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Abstract: The widespread adoption of metal implants in orthopaedics and dentistry has
revolutionized medical treatments, but concerns remain regarding their biocompatibility,
toxicity, and immunogenicity. This study conducts a comprehensive literature review of
traditional biomaterials used in orthopaedic surgery and traumatology, with a particular
focus on their historical development and biological interactions. Research articles were
gathered from PubMed and Web of Science databases using keyword combinations such
as “toxicity, irritation, allergy, biomaterials, corrosion, implants, orthopaedic surgery, bio-
compatible materials, steel, alloys, material properties, applications, implantology, and
surface modification”. An initial pool of 400 articles was screened by independent review-
ers based on predefined inclusion and exclusion criteria, resulting in 160 relevant articles
covering research from 1950 to 2025. This paper explores the electrochemical processes
of metals like iron, titanium, aluminium, cobalt, molybdenum, nickel, and chromium
post-implantation, which cause ion release and wear debris formation. These metal ions
interact with biological molecules, triggering localized irritation, inflammatory responses,
and immune-mediated hypersensitivity. Unlike existing reviews, this paper highlights
how metal-protein interactions can form antigenic complexes, contributing to delayed
hypersensitivity and complications such as peri-implant osteolysis and implant failure.
While titanium is traditionally considered bioinert, emerging evidence suggests that under
certain conditions, even inert metals can induce adverse biological effects. Furthermore,
this review emphasizes the role of oxidative stress, illustrating how metal ion release and
systemic toxicity contribute to long-term health risks. It also uncovers the underappreciated
genotoxic and cytotoxic effects of metal ions on cellular metabolism, shedding light on
potential long-term repercussions. By integrating a rigorous methodological approach with
an in-depth exploration of metal-induced biological responses, this paper offers a more
nuanced perspective on the complex interplay between metal implants and human biology,
advancing the discourse on implant safety and material innovation.
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1. Introduction: Historical Overview

The interaction between metals and their alloys with human body has been known
for millennia [1]. However, military applications were the first typical cases, not medical
activities. It directly followed from the fact that the first tools manufactured by human
beings were used for hunting and fighting, and that these tools were made of materials
available at that time: wood, flint, and metals [2].
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It is presumed that gold and silver found in their pure form served as the first metals
that were used to manufacture objects, as plenty of artifacts made with them have been
found worldwide [1,2]. Nevertheless, they were a rarity, and as a consequence, their limited
availability constricted their application. They were always available only for special
purposes and only for a limited group of people. Their softness, malleability, ductility,
and low melting point simplified processing, and their high chemical resistance provided
adequate durability, essential for a plethora of products manufactured from these metals [3].
Among the most popular applications of gold and silver is the manufacturing of precious
objects either for religious or prestigious purposes. Even nowadays, they symbolize the
dignity and majesty of their users [3].

Copper, tin, and meteoric iron could also be found in their natural forms, which
enabled their usage by people throughout history [4]. They are much more abundant
in comparison to gold and silver and thus have much greater availability. And, more
importantly, several metals could be quite easily obtained from their deposits and ores
in the process of smelting (heating), increasing their availability [5]. Silver and lead were
probably the first metals produced from ores, but the number of metals acquired this way
soon increased [5,6]. Compared to native forms, much higher quantities of metals that
could be obtained from ores provided better availability for craft and, later on, industrial
applications [5]. Several of them were found to be excellent for manufacturing tools for
everyday use.

The first occurrences of metal object insertion into the human body were probably ac-
cidental and during military events [7]. These events allowed us to observe the interactions
of metals (in most cases, arrowheads or tips of spears) with tissues [8]. In the vast majority
of cases, iron (as a cast iron) and copper (and bronze) were used in such situations. Cast
iron containing more than 2%—4% of carbon was very popular at that time due to its low
melting temperature and ductility, which simplified production and processing. Bronze, as
an alloy consisting of copper and tin (ca. 12%), often also with the addition of other metals
(aluminium, zinc, nickel, or manganese), non-metals (phosphorus), and metalloids (arsenic,
silicon), was so popular that it became the name of a whole era of human history, i.e., the
Bronze Age [8].

Cast iron and bronze were used to manufacture tools for hunting, fighting, food
production, and craft needed for everyday life. Unfortunately, their ability to interact with
biological ions and substances of high oxidative potential makes them highly susceptible
to corrosion and tissue irritation, thus leading to suppuration when inserted into viable
tissues [7]. Copper itself is bactericidal, and its salts are even poisonous [9]. But it also
became obvious that precious metals, namely silver and gold, did not corrode nor produce
tissue irritation and suppuration, which became the basis for their use to manufacture
items having close contact with the human body;, like earrings, bracelets, and rings [3,4].
The high demand for raw material for the production of medical and dental tools and
implants has led to interest in the possibilities of using metals and their alloys in medicine.
These are gold, silver, and other metals and their alloys based on lead, mercury, nickel,
chromium, copper, zinc, and iron. Others, including beryllium, palladium, platinum,
ruthenium, rhodium, and iridium, were introduced later, with some being added to gold.
They replaced metals used previously due to their better physical and chemical properties,
increased resistance, lower toxicity, and lower irritancy. However, many of them quickly
showed unfavourable properties when in contact with living tissues.

Nowadays, only a few metals and their alloys are regularly applied in medicine.
One can mention here stainless steel, nickel-chromium, cobalt—chromium, which is also
used with molybdenum (CoCr, CoCrMo), and titanium alloys, which are also added to
aluminium, vanadium, niobium, nickel, iron, and other metals (i.e., Ti6Al4V, Ti6 Al7Nb,
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Ti5Al2.5Fe, Ti12Mo6Zr2Fe). Silver amalgam, being a mixture of copper, silver, tin, zinc, and
inorganic mercury, has lost popularity due to the content of mercury [10]. As of 1 January
2025, the use of dental amalgam was banned in the European Union [11]. Nevertheless, it
is still popular in several countries [12].

These metals are used in their highest quantities in dentistry and orthopaedics for
crowns and bridges, “stifts” for mounting porcelain crowns, for joint prostheses, and for
other orthopaedic and trauma implants. Unfortunately, the high mass of materials used to
manufacture these implants, especially orthopaedic ones, weighing hundreds of grams and
even more, bring a high risk of exposure to the metals. Their considerable prevalence has
become the cause of a significant and growing risk of exposure to metal ions released from
medical implants, becoming for their users a threat that outweighs exposure coming from
other sources, especially soil, water, and air, even when polluted [13], and more importantly,
evoking unwanted side effects.

2. Motivation and Methodology

The increasing reliance on metallic implants in orthopaedics and dentistry has led
to significant advancements in medical treatments, yet concerns regarding their biocom-
patibility, toxicity, and long-term stability remain unresolved. While numerous reviews
and studies have examined various aspects of metal implants, the existing literature often
lacks a comprehensive discussion integrating the complex interplay between corrosion
mechanisms, metal ion release, immunogenic responses, and systemic toxicity. Many previ-
ous publications focus on individual topics, such as implant corrosion or metal allergies,
without providing a holistic perspective on how these factors collectively influence implant
performance and patient outcomes.

Furthermore, several prior reviews predominantly discuss traditional biomaterials,
without addressing emerging nanotechnology-based surface modifications that are ac-
tively being developed to enhance implant longevity, biocompatibility, and safety. Addi-
tionally, there is a lack of critical evaluation regarding regulatory standards, diagnostic
advancements, and the clinical implications of metal ion accumulation in patients with
comorbidities such as autoimmune disorders. Given the growing body of evidence linking
oxidative stress, inflammation, and systemic toxicity to metal ion release, there is a pressing
need for a comprehensive and up-to-date analysis that synthesizes these findings into a
cohesive framework.

This review aims to fill these gaps by providing a historical and mechanistic overview
of metal use in medical implants, critically evaluating the biological interactions of metal
ions, and exploring cutting-edge advancements in surface coatings and implant technology.
Additionally, it seeks to address clinical concerns including diagnostic limitations, implant
failure risks, and patient-specific factors that influence implant success or complications.
By offering an integrated and multidisciplinary perspective, this review will contribute
valuable insights for researchers, clinicians, and biomedical engineers working toward the
development of safer, more durable, and patient-specific implant solutions.

This study involved a comprehensive literature review on traditional biomaterials
used in orthopaedic surgery and traumatology, with a particular focus on their historical
development. The review was conducted using PubMed and Web of Science databases,
with keyword combinations such as “toxicity, irritation, allergy, biomaterials, corrosion,
implants, orthopaedic surgery, biocompatible materials, steel, alloys, material properties,
applications, implantology, and surface modification”. A total of 400 articles were initially
identified from the databases. These were evaluated by independent reviewers who
screened each article’s title, abstract, and summary based on predefined inclusion and
exclusion criteria. After applying these criteria, 160 articles were deemed relevant for this
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review (Figure 1). The focus of this study was on providing a historical perspective, so
review papers on recent developments in biomaterials were not included. The review
primarily covers key research from 1950 to 2025.

biocompatible materials
material properties
applications implants

allergy

implantology

toxicity
orthopaedic surgery alloys

irritation biomaterials

surface modificationsteel

400 papers 160 papers

Figure 1. Schematics of review methodology.

3. The Interactions of Metals Within a Biological Environment

Metal ions may be released from medical implants as free metallic ions, colloidal
complexes, oxides, or inorganic/organic salts [13,14]. Moreover, a relatively large amount
of metals are released in the form of wear debris, that is as micro and nanoparticles torn
out from the interacting surfaces of the implant [15]. The release of ions proceeds due to
electrochemical and galvanic processes taking place in viable tissue [13]. As a consequence,
metal cations are released to the adjacent tissues. Particles of diameters from 1 to 100 nm can
form colloids that disperse in intracellular structures, and larger (microparticles) particles
constitute wear debris, forming deposits in the surrounding tissues. The formation of
salts with anionic proteins enables the presentation of metals to the immune system as
antigens [9].

