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Ti, including in its complexed form as a catalyst in many
important transformations,” " in its oxide form as a pigment
and a component of promising solar cells, and in its oxide or alloy
forms as useful materials.'* If Ti has no native role in biology, then
humans have found valuable applications for an element for which
Nature has never found a use.

Returning to the point about abundance and bioavailability,
titanium is certainly abundant; at 5600 ppm, it is the ninth most
abundant element in the Earth’s crust and is the second most
abundant transition metal, after iron (Figure 1)."51% Most of that
Ti is present as insoluble oxides; the main impediment to
Nature’s wide use of Ti would be low bioavailability. Titanium-
(IV) (the predominant oxidation state in an aerobic en-
vironment) is a very hydrolysis-prone ion, and Ti(IV) is not
very soluble in aerobic aqueous solutions near neutral pH (see
below). Geologists generally regard Ti as an immobile element,
although some work suggests that it may be more soluble than is
generally recognized, even under nonextreme conditions.'”'®
From the point of view of a chemist, though, even if only a small
fraction of that environmental Ti is soluble or mobile, it is a small
fraction of a large total and may represent a large amount of
material on a mole basis.

Still, as Maillard noted, whether or not Ti is a required element
for humans or any other species (an element of the body), it is a
relatively abundant and little-examined component of biological
systems (an element in the body). Compared to Maillard’s
human subjects in 1936, we are increasingly exposed to Ti
through its growing use in paints and pigments, pharmaceuticals
and sunscreens, orthopedic implants, nanomaterials, and so on. If
only for this reason, the interactions of Ti with biomolecules are
of interest. Some complexes of Ti are demonstrably bioactive;
that group includes two once-promising anticancer medicines
that stalled in clinical trials. A few reviews over the last 50 years have
addressed the occurrence of Ti in biological samples (human tissues,
foodstuffs, etc.) and Ti toxicity."> > The current review will cover
the aqueous coordination chemistry of Ti most relevant to its
bioinorganic chemistry, address the abundance and reported effects
of Ti in various organisms, and discuss the molecular interactions of
Ti and biomolecules, with special attention to its potential in
medicinal or toxic agents.

2. INORGANIC AND COORDINATION CHEMISTRY OF
TITANIUM RELEVANT TO BIOINORGANIC CHEMISTRY

2.1. Hydrolysis and Speciation in Aqueous Environments
Titanium(III) and titanium(IV) are the most common oxida-

tion states of Ti;*® the potential at low pH, formulated for

reduction of the titanyl (Ti(IV)=0)>" species,” is as follows:

TiO*" + 2H" + ¢ — T + H,O 0.09V (vs NHE) (1)

In an aerobic atmosphere, particularly near neutral pH, Ti(IV)
is favored, and most of the Ti in the environment is oxidized. This
discussion of hydrolysis and complex formation will thus focus on
Ti(IV), although in reducing environments, including ones that may
have occurred during the evolution of the Earth,® Ti(Ill) can be
favored. Titanium(II) citrate notably finds an important modern use
as a biocompatible reductant, for example, as an agent to maintain
anaerobic cell culture.*>*' Its aqueous speciation is unclear.

Titanium(IV) is a very strong Lewis acid, and water
molecules bound to Ti(IV) are prone to hydrolysis. Iron(III)
and aluminum(III) are also hydrolysis-prone, but the unhzdro-
lyzed species Fe**(aq) and AI**(aq) exist at low pH values.** The
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Figure 1. Abundances of the elements in several environments, mod-
eled on the presentation of Kaim and Schwederski (ref 15), according to
the data of Emsley (ref 16).

first deprotonation of Fe(III)- and Al(III)-bound water occurs
around pH 2 and pH 5, respectively.*>** By contrast, the doubly
hydrolyzed species Ti(OH),>* (often formulated as TiO** - H,O;
see below) predominates even below pH 2.*> Speciation studies
in chloride media between pH —1 and 0.5 revealed the following
values for the first and second deprotonation equilibria of
Ti(IV)-bound water:**

Ti*" + H,0 = Ti(OH)*" + H' logK, = 0.3 (2)

Ti(OH)*" + H,0 = Ti(OH),”" + H" logK, = 1.08
(3)

