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Titanium and its compounds are broadly used in both industrial and domestic products, including jet engines, missiles,
prostheses, implants, pigments, cosmetics, food, and photocatalysts for environmental purification and solar energy
conversion. Although titanium/titania-containing materials are usually safe for human, animals and environment,
increasing concerns on their negative impacts have been postulated. We have reported the state of knowledge about
toxicity of titanium, its alloys and oxides. Due to the alarming increase in titania/titanium applications in various daily care
products and medical treatment (e.g. dental implants) the possible toxicity and environmental impact should be
considered. The collected data might allow to identify some harms associated with using of titania and titanium
compounds.
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| 1. Introduction

Titanium (Ti) is a transition metal with silver colour, high strength and low density. The most important property of titanium
is its high chemical stability, i.e., titanium is even resistant to corrosion in sea water, chlorine and aqua regia. Naturally,
titanium appears widely in the Earth’s crust and lithosphere, mainly in minerals, e.g., ilmenite, rutile and titanite. Metallic
titanium is extracted from mineral ores mainly by Kroll and Hunter processes, i.e., by the reduction of titanium
tetrachloride with magnesium and sodium, respectively. Titanium(lV) oxide (titania) is the most common titanium
compound, widely used as a pigment and a photocatalyst. Other important titanium compounds are titanium chlorides,
i.e., (i) titanium(1V) chloride (TiCl,), used as smoke screens and catalysts [, and (ii) titanium(l1l) chloride (TiCls), a catalyst
for polypropylene synthesis 2.

Titanium added to iron, aluminium, vanadium, molybdenum, tantalum and other metals forms lightweight and strong
alloys, commonly used in aerospace (jet engines, spacecraft and missiles), metallurgy processes, dental/medical
applications (prostheses, orthopedic implants, dental and endodontic instruments and files, dental implants), the car
industry, agriculture, the military, sporting goods, mobile phones, jewellery and other applications BI4E! as shown in
FEigure 1. For example, Ouyang et al., (2019) have shown that Ti-Mg metal-metal composites facilitate osteoconduction
and osseointegration (significantly higher around Ti-Mg than that around Ti implants) for orthopedic application .
Similarly, increased osseointegration has been observed on TizsZrygNb alloy than that on pure titanium . Moreover,
Maharubin et al. 8] have proven that addition of silver (0.5—2.0 wt%) to titanium might limit post-surgery infection, one of
the main causes of orthopedic implant failure. Additionally, titanium has been combined with other materials/compounds,
such as organic compounds and polymers. For example, tannic acid-Ti/polysulfone membranes have been recommended
for water remediation, especially for textile wastewater treatment, due to high hydrophilicity, excellent antifouling ability,
powerful antimicrobial capability and good long-term stability [&. Although, titanium and titania have already been used for
various applications, their toxicity has not been addressed in detail, considering the direct and indirect impacts as well as
the acute and chronic toxicity.
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Figure 1. Schematic drawing showing miscellaneous applications of titanium-containing materials.

| 2. Toxicity of Titanium and Its Alloys

Titanium (Ti) has been widely used for building materials, parts of vehicles, and consumer goods (e.g., glass, camera and
watches), cosmetics, drugs and dental/medical implants, due to its stability, low-density, mechanical strength, corrosion
resistance and biocompatibility. Although some metals are essential biological elements, titanium has not played a
biological role inside cells 29, Moreover, it is widely known that titanium rarely causes allergic reactions in comparison to
other metals. Osseointegration (binding between bone and titanium implant) without rejection was first reported by
Branemark in 1983 [ Since this great discovery, titanium implant therapy has been developed intensively, e.g., for
dental implantation, artificial joints and bones. It has been proposed that the formation of a passive film on the surface of
titanium, due to the instantaneous binding of oxygen is the main reason for its lower allergic effect (lower ion release) than
in the case of other metals 1213](14],

