastroenterictractand <«—»
stream blood circulation)

| |
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Migration to local biological
enviroment

Figure 6. The main mechanisms of biomaterial corrosion that can lead to toxicological disorders.

5. Conclusions

The metallic biomaterials used up to now are not inactive and, in contact with the
biological environment, undergo corrosion thanks to oral microbiota and the electrochemi-
cal factors that can lead to a destruction of the metal biomaterial and cause toxic effects.
The hydroxyl radical (HO) production contributes to a series of electron transfers and
oxidation reactions that cause tissue damage around the implant site and contribute to
the maintenance of the patient’s inflammation, which is not of microbial origin but can
lead to chronic disease. The phenomenon of biological corrosion is multifactorial and still
under study. It depends on the body temperature, the oxygen of the implantation area, the
pH of the surrounding biological fluid, the vital ions (Na*, K*, Ca 2+ Mg2+, Cl—,HCO;37,
and HPO,2~) macrophage cells, etc. We can say that metals form inorganic salts (such as
AgCl and CuSOy) that cause toxic-type reactions, the metals that produce organic com-
pounds more easily (Ni, Au, and other linked to sulfur proteins) mainly cause allergic-type
reactions. For this, it seems that the biochemical reactions of the organism are of such
a complexity as not to allow for great simplifications: consider that about three thousand
different enzymes have so far been found, of which about a third use a metal as a catalyst,
and that there is nothing to suggest that the search for enzymes is at an end. Furthermore,
it should be remembered that the same metal can cause different reactions depending on
the type of compound it has formed and, therefore, on its biological availability.

Author Contributions: Conceptualization, A.B. (Andrea Ballini), L.S. and I.A.C.; methodology, A.B.
(Andrea Ballini) and I.A.C.; investigation, N.C. and A.B. (Antonio Boccaccio); resources, N.C. and G.C.;
data curation, N.C. and A.B. (Antonio Boccaccio); writing—original draft preparation, A.B. (Andrea
Ballini) and I.A.C.; writing—review and editing, A.B. (Andrea Ballini) and N.C.; visualization, G.C.
and L.B.; bibliographic research, A.B. (Andrea Ballini) and I.A.C.; data interpretation, technical, and
material support: G.C., L.S. and L.B.; supervision and final approval: I.A.C., A.B. (Andrea Ballini)
and L.S,; critical revision of the manuscript for important intellectual content A.B. (Andrea Ballini),
N.C,,LA.C. and L.S,; project administration, A.B. (Andrea Ballini) and L.S. All authors have read and
agreed to the published version of the manuscript.



J. Funct. Biomater. 2023, 14, 14 13 of 17

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hench, L.L.; Thompson, I. Twenty-first century challenges for biomaterials. J. R. Soc. Interface 2010, 7, 379-391. [CrossRef]
[PubMed]

2. Eliaz, N. Corrosion of Metallic Biomaterials: A Review. Materials 2019, 12, 407. [CrossRef] [PubMed]

3. Oliver, J.N.; Su, Y;; Lu, X.; Kuo, PH.; Du, J.; Zhu, D. Bioactive glass coatings on metallic implants for biomedical applications.
Bioact. Mater. 2019, 4, 261-270. [CrossRef]

4. Amini, AR; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and challenges. Crit. Rev. Biomed. Eng.
2012, 40, 363—-408. [CrossRef] [PubMed]

5. Tang, G.; Liu, Z,; Liu, Y.; Yu, J.; Wang, X,; Tan, Z.; Ye, X. Recent Trends in the Development of Bone Regenerative Biomaterials.
Front. Cell Dev. Biol. 2021, 9, 665813. [CrossRef] [PubMed]

6. Chatterjee, S.; Sarkar, S.; Kalidindi, S.R.; Basu, B. Periprosthetic biomechanical response towards dental implants, with functional
gradation, for single/multiple dental loss. ]. Mech. Behav. Biomed. Mater. 2019, 94, 249-258. [CrossRef]

7. Saini, M.; Singh, Y.; Arora, P.; Arora, V.; Jain, K. Implant biomaterials: A comprehensive review. World |. Clin. Cases 2015, 3, 52-57.
[CrossRef]

8. Geurtsen, W. Biocompatibility of dental casting alloys. Crit. Rev. Oral Biol. Med. 2002, 13, 71-84. [CrossRef]

9.  Messer, R.; Wataha, J. Dental Materials: Biocompatibility on Encyclopedia of Materials—Science and Technology. 2002. Available
online: https://www.sciencedirect.com/topics/medicine-and-dentistry /dental-alloy (accessed on 10 September 2022).

10. American Society for Testing and Materials; ADA Standards Committee on Dental Products (SCDP). Dental Products: Standards,
Technical Specifications and Technical Reports. Available online: https:/ /www.ada.org/resources/practice/dental-standards/
standards-committee-on-dental-products/products-standards-technical-specifications-and-technical-reports (accessed on
16 September 2022).

11. Borgioli, F. From Austenitic Stainless Steel to Expanded Austenite-S Phase: Formation, Characteristics and Properties of
an Elusive Metastable Phase. Metals 2020, 10, 187. [CrossRef]

12. Oh, K.T,; Kim, K.N. Ion release and cytotoxicity of stainless steel wires. Eur. ]. Orthod. 2005, 27, 533-540. [CrossRef]

13. Klein-Nulend, J.; Bacabac, R.G.; Mullender, M.G. Mechanobiology of bone tissue. Pathol. Biol. 2005, 53, 576-580. [CrossRef]

14. Bikle, D.D.; Halloran, B.P. The response of bone to unloading. J. Bone Miner. Metab. 1999, 17, 233-244. [CrossRef]

15. Koolen, M.; Amin Yavari, S.; Lietaert, K.; Wauthle, R.; Zadpoor, A.A.; Weinans, H. Bone Regeneration in Critical-Sized Bone
Defects Treated with Additively Manufactured Porous Metallic Biomaterials: The Effects of Inelastic Mechanical Properties.
Materials 2020, 13, 1992. [CrossRef]