The biological environment is chemically aggressive for metals and their alloys. This
is due to oxidative elements, chemical groups, and enzymes involved in biological pro-
cesses [15]. Biological fluids, including blood, urine, saliva, milk, and tissue fluid itself,
contain substances of high oxidative potential coming from oxygen and its reduced forms
(hydrogen and lipid peroxides), as well as anions (e.g., hydroxide, bicarbonate, chloride,
phosphate, and sulphate) [15,16]. They are produced intracellularly and released extra-
cellularly, so they can interact with implants releasing metal ions from their surfaces and
forming appropriate salts. Chloride is particularly corrosive to almost all metals, since
it has an enormously high oxidizing potential [17]. In order to improve the resistance of
metallic materials against chloride, admixtures of other elements are used. For example,
the addition of molybdenum to stainless steel significantly improves its resistance against
chloride, thus giving rise to the production of the family of alloys resistant against sea
water and biological fluids (so-called surgical steel) [18,19].

The interaction of implant material begins as soon as an implant is introduced into
the body. Disruption of the microvasculature during implantation causes a rapid and
drastic drop in pH on the one hand and impacts the organic and non-organic oxidative
anions of bodily fluids on the other. Both effects lead to the release of metallic ions from
the implant. Metal cations may leave the implant due to elution and the formation of
inorganic (chloride, carbonic, sulphuric, nitrous anions) and organic (proteins that bind
metals, i.e., ferritin, transferrin, metallothionein, ceruloplasmin, CTR1 (high-affinity copper
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uptake protein 1 that belongs to metallochaperons)) substances, forming salts. Its volume
depends on several factors, of which the external contact surface and the aggressiveness
of the neighbouring biological environment play the most important roles. It has to be
emphasized that matted materials release much more ions compared to smooth materials.
The process is highly accelerated by mechanical stimuli, which are responsible for the
production of wear debris that highly increases the surface of contact between the implant
and the biological environment [20,21].

Surgical trauma that appears during the implant’s insertion into the bone disrupts
its microvasculature and forms hematoma, resulting in hypoxia and acidosis. Hypoxia
originates from the lowering of the oxygen partial pressure due to its consumption by
tissue and acidosis—resulting from an increased accumulation of carbon dioxide. The
process is much more intensified when the surgical field around the implant becomes
contaminated with bacteria [22]. Consequently, the pH around it may drop to 5.5 [23]
or even below when the implant is infected. Biofilm pH measurement has allowed us
to conclude that the protection of the infected loci by the biofilm highly depends on the
antibiotics and detergents used, in addition to the extracellular polymeric substances and
lipids that protect microbes from antimicrobial proteins, antibiotics, and detergents [24].
Such a process allows pathogens to be protected against the counteraction of the immune
system and the toxic effect of antimicrobial pharmaceuticals [25]. Moreover, it promotes
their multiplication, as rpoS gene encoding sigma factor (0S) initiates transcription of
the bacterial genome expressed under acidic conditions, i.e., when the pH drops from
physiological 7 to 5 [26].

Another factor promoting the release of metal ions from implants depends on the
activation of the thrombosis cascade at the lodge of its insertion. Blood platelets that
become activated in the clot interact with metal ions participating in their metabolism [27].
Additionally, several metals (e.g., iron) are able to be directly bound with fibrin [28,29].
Furthermore, the presence of comorbidities, particularly autoimmune disorders, can signifi-
cantly increase the risk of systemic toxicity from metal implants [30]. Autoimmune diseases,
such as rheumatoid arthritis or lupus, often involve immune system dysregulation, leading
to heightened sensitivity to metal ions like cobalt, chromium, or nickel. This can result in
exaggerated inflammatory responses, impaired metal ion clearance, and a higher risk of
chronic inflammation, oxidative stress, and tissue damage [31]. Patients with autoimmune
conditions may also experience allergic reactions to metals, further complicating the im-
plant’s success. Additionally, weakened or altered immune responses in these patients may
lead to the accumulation of metal ions in vital organs, contributing to systemic toxicity.
Consequently, such patients are at a greater risk of complications like implant loosening,
bone loss, and systemic poisoning, requiring more careful monitoring and potentially
alternative materials or coatings to reduce these risks [32].

Metal particles, their oxides, and their salts are phagocyted by phagocytizing cells,
namely neutrophils, macrophages, mast cells, and dendritic cells, becoming activated to
synthesize and release proinflammatory cytokines, molecules, and growth factors. Conse-
quently, peri-implant inflammation and osteoclastic osteolysis become activated around
the implant [33]. Moreover, metal ions accumulate intracellularly, dysregulating cellular
metabolism and function. The most obvious macroscopic manifestation of this fact is
metallosis around the implant, appearing as a dark grey or even black tint (Figure 2).

Separate from phagocytosis, however, elementary metals may even cross biological
membranes due to their capability to dissolve in lipids [30]. Intracellularly, metals accu-
mulate in several organelles and bind to several proteins once entering the intracellular
environment, thus interacting with their function. It has been shown that lysosomes absorb
several metals, including iron, coper, zinc, cobalt, and molybdenum, thus participating
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in metal homeostasis [34-36]. It has also become obvious that metals interfere with var-
ious biological processes that are crucial for their metabolism, gene transcription, and
protein synthesis [37]. Such processes alter cellular metabolism and signalling, causing
dysregulation of several biochemical processes, including those crucial for cell vitality,
and this may lead to apoptosis and cell death [38,39]. Activation of a local inflammatory
reaction shows the irritant nature of metals, but this may also be present when immune
cells activate a metal-driven immune response and thus become immunogenic, possibly
interfering with cellular metabolism and exposing their toxic nature (Figure 3). Each of the
above-mentioned processes leads to the onset of clinically manifesting severe unwanted

side effects mitigating the use of implants manufactured with these metals.

r

Figure 2. Metallic wear debris in soft tissues surrounding hip prosthesis with infiltration of
HLA-DR-positive cells around it. Magnification 400 x.

The mechanisms of metal ion release and corrosion in metal implants are driven by
complex electrochemical interactions and wear-induced damage [13]. Metal implants,
typically made of materials like titanium, stainless steel, and cobalt-chromium alloys, are
designed to withstand the harsh environment of the human body. However, over time,
these materials can degrade due to corrosion, leading to the release of metal ions into
surrounding tissues. This corrosion process is initially mitigated by a thin, passive oxide
layer that forms naturally on the metal surface. This oxide layer serves as a protective
barrier, preventing further oxidation. However, physical damage or chemical attacks from
bodily fluids can disrupt this protective layer, exposing the underlying metal to corrosion.

Corrosion is primarily an electrochemical process. When an implant is submerged in
an electrolyte, such as bodily fluids, the metal surface may undergo galvanic corrosion [16].
In this process, the surface is divided into anodic and cathodic regions. In the anodic
regions, the metal undergoes oxidation, releasing metal ions into the surrounding fluids.
For example, in stainless steel implants, iron can be oxidized to form iron ions which are
released into the surrounding tissues. These metal ions can have harmful biological effects,
including causing local tissue irritation, allergic reactions, or even systemic toxicity if the
release is significant. The cathodic regions of the implant surface experience a reduction
reaction, often involving the reduction of oxygen or hydrogen ions from bodily fluids.
This electrochemical interaction continues until the implant surface is fully exposed to the
electrolyte, leading to greater corrosion and ion release.
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(b) (©

Figure 3. A skin allergy around a postoperative scar. Redness, swelling, and itching around the

locations of subcutaneous sutures suggest an allergy to the surgical suture rather than the implant
used for the fixation (a). Dehiscence of a postoperative wound. Leakage of purulent content together
with increased serum concentration of molecular indicators of inflammation point to the infectious
aetiology of the process. Nevertheless, both metal allergy and wound infection could coexist (b).
Fistula of the lower pole of a postoperative wound after shoulder arthroplasty. Primarily sterile, this
is subject to secondary infection by skin and environmental flora (c).

In addition to electrochemical corrosion, mechanical wear plays a critical role in
the degradation of metal implants. Over time, implants experience mechanical stresses
due to movement, loading, and friction with adjacent tissues or bones. This wear can
physically damage the protective oxide layer, allowing corrosion to proceed more rapidly.
Wear particles produced during this process, such as tiny fragments of metal, can further
exacerbate corrosion by increasing surface area exposure to bodily fluids. These particles
may also trigger an inflammatory response or cause foreign body reactions, which can lead
to complications like osteolysis (bone resorption) or chronic inflammation. Furthermore,
some metal ions released through corrosion, like chromium, cobalt, and nickel, can interact
with biological molecules, leading to cellular damage and affecting tissue function. For
example, elevated levels of chromium ions may interfere with cellular respiration, while
cobalt ions can disrupt the structure of proteins or DNA.

4. Irritancy

Irritation, by definition, is local inflammation with discomfort or pain which occurs
in response to chemical or physical stimuli causing allergy or cell-lining damage. Several
agents may irritate tissues, including the chemical compounds listed in [40], metals, and
their salts (chromic acid, chromates, bichromates, nickel salts, mercury compounds), as
do physical factors, such as ionizing radiation and ultraviolet light [41]. Their action
over viable tissues results in the activation of a local inflammatory response of a wide
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spectrum of intensity, from mild to crucial, resulting in cellular damage and necrosis.
Clinically, irritation may manifest as contact dermatitis or respiratory insufficiency when
inhaled [42]. Clinical manifestations of irritants include symptoms such as local redness,
itching, and discomfort, or more expressed symptoms like severe pain and oedema to tissue
necrosis. Usually, they affect the skin, cornea, and mucosa, causing erosions, eczema, rush,
intertrigo, and perspiration, but may also produce cough, dyspnoea, chest tightness, and
asthmatic reactions. Their common mechanism of activation depends on, as opposed to the
immune reaction, a non-specific response to irritant stimuli, whereas the immune response
depends on mounting an immune response that is specific to the allergen. Nevertheless,
both mechanisms may coexist, as irritation, especially when chronic, may have immune
consequences. Nevertheless, mounting of the immune reaction usually requires a much
less evoking agent compared to irritant agents [43,44].