The interest in Ti properties has been continuously growing, because of its use as an inert bio-implant material for medical
and dental applications LSIL6IL7ILEI19] The evidence of titanium toxicity has not been reported for many years, and thus
titanium has been considered as an inert material with high biocompatibility. However, in rare cases, allergic symptoms,
caused by titanium (alloy) implants, have been suggested, e.g., irritation, inflammation, erythema, lichenoid reactions and
so on [201[21]122][23] Additionally, it has been reported that titanium could corrode under some conditions, e.g., low pH, in the
presence of fluorine, or in the contact with other metals 2420[23]  |nterestingly, Hanawa (2004) has suggested that a
release of metal ions does not necessarily damage the human body, however, their binding to biomolecules could be toxic
(3] |t is known that Ti ions exhibit high activity, reacting with hydroxyl radicals and anions immediately, and thus the trace
amount of Ti ions might react with biomolecules, inducing body injury 28, Indeed, the titanium release from hip-
replacement components has resulted in titanium accumulation in serum and hair of patients with titanium alloy implants
(241 probably because of the long-distance “travelled” by titanium 22, Additionally, it has been suggested that the released
titanium ions show high affinity for serum transferrin, binding the protein through metal binding sites 28],

There are many indications that titanium might cause some problems, e.g., “yellow nail syndrome” (YNS), allergic and
autoimmune reactions. In view of this, it is possible and even necessary to discuss the toxicity and the allergy caused by
titanium and its alloys 191, Although numerous papers on titanium have been published, the chronic or sub-chronic effects
on organs and various types of tissue, the dose-response correlations, and models of action have not been fully
elucidated. Due to widespread use of titanium implants in prosthodontics and orthopedics, the most valuable data could
be found in respective medical papers. It has been well known that titanium implants are in direct contact with body fluids
(saliva) that contain various inorganic and organic compounds. In addition, the implant surfaces can be inhabited by
bacteria, which might initiate the corrosion 24, Although, titanium alloys are generally considered as passive under normal
physiological conditions, some exceptions, such as oxide layer disruption or oral implant corrosion, have been reported
ISI17] For example, low pH, high concentration of fluoride (dental implants) and the presence of oxidizing agents are
considered as the main factors inducing corrosion 282229 Moreover, it has been found that the toxicity of titanium alloys
depends on the alloy composition LEIBLI32IE3NB435]  and thus the careful selection of the material should be performed
(18] The first-generation titanium alloys, which contain Cr, Ni, Be and Co, are very toxic, whereas those with Al and V
exhibit little toxicity and slight allergic effects. On the other hand, new titania alloys containing Nb show favourable
osteoconductive and osteoinductive properties due to the formation of an apatite layer on their surfaces, when exposed to
an acidic environment 8. Moreover, other cations (e.g., Ag, Cu, Zn and Ce) might present additional therapeutic effects,
e.g., angiogenesis that is essential for cicatrize process, and antimicrobial properties 2837 According to Ikarashi et al.
(28] titanium—zirconium (Ti=Zr) alloy-implants exhibit the best biocompatibility, improved properties (in respect to pure Ti)



and a low level of fretting corrosion. Nowadays, toxicological effects, related to antibacterial properties of noble metals’
ions, such as Ag*™ and Au*, which might be released by titanium alloys, have been a growing matter of concern B2,
Similarly, nanostructures/compounds containing antibiotics with the antibacterial, anti-infective and anti-inflammatory
properties, have been under consideration. Although antibiotics are used to control invading organisms (mainly bacteria
and protozoa) on the surface of implants, very often they cause some problems, including cell toxicity, allergic response,

impairment of osteogenic activity and antibiotic-induced adverse reactions, e.g., superinfections and hypersensitivity 2%
[41][42]

The risk assessment of titanium and titanium alloys requires the quantification of unintended effects associated with a
release of particular components. Obviously, this is not an easy task since very often contradictory data have been
provided. For example, Rae ¥3 has postulated that pure titanium and titanium alloy (Ti-6Al-4V) do not affect human
fibroblast cultures because of the relatively-low solubility of Ti ions 43, By contrast, the corrosion products of titanium
implants have been identified in serum and bone marrow, then being transported through the bloodstream and/or lymph to
hair, lungs, spleen, liver and kidneys 441451461 Accordingly, titanium has been detected in inner organs, including lungs,
kidneys and liver, five months after a dental implant placement because of the translocation mechanisms 4Z. Therefore,
an estimation of changes in the content of Ti in the blood exposed to bone and dental implants, has been proposed as
one of the toxicity indicators. Unfortunately, the changes of titanium content in the blood do not correlate with the implant-
bone contact area, implants’ number and gender 48149,