16. Rodriguez, J.; Mandalunis, PM. A Review of Metal Exposure and Its Effects on Bone Health. . Toxicol. 2018, 2018, 4854152.
[CrossRef]

17. Fatale, V,; Pagnoni, S.; Pagnoni, A.E.; Passarelli, P.C.; Netti, A.; Lajolo, C.; Santacroce, L.; D’Addona, A. Histomorphometric
Comparison of New Bone Formed after Maxillary Sinus Lift with Lateral and Crestal Approaches Using Periostal Mesenchymal
Stem Cells and Beta-Tricalcium Phosphate: A Controlled Clinical Trial. J. Craniofac. Surg. 2022, 33, 1607-1613. [CrossRef]

18. Tchounwou, P.B.; Yedjou, C.G.; Patlolla, A.K.; Sutton, D.J. Heavy metal toxicity and the environment. Exp. Suppl. 2012,
101, 133-164. [CrossRef]

19. Grosgogeat, B.; Vaicelyte, A.; Gauthier, R.; Janssen, C.; Le Borgne, M. Toxicological Risks of the Cobalt-Chromium Alloys in
Dentistry: A Systematic Review. Materials 2022, 15, 5801. [CrossRef]

20. Zendejas Medina, L.; Tavares da Costa, M.V.; Paschalidou, E.M.; Lindwall, G.; Riekehr, L.; Korvela, M.; Fritze, S.; Kolozsvari, S.;
Gamstedt, E.K.; Nyholm, L.; et al. Enhancing corrosion resistance, hardness, and crack resistance in magnetron sputtered high
entropy Co Cr Fe Mn Ni coatings by adding carbon. Mater. Des. 2021, 205, 109711. [CrossRef]

21. Valero-Vidal, C.; Casaban-Julian, L.; Herraiz-Cardona, I.; Igual-Mufioz, A. Influence of carbides and microstructure of CoCrMo
alloys on their metallic dissolution resistance. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 4667-4676. [CrossRef]

22. Yu,].M.;Kang, S.Y; Lee, ].S.; Jeong, H.S.; Lee, S.Y. Mechanical Properties of Dental Alloys According to Manufacturing Process.
Materials 2021, 14, 3367. [CrossRef]

23. Nicholson, W.; Titanium, J. Alloys for Dental Implants: A Review. Prosthesis 2020, 2, 100-116. [CrossRef]

24. Xu, W,; Lu, X.;; Wang, L.N.; Shi, ZM.; Lv, SM.; Qian, M.; Qu, X.H. Mechanical properties, in vitro corrosion resistance and
biocompatibility of metal injection molded Ti-12Mo alloy for dental applications. J. Mech. Behav. Biomed. Mater. 2018, 88, 534-547.
[CrossRef] [PubMed]

25. Moharrami, N.; Langton, D.J.; Sayginer, O.; Bull, S.J. Why does titanium alloy wear cobalt chrome alloy despite lower bulk

hardness: A nanoindentation study? Thin Solid Films 2013, 549, 79-86. [CrossRef]


http://doi.org/10.1098/rsif.2010.0151.focus
http://www.ncbi.nlm.nih.gov/pubmed/20484227
http://doi.org/10.3390/ma12030407
http://www.ncbi.nlm.nih.gov/pubmed/30696087
http://doi.org/10.1016/j.bioactmat.2019.09.002
http://doi.org/10.1615/CritRevBiomedEng.v40.i5.10
http://www.ncbi.nlm.nih.gov/pubmed/23339648
http://doi.org/10.3389/fcell.2021.665813
http://www.ncbi.nlm.nih.gov/pubmed/34026758
http://doi.org/10.1016/j.jmbbm.2019.03.001
http://doi.org/10.12998/wjcc.v3.i1.52
http://doi.org/10.1177/154411130201300108
https://www.sciencedirect.com/topics/medicine-and-dentistry/dental-alloy
https://www.ada.org/resources/practice/dental-standards/standards-committee-on-dental-products/products-standards-technical-specifications-and-technical-reports
https://www.ada.org/resources/practice/dental-standards/standards-committee-on-dental-products/products-standards-technical-specifications-and-technical-reports
http://doi.org/10.3390/met10020187
http://doi.org/10.1093/ejo/cji047
http://doi.org/10.1016/j.patbio.2004.12.005
http://doi.org/10.1007/s007740050090
http://doi.org/10.3390/ma13081992
http://doi.org/10.1155/2018/4854152
http://doi.org/10.1097/SCS.0000000000008319
http://doi.org/10.1007/978-3-7643-8340-4_6
http://doi.org/10.3390/ma15175801
http://doi.org/10.1016/j.matdes.2021.109711
http://doi.org/10.1016/j.msec.2013.07.041
http://doi.org/10.3390/ma14123367
http://doi.org/10.3390/prosthesis2020011
http://doi.org/10.1016/j.jmbbm.2018.08.038
http://www.ncbi.nlm.nih.gov/pubmed/30223215
http://doi.org/10.1016/j.tsf.2013.06.020

J. Funct. Biomater. 2023, 14, 14 14 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tang, L.; Fan, ].; Kou, H.; Tang, B.; Li, ]. Effect of Oxygen Variation on High Cycle Fatigue Behavior of Ti-6Al-4V Titanium Alloy.
Materials 2020, 13, 3858, Erratum in Materials 2020, 13, 5364. [CrossRef] [PubMed]

Liu, X,; Chen, S.; Tsoi, ] K.H.; Matinlinna, ].P. Binary titanium alloys as dental implant materials—A review. Regen. Biomater. 2017,
4,315-323. [CrossRef]

Hanawa, T. Titanium-Tissue Interface Reaction and Its Control with Surface Treatment. Front. Bioeng. Biotechnol. 2019, 7, 170.
[CrossRef]