Metal ions that enter the human body via an implant and are gradually released from
it accumulate in the surrounding tissues, evoking pathological processes. They activate
the inflammatory response of phagocytic cells (macrophages, mast cells, neutrophils) af-
ter phagocytosis, resulting in the synthesis and release of oxidative stress (i.e., hydrogen
peroxide), signalling (nitric oxide) molecules, proinflammatory cytokines (Interleukins 1o
and 3, 2, 6, and 18, and TNF-«), and several other biologically active substances, including
histamine, serotonin, and bradykinin [45]. Together, they activate a local inflammatory
reaction affecting the tissue, resulting in oedema, itching, pain, and increased blood perfu-
sion (redness, local tissue warming). But, alone or together with a provoked mechanical
counteraction, they may also lead to tissue injury with cell disruption, apoptosis, and
death [46].

5. Immune Response to Metals

Sensitivity to metals becomes increasingly important due to the widespread popularity
of alloys in the human environment. It is known that human beings may develop allergy
to almost all metals used to manufacture implants, including chromium, nickel, cobalt,
molybdenum, and titanium [47]. Even iron may be allergic under certain circumstances,
that is when transfused intravenously as a salt bound to sugars: high- and low-molecular-
weight dextrans, carboxymaltose, isomaltose, gluconate, or sucrose [44]. The risk of acute
hypersensitivity reaction is especially high when iron is bound to dextrans [48,49]. Living
organisms only tolerate sodium, potassium, calcium, and magnesium well. These are metals
that are widely distributed throughout the body and whose concentration in each particular
biological compartment is under strict control by sufficient, regulatory mechanisms. All
others may evoke an immune reaction.

Unfortunately, allergy to metals concerns metals that are, or were, used to manufacture
medical implants: lead and mercury, aluminium, chromium, nickel, cobalt, vanadium, and
even titanium (Figure 4) [47,50-56]. So far, others like tantalum, niobium, and molybdenum
are believed to harness activation of the local inflammatory process, the immune reaction to
other metals, and oxidative stress. Tantalum decreases the expression of proinflammatory
cytokines [57], niobium reduces allergy to metallic implants [58], and molybdenum, as an
oxide, demonstrates pH-dependent oxidative degradation properties [59], thus being used
as additives to alloys that suppress immune and inflammatory reactions. Even precious
metals, such as silver, gold, platinum, and palladium, may become immunogenic [60,61].

Nevertheless, being sensitive to a particular metal does not always correspond to
the activation of the immune reaction to it. The immune reaction to metals belongs to
Type I or Type IV cell-mediated hypersensitivity [62]. The first one proceeds due to the
release of specific antigens targeted to IgE antibodies by B lymphocytes stimulated by Thl
cells. The second is targeted against cells that are marked with an antigen bound to MHC
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class II on their surfaces that becomes recognized by helper CD4+ T-lymphocytes [63,64].
Metals, including nickel, cobalt, and palladium, are also capable of directly binding to
MHC class II molecules [65] and can trigger toll-like receptors. Nickel, for instance, triggers
TLR-4 [66]. In complexes with MHC-associated peptides, they serve as haptens mounting
the immune reaction and bounding to T-cell receptors [67]. In neighbouring lymph nodes,
these complexes are presented to naive T-lymphocytes. As a result, the proliferation
and differentiation of several subsets of T-lymphocytes proceeds, including cytotoxic,
natural killer, regulatory, helper, and memory (central, effector, tissue resident, and virtual)
cells [68,69]. When released into the circulation, they mount and regulate the immune
response targeted against the presented hapten, which in this case is the metal. It has been
demonstrated that nowadays up to 20% of the population of industrialized countries is

sensitive to metals, of which chromium and nickel salts are the most popular [70].

Figure 4. Local skin allergy around postoperative scar in patient stabilized with angularly stable
titanium plate.

The capability of metal ions to bind to biomolecules depends on their reactivity. Highly
active metals, like titanium, zirconium, niobium, and tantalum, easily bind to tissue fluid
oxygen and inorganic anions, forming oxides and inorganic salts. Thus, their potential
to bind with proteins is lower than that of less reactive metals possessing higher redox
potential. Metals providing ions of higher reactivity, like chromium and nickel, more
often bind to proteins activating an immune reaction [71]. Natrium, potassium, calcium,
and magnesium, as metals of extremely high reactivity, do not form tight connections
with biomolecules, persisting thus in ionized form. This is probably the reason why the
immune reaction against them could not be mounted. Meanwhile, metals immobilized
in tight connections in ceramics (aluminium and zirconia oxides) that possess very low
solubility and do not ionize also avoid presentation to antigen-presenting cells, thus being
bioinert. Nevertheless, in nanoparticles, they may also evoke an immune reaction [72].
Early detection of implant corrosion or hypersensitivity complications before clinical symp-
toms arise is crucial for preventing long-term implant failure and ensuring better patient
outcomes [73]. Utilizing biomarkers to identify these complications can offer valuable
insights into the status of the implant and the surrounding tissues. These biomarkers can
be categorized into corrosion biomarkers (which indicate metal ion release) and hyper-
sensitivity biomarkers (which reflect immune system responses). Corrosion biomarkers
primarily include metal ions released into the bloodstream or local tissues due to implant
degradation. For instance, elevated levels of cobalt, chromium, titanium, or nickel ions
in the blood or urine can indicate ongoing corrosion of metallic implants [74]. These ion
concentrations can be regularly monitored using blood tests or urinary assays. Consistently
high levels of these ions could signal that the implant is undergoing excessive wear or cor-
rosion, potentially before clinical symptoms such as pain or implant loosening appear [75].
If caught early, these elevated metal ion levels can prompt the physician to investigate
the implant’s integrity, consider imaging studies, or adjust treatment strategies to prevent
further degradation. Hypersensitivity biomarkers, on the other hand, can detect early
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immune responses to metals, especially in patients who may be prone to metal allergies or
immune-mediated reactions. Tests such as the Lymphocyte Transformation Test (LTT) or
specific blood assays can measure the activation of immune cells when exposed to specific
metals or metal ions [76]. Elevated levels of proinflammatory cytokines (like IL-13, TNF-cx)
or specific T-cell responses can indicate hypersensitivity reactions at a subclinical level [77].
These biomarkers allow clinicians to identify early signs of an immune response, such as a
delayed-type hypersensitivity reaction, before visible symptoms like skin rashes, localized
swelling, or pain occur around the implant. Both metal ion monitoring and immune re-
sponse profiling can be integrated into patient follow-up protocols to track the condition
of the implant over time, particularly in individuals at a high risk of complications due to
prior reactions or genetic predispositions [78]. By detecting corrosion or hypersensitivity
early, medical professionals can intervene sooner, adjusting implant materials, providing
anti-inflammatory treatments, or opting for revision surgery, potentially averting more
severe outcomes like implant loosening or systemic toxicity. Additionally, these biomarkers
can serve as a tool for identifying patients who might be better suited for non-metallic
alternatives in future surgeries.

Individual patient factors such as age, sex, and genetics play a crucial role in the
biocompatibility of metal implants and can influence the likelihood of adverse reactions.
These factors impact how the body responds to metal materials, how the implant inte-
grates with the bone, and how metal ions are processed by the body [79]. As patients age,
physiological changes such as decreased bone density and slower healing rates can affect
the success of metal implants. Older adults often experience conditions like osteoporosis,
which reduces the quality of bone and can impact the implant’s ability to properly integrate.
Inadequate osseointegration may increase the risk of implant failure or loosening. Addition-
ally, the aging immune system becomes less efficient, which can reduce the body’s ability
to clear metal particles or ions that leach from the implant. This could result in chronic
inflammation around the implant and an increased likelihood of soft tissue reactions or
osteolysis (bone resorption). Older patients may also have slower metabolic rates, which
could result in a delayed clearance of metal ions, leading to potential systemic toxicity
over time [80]. Sexual differences also play a significant role in how implants interact
with the body. Post-menopausal women, for instance, experience a decline in estrogen
levels, which can lead to decreased bone density and weaker bone healing capacity. This
makes implant integration more challenging and increases the risk of loosening or failure.
Furthermore, women tend to have a stronger immune response, which can heighten the risk
of metal hypersensitivity reactions, such as skin rashes or chronic inflammation, especially
to metals like nickel. These reactions may be more pronounced in women compared to
men, contributing to an increased risk of adverse outcomes like local tissue reactions and
pain around the implant. The immune response also tends to be more active in females,
which may result in an elevated likelihood of inflammatory responses to metal ions over
time [80]. Genetic factors also play a critical role in how individuals react to metal implants.
Certain genetic variations can influence immune responses and predispose individuals to
conditions such as metal allergies or increased inflammation around implants. Genetic
differences in bone metabolism can also affect how well the bone heals and integrates with
the implant, influencing long-term implant stability. For example, individuals with genetic
predispositions to autoimmune disorders or increased inflammatory responses may be
more susceptible to adverse reactions, such as chronic inflammation or implant loosening.
Genetic factors can also influence how the body processes and eliminates metal ions, which
could either increase or decrease the risk of systemic toxicity from metals like cobalt or
chromium [81].
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6. Metal Toxicity

The toxicity of several metals is commonly known. The main problems are related
to exposure to lead, cadmium, mercury, and arsenic. They appear due to contact with
several products that are in use these days, like water pipes (lead) and dishes, as they are
produced with alloys that contain these metals and metalloids as additives, e.g., arsenic
in bronze [82,83]. With growing knowledge of their negative influence on human health,
these are even used as an “effective” poison (arsenic oxide). Nevertheless, they can also
be found in soil, poisoning drinking water and as such evoking endemically a poisoning
effect on populations living in endangered areas (arsenic) [84]. Metal toxicity research
has increased markedly with growing interest in metallurgy and the increased popularity
of metal products in craft, industry, and households. Today, heavy metals are drastically
removed from the household in well-developed, industrialized societies. Thus, they may
evoke their negative influence mostly via the pollution of water, soil, and air [85]. Their
content in food and drinking water has been drastically reduced due to several regulations.
Nevertheless, they still exist in some food products (i.e., mercury in fish, cadmium in
tobacco fume). But, the population of developing countries is still highly exposed due
to the lack of regulations protecting from people from the release of a huge quantity of
metals in a gaseous state (fumes) and as soluble salts as a result of unavoidable production
technological processes [86]. Some metals are also released as secondary pollution as a result
of inappropriate disposal of used products (i.e., cadmium from batteries) [87,88]. Since the
mechanism of toxicity differs for each metal, the most hazardous ones are described below.