Other symptoms of implants’ corrosion include periprosthetic osteolysis, implant loosening and increased expression of
proinflammatory mediators such as interleukins, prostaglandins, monocyte chemotactic proteins and macrophage colony
stimulating factors BRYBLE2E3] Moreover, the particles of dental implants have been considered as initiators of destructive
inflammatory processes, affecting tissues that surround dental implants—peri-implantitis 24531581, For example, 100-300
ppm of titanium has been detected in trigger tissues 4. The contact allergy to titanium might lead to pain, eczema, atopic
dermatitis, swelling, erythema, urticaria and weakening of implants L3ISZI58IEN60 However, a difficulty in assessment of
Ti allergy, because of uncertainty of the detection methods, seems to be the main problem 281, In order to prevent implant

failure, attention should be paid to a patient’'s medical history to indicate the multiple allergies, e.g., to metals and jewellery
[61]

A few studies indicate a possible connection between titanium and YNS 626364 The YNS or lymphedema associated
with yellow nails is an uncommon and rare medical syndrome 3 characterized by slow nails’ growth, their yellow
discoloration, lymphedema and tract involvement. In 2011, Berglund found a correlation between the titanium content in
nail clippings and the yellowness and/or thickness of the nails. An excessive exposure to titanium from orthopedic
implants along with ingestion of some drugs and foods (e.g., chewing gums, candies, chocolates) might be given as a
probable cause of YNS. It seems extremely likely that the synergistic effect of chronic subthreshold is relevant. Moreover,
fluoride-containing toothpastes and fluoride gels used for oral hygiene might exacerbate YSN. Berglund ©2 has shown
that titanium implants are a source of titanium ions, which are released from implants because of the galvanic action of
dental gold and amalgam or oxidative reaction with fluorides B2, Interestingly, the symptoms disappeared after stopping
the galvanic reactions of titanium with other metals, and thus an exposure to titanium. Moreover, YNS might be dependent
on underlying genetic and immunological disposition E364 The experiments on animals have confirmed the titanium
release from dental and orthopedic implants 2ZIB8IE3I66] Fyrthermore, it has been found that the surface roughness of a
metal insert is the most important factor of titanium release from the implant surface, i.e., the rougher the surface is, the
higher is the coefficient of friction, and thus titanium release. In contrast, total area and diameter of implants are less
important (€8],

Titanium plasma-sprayed (TPS) implants should be considered as a special case, due to gradual and passive dissolution
of their surface, which results in a decrease in the size of titanium particles with an increase of the distance from the
implant surface. For example, titanium particles, released from TPS implants, have been detected at the average distance
of 200-250 pm (till 500 pm) from the implants’ surface €7, The analysis of histological sections has shown the presence
of titanium at the distance from 0.4 mm up to 4.0 mm 22, Generally, the Ti particles’ size, found in animal and human
tissues, ranges from 10 nm to 54 pm 281, |t has been reported that Ti particles have a cytotoxicity effect through reduction
of bone marrow stem cells (BMSCs) viability and proliferation, increase of p53 protein level, disruption of cell homeostasis
and induction of DNA damage 8. For example, Gomes et al. (84 showed (through an in vitro study) that Ti-6Al-4V alloy,
widely used in medical and odonatological implants, presents a cytotoxic effect, i.e., the DNA damage (breaking of DNA
strands) and mitotic spindle, leading to loss of whole chromosomes during cell division. However, the model of action is
still unknown.



Two mechanisms of metal ions’ interactions with DNA have been considered: (1) direct and (2) indirect actions A7)
78 (1) Titanium as a transition metal (d-block metal) has incomplete d-orbital, and thus can bind directly to the DNA
bases (N7 of purine or N3 of pyrimidine atom at G-C sites). On the other hand, (2) titanium has low-energy d orbitals,
which suggests that indirect mechanism is more probable, i.e., based on increased formation of reactive oxygen species
(ROS), and formation of hydrogen bonds between the coordinated ligands and negatively charged phosphate groups in
DNA structure 281701