Sing, S.L. Perspectives on Additive Manufacturing Enabled Beta-Titanium Alloys for Biomedical Applications. Int. J. Bioprint.
2022, 8, 478. [CrossRef]

Chen, L.-Y.; Cui, Y.-W.; Zhang, L.-C. Recent Development in Beta Titanium Alloys for Biomedical Applications. Metals 2020,
10, 1139. [CrossRef]

Min, J.; Guo, Y.; Niu, J.; Cao, J.; Sun, Z.; Chang, H. The Characteristic of Fe as a 3-Ti Stabilizer in Ti Alloys. Materials 2021, 14, 7516.
[CrossRef]

Smeets, R.; Precht, C.; Hahn, M.; Jung, O.; Hartjen, P.; Heiland, M.; Grobe, A.; Holthaus, M.G.; Hanken, H. Biocompatibility
and Osseointegration of Titanium Implants with a Silver-Doped Polysiloxane Coating: An In Vivo Pig Model. Int. |. Oral
Maxillofac. Implant. 2017, 32, 1338-1345. [CrossRef]

Shin, Y.C.; Bae, ].H.; Lee, ].H.; Raja, I.S.; Kang, M.S.; Kim, B.; Hong, S.W.; Huh, J.B.; Han, D.W. Enhanced osseointegration of
dental implants with reduced graphene oxide coating. Biomater. Res. 2022, 26, 11. [CrossRef]

Inan-Eroglu, E.; Ayaz, A. Is aluminum exposure a risk factor for neurological disorders? J. Res. Med. Sci. 2018, 23, 51. [CrossRef]
Istrate, B.; Munteanu, C.; Antoniac, L.-V.; Lupescu, S.-C. Current Research Studies of Mg-Ca-Zn Biodegradable Alloys Used as
Orthopedic Implants—Review. Crystals 2022, 12, 1468. [CrossRef]

Xu, L,; Liu, X.; Sun, K; Fu, R.; Wang, G. Corrosion Behavior in Magnesium-Based Alloys for Biomedical Applications. Materials
2022, 15, 2613. [CrossRef]

Chakraborty Banerjee, P.; Al-Saadi, S.; Choudhary, L.; Harandi, S.E.; Singh, R. Magnesium implants: Prospects and challenges.
Materials 2019, 12, 136. [CrossRef]

Zhang, J.; Hu, H.; Chao, J.; Tang, Y.; Wan, P; Yuan, Q.; Fisher, A.C.; Coulon, F.; Hu, Q.; Yang, X.J. Groundwater remediation using
Magnesium-Aluminum alloys and in situ layered doubled hydroxides. Environ. Res. 2022, 204, 112241. [CrossRef]

Shi, L.-L.; Huang, Y.; Yang, L.; Feyerabend, F.; Mendis, C.; Willumeit, R.; Kainer, K.U.; Hort, N. Mechanical properties and
corrosion behavior of Mg-Gd-Ca-Zr alloys for medical applications. . Mech. Behav. Biomed. Mater. 2015, 47, 38-48. [CrossRef]
Liu, B.; Zheng, Y.F. Effects of alloying elements (Mn, Co, Al, W, Sn, B, C and S) on biodegradability and in vitro biocompatibility
of pure iron. Acta Biomater. 2011, 7, 1407-1420. [CrossRef]

Gavras, S.; Buzolin, R.H.; Subroto, T.; Stark, A.; Tolnai, D. The Effect of Zn Content on the Mechanical Properties of Mg-4Nd-xZn
Alloys (x =0, 3, 5 and 8 wt.%). Materials 2018, 11, 1103. [CrossRef]

Agnew, U.M,; Slesinger, T.L. Zinc Toxicity; StatPearls Publishing: Tampa, FL, USA, 2022. Available online: https://www.ncbi.nlm.
nih.gov/books/NBK554548 / (accessed on 6 January 2022).

Sharma, A.; Waddell, ].N.; Li, K.C.; ASharma, L.; Prior, D.].; Duncan, W.J. Is titanium-zirconium alloy a better alternative to pure
titanium for oral implant? Composition, mechanical properties and microstructure analysis. Saudi. Dent. J. 2021, 33, 546-553.
[CrossRef]

Yao, H.; Wen, ].B.; Xiong, Y.; Lu, Y.; Huttula, M. Microstructure Evolution in Mg-Zn-Zr-Gd Biodegradable Alloy: The Decisive
Bridge between Extrusion Temperature and Performance. Front. Chem. 2018, 6, 71. [CrossRef] [PubMed]

Geng, X,; Jiang, J.; Zhang, X. Corrosion Behavior of Mg-xGd-1Zn-0.4Zr Alloys with Different Gd Additions for Biomedical
Application. Metals 2022, 12, 1763. [CrossRef]

Okulov, I.V;; Joo, S.H.; Okulov, A.V.; Volegov, A.S.; Luthringer, B.; Willumeit-Rémer, R.; Zhang, L.; Mddler, L.; Eckert, ].; Kato, H.
Surface Functionalization of Biomedical Ti-6Al-7Nb Alloy by Liquid Metal Dealloying. Nanomaterials 2020, 10, 1479. [CrossRef]
[PubMed]

Es-Souni, M.; Es-Souni, M.; Fischer-Brandies, H. Assessing the biocompatibility of NiTi shape memory alloys used for medical
applications. Anal. Bioanal. Chem. 2005, 381, 557-567. [CrossRef] [PubMed]

Zhao, S.; McNamara, C.T.; Bowen, PK.; Verhun, N.; Braykovich, J.P.; Goldman, J.; Drelich, ].W. Structural Characteristics and
In Vitro Biodegradation of a Novel Zn-Li Alloy Prepared by Induction Melting and Hot Rolling. Metall. Mater. Trans. A 2017,
48,1204-1215. [CrossRef]

Moonga, B.S.; Dempster, D.W. Zinc is a potent inhibitor of osteoclastic bone resorption in vitro. ]. Bone Miner. Res. 2010,
10, 453-457. [CrossRef]