Lead was (probably) the first metal whose wide application led to health hazards in
the ancient world. As a metal that is soluble in lipids, it easily transmits through biological
barriers, accumulating primarily in red blood cells (erythrocytes), and later on redistributes
to soft tissues and finally to hair and bones [89]. Its half-life in erythrocytes is between
30 and 60 days, but in bones it may persist much longer, from 20 to 30 years. Its total
removal from skeletal tissue and hair is very problematic and probably impossible during
a single life-time. The main toxicity mechanisms include inhibition of haem biosynthesis,
affecting thus the synthesis of haem-originating proteins, including haemoglobin, myo-
globin, and cytochromes, as well as other non-haem-related proteins. At the molecular
level, lead competes with other metals (iron, calcium, zinc) in binding to metal-binding
proteins, like haemoglobin, 6-aminolevulinic acid dehydratase, and several enzymes partic-
ipating in the synthesis of antioxidants, including glutathione disulphide, thus producing
oxidative stress [90]. It also binds to metal-DNA-binding domains, influencing gene ex-
pression and protein synthesis [91,92]. Clinically, the accumulation of lead in soft tissues
results in irreversible damage to the gastrointestinal tract, liver, kidney, and brain. The
main clinical symptoms include abdominal pain, nausea, vomiting, diarrhoea, constipa-
tion, haemoglobinuria, oliguria, headache, fatigue, vertigo, insomnia, and irritation. It
may result in liver and renal insufficiency leading to hypoproteinaemia, hypoalbumine-
mia, and hypovolemia with hypovolemic shock [93]. Lead intoxication affects secretory,
gastrointestinal, immune, and reproductive systems but also possesses carcinogenic ca-
pabilities, promoting cell proliferation and thus the ingrowth of several carcinomatous
tumours [94,95].

Mercury is the only metal that occurs in liquid form at room temperature. It was well
known and widely used in ancient times Moreover, its compounds, i.e., oxide (HgO) and
sulphide (HgS), are used these days as valuable and wanted dyes, known as montroydite
(HgO) and vermillion (HgS). From the beginning, mercury has been acquired from its
sulphide known as cinnabar. Its Greek name, hydrargyrum, means “watery silver” or
“quicksilver”, named after its shiny, silver colour and its ability to spill out on surfaces. In
the past, silver has been used for several purposes, including the extraction of noble metals,
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as dyes, for various measuring instruments, including thermometers, sphygmomanometers,
barometers, etc., and for medical use, i.e., in dentistry and several other applications
including the treatment of syphilis [96]. Its wide usage for thousands of years brought
about the risk of intoxication that is currently very well known. Thus, the current use of
mercury, as well as lead, is very restricted. The first case of massive mercury intoxication
probably occurred in ancient times [97]. In the modern era, it was the middle of the 19th
century that brought about massive mercury intoxication caused by significant spread of
the use of mercury-lead amalgam in dentistry [98]. Its popularity lasted for the next one
hundred years, but nowadays, dental amalgams pose a significant risk of intoxication in
the elderly population. In modern times, mercury is mostly used for industrial purposes
and is subject to strict regulations. Every source or instrument containing mercury or
its oxides or salts is removed from households, thus reducing the risk of intoxication.
Even mercury lamps (bulbs), batteries, and medicines are removed. Currently, mercury
has a practically historical meaning in medicine, although several even very sophisticated
measuring instruments still use it, i.e., plethysmometers [99]. Nevertheless, their occurrence
is sporadic, being used in laboratory and not clinical medicine, and does not exert an impact
in medicine. Mercury currently possesses no value in clinical use and as such could be
considered only historical. Mercury, especially in its organic (methylmercury) and vapour
forms, is highly toxic to the kidneys, as well as the nervous and musculoskeletal systems.
Chronic exposure can lead to neuromuscular symptoms such as tremor, muscle weakness,
and ataxia, which impair locomotor efficiency and thus mobility. Additionally, mercury
disrupts protein synthesis and collagen formation, potentially impairing bone healing
and osseointegration of implants, which are critical for their stability that determines
the successfulness of orthopaedic procedures. Mercury toxicity is also known to cause
oxidative stress and inflammation, increasing the risk of delayed wound healing, infection,
and implant loosening due to compromised bone remodelling. Furthermore, mercury can
interfere with calcium metabolism, leading to bone demineralization and increasing the
risk of osteoporosis and fractures, which are major concerns in orthopaedic patients.
Cobalt is known from the Bronze Age, being used to dye glass, ceramic glazes, and
ceramics by the Egyptians, Persians, and Chinese, although it was only smelted for the first
time in 1735 by G. Brandt [100]. It became the first metal, apart from those known from an-
cient times, to be extracted by humans. It was, and still is, widely used as a pigment (cobalt
blue) for dying fabrics, glass, ceramic, and paints and for several other purposes. In the last
few decades, cobalt has also found a wide range of applications in manufacturing batteries
and solar cells. Its medical use is mostly limited to the cobalt-chromium-molybdenum
alloy that, due to its properties, including high corrosion resistance, durability, and lack
of ferromagnetic properties (it does not warm up in alternative magnetic fields), is widely
used to manufacture medical implants. Nevertheless, it has also found several other med-
ical applications, i.e., in the treatment of anaemia (as CoCly) and neoplasms [101]. Due
to its natural occurrence in vital molecules (vitamin B12; cobalamin) and its derivates,
cobalt is considered a microelement that is necessary for several organisms, especially
plants, algae, and fungi, and is also necessary in nano-quantities for humans [102]. The
toxic effects of cobalt are known from the 1950s, or at least, these have been reported in
the literature since then [103], although the first known report of the toxicity of cobalt
to viable (non-human) organisms is dated 1908 [104]. Presumably, research on its toxic
effect reflects an increasing interest in this metal as a component of cobalt-chromium alloys
whose extremely high hardness, high resistance to corrosion, and lack of ferromagnetic
properties predispose them to be used as manufactured parts of machines subjected to
high loads and aggressive, chemical environments. The increasing need for such an alloy
for industrial and military use (and later on also for medical applications) became the
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reason for the growth of cobalt mining and metallurgy that rapidly spread after the Second
World War. Thus, the toxicity of the cobalt has not been considered for the first half of the
century, despite the fact that CoCr alloys have been known since 1900, probably due to
the very low quantities of the alloy produced and thus the very rare possibility of coming
into contact with it. But its increased production and use have resulted in the visualization
of its toxic properties. The name of cobalt comes from the German word Kobald, which
was used to refer to the toxic effect of this metal in miners, but, in fact, this effect was
related more to the release of poisonous arsenic trioxide (As;Og) during the process of
its smelting from the ore than to the toxicity of the cobalt itself. According to old myths,
toxicity was a punishment for the goblins to replace the silver that they had stolen from the
ore, leaving behind the worthless metal later called cobalt [105]. Originally, reported cobalt
intoxications originated from exposure to fumes containing high concentrations of cobalt
compounds, usually affecting men working in cobalt mining and metallurgy, or just living
close enough to production plants processing this metal to become exposed to intoxication.
A very interesting observation arose during the 1950-70s, when so-called “cobalt-induced
cardiomyopathy”, which was later on recognized as “beer drinkers’ cardiomyopathy”, was
understood to in fact be caused by intoxication with cobalt sulphate added to the beer to
stabilize its foam [106]. But it was the popularization of implants manufactured with CoCr
and CoCrMo alloys that brought about the high and relevant risk of intoxication with this
metal due to the introduction of alloys into the human body. The most endangered became
orthopaedic patients, as their implants possess the highest mass of implanted material.
Other specialities, using a few, instead of hundreds, of grams in implants have a much
lower risk of being exposed to this metal. The problem that was primarily reported in
1973 [106] was widely popularized by a British MHRA report warning that cobalt released
from some types (metal-on-metal) of hip prostheses threatens severe intoxication with this
metal [107]. In this particular case, the problem mostly lies in high-grade abrasion of the
working elements of implants rubbing against each other. Nevertheless, other types of
articular prostheses can also pose a risk of intoxication [108].

Molybdenum, despite the fact that its salts have been known to our civilization for
thousands of years, was isolated in 1781 as a chemical element. It is currently used mostly
as an additive that increases the hardness, corrosion resistance, and weldability of steel
(molybdenum steel), but is also used for several other industrial applications. So far, it
has not found application in medicine apart from supplements, since it is an essential
trace dietary element. It can be found in as many as 50 animal and plant enzymes, i.e.,
in several mammalian oxidases, mitochondrial amidoxime reductase, and a pterin-based
molybdenum cofactor [109,110]. Its toxicity has been established mostly to farm animals,
which could be intoxicated by a molybdenum-rich diet [111]. In humans, oral intake of
molybdenum absorbs at a rate of 28%—77%, but 17%-80% is excreted with urine [112]. This
is important since most routes of exposure to molybdenum are through food. Others routes,
especially industrial intoxication with molybdenum-rich dusts and fumes, are occupational
poisoning occurring in employees working with molybdenum and its alloys [113]. Since
exposure to molybdenum is still relatively slight, the risk of becoming intoxicated with
it is insignificant. Nevertheless, the risk will probably increase as the quantity of this
metal used in industry increases. One should mention that excessive molybdenum ion
release, often resulting from implant wear or corrosion, can lead to systemic toxicity and
localized tissue reactions [114]. High concentrations of molybdenum ions in the body
have been associated with cytotoxic effects, disrupting cellular metabolism, impairing
enzymatic functions, and inducing oxidative stress. In orthopaedic patients, this may
contribute to delayed bone healing, impaired osteoblast function, and an inflammatory
reaction around the implant. Molybdenum exposure has also been linked to joint pain,
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chronic inflammation, and hypersensitivity reactions, which can compromise implant
integration and longevity. Additionally, systemic molybdenum toxicity may interfere with
copper metabolism, potentially leading to secondary deficiencies affecting connective tissue
health and immune function [113].