Considering the methods of toxicity evaluation, both Ti (alloy) particles and Ti ions have been investigated in vitro, ex vivo
and in vivo, i.e., on DNA/RNA, protein, lipids, cells and animals. Accordingly, the cellular incorporation of titanium has
been well studied, e.g., the cellular uptake efficiency is higher for titanium nanoparticles (NPs < 100 nm) than titanium
microparticles (<44 pm). Moreover, only NPs have been observed in the nucleus, with 352 times higher cytotoxicity than
microparticles Z3l. However, it should be mentioned that large titanium particles could be incorporated into cells by
phagocytosis /4. Evans has evaluated the effect of titanium (mean size of 49 um), ground titanium (14 pm) and titanium
alloy (Ti90/Al6/V4, 8.9 um) on the cell viability using two experimental conditions, i.e., (1) in the direct contact with cells,
and (2) separated from them [2. Although large titanium does not cause a decrease in the cell number under both
conditions, small titanium significantly reduces the number of cells when they are in contact with titanium. Moreover,
titanium alloy causes a higher reduction of cell number than ground titanium when in contact with cells. Accordingly, it has
been proposed that small particles (5—-10 pum) could induce cell damage by direct contact. The size-dependent cytotoxic
effect of titanium particles/ions on neutrophils has also been shown, i.e., the fine titanium particles (1-3 pm) are
incorporated into cells by phagocytosis causing the cytotoxicity 748 whereas Ti ions stimulate neutrophils and increase
the quantity of released superoxide anions 4. Moreover, it has been shown that the intraperitoneal injection of titania
suspension induces the uptake of titanium by the blood cells (macrophages and phagocytic mononuclear cells) and its
further dissemination to organs, such as liver, spleen and lungs via cells 441,

The cellular response to titanium particles/ions has been investigated mainly for oral mucosa cells. For example, it has
been found that the exposure of mouse osteoblast-like MC3T3-E1 cells to Ti ions inhibits cell proliferation (in dependence
on the concentration and time), and induces nuclear expression of Yes-associated protein YAP (a key transcription co-
activator, the activity of which is inhibited by the Hippo signaling pathway) in osteoblasts, resulting in down regulation of
osteogenic differentiation of MC3T3-E1 cells X4, According to the in vivo study on detection of lactate dehydrogenase
(LDH), interleukin (IL) and activated nuclear factor-kappa B (NF-kB), inflammatory reaction (high content of IL-6) and
activated NF-kB have been detected around a titanium implant 8. Moreover, it has been proposed that TNF-a, IL-1p, and
IL-6 might induce osteoclastogenesis and inhibit osteoblastogenesis through the RANK—RANKL (receptor activator of
nuclear factor kappa-B-receptor activator of nuclear factor kappa-B ligand) pathway 2. Therefore, it has been concluded
that titanium might induce inflammation. Moreover, it has been proposed that cells’ exposure to titanium might also
influence the content of proteins and lipids. Indeed, titanium has caused a decrease in total protein content and some
types of lipids, e.g., cholesterol ester and phosphatidylethanolamine, inducing the potential damage of tissues 89,

Lépez-Jornet et al. B evaluated the DNA damage by dental implants in gingival cells, collected from patients with
implants. The concentration of titanium (Ti*") in these cells was significantly higher than that in control cells (from patients
without implants). The frequencies of micronuclei and binucleated cells, and nuclear buds in the “implant” group, have
been higher than those in the control group, but without statistically significant differences. Moreover, during the study on
the effect of Ti ions on osteoblast, Liao et al. 82l have revealed that the equal or higher concentration of Ti ions than 10
ppm inhibits cell proliferation. Additionally, it has been found that Ti ions: (i) reduce the expression of osteonectin and
osteopontin mRNAs, (ii) delay the development of alkaline phosphatase mRNA expression, and (iii) decrease the enzyme
activity.

It should be remembered that the toxic symptoms due to titanium are not only allergic reactions, but also disorders in a
whole body. Fretwurst et al., (2016) have proposed that a release of Ti ions could participate in peri-implant bone loss 3],
Additionally, acidic conditions in an oral cavity might increase the corrosion of titanium 4. Moreover, the induction of
osteoclastogenesis and the inhibition of osteoblastogenesis can lead to bone resorption around joint replacements 72,
Mice treated with zirconium and titanium have expressed an inflammatory reaction and the reduction of bone surfaces in
comparison to a sham group (PBS treated).