Yang, H.; Jia, B.; Zhang, Z.; Qu, X,; Li, G; Lin, W.; Zhu, D.; Dai, K.; Zheng, Y. Alloying design of biodegradable zinc as promising
bone implants for load-bearing applications. Nat. Commun. 2020, 11, 401. [CrossRef]

Moravej, M.; Mantovani, D. Biodegradable metals for cardiovascular stent application: Interests and new opportunities. Int. J.
Mol. Sci. 2011, 12, 4250-4270. [CrossRef]

Kabir, H.; Munir, K.; Wen, C.; Li, Y. Recent research and progress of biodegradable zinc alloys and composites for biomedical
applications: Biomechanical and biocorrosion perspectives. Bioact. Mater. 2020, 6, 836-879. [CrossRef]

Chua, K; Khan, I.; Malhotra, R.; Zhu, D. Additive manufacturing and 3D printing of metallic biomaterials. Eng. Regen. 2021,
2,288-299. [CrossRef]


http://doi.org/10.3390/ma13173858
http://www.ncbi.nlm.nih.gov/pubmed/32882907
http://doi.org/10.1093/rb/rbx027
http://doi.org/10.3389/fbioe.2019.00170
http://doi.org/10.18063/ijb.v8i1.478
http://doi.org/10.3390/met10091139
http://doi.org/10.3390/ma14247516
http://doi.org/10.11607/jomi.5533
http://doi.org/10.1186/s40824-022-00257-7
http://doi.org/10.4103/jrms.JRMS_921_17
http://doi.org/10.3390/cryst12101468
http://doi.org/10.3390/ma15072613
http://doi.org/10.3390/ma12010136
http://doi.org/10.1016/j.envres.2021.112241
http://doi.org/10.1016/j.jmbbm.2015.03.003
http://doi.org/10.1016/j.actbio.2010.11.001
http://doi.org/10.3390/ma11071103
https://www.ncbi.nlm.nih.gov/books/NBK554548/
https://www.ncbi.nlm.nih.gov/books/NBK554548/
http://doi.org/10.1016/j.sdentj.2020.08.009
http://doi.org/10.3389/fchem.2018.00071
http://www.ncbi.nlm.nih.gov/pubmed/29616216
http://doi.org/10.3390/met12101763
http://doi.org/10.3390/nano10081479
http://www.ncbi.nlm.nih.gov/pubmed/32731588
http://doi.org/10.1007/s00216-004-2888-3
http://www.ncbi.nlm.nih.gov/pubmed/15660223
http://doi.org/10.1007/s11661-016-3901-0
http://doi.org/10.1002/jbmr.5650100317
http://doi.org/10.1038/s41467-019-14153-7
http://doi.org/10.3390/ijms12074250
http://doi.org/10.1016/j.bioactmat.2020.09.013
http://doi.org/10.1016/j.engreg.2021.11.002

J. Funct. Biomater. 2023, 14, 14 15 0f 17

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

Scarcello, E.; Lison, D. Are Fe-based stenting materials biocompatible? A critical review of in vitro and in vivo studies.
J. Funct. Biomater. 2019, 11, 2. [CrossRef]

Atala, A.; Irvine, D.J.; Moses, M.; Shaunak, S. Wound Healing Versus Regeneration: Role of the Tissue Environment in Regenerative
Medicine. MRS Bull. 2010, 35, 10. [CrossRef]

Shah, KK.; Pritt, B.S.; Alexander, M.P. Histopathologic review of granulomatous inflammation. J. Clin. Tuberc. Other
Mycobact. Dis. 2017, 7, 1-12. [CrossRef]

Velnar, T.; Bunc, G.; Klobucar, R.; Gradisnik, L. Biomaterials and host versus graft response: A short review. Bosn. J. Basic Med. Sci.
2016, 16, 82-90. [CrossRef]

Raikar, S.; Talukdar, P.; Kumari, S.; Panda, S.K.; Oommen, V.M.; Prasad, A. Factors Affecting the Survival Rate of Dental Implants:
A Retrospective Study. |. Int. Soc. Prev. Community Dent. 2017, 7, 351-355. [CrossRef]

Han, G.; Ceilley, R. Chronic Wound Healing: A Review of Current Management and Treatments. Adv. Ther. 2017, 34, 599-610.
[CrossRef]

Ananth, H.; Kundapur, V.; Mohammed, H.S.; Anand, M.; Amarnath, G.S.; Mankar, S. A Review on Biomaterials in Dental
Implantology. Int. . Biomed. Sci. 2015, 11, 113-120.

Mystkowska, J.; Niemirowicz-Laskowska, K.; Lysik, D.; Tokajuk, G.; Dabrowski, ].R.; Bucki, R. The Role of Oral Cavity Biofilm on
Metallic Biomaterial Surface Destruction-Corrosion and Friction Aspects. Int. J. Mol. Sci. 2018, 19, 743. [CrossRef]

Sujata, V.B. Overview of Biomaterials. In Biomaterials; Springer: Dordrecht, The Netherlands, 2002; p. 265.