Aluminium is the most popular metal in the crest of the Earth. It constitutes 8.23%
of all metals. Due to its physical properties, namely low density, hardness, malleability,
and high corrosion resistance due to the formation of oxides on its outer layer, it is cur-
rently widely used in industry, aviation, and households. It has also found several other
applications, like in drink containers (cans), cutlery and dishes, frame tubes for different
applications, etc. Several companies even produce car bodies with aluminium. It is the
second most popular metal, localized just after the iron metal in modern industry [115].
So far, aluminium has no known role in viable organisms, since under the natural pH for
natural water reservoirs it precipitates as hydroxide and is not biologically available. Due to
these properties, aluminium is considered a non-toxic and non-carcinogenic element. After
oral intake, most of it is simply excreted with faeces, and a small quantity, which has been
absorbed into the blood stream, is excreted with urine. Thus, intoxications with aluminium
are unlikely, but still possible. The highest chance of exposure to aluminium is through oral
intake. Singular examples of intoxication with aluminium-rich water (namely aluminium
sulphate) are known, but without clear symptoms of poisoning [116]. Its participation
in the manufacturing of several medicines, such as antacids and vaccines, brings about
a risk of intoxication with this metal. In antacids, the properties of aluminium hydrox-
ide (and magnesium carbonate) that allow it to neutralize the acidity of gastric juice are
used. An increasing risk of intoxication comes from orthopaedic use of aluminium as
an alloy component (namely Ti6Al4V, one of the most widely used alloys in orthopaedic
surgery) used for the manufacturing of various implants, including joint prostheses. In
these cases, in contrary to vaccination, the quantity of metal introduced into the body
and slowly but constantly released from brings about a real risk of intoxication that has
to be considered [117,118]. In several studies, the correlation of brain degenerative pro-
cesses with aluminium intoxication has also been postulated [119], but without, so far,
any obvious evidence pointing to these processes being caused by aluminium-containing
vaccines [120]. Prolonged exposure or degradation of aluminium-containing implants may
result in aluminium ion release, which can accumulate in tissues and organs. Systematically,
aluminium toxicity is linked to neurotoxicity, potentially contributing to cognitive decline
and encephalopathy [121]. Additionally, aluminium can interfere with bone metabolism
by inhibiting osteoblast function and promoting osteoclast activity, leading to poor bone
mineralization and osteomalacia, which can compromise implant stability and fracture
healing. Locally, aluminium deposits in tissues can trigger chronic inflammation, fibrosis,
and impaired wound healing, increasing the risk of implant failure. Furthermore, excessive
aluminium levels in the bloodstream may affect kidney function, particularly in patients
with renal impairment, as aluminium is primarily excreted through the kidneys.

So far, titanium is generally believed to be a non-toxic, non-irritant, and as such,
ideal metal for medical applications. Its high resistance to corrosion, excellent durability-
to-weight ratio, and mechanical properties (Young’s modulus) similar to those of bone
predispose it to be used in the production of dental and orthopaedic implants [122]. Despite
the fact that titanium has been known from the end of 18th century, it only found wide
applications in the mid-20th century. Currently, it is mostly used in aviation as a durable,
light, and high-temperature-resistant material for the production of jet engines, as well
as in maritime industries for submarine production as a non-ferromagnetic, corrosion-
resistant, and durable material. Also, several other branches are using titanium for plenty
of applications. Titanium oxide has displaced lead oxide as a white dye and an additive
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to other metals (e.g., steel), improving their mechanical and chemical properties, and
moreover, it has been used as a corrosion-resistant and abrasion-resistant coating for several
other materials used in metallurgy, jewellery, and architecture. It also has applications
in biomedical engineering [123]. An increasing number of applications have resulted in
increased contact with human bodies, giving rise to allergic reactions against titanium. In
dentistry, interactions have been found in the oral cavity, and in orthopaedic surgery, they
have been observed in deep tissues surrounding titanium implants but also in regional
lymph nodes and lungs, pointing to the fact that titanium is released from implants as
micro- and nano-particles due to friction between working parts, but also as a result of
ionic exchange. Moreover, titanium causes specific tissue incrustation and the formation
of granulomas known as metallosis, which clearly shows that in fact titanium interacts
with biological processes [124,125]. These interactions cause corrosion of the implant,
increased metal ion release, and adverse reactions macroscopically occurring in the form
of peri-implant osteolysis and implant loosing [126]. An increasing interest in titanium
toxicity has also been observed, as titanium, its oxides, and its salts appear not to be totally
bioinert [127].

Strontium, vanadium, niobium, antimony, and beryllium are not as popular as the met-
als listed above; however, they may also be present in alloys used in medicine. Strontium,
due to its similarities to calcium enabling its embedding into the hydroxyapatite, is used in
the regulation of bone turn-over in the treatment of osteoporosis [128]. Its application as a
component of alloys used in orthopaedics and dentistry is aimed at increasing the strength
of the connection between the implant’s surface and the surrounding bone, thus increasing
its stability [129]. Vanadium serves as a compound increasing the strength of several ferritic
and non-ferritic alloys, mostly used in machinery and military, but not medical applications.
It is also postulated, however, that it can serve as a component of various compounds
that may find an application in medicine [130]. Niobium is being introduced into medical
applications due to its osteoconductive properties. Hence, several alloys containing nio-
bium have been introduced into orthopaedic surgery and dentistry [131,132]. Antimony
compounds have been used for medical purposes as emetic, laxative, and antiparasitic
drugs [133]. Beryllium, due its high irritancy and toxicity, is not used in medicine. However,
it may be present as very small additives in other alloys that have found applications in
medicine [134]. Beryllium and its salts are highly poisonous, carcinogenic, and irritant
materials. It is used industrially due to the fact that its small quantity in alloys with other
metals markedly improves their physical properties. Exposure to beryllium may be dietary,
in the case of contaminated food and water, or industrial, through inhalation of beryllium
vapours or direct contact of alloys containing beryllium or its salts with the skin [135].

It should be highlighted that there are threshold levels of metal ions in the blood-
stream beyond which systemic toxicity becomes a concern. For example, elevated levels of
cobalt (greater than 5 ng/L) have been linked to serious health issues such as cardiomyopa-
thy, neurological damage, and thyroid dysfunction. Chromium ions with concentrations
exceeding 1 ug/L can also pose risks associated with kidney and liver toxicity. Nickel
sensitivity is more variable; however, levels above 5 ng/L can trigger allergic reactions
and inflammatory responses in some individuals. The safe threshold varies depending on
the metal and individual factors, such as age, genetic predisposition, and overall health.
Chronic exposure to high levels of metal ions can lead to long-term systematic effects,
including organ damage and immune system dysfunction. Monitoring blood metal ion con-
centrations is critical to detecting early signs of toxicity and preventing adverse outcomes,
especially in patients with metal implants [136].

One should mention that metals can have significant effects on osteoblasts and osteo-
clasts, influencing bone formation and resorption [137]. Titanium is generally considered
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highly biocompatible and promotes osteoblast activity, encouraging the attachment, pro-
liferation, and differentiation of these bone-forming cells. This makes titanium an ideal
material for orthopaedic implants, as it supports bone integration and healing. In contrast,
metals like cobalt-chromium alloys, while strong and fatigue-resistant, can negatively
impact osteoblast function. These metals can induce oxidative stress and inflammatory
responses, which may hinder osteoblast activity and bone formation, when they degrade
or release ions. Over time, this can lead to impaired bone healing or integration, especially
in high-stress environments. Nickel, commonly found in stainless steel, can also adversely
affect osteoblasts. Nickel exposure has been linked to reduced osteoblast differentiation
and bone formation, which could compromise implant success, especially in a long-term
usage. However, magnesium alloys, although still in the research phase, show promise
in promoting osteoblast activity due to their biodegradable nature. These alloys are ex-
pected to degrade as the bone heals, potentially reducing the need for implant removal
surgery. However, their lower strength and poor corrosion resistance may limit their use
in high-stress applications. Regarding osteoclasts, metals like cobalt and chromium can
stimulate osteoclast activity, leading to increased bone resorption. This is particularly
concerning for patients with weakened bone structures, such as older individuals or those
with osteoporosis, as it may exacerbate bone loss around the implant site. Inflammatory
responses triggered by metal ion release can also enhance osteoclast activity, contributing
to implant loosening or failure. Overall, while certain metals support osteoblast function
and bone integration, others can induce negative effects, highlighting the importance of
choosing the right material for specific patient needs and implant types.