Further hydrolysis of Ti(OH),*" occurs to give Ti(OH);" and
Ti(OH),>>*° Ti(OH);~ has also been invoked.'® These species
are written as monomeric and without a titanyl unit ([Ti=0]>").
Important work by Comba and Merbach investigated the pre-
valence of titanyls and oligomeric clusters in aqueous solutions of
Ti(IV) at low pH.*® Such polynuclear clusters are well prece-
dented for other Lewis acidic metal ions like Fe(III).*” The
Comba and Merbach work demonstrated oligomers (modeled as
trimers and tetramers), in addition to monomers, with oligomers
favored at low [H"], high [Ti(IV)]iora (=0.05m), and high ionic
strength.*® These species exchanged ligands quite rapidly, with
kex = 100 & 50 s~ ! for bridging oxo and hydroxo oxygen atoms,
kex = 3400 £ 200 s~ for oxygen atoms of terminal waters and
hydroxo ligands, and k, = 16000 &= 5000's " for titanyl oxygen
atoms (with the latter value measured in 68% aqueous
methanol). The surprisingly fast exchange of the titanyl oxygen,
orders of magnitude faster than that of the vanadyl, was ascribed
at least partly to its ease of protonation. The authors argued that
these fast exchange rates suggest caution for speciation results
based on ion-exchange experiments (which includes much of the
early work). This work provided evidence for a titanyl species,
but because of its ease of protonation, also argued against models
that feature titanyl as the only species in solution (as does the
typical formulation for the reduction reaction, eq 1).
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“Hydrolysis-prone” and “insoluble” are related but not inter-
changeable terms. Ti(IV) is a stronger Lewis acid than Fe(III) or
AI(IIT), as evidenced by its first hydrolysis constant. If we
consider the pH-dependent aqueous species of these ions and
their solubilities, however, an interesting result emerges. Near
neutral pH, the neutral hydroxide species of all three ions
dominate (Fe(OH);, Al(OH);, and Ti(OH), or TiO(OH),),>
each probably further forming polynuclear clusters.>” The Fe-
(III) species is soluble on the order of 10~ > M (or less) near pH
7.3%3% The corresponding Al(III) species is soluble on the order
of 107 or 1077 M near pH 7.>**’ The solubility of Ti(IV)
aqueous species as a function of pH, from two different studies, is
given in Figure 2.

A few features of these data are worthy of note. Although the
soluble species are written as mononuclear, polynuclear clusters
are likely.*® As expected, the total solubility of all Ti(IV) species is
greater when in equilibrium with the less stable amorphous
(“hydrous” or “freshly hydrolyzed”) TiO,, often formulated
as TiO, nH,O or Ti(OH),(s) (Figure 2A).3**° These data
agree well with data compiled from the older literature.*>*~**
Although Ti(IV) is certainly only sparingly soluble, Figure 2A
illustrates why the insolubility of Ti(IV) is sometimes overstated:
estimates of the aqueous solubility of Ti(IV) are sometimes
erroneously made by using the K, of Ti(OH),”" and calculating
solubility at, for example, pH 7. This calculation effectively
extrapolates the steep solubility line at low pH to its value at
pH 7. With thermodynamically more stable crystalline rutile as
the solid phase, the solubility is several orders of magnitude lower
(Figure 2B).'® For rutile, the lowest temperature at which data
are available is 100 °C, although the solubility is relatively
constant between 100 and 300 °C. For either amorphous or
crystalline TiO,, however, [ Ti(IV)] agtotal i much greater at pH 7
than [Fe(III)] g tota- In other words, Ti(IV) is a stronger Lewis
acid than is Fe(III), but the hydrolyzed products are more soluble
at neutral pH. Even so, due to difficulties with several older
analytical methodologies, measurement of Ti concentrations
below 1 M was historically challenging.**

These data in Figure 2A were modeled by stepwise hydrolysis
constants:

A

Ti(OH),”" + H,O0 S Ti(OH), + H' logKz = —2.1  (4)

\%

Ti(OH)," + H,0 = Ti(OH), + H" logKyu = —3.7 (5)

In the rutile solubility experiments (Figure 2B), the concen-
tration increase above pH 10 was taken as evidence for further
hydrolysis to form a more soluble complex, and Ti(OH)s ™ was
invoked. In that work, the value for K,4 corresponding to eq 5
(determined from the data in Figure 2A for amorphous TiO,)
was comparable (log K,4 = —2.3 at 100 °C), but the further
hydrolysis was modeled as

Ti(OH), + H,0 = Ti(OH); + H™ logK,s = —10.1 (6)

It is not clear why no comparable increase in concentration of
soluble species was observed above pH 10 over freshly precipi-
tated TiO, (Figure 24).