Xu, L.C.; Bauer, ].W,; Siedlecki, C.A. Proteins, platelets and blood coagulation at biomaterial interfaces. Colloids Surf B Biointerfaces
2014, 124, 49-68. [CrossRef]

Herschlag, D.; Pinney, M.M. Hydrogen Bonds: Simple after All? Biochemistry 2018, 57, 3338-3352. [CrossRef]

Balasco, N.; Diaferia, C.; Morelli, G.; Vitagliano, L.; Accardo, A. Amyloid-Like Aggregation in Diseases and Biomaterials: Osmosis
of Structural Information. Front. Bioeng. Biotechnol. 2021, 3, 641372. [CrossRef] [PubMed]

Ikura, H.; Endo, J.; Kitakata, H.; Moriyama, H.; Sano, M.; Fukuda, K. Molecular Mechanism of Pathogenesis and Treatment
Strategies for AL Amyloidosis. Int. J. Mol. Sci. 2022, 23, 6336. [CrossRef] [PubMed]

Kanti Das, T.; Wati, M.R.; Fatima-Shad, K. Oxidative Stress Gated by Fenton and Haber Weiss Reactions and Its Association with
Alzheimer’s Disease. Arch. Neurosci. 2015, 2, e¢60038. [CrossRef]

Davis, R.; Singh, A.; Jackson, M.].; Coelho, R.T.; Prakash, D.; Charalambous, C.P.; Ahmed, W.; da Silva, L.R.R.; Lawrence, A.A.
A comprehensive review on metallic implant biomaterials and their subtractive manufacturing. Int. J. Adv. Manuf. Technol. 2022,
120, 1473-1530. [CrossRef]

Prodanov, D.; Delbeke, J. Mechanical and Biological Interactions of Implants with the Brain and Their Impact on Implant Design.
Front. Neurosci. 2016, 10, 11. [CrossRef]

Santacroce, L.; Muzio, E.L.; Bottalico, L.; Spirito, F.; Charitos, I.A.; Passarelli, P.C.; Jirillo, E. Subversion of the Oral Microbiota
and Induction of Immune-Mediated Systemic Inflammation with Special Reference to Periodontitis. Current Knowledge and
Perspectives. Endocr. Metab. Immune Disord. Drug Targets 2022. [CrossRef]

Hirsh, S.L.; McKenzie, D.R.; Nosworthy, N.J.; Denman, J.A.; Sezerman, O.U.; Bilek, M.M. The Vroman effect: Competitive protein
exchange with dynamic multilayer protein aggregates. Colloids Surf. B Biointerfaces 2013, 103, 395-404. [CrossRef]

Phaniendra, A.; Jestadi, D.B.; Periyasamy, L. Free radicals: Properties, sources, targets, and their implication in various diseases.
Indian |. Clin. Biochem. 2015, 30, 11-26. [CrossRef]

Sheikh, Z.; Brooks, PJ.; Barzilay, O.; Fine, N.; Glogauer, M. Macrophages, Foreign Body Giant Cells and Their Response to
Implantable Biomaterials. Materials 2015, 8, 5671. [CrossRef]

Collin, F. Chemical Basis of Reactive Oxygen Species Reactivity and Involvement in Neurodegenerative Diseases. Int. ]. Mol. Sci.
2019, 20, 2407. [CrossRef]

Prasad, K.; Bazaka, O.; Chua, M.; Rochford, M.; Fedrick, L.; Spoor, J.; Symes, R.; Tieppo, M.; Collins, C.; Cao, A.; et al. Metallic
Biomaterials: Current Challenges and Opportunities. Materials 2017, 10, 884. [CrossRef]

Adamson, R.B. Effects of Neutron Irradiation on Microstructure and Properties of Zircaloy. In Zirconium in the Nuclear Industry:
Twelfth International Symposium; ASTM STP 1354; Sabol, G.P., Moan, G.D., Eds.; American Society for Testing and Materials:
West Conshohocken, PA, USA, 2000; pp. 15-31.

Hoh, B.L.; Hosaka, K.; Downes, D.P.; Nowicki, KW.; Fernandez, C.E.; Batich, C.D.; Scott, E.W. Monocyte chemotactic protein-1
promotes inflammatory vascular repair of murine carotid aneurysms via a macrophage inflammatory protein-1« and macrophage
inflammatory protein-2-dependent pathway. Circulation 2011, 124, 2243-2252. [CrossRef]

Inchingolo, F; Ballini, A.; Cagiano, R.; Inchingolo, A.D.; Serafini, M.; De Benedittis, M.; Cortelazzi, R.; Tatullo, M.; Marrelli, M.;
Inchingolo, A.M.; et al. Immediately loaded dental implants bioactivated with platelet-rich plasma (PRP) placed in maxillary and
mandibular region. Clin. Ter. 2015, 166, e146—e152. [CrossRef]

Kany, S.; Vollrath, ].T.; Relja, B. Cytokines in Inflammatory Disease. Int. ]. Mol. Sci. 2019, 20, 6008. [CrossRef]

Giudice, G.; Cutrignelli, D.A.; Sportelli, P.; Limongelli, L.; Tempesta, A.; Gioia, G.D.; Santacroce, L.; Maiorano, E.; Favia, G.
Rhinocerebral Mucormycosis with Orosinusal Involvement: Diagnostic and Surgical Treatment Guidelines. Endocr. Metab.
Immune Disord. Drug Targets 2016, 16, 264-269. [CrossRef]

Bottalico, L.; Tatullo, M.; Marrelli, M.; Santacroce, L. Lights and shadows of dental implants: Focus on mucositis and perimplantitis
and their biological markers. J. Biol. Regul. Homeost. Agents 2016, 30, 859-861.


http://doi.org/10.3390/jfb11010002
http://doi.org/10.1557/mrs2010.528
http://doi.org/10.1016/j.jctube.2017.02.001
http://doi.org/10.17305/bjbms.2016.525
http://doi.org/10.4103/jispcd.JISPCD_380_17
http://doi.org/10.1007/s12325-017-0478-y
http://doi.org/10.3390/ijms19030743
http://doi.org/10.1016/j.colsurfb.2014.09.040
http://doi.org/10.1021/acs.biochem.8b00217
http://doi.org/10.3389/fbioe.2021.641372
http://www.ncbi.nlm.nih.gov/pubmed/33748087
http://doi.org/10.3390/ijms23116336
http://www.ncbi.nlm.nih.gov/pubmed/35683015
http://doi.org/10.5812/archneurosci.20078
http://doi.org/10.1007/s00170-022-08770-8
http://doi.org/10.3389/fnins.2016.00011
http://doi.org/10.2174/1871530322666220629101357
http://doi.org/10.1016/j.colsurfb.2012.10.039
http://doi.org/10.1007/s12291-014-0446-0
http://doi.org/10.3390/ma8095671
http://doi.org/10.3390/ijms20102407
http://doi.org/10.3390/ma10080884
http://doi.org/10.1161/CIRCULATIONAHA.111.036061
http://doi.org/10.7417/CT.2015.1845
http://doi.org/10.3390/ijms20236008
http://doi.org/10.2174/1871530316666161223145055