7. Macroscopic Observations of Interacted Surfaces of Removed
Implants—Author Observations

The design of an implant significantly influences its surface area and, consequently,
the rate at which metal ions are released [138]. Complex geometries with more exposed
surfaces or sharp edges may have higher ion release rates compared to smoother, more
compact designs. This is because larger surface areas allow for more interaction with
bodily fluids, which can accelerate corrosion and the subsequent release of ions. The
corrosion rate and metal ion release from implants are significantly influenced by such
factors as pH, mechanical stress, electrochemical environment, and temperature. In acidic
environments, often found in inflamed or infected tissue, corrosion is accelerated as a
lower pH increases the electrochemical reactivity of metals, promoting oxidation and metal
ion release. For instance, titanium and cobalt-chromium alloys corrode more rapidly
under acidic conditions, leading to a higher release of ions like titanium or cobalt into the
bloodstream [75]. Mechanical stress also plays a crucial role, as repetitive loading or weight-
bearing on implants can cause wear and tear on the metal surface, exacerbating corrosion
by exposing fresh surfaces to the body’s electrolytic environment. Temperature influences
the rate of corrosion, with higher body temperatures generally accelerating electrochemical
reactions. Additionally, electrolyte concentration (such as chloride ions in bodily fluids) can
enhance the corrosion process, while surface roughness and protective coatings can mitigate
corrosion by providing a barrier against ion release. Collectively, these factors contribute
to the degree of degradation and the potential for systematic toxicity due to the release of
harmful metal ions. Furthermore, the porosity of an implant can also play an important
role. Implants designed with higher porosity might have more surface area exposed to the
surrounding biological environment, increasing the likelihood of ion release. For example,
porous titanium implants may exhibit more ion release than solid ones due to their larger
exposed area. Material choices in implant design also affect ion release, with materials like
cobalt—chromium and stainless steel being more prone to corrosion compared to titanium
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alloys. The surface finish of an implant plays a crucial role in determining its resistance
to corrosion and, therefore, the rate of ion release [139]. Smooth surfaces generally reduce
the likelihood of wear and tear and thus the release of ions. Polished surfaces, which are
often applied to implants, can form a protective oxide layer that acts as a barrier to further
corrosion. In contrast, rough or scratched surfaces expose more of the material to bodily
fluids, which can lead to higher rates of ion release. Additionally, surface coatings, such
as diamond-like carbon or ceramic coatings, can act as a protective barrier, reducing the
amount of metal ion that leaches out of the implant. Anodization processes, commonly
used on titanium implants, also help to increase the thickness of the natural oxide layer,
thereby minimizing corrosion and ion release. The mechanical loading conditions placed
on an implant significantly influence its ion release rate. Dynamic loading, such as the
forces generated during joint movement, can cause wear, micro-motion, or deformation of
the implant’s surface. These mechanical stresses may disrupt the protective oxide layer,
promoting corrosion and thus ion release. For example, joint replacements experience
cyclic loads during normal movement, which can gradually wear down the implant surface
and lead to ion release [140]. Both fretting (micromovement between contacting surfaces)
and abrasion (due to friction between the implant and surrounding tissue) can increase
the release of ions. Stress corrosion cracking can also occur under high-loading conditions,
further accelerating ion release. Implants under high-load-bearing conditions, such as in
weight-bearing joints, are more likely to experience wear and corrosion than those under
lower load conditions.

The presented implants exhibit significant surface changes, including discoloura-
tion, corrosion, and material degradation, which can have serious biological implications
(Figure 5). Several examples of damage to the surface of orthopaedic implants on bone
plates and intramedullary nails have been presented. Discolouration and abrasions of the
surface of the plate highlight the friction between the implant and the underlying bone
fragments. Abrasions on its inner surface, as shown in Figure 5a, probably originate from
the relatively high-amplitude movements between the plate and stabilized bone fragments,
whereas the oxide layer wiped off from the inner surface of the plate points to the low-
amplitude, repeated friction between the implant and the underlying bone (Figure 5b,b1).
Areas with abraded surface oxide spots resulting from the repeated, but small in size,
relatively mild abrasions show minor friction of tissues (muscles, tendons) sliding over
the implant during limb movements. Deep scratches on the outer layer probably originate
from surgical intervention during the implant’s removal (Figure 5b1). Three deep parallel
scratches are the most probable iatrogenic damages produced during the implant’s removal
(green arrows). The broken intramedullary gamma nail (Figure 5d) shows the reason for
this (wiped-off oxide showing the high-magnitude, repeated friction between the implant
and stabilized bone; red arrows), resulting in its break (red dotted line). Deep scratches on
the outer layer of the nail seen on the lower fragment on the right side are iatrogenic and
were produced during the implant’s removal (green arrow). Electrochemical interactions
on the implants’ surfaces are seen as discolouration (Figure 5e,el) and corrosion causing
deeper pits (Figure 5f) (arrows).
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Figure 5. Several examples of surface damage of orthopaedic implants which could be classified as
discoloration and wiping off of the surface oxide. These highlight the repeated, but low-magnitude,
relatively mild abrasions, and the deeper scratches result from more aggressive damage affecting
not only the outer layers but also the deeper layers of the implant (a—e) with enlarged areas marked
as (b1,cl,el). Areas of corrosion showing the electrochemical interactions of the implant with the
surrounding biological environment, causing deeper pits (f).

The blue, brown, and golden hues observed on the implants suggest excessive interac-
tion with human tissues, leading to alterations in metal surface composition. Such changes
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can increase the likelihood of metal ion release (e.g., nickel, chromium, and cobalt), which
may contribute to cytotoxicity, systemic toxicity, and local irritation when implanted in the
body. Metal ions released into surrounding tissues can trigger inflammatory responses and,
in some cases, lead to osteolysis or implant failure. Furthermore, the visible surface damage,
such as pitting, cracks, and structural degradation, indicates corrosion or mechanical wear.
Corrosion can weaken the implant structure while simultaneously releasing metallic debris
into the body. These particles can accumulate in surrounding tissues, potentially leading to
chronic inflammation, pain, and hypersensitivity reactions. For patients sensitive to certain
metals, such as nickel or cobalt, the presence of corroded or worn implants may increase
the risk of allergic responses, including dermatitis, swelling, and localized tissue damage.
Additionally, the rough and porous structures suggest material degradation or additive
manufacturing techniques that may have undergone wear over time. While porous surfaces
can promote osseointegration, excessive degradation can lead to implant instability and
bacterial colonization, increasing infection risks.

The compromised integrity of these implants may further exacerbate inflammatory
responses, ultimately leading to implant failure (Figure 6). Areas of brown-red coatings
point to the corrosion occurring in areas of slowly, gradually progressing implant break-
age. They point to the presence of redox reactions occurring on the metal surface not
protected by an oxide coating as a result of the interactions between the implant and
the surrounding biological environment These observations highlight the importance of
implant surface stability to minimize toxicity, irritation, and allergic reactions, ensuring
long-term biocompatibility and patient safety.

(b)

(a) ()

Figure 6. A removed broken implant (bone plate) showing areas of brittle (red arrow) and fatigue
(green arrow) fractures. (a). Bone screw migration causing decubital skin lesions leading to implant
exposure (b). Secondary peri-implant infection spreading at the site of metal allergy in a patient
sensitive to chromium (c).

To minimize adverse reactions associated with metal implants, advancements such
as surface modifications, coatings, and the development of novel alloys have become key
strategies in improving biocompatibility and implant longevity [141]. These technologies
aim to reduce corrosion, enhance osseointegration, and minimize the release of metal ions
that could trigger inflammatory or allergic responses in the body.
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Surface modification techniques have gained significant attention in recent years as a
means to enhance the biocompatibility of metal implants [142]. A widely used method is
anodization, which forms a thicker, more stable oxide layer on materials like titanium. This
layer acts as a barrier that prevents corrosion and reduces the release of metal ions into the
surrounding tissue. For example, titanium implants with anodized surfaces show increased
resistance to wear, decreased ion release, and better bone integration. Another approach is
plasma spray coating, which can be applied to create rougher surfaces or deposit bioactive
materials like hydroxyapatite (HA), a compound similar to the mineral content of bone.
This enhances osseointegration, making the implant more stable and reducing the risk of
failure due to loosening. Laser surface treatment is another technique that can improve the
mechanical properties and corrosion resistance of implants by creating microstructures on
the surface that mimic natural bone.

Implant coatings are another promising advancement that helps minimize adverse
reactions [142]. Bioceramic coatings, such as hydroxyapatite and tricalcium phosphate, are
often used on metal implants to improve bone attachment and reduce the risk of implant
loosening. These coatings not only enhance osseointegration but also form a protective
layer that minimizes direct contact between the metal and body tissues, decreasing the
likelihood of metal ion release and allergic reactions. Furthermore, polymeric coatings,
such as those made from plasma-polymerized thin films or biodegradable polymers, can
be used to reduce friction and wear at the implant surface, which is especially useful
in joint replacements where movement is frequent. Additionally, coatings that release
pharmaceuticals such as antibiotics or anti-inflammatory agents could be employed to
reduce the risk of infection or chronic inflammation around the implant site.

The development of novel alloys is a key way to reduce adverse reactions. Traditional
materials like stainless steel, cobalt-chromium, and titanium alloys have known limitations
in terms of corrosion resistance or biocompatibility. Researchers are now focusing on
creating bioinert or biodegradable alloys with improved properties. For instance, titanium-
based alloys with a more refined composition, such as titanium—niobium or titanium-
molybdenum, are being developed to provide better strength and corrosion resistance
while maintaining excellent biocompatibility. Magnesium alloys, which are biodegradable,
are also being explored for temporary implants, where the material gradually dissolves
in the body, reducing the long-term risks associated with permanent implants, such as
chronic inflammation or wear debris. The development of cobalt-chromium alternatives
with a reduced nickel content is also underway to address the growing concern over nickel
allergies, which can cause severe adverse reactions in some patients.

8. Discussion and Summary

The use of metal implants in modern medicine, particularly in orthopaedics and den-
tistry, has revolutionized patient care by providing durable and effective solutions for bone
and joint replacements, dental reconstructions, and trauma management. However, despite
their widespread use, metal implants pose significant biological challenges, primarily due
to their interactions with the human body. The three major concerns—toxicity, irritation,
and allergic reactions—have been extensively documented, raising questions about the
long-term safety and viability of these materials, as presented in Table 1. As implant-related
complications continue to surface, recent trends in biomedical research have focused on
mitigating these risks through material modifications, alternative biomaterials, and person-
alized medicine approaches.
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Table 1.

human tissues.