2.2. Aqueous Titanium(lV) Coordination Chemistry with
Biological Ligands

The rich coordination chemistry of titanium in its common
oxidation states has been reviewed."®> Because of its propensity
for hydrolysis, well-characterized compounds of Ti(IV) that are
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Figure 2. Concentration of soluble Ti(IV) species as a function of pH
(A) in equilibrium with freshly hydrolyzed titanium oxide at 25 °C and
(B) in equilibrium with crystalline rutile at 100 °C. Figure 2A was
reprinted with permission from ref 35. Copyright 2002 Elsevier. Figure
2B was reprinted with permission from ref 18. Copyright 2001 Elsevier.

prepared and/or stable in aqueous solution are somewhat rare.
Most commercially available Ti(IV) reagents are not water
compatible, and most syntheses of Ti complexes are performed
in organic solvent with more or less rigorous exclusion of water.
Often, hydrolysis leads to difficult-to-characterize mixtures of
products. Most of the ligands that stabilize Ti toward hydro-
lysis are hard Lewis basic ligands having charged oxygen
donors. Ideally one would like to know the pH-dependent
speciation of a complex, as protons compete with Ti(IV) for
ligand binding at low pH and hydroxide (or oxo) ligands
compete with ligand for Ti(IV) binding at higher pH. One
would also like to know something about the structure under
the conditions of interest.

2.2.1. Macrocycles. Porphyrin complexes (Figure 3A) of
Ti(IV) are known but are not generally water-soluble.* Sub-
stituted porphyrins (Figure 3B) like oxotitanium(IV) meso-
tetrakis (1-methylpyridinium-4-yl)porphyrin (OTi(TMPyP)*")
are water-soluble and commercially available; they have been
used, for example, in DNA-binding studies.** Phthalocyanine
complexes (Figure 3C) of Ti(IV) are known*>*® but are also
not very water-soluble, although substitutions can render them
soluble.*” Titanyl moieties are common in these complexes.
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Figure 3. Ligands discussed here include (A) porphyrin, (B) meso-
tetrakis (1-methyl pyridium-4-yl)porphyrin (TMPyP), (C) phthalocya-
nine, (D) ethylenediamine tetraacetic acid (EDTA), (E) nitrilotriacetic
acid (NTA), (F) N,N'-ethylenebis(o-hydroxyphenylglycine) (EHPG), (G)
N,N'-di(o-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid (HBED),
(H) citric acid, (I) lactic acid, (J) oxalic acid, (K) ascorbic acid, (L)
catechol, (M) 2,3-naphthalenediol, (N)) maltol, and (O) p-glucose.

A recent theoretical study focused on the oxotitanium com-
plexes of porphyrin, octamethylporphyrin, porphyrazine, and
phthalocyanine.*®

2.2.2. Carboxylate-Bearing Chelating Ligands. Reported
stability constants®> for complexes with some common chelators
such as EDTA (Figure 3D) invoke titanyl complexes,***’
although the crystallized [Ti(EDTA)(H,0)] complex exhibits
no such metal-oxo moiety,so and polarography was successful
only below pH 5.°' Above that pH, the EDTA complex and those
of similar carboxylate-bearing chelating ligands precipitate. Com-
plexes with NTA (Figure 3E) were prepared and studied in
aqueous solution at pH < 2; an oxo-bridged tetranuclear species
was crystallographically characterized.”

Chelating ligands that model coordination environments found
in metal-binding proteins like transferrins afford moderately aqu-
eous-stable Ti(IV) complexes. One of these, N,N'-ethylenebis-
(o-hydroxyphenylglycine) (EHPG) (Figure 3F), forms monomer
(Ti(EHPG)-H,0) and oxo-bridged dimer ([Ti(H(EHPG))-
(H,0)],0) Ti(IV) complexes for the racemic and meso ligand,
respectively,”™ in which the metal is seven-coordinate. The
monomer is stable from pH 1—7 whereas the dimer is stable
only from pH 2.5 to 5.5. A mononuclear Ti(IV) complex of N,N'-
di(o-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid (HBED)
(Figure 3G) was also characterized.>*

2.2.3. a-Hydroxy Acids. A family of mononuclear Ti(IV)
complexes having only citric acid ligands (Figure 3H) has been
prepared and isolated from aqueous solutions. The fully proto-
nated citric acid is designated H,cit here because the ligand can
lose as many as four protons from its three carboxylic acids and
hydroxyl functionality. In each mononuclear complex, Ti(IV)
coordinates three citrate ligands though the a-hydroxy acid
moiety (Figure 4), leaving a total of six dangling carboxylates,

Figure 4. Structure of the anion [Ti(IV)(cit);]* (ref 57), highlighting
the coordination by one of the three citrate ligands. Each