J. Funct. Biomater. 2023, 14, 14 16 of 17

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

Kligman, S.; Ren, Z.; Chung, C.H.; Perillo, M.A.; Chang, Y.C.; Koo, H.; Zheng, Z; Li, C. The Impact of Dental Implant Surface
Modifications on Osseointegration and Biofilm Formation. . Clin. Med. 2021, 10, 1641. [CrossRef]

Herb, M.; Schramm, M. Functions of ROS in Macrophages and Antimicrobial Immunity. Antioxidants 2021, 10, 313. [CrossRef]
Selders, G.S.; Fetz, A.E.; Radic, M.Z.; Bowlin, G.L. An overview of the role of neutrophils in innate immunity, inflammation and
host-biomaterial integration. Regen. Biomater. 2017, 4, 55-68. [CrossRef]

Cicinelli, E.; Ballini, A.; Marinaccio, M.; Poliseno, A.; Coscia, M.E; Monno, R.; De Vito, D. Microbiological findings in endometrial
specimen: Our experience. Arch. Gynecol. Obstet. 2012, 285, 1325-1329. [CrossRef]

Mariani, E.; Lisignoli, G.; Borzi, R.M.; Pulsatelli, L. Biomaterials: Foreign Bodies or Tuners for the Immune Response? Int. J.
Mol. Sci. 2019, 20, 636. [CrossRef] [PubMed]

Hernandez, ].L.; Park, J.; Yao, S.; Blakney, A.K.; Nguyen, H.V.; Katz, B.H.; Jensen, ].T.; Woodrow, K. A. Effect of tissue microenvi-
ronment on fibrous capsule formation to biomaterial-coated implants. Biomaterials 2021, 273, 120806. [CrossRef] [PubMed]
Rajkumar, V.; Lee, V.R.; Gupta, V. Heavy Metal Toxicity; StatPearls: Treasure Island, FL, USA, 2022. Available online: https:
/ /www.ncbinlm.nih.gov/books/NBK560920/ (accessed on 18 September 2022).

Lin, H.Y.; Bumgardner, ].D. Changes in the surface oxide composition of Co-Cr-Mo implant alloy by macrophage cells and their
released reactive chemical species. Biomaterials 2004, 25, 1233-1238. [CrossRef] [PubMed]

Hanawa, T.; Hiromoto, S.; Asami, K. Characterization of the surface oxide film of a Co Cr Mo alloy after being located in
quasi-biological environments using XPS. Appl. Surface Sci. 2001, 183, 68-75. [CrossRef]

Mori, G.; Centonze, M.; Brunetti, G.; Ballini, A.; Oranger, A.; Mori, C.; Lo Muzio, L.; Tete, S.; Ciccolella, E.; Colucci, S.; et al.
Osteogenic properties of human dental pulp stem cells. J. Biol. Regul. Homeost. Agents. 2010, 24, 167-175. [PubMed]

Leksycki, K.; Kaczmarek-Pawelska, A.; Ochat, K.; Gradzik, A.; Pimenov, D.Y.; Giasin, K.; Chuchala, D.; Wojciechowski, S.
Corrosion Resistance and Surface Bioactivity of Ti6Al4V Alloy after Finish Turning under Ecological Cutting Conditions. Materials
2021, 14, 6917. [CrossRef]

Yoo, Y.R,; Jang, S.G.; Oh, K.T.; Kim, J.G.; Kim, Y.S. Influences of passivating elements on the corrosion and biocompatibility of
super stainless steels. J. Biomed. Mater. Res. B Appl. Biomater. 2008, 86, 310-320. [CrossRef]

Asri, RIM.; Harun, WS.W,; Samykano, M.; Lah, N.A.C.; Ghani, S.A.C.; Tarlochan, F.; Raza, M.R. Corrosion and surface
modification on biocompatible metals: A review. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 77, 1261-1274. [CrossRef]
Santacroce, L.; Sardaro, N.; Topi, S.; Pettini, F; Bottalico, L.; Cantore, S.; Cascella, G.; Del Prete, R.; Dipalma, G.; Inchingolo, F. The
pivotal role of oral microbiota in health and disease. . Biol. Regul. Homeost. Agents 2020, 34, 733-737. [CrossRef]

Schirinzi, A.; Cazzolla, A.P.,; Lovero, R.; Lo Muzio, L.; Testa, N.E; Ciavarella, D.; Palmieri, G.; Pozzessere, P.; Procacci, V.;
Di Serio, F; et al. New Insights in Laboratory Testing for COVID-19 Patients: Looking for the Role and Predictive Value of Human
epididymis secretory protein 4 (HE4) and the Innate Immunity of the Oral Cavity and Respiratory Tract. Microorganisms 2020,
8,1718. [CrossRef]

Dipalma, G.; Inchingolo, A.D.; Inchingolo, E.; Charitos, I.A.; Di Cosola, M.; Cazzolla, A.P. Focus on the cariogenic process:
Microbial and biochemical interactions with teeth and oral environment. J. Biol. Regul. Homeost. Agents 2021, 35. [CrossRef]
Zhu, J.; Chu, W,; Luo, J.; Yang, J.; He, L.; Li, J. Dental Materials for Oral Microbiota Dysbiosis: An Update. Front. Cell.
Infect. Microbiol. 2022, 12, 900918. [CrossRef]

Mangini, F.; Santacroce, L.; Bottalico, L. Periodontitis and systemic diseases. Clin. Ter. 2006, 157, 541-548.