Summary of metal elements’ effects, toxicity, irritation, and allergy potential on

Element Effects and Uses Toxicity Irritation Allergy Mitigation Strategies Ref.
Used in medical and
dental implants due Use inert forms when
to its non-corrosive Considered non-toxic; Very low; does Rare but pqssuble possible. Ln.mt exposure
nature; historically - sensitization to reactive gold
Gold (Au) N does not corrode; is not commonly . . . [13]
used in jewellery and s . o reactions in some  compounds. Monitor for
. bioinert in most cases. ~ cause irritation. o . . .
coins; possesses some individuals. signs of allergic reactions
antimicrobial in medical settings.
properties.
Used in dental Adhere to regulated
implants, wound Low toxicity, but Generally low; dosages in medicinal
dressings, and long-term exposure can cause Rare, but silver applications. Ensure
Silver (Ag) coatings for medical can lead to argyria irritation, if allergies have proper handling in [13]
devices due to its (blue-grey skin absorbed in been reported. industrial processes to
antimicrobial discoloration). excess. avoid ingestion or
properties. prolonged exposure.
Used in alloys such as
bronze and.b.rass; has . Monitor dietary and
bactericidal C R Can trigger .
S Toxic in high amounts; High irritation environmental copper
properties; is . L. contact .
can cause liver and potential; copper o levels. Apply chelation
currently not used for . dermatitis, . L
Copper . kidney damage salts can cause . . therapy in poisoning
dental or orthopaedic . P . particularly in [13]
(Cu) L . (Wilson's disease) and skin and o cases. Control
applications, but is . individuals A
1 . neurological mucosal . contamination in water
still in use in A sensitive to metal . . .
symptoms. irritation. . supplies and industrial
gynaecology jewellery. :
- settings.
(contraceptive
spirals).
Essential for rec} Generally safe, but Mild; iron Rare, but Use iron chel.a tors (e.g.,
blood cell production; . . R deferoxamine) and
. . excess iron supplements intravenous iron
used in stainless steel - . - phlebotomy for overload
Iron (Fe) . . (hemochromatosis) can may cause infusions may L . [38]
implants, surgical . . . . : conditions. Regulate iron
. lead to organ failure gastrointestinal trigger allergic .
instruments, and R . . supplementation and
. and oxidative stress. irritation. reactions. . .
devices. monitor body iron levels.
Common in stainless Strone irritant: Limit exposure
steel and orthopaedic Moderate to high 5 i One of the most (especially in sensitized
- . . - causes skin .
implants; is an toxicity; nickel . common metal individuals) through
. o irritation and e
. . austenite stabilizer; exposure can lead to allergens; causes substitution in products.
Nickel (Ni) . . . L. can provoke . o . [13,16]
improves corrosion systemic toxicity, organ chronic nickel dermatitis, Use appropriate personal
resistance and the damage, and i . itching, and protective equipment
. - . conditions like L. .
strength of an alloy; is carcinogenic effects. eczema rashes. (PPE) in industrial
highly allergenic. ’ settings.
Can provoke Replace or reduce Cr(VI)
Found in stainless Hexavalent chromium Strong irritant; imIIJn une with Cr(III) when
. steel, dental, and is highly toxic and chromate salts possible. Enforce strict
Chromium L . . . responses and . -
orthopaedic implants; ~ carcinogenic; can cause  cause severe skin o industrial controls and [16,38]
(Cr) . . ! : hypersensitivity
improves corrosion lung and kidney and respiratory L PPE. Implement
) A reactions in some - .
resistance. damage. irritation. L remediation strategies
individuals. . -
for contaminated sites.
Mechanically very
hard; used in
cobalt-chromium- Toxic mhhlgh exposure; Moderate; can High allergenic Er}force mdgstnal
molybdenum linked to o . hygiene practices and
R cause dermatitis, potential; can Lo
(CoCrMo) alloys to cardiomyopathy, - limit airborne exposure.
Cobalt (Co) . . . rashes, and trigger cobalt . [13,16]
manufacture various neurological disorders, . " Use PPE and continuous
o . . respiratory dermatitis and G
medical implants; is and thyroid T monitoring in
. . irritation. asthma. . .
also essential in dysfunction. occupational settings.
vitamin B12
(cobalamin).
Rare allereic Monitor exposure in
Strengthens stainless ~ Low toxicity; rare cases Mild irritant, - & occupational
X X reactions, though .
Molybdenum  steel and CoCrMo of molybdenum particularly in environments. Ensure
. . N . not commonly - . [13,16]
(Mo) alloys; is an essential poisoning exist, often dust or fume balanced dietary intake

trace dietary element.

occupational.

form.

recognized as an
allergen.

to avoid imbalances with
copper levels.
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Element Effects and Uses Toxicity Irritation Allergy Mitigation Strategies Ref.
Generally considered Reduce exposure
Used in alloys, non-toxic, but possible P
. . . . . through water treatment
implants, vaccines, links between Mild; can cause Possible, but rare and controlled use in
Aluminium antacids, and food aluminium poisoning skin irritation aluminium
. . , o consumer products. Use [16,38]
(AD) packaging; is and Alzheimer’s and granulomas,  hypersensitivity . S
. > . . . . alternative materials in
lightweight and disease and when implanted. reactions exist. . L
. . . medical applications
corrosion-resistant. neurodegeneration are . X .
debated. (e.g., dialysis fluids).
Used extensively in Low toxicity, but some Low irritation; Ra1.‘e cases of Control nan opar’n.c le
. . titanium release in industrial
N orthopaedic and concerns over metallosis can e -
Titanium . . . hypersensitivity settings. Use adequate
. dental implants; is long-term occur in rare . O [13]
(Ti) . L reported, leading ventilation and PPE to
bioinert and accumulation in cases around . A .
. . . . to implant limit inhalation
corrosion-resistant. tissues. implants. L oE
rejection. exposure.
In the past, used in Remove lead sources
dental .ar.nalga.ms and Highly toxic; causes Strong irritant; Not typically from environments (e.g.,
anti-infectious . . lead abatement
medicines (i.e neurological damage, can cause severe allergenic, but rograms). Appl
Lead (Pb) e A developmental skin and exposure can prog - APPYY [34]
syphilis); also used in . . . chelation therapy when
- . disorders, kidney mucosal affect the immune -
paints, plumbing, and . . . . necessary. Enforce strict
. i failure, and anaemia. inflammation. system. . . .
batteries but is highly industrial and public
toxic to humans. health regulations.
Limit consumption of
o ) high-mercury fish and
In the past, used in Neurotoxic; affects the Strong irritant;  Rare, but mercury control industrial
can cause burns, exposure can o .
Mercury dental amalgams and  central nervous system, ulcers. and sometimes emissions. Use chelation [38]
(Hg) thermometers; is kidneys, and immune . . therapy for mercury 8
. . respiratory provoke immune R -
highly toxic. system. issues reactions poisoning. Monitor and
’ ’ remediate environmental
contamination.
. Monitor and regulate
Used in . .. Rare, but can industrial and
. bone-strengthening Low toxicity; large e . : .
Strontium . . Mild irritant in theoretically environmental exposures.
treatments (strontium amounts can disrupt . . . . . . [128]
(Sr) . . high doses. trigger immune Remediate radioactive
ranelate) and some calcium metabolism. .
medical alloys responses. contamination and use
’ safe handling practices.
Found in some Moderate toxicity; High irritation Rare, but lelsttfi)gt)?rigfles :Eg?ugh
Vanadium  orthopaedic alloys;is  excessive exposure can potential, sensitization standards. Monitor [9,79]
V) considered for cause neurotoxicity particularly in reactions have . ) !
medical applications and respiratory issues airborne forms been reported environmental levels and
PP ' P y ’ ’ p ’ enforce the use of PPE.
Follow standard
Low irritation; Mav reduce industrial hygiene
. Used in orthopaedic Low toxicity; does not Y . protocols. Monitor
Niobium . allergic reactions
implants to enhance well-tolerated by commonly . exposure where [53]
(Nb) 3 o . to other metals in .
biocompatibility. human tissues. provoke adverse allovs applicable and promote
effects. ys- further research on
long-term effects.
N . Strong irritant; Possible allergic Employ strict industrial
Historically used in . . . controls and proper PPE.
. .. Toxic in excess; affects can cause skin reactions, . R .
Antimony medicine for . . . . . Monitor air quality and
. ot the liver, heart, and inflammation particularly in [13]
(Sb) antiparasitic and . . ensure safe
- respiratory system. and mucosal occupational . .
emetic treatments. damage expostre handling/disposal of
8¢ p ’ antimony compounds.
o . . . Implement rigorous
Industrially used but Stl{;)er;g ﬁ?&:ﬁnb ngchalr}’: ; lileriimc, industrial controls and
. highly toxic; in Very toxic; causes lung y ' 188 respiratory protection.
Beryllium o, : . compounds chronic immune . : ;
medicine, used as a disease (berylliosis) . . Substitute with less toxic [13,131]
(Be) . . . - . cause severe skin disorders . .
radiographic dye and is carcinogenic. : . materials when possible.
and respiratory (beryllium .
(BaSOy). . . A Regular health screening
inflammation. sensitization).

for exposed workers.

One of the primary concerns with metal implants is the release of metal ions through

corrosion, wear, and electrochemical reactions with bodily fluids. These ions can enter
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systemic circulation and accumulate in tissues, leading to inflammatory responses and
toxicity. Recent studies have demonstrated that metal-on-metal implants, such as cobalt-
chromium (CoCr) hip prostheses, generate high levels of metal wear debris, which can
induce adverse local tissue reactions and systemic toxicity, including cobalt poisoning. This
has led to a shift toward ceramic-on-metal or polymer-on-metal implant designs that aim to
reduce wear and ion release. Moreover, surface engineering techniques have gained traction
as a method to enhance implant biocompatibility. Advances in nanocoatings, plasma
spraying, and anodization have been employed to modify implant surfaces to reduce
corrosion and wear. For instance, hydroxyapatite coatings mimic the natural bone matrix,
improving osseointegration while acting as a protective layer against metal ion release.
Similarly, titanium oxide nanotube coatings have shown promise in reducing bacterial
adhesion and inflammation, making implants more resistant to infections. The development
of bioactive coatings that incorporate anti-inflammatory and antibacterial agents is another
growing trend. For example, silver nanoparticle coatings have demonstrated antibacterial
properties, reducing the risk of implant-associated infections while limiting silver toxicity.
Additionally, the incorporation of zinc, niobium, and tantalum into titanium alloys has
been investigated for their ability to suppress inflammation and enhance biocompatibility.