Despite the abundant content of titanium in the Earth’s crust, water contamination by abnormal content of titanium might
also affect human health. Titanium has been found in river water, and thus accumulated in aquatic insects B3] Therefore,
its possible impacts on the food chain and the agricultural damage must be considered. Moreover, a statistical study in
Mexico has suggested that titanium in the blood, ingested by insufficiently treated water, might be related to low
haemoglobin content, and thus anaemia in children [86],



The effect of titanium on bacteria cells has also been investigated, but contradictory results have been reported, i.e., (i) no
significant bactericidal effect on oral bacterial species B8l and (i) bactericidal activity of titanium B2, Recently, Stolzoff
et al. 84 have revealed the effect of surface topography of titanium on bacteria. It has been found that a high density of
uniformly sized nanofeatures prevents bacterial adhesion and proliferation 9. Considering that bacteria might cause
implant failure, therefore, the development of bacteria-resistant titania implants would be highly valuable for patients.

Summarizing, titanium is one of the safest metals, as it has been widely used for clinical implants. However, it is
necessary to consider and evaluate carefully all possible negative impacts on human body. Moreover, clinicians should
pay attention when titanium-based implants are installed in patients.

| 3. Toxicity of Titanium(IV) Oxide

Titania (titanium(lV) oxide, titanium dioxide, TiO,) is the most widely used titanium compound, and thus its toxicity should
be carefully examined. Similar to titanium, titania has been reported as inert, and thus safe for humans and the
environment for many years. Non-toxicity of titania has been listed as one of the main advantages of titania photocatalysts
among high activity, chemical and thermal stability, broad availability and low costs. However, considering the
nanoparticulate nature of titania photocatalysts, the nanosize-governed toxicity of titania has been postulated 2192
Accordingly, various studies on titania toxicity have been performed, as shown in Figure 2. More than 6000 papers have
been published on “titania (titanium dioxide, TiO,) toxicity” (searched in Web of Science), and about 60% of them (3674
results) in the last five years. Accordingly, an evaluation of cytotoxic, ecotoxic, genotoxic and carcinogenic potential of
TiO, has been represented in large number of scientific papers (Figure 4). However, it should be pointed out that the
possible toxicity of titania has been intensively studied only in the last few years, and some potential effects are still
unknown, e.g., carcinogenicity (only ca. 10 papers/year), which might suggest the low toxic effect of titania. Accordingly,
the possible hazardous impact of TiO, has been reviewed and discussed in this review paper
[https://doi.org/10.3390/nan010102065], including carcinogenicity.
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Figure 2. Number of papers published annually on titanium toxicity searched in Web of Science (May 25, 2020) using:
left) “titanium dioxide toxicity” or “TiO, toxicity” or “titania toxicity” (black) and “titanium dioxide cytotoxicity” or “TiO,
cytotoxicity” or “titania cytotoxicity” (red), right) “titanium dioxide ecotoxicity” or “TiO, ecotoxicity” or “titania ecotoxicity”
(blue), “titanium dioxide genotoxicity” or “TiO, genotoxicity” or “titania genotoxicity” (black) and “titanium dioxide
carcinogenicity” or “TiO, carcinogenicity” or “titania carcinogenicity” (red).

| 4. Summary and Conclusions

The correct evaluation of the risk of titanium and its compounds requires understanding of all the factors involved in their
behavior, as well as the generation of toxicity. As shown the effects of titanium and its compounds depend on the
physicochemical properties, tested organisms, an exposure methodology (e.g., in vivo or in vitro, ex situ or in situ), an
exposure time and thus full characterization of all factors must be considered when toxicity is discussed.

It might be concluded that there are not fully convincing studies titanium implants and titania photocatalysts cause serious
health and environmental problems. However, broad applications of titanium compounds result in their accumulation in
various organisms and environment, and thus disturbing environmental sustainability. Moreover, an excessive
accumulation of titanium (as well as any other elements) possesses a threat, and thus cannot be ignored. Therefore, it
should be carefully considered if the use of titanium and its compounds is necessary, reasonable, and causes more pros
than cons.

It has been thought that the studies indicating titania toxicity (or the contact allergy) to human and animals cannot be
omitted, and all people having the direct contact with titania need to be aware of sporadic problems of its noxiousness.
The efforts should be made to obtain the scientifically sound toxicity data from the toxicity tests in the nearest future. It is



believed that those data would result in avoidance of an unnecessary protection burden for industry (e.g., a need for

Personal Protective Equipment PPE) and confusion for customers.
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