Santacroce, L.; Carlaio, R.G.; Bottalico, L. Does it make sense that diabetes is reciprocally associated with periodontal disease?
Endocr. Metab. Immune Disord. Drug Targets 2010, 10, 57-70. [CrossRef]

Cafiero, C.; Grippaudo, C.; Dell’Aquila, M.; Cimmino, P.; D’Addona, A.; De Angelis, P.; Ottaiano, M.P,; Costagliola, D.;
Benincasa, G.; Micera, A.; et al. Association between Vitamin D Receptor Gene Polymorphisms and Periodontal Bacteria:
A Clinical Pilot Study. Biomolecules 2022, 12, 833. [CrossRef]

Santacroce, L.; Spirito, F,; Bottalico, L.; Muzio, E.L.; Charitos, I.A.; Potenza, M.A.; Montagnani, M.; Jirillo, E. Current issues and
perspectives in antimicrobials use in dental practice. Curr. Pharm. Des. 2022, 28, 2879-2889. [CrossRef]

Bottalico, L.; Charitos, I.A.; Potenza, M.A.; Montagnani, M.; Santacroce, L. The war against bacteria, from the past to present and
beyond. Expert Rev. Anti-Infect. Ther. 2022, 20, 681-706. [CrossRef]

Man, A.; Santacroce, L.; Jacob, R.; Mare, A.; Man, L. Antimicrobial Activity of Six Essential Oils against a Group of Human
Pathogens: A Comparative Study. Pathogens 2019, 8, 15. [CrossRef]

Desiate, A.; Cantore, S.; Tullo, D.; Profeta, G.; Grassi, FR.; Ballini, A. 980 nm diode lasers in oral and facial practice: Current state
of the science and art. Int. |. Med. Sci. 2009, 6, 358-364. [CrossRef]

Sultan, A.S.; Kong, E.E; Rizk, A.M.; Jabra-Rizk, M.A. The oral microbiota: A Lesson in coexistence. PLoS Pathog. 2018,
14, €1006719. [CrossRef]

Nagay, B.E.; Cordeiro, ].M.; Barao, V.A.R. Insight into Corrosion of Dental Implants: From Biochemical Mechanisms to Designing
Corrosion-Resistant Materials. Curr. Oral Health Rep. 2022, 9, 7-21. [CrossRef] [PubMed]

Dhir, S. Biofilm and dental implant: The microbial link. J. Indian Soc. Periodontol. 2013, 17, 5-11. [CrossRef] [PubMed]

Di Cosola, M.; Cazzolla, A.P; Charitos, I.A.; Ballini, A.; Inchingolo, F.; Santacroce, L. Candida albicans and Oral Carcinogen-
esis—A Brief Review. J. Fungi 2021, 7, 476. [CrossRef] [PubMed]


http://doi.org/10.3390/jcm10081641
http://doi.org/10.3390/antiox10020313
http://doi.org/10.1093/rb/rbw041
http://doi.org/10.1007/s00404-011-2138-9
http://doi.org/10.3390/ijms20030636
http://www.ncbi.nlm.nih.gov/pubmed/30717232
http://doi.org/10.1016/j.biomaterials.2021.120806
http://www.ncbi.nlm.nih.gov/pubmed/33905960
https://www.ncbi.nlm.nih.gov/books/NBK560920/
https://www.ncbi.nlm.nih.gov/books/NBK560920/
http://doi.org/10.1016/j.biomaterials.2003.08.016
http://www.ncbi.nlm.nih.gov/pubmed/14643597
http://doi.org/10.1016/S0169-4332(01)00551-7
http://www.ncbi.nlm.nih.gov/pubmed/20487630
http://doi.org/10.3390/ma14226917
http://doi.org/10.1002/jbm.b.31018
http://doi.org/10.1016/j.msec.2017.04.102
http://doi.org/10.23812/20-127-L-45
http://doi.org/10.3390/microorganisms8111718
http://doi.org/10.23812/20-747-A
http://doi.org/10.3389/fcimb.2022.900918
http://doi.org/10.2174/187153010790827975
http://doi.org/10.3390/biom12060833
http://doi.org/10.2174/1381612828666220920114723
http://doi.org/10.1080/14787210.2022.2013809
http://doi.org/10.3390/pathogens8010015
http://doi.org/10.7150/ijms.6.358
http://doi.org/10.1371/journal.ppat.1006719
http://doi.org/10.1007/s40496-022-00306-z
http://www.ncbi.nlm.nih.gov/pubmed/35127334
http://doi.org/10.4103/0972-124X.107466
http://www.ncbi.nlm.nih.gov/pubmed/23633764
http://doi.org/10.3390/jof7060476
http://www.ncbi.nlm.nih.gov/pubmed/34204731

J. Funct. Biomater. 2023, 14, 14 17 of 17

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Gopalakrishnan, U,; Felicita, A.S.; Mahendra, L.; Kanji, M.A.; Varadarajan, S.; Raj, A.T.; Feroz, S.M.A.; Mehta, D.; Baeshen, H.A;
Patil, S. Assessing the Potential Association between Microbes and Corrosion of Intra-Oral Metallic Alloy-Based Dental Appliances
through a Systematic Review of the Literature. Front. Bioeng. Biotechnol. 2021, 15, 631103. [CrossRef] [PubMed]

Maijer, R.; Smith, D.C. Corrosion of orthodontic bracket bases. Am. J. Orthod. 1982, 81, 43-48. [CrossRef]

Mori, G.; Brunetti, G.; Colucci, S.; Ciccolella, F; Coricciati, M.; Pignataro, P.; Oranger, A.; Ballini, A.; Farronato, D,
Mastrangelo, F; et al. Alteration of activity and survival of osteoblasts obtained from human periodontitis patients: Role of
TRAIL. J. Biol. Regul. Homeost. Agents. 2007, 21, 105-114.