Despite these advancements, metal implants continue to pose risks due to individual
variations in immune responses. While titanium alloys (such as Ti6Al4V) are widely con-
sidered biocompatible, recent studies have identified cases of titanium hypersensitivity,
leading to implant failure due to persistent inflammation, osteolysis, and pain. This is par-
ticularly concerning given titanium’s extensive use in dental and orthopaedic applications.
Moreover, the long-term effects of nano-sized metal particles released from implants remain
poorly understood, raising concerns about their potential to cross biological barriers and
induce neurotoxicity or organ damage. Another significant challenge is implant-related
metal allergies, with nickel, cobalt, and chromium being among the most common allergens.
Contact dermatitis, chronic inflammation, and Type IV hypersensitivity reactions have
been reported in patients with orthopaedic and dental implants. While pre-implantation
allergy screening has been suggested, the lack of standardized testing protocols makes it
difficult to predict which patients are at risk. The need for personalized implant selection
based on genetic and immunological profiling is therefore an area that requires further
exploration. Additionally, the impact of mechanical forces on implant degradation is a
growing concern. High-load-bearing implants, such as hip and knee replacements, expe-
rience constant friction, leading to the formation of metallic debris and reactive oxygen
species (ROS). This accelerates oxidative stress and inflammatory reactions, contributing to
implant loosening and failure. Innovations in tribology (the study of friction, wear, and
lubrication) are being applied to improve implant longevity, but a universally accepted
solution is yet to be developed. To address these ongoing issues, researchers are exploring
alternative biomaterials that can either replace or complement metal implants. One promis-
ing direction is the development of ceramic-based implants, particularly zirconia (ZrO,)
and alumina (Al,O3) ceramics, which offer high strength, wear resistance, and excellent
biocompatibility. However, their brittleness remains a limiting factor, particularly in load-
bearing applications. The use of polymers and composite materials is also gaining attention.
Polyether ether ketone (PEEK) has emerged as a strong contender due to its lightweight
nature, chemical stability, and radiolucency, making it particularly useful in spinal and
orthopaedic implants. Additionally, carbon fibre-reinforced PEEK (CFR-PEEK) is being
explored to enhance mechanical properties, potentially providing a viable alternative to
traditional metal implants [143].

Another emerging strategy is the incorporation of bioresorbable metal implants, such
as magnesium-based alloys, which degrade over time and are gradually replaced by
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natural bone [144]. This eliminates long-term exposure to metal ions while supporting
temporary load-bearing functions. However, challenges related to controlling degradation
rates and maintaining structural integrity need to be addressed before these materials
can be widely adopted. Three-dimensional printing and personalized implant designs
are also paving the way for the next generation of medical implants. Using additive
manufacturing, patient-specific implants with tailored porosity and surface modifications
can be created, enhancing osseointegration and reducing complications. Furthermore,
smart implants embedded with sensors to monitor biomechanical and biochemical changes
in real time are being developed, offering a new frontier in implant technology [145].
One can also mention nanotechnology-based surface coatings that have the potential to
represent a significant breakthrough in creating bioinert implants with enhanced long-term
stability. Nanotechnology allows for the development of highly precise, functionalized
surfaces that can improve the biocompatibility, corrosion resistance, and wear resistance of
metal implants. These coatings can be engineered at the nanoscale to mimic the natural
extracellular matrix, enhancing cell adhesion and osseointegration while reducing the risk
of immune responses or inflammation.

The state of the art in nanotechnology coatings includes the development of mate-
rials such as nano-structured titanium oxide, hydroxyapatite (HA), carbon nanotubes,
nanocomposite coatings, and biopolymer-based nanocoatings. These materials can be
tailored to control the release of metal ions, prevent biofilm formation, and reduce the
risk of implant-associated infections. For instance, nano-hydroxyapatite coatings can pro-
mote bone growth by improving the attachment and proliferation of osteoblasts around
the implant, facilitating faster integration and reducing the likelihood of implant loosen-
ing [146-148]. Additionally, nano-silver and nano-zinc coatings have been explored for
their antibacterial properties, which could significantly reduce infection rates, particularly
in patients with compromised immune systems. Furthermore, smart coatings are being
developed that can respond to changes in the local environment, such as pH or mechani-
cal stress, to release therapeutic agents (e.g., antibiotics or anti-inflammatory drugs) in a
controlled manner, further enhancing the safety and longevity of implants [149-151].

While these coatings have shown great promise in pre-clinical studies, challenges
remain in ensuring consistent manufacturing, scalability, and long-term stability under
physiological conditions. Due to their small size, nanoparticles exhibit high surface re-
activity and unique physicochemical properties that can lead to unintended biological
interactions, raising concerns about cytotoxicity, immune system activation, oxidative
stress, and systemic toxicity [152,153]. One of the primary concerns with nanotechnology-
based coatings is the potential detachment of nanoparticles from the implant surface.
During mechanical stress, wear, or corrosion, nanoparticles can be released into surround-
ing tissues and enter systemic circulation. Once in the bloodstream, they may accumulate
in various organs such as the liver, kidneys, lungs, and brain, leading to systemic tox-
icity [154]. Studies have shown that certain nanoparticles, including titanium dioxide
(TiO,) and silver (Ag) nanoparticles, can cross biological barriers, such as the blood—brain
barrier, potentially leading to neurological effects [155]. These particles may also disrupt
normal cellular function, interfere with enzymatic activity, and contribute to metabolic
imbalances. Many nanomaterials, particularly metal-based nanoparticles, can induce ox-
idative stress by generating reactive oxygen species (ROS) [156]. ROS can damage cellular
components, including lipids, proteins, and DNA, leading to apoptosis (programmed cell
death) or necrosis. Silver nanoparticles, widely used for their antimicrobial properties,
are particularly known for their ability to generate ROS, which can cause oxidative stress
in human cells [157]. While this effect is beneficial for preventing infections, prolonged
exposure to high concentrations of silver nanoparticles may lead to cellular toxicity, DNA
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fragmentation, and mitochondrial dysfunction. Similarly, titanium dioxide nanoparticles,
despite their biocompatibility in bulk form, may induce oxidative damage at the nanoscale,
potentially impairing tissue healing and osseointegration [154]. The immune system plays
a critical role in determining the biocompatibility of nanocoatings. Some nanomaterials,
particularly carbon nanotubes and metal nanoparticles, have been shown to activate im-
mune responses, leading to chronic inflammation [155]. This immune activation can result
in prolonged tissue irritation, fibrosis, and, in some cases, osteolysis (bone degradation).
For instance, cobalt-chromium nanoparticles released from wear-resistant coatings have
been linked to hypersensitivity reactions and peri-implant inflammation [156]. Chronic
inflammation not only compromises implant stability but also increases the risk of implant
failure due to excessive bone resorption and fibrotic tissue formation. Moreover, certain
nanocoatings may act as haptens, binding to proteins in the body and triggering an allergic
response [157]. Nickel nanoparticles, for example, have been reported to provoke hyper-
sensitivity reactions in individuals with metal allergies [158]. This raises concerns about
the widespread use of nickel-containing alloys in medical implants and emphasizes the
need for alternative coatings that minimize immune activation. While nanocoatings are
designed to enhance osseointegration, some nanoparticles may interfere with bone cell
activity, leading to adverse effects on implant stability [159]. Osteoblasts (bone-forming
cells) and osteoclasts (bone-resorbing cells) are highly sensitive to changes in their microen-
vironment. Excessive nanoparticle exposure can disrupt their normal function, impairing
bone healing and integration. For example, studies suggest that high concentrations of
cobalt, chromium, or silver nanoparticles can inhibit osteoblast proliferation and differenti-
ation while promoting osteoclast activity [160]. This imbalance may contribute to implant
loosening and failure over time. However, controlled-release nanocoatings have been
developed to deliver bioactive molecules that promote bone regeneration while minimizing
toxicity. For instance, nanocoatings incorporating calcium phosphate or hydroxyapatite
have been shown to improve osteoblast adhesion and mineralization, enhancing implant
integration. The challenge lies in designing coatings that provide these benefits without
the unintended release of toxic nanoparticles into the surrounding tissues.

While metal implants continue to play an essential role in modern medicine, their long-
term interactions with the human body remain a subject of concern. Recent advancements
in material science and bioengineering have focused on reducing metal toxicity, irritation,
and allergic reactions through surface modifications, alternative materials, and smart
implant designs. However, challenges persist in terms of implant degradation, immune
responses, and mechanical wear, necessitating further research into novel biomaterials and
personalized medicine approaches. The future of implant technology lies in the integration
of multidisciplinary research, combining materials science, immunology, bioengineering,
and nanotechnology to develop safer, more effective, and patient-specific solutions. As
new materials and technologies emerge, the goal should be to strike a balance between
mechanical durability and biological compatibility, ensuring that medical implants not only
restore function but also minimize long-term health risks.

9. Conclusions

This review highlights the transformative impact of metal implants in orthopaedics
and dentistry, underscoring the complexity of their interactions with biological systems. De-
spite their durability and mechanical strength, metals such as titanium, cobalt, chromium,
and nickel pose significant challenges due to corrosion, ion release, and immune responses.
This paper reveals that metal ions can trigger local and systemic effects, including inflam-
mation, oxidative stress, and hypersensitivity reactions, which may lead to implant failure
or chronic health conditions. The biological environment’s aggressive nature, coupled with
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mechanical wear, accelerates these processes, raising concerns about long-term implant
safety. Emerging evidence even questions the bioinert status of widely used materials
like titanium, highlighting the need for a more nuanced understanding of their impact on
cellular metabolism and genetic stability.

Future research should prioritize the development of advanced surface modifications,
including nanotechnology-based coatings, to mitigate corrosion and reduce ion release.
Exploring bioinert and biodegradable alloys tailored to patient-specific conditions could
offer safer alternatives, particularly for high-risk populations with autoimmune disorders
or metal sensitivities. Additionally, integrating smart implants with real-time monitoring
capabilities to detect early signs of corrosion or inflammatory responses could revolutionize
patient care. Personalized implant design, powered by additive manufacturing and in-
formed by genetic and immunological profiling, promises to optimize biocompatibility and
longevity. Ultimately, the next generation of metal implants should strive not only for me-
chanical excellence but also for harmonious integration with the human body, minimizing
adverse effects while promoting long-term health and functionality. This interdisciplinary
approach, bridging materials science, immunology, and clinical medicine, will be pivotal in
shaping the future of implant technology and improving patient outcomes worldwide.
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