Chaturvedi, T.P. Corrosion of orthodontic brackets in different spices: In Vitro study. Indian J. Dent. Res. 2014, 25, 630-634.
[CrossRef]

Charitos, I.A.; Gagliano-Candela, R.; Santacroce, L.; Bottalico, L. The Cannabis Spread throughout the Continents and its
Therapeutic Use in History. Endocr. Metab. Immune Disord Drug Targets 2021, 21, 407—417. [CrossRef]

Charitos, I.A.; Gagliano-Candela, R.; Santacroce, L.; Bottalico, L. Venoms and Poisonings during the Centuries: A Narrative
Review. Endocr. Metab. Immune Disord. Drug Targets 2022, 22, 558-570. [CrossRef]

Kreve, S.; Reis, A.C.D. Bacterial adhesion to biomaterials: What regulates this attachment? A review. Jpn. Dent. Sci. Rev. 2021,
57,85-96. [CrossRef]

Beech, I.B.; Sunner, J. Biocorrosion: Towards understanding interactions between biofilms and metals. Curr. Opin. Biotechnol.
2004, 15, 181-186. [CrossRef]

Verbeke, K.A.; Boobis, A.R.; Chiodini, A.; Edwards, C.A.; Franck, A.; Kleerebezem, M.; Nauta, A.; Raes, J.; van Tol, E.A.;
Tuohy, KM. Towards microbial fermentation metabolites as markers for health benefits of prebiotics. Nutr. Res. Rev. 2015,
28, 42-66. [CrossRef]

Vargel, C. Role of metabolites in the microbiologically influenced corrosion of aluminium. In Corrosion of Aluminium, 2nd ed.;
Elsevier Science: Amsterdam, The Netherlands, 2020.

Palaghias, G. The significance of pH for the inhibiting effect of phosphate buffer on the corrosion processes. Acta Odontol. Scand.
1985, 43, 289-293. [CrossRef]

Miyoshi, T.; Oge, S.; Nakata, S.; Ueno, Y.; Ukita, H.; Kousaka, R.; Miura, Y.; Yoshinari, N.; Yoshida, A. Gemella haemolysans inhibits
the growth of the periodontal pathogen Porphyromonas gingivalis. Sci. Rep. 2021, 3, 11742. [CrossRef]

Hosoki, S.; Hattori, Y.; Saito, S.; Takegami, M.; Tonomura, S.; Yamamoto, Y.; Ikeda, S.; Hosomi, N.; Oishi, N.; Morita, Y.; et al.
Risk Assessment of Cnm-Positive Streptococcus mutans in Stroke Survivors (RAMESSES): Protocol for a Multicenter Prospective
Cohort Study. Front. Neurol. 2022, 12, 816147. [CrossRef]

Isacco, C.G.; Ballini, A.; De Vito, D.; Nguyen, K.C.D.; Cantore, S.; Bottalico, L.; Quagliuolo, L.; Boccellino, M.; Di Domenico, M.;
Santacroce, L.; et al. Rebalancing the Oral Microbiota as an Efficient Tool in Endocrine, Metabolic and Immune Disorders.
Endocr. Metab. Immune Disord. Drug Targets 2021, 21, 777-784. [CrossRef]

Scattarella, A.; Ballini, A.; Grassi, ER.; Carbonara, A.; Ciccolella, F; Dituri, A.; Nardi, G.M.; Cantore, S.; Pettini, F. Treatment of
oroantral fistula with autologous bone graft and application of a non-reabsorbable membrane. Int. J. Med. Sci. 2010, 7, 267-271.
[CrossRef]

Ballini, A.; Scacco, S.; Boccellino, M.; Santacroce, L.; Arrigoni, R. Microbiota and Obesity: Where Are We Now? Biology 2020,
9, 415. [CrossRef]

Di Domenico, M.; Ballini, A.; Boccellino, M.; Scacco, S.; Lovero, R.; Charitos, I.A.; Santacroce, L. The Intestinal Microbiota May Be
a Potential Theranostic Tool for Personalized Medicine. J. Pers. Med. 2022, 12, 523. [CrossRef]

Santacroce, L.; Charitos, A ; Ballini, A.; Inchingolo, E,; Luperto, P.; De Nitto, E.; Topi, S. The Human Respiratory System and its
Microbiome at a Glimpse. Biology 2020, 9, 318. [CrossRef]

Ballini, A.; Dipalma, G.; Isacco, C.G.; Boccellino, M.; Di Domenico, M.; Santacroce, L.; Nguyén, K.C.D.; Scacco, S.; Calvani, M.;
Boddi, A ; et al. Oral Microbiota and Immune System Crosstalk: A Translational Research. Biology 2020, 9, 131. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fbioe.2021.631103
http://www.ncbi.nlm.nih.gov/pubmed/33791285
http://doi.org/10.1016/0002-9416(82)90287-1
http://doi.org/10.4103/0970-9290.147111
http://doi.org/10.2174/1871530320666200520095900
http://doi.org/10.2174/1871530320666200904105816
http://doi.org/10.1016/j.jdsr.2021.05.003
http://doi.org/10.1016/j.copbio.2004.05.001
http://doi.org/10.1017/S0954422415000037
http://doi.org/10.3109/00016358509046510
http://doi.org/10.1038/s41598-021-91267-3
http://doi.org/10.3389/fneur.2022.816147
http://doi.org/10.2174/22123873MTA4CNjQs0
http://doi.org/10.7150/ijms.7.267
http://doi.org/10.3390/biology9120415
http://doi.org/10.3390/jpm12040523
http://doi.org/10.3390/biology9100318
http://doi.org/10.3390/biology9060131

	Introduction 
	Characteristics and Toxicity of Metal Alloy Biomaterials 
	Tissue Reaction to the Metal Ion Toxicity 
	Oral Environment Bio-Mechanisms Reactions and Corrosion 
	Chemical Mechanisms on the Surface of the Biomaterial (Cell-Surface Reactions) 
	Bio-Mechanisms of Erosion at the Implant Site 
	Oral Microbiotas’ Influenced Metal Corrosion 

	Conclusions 
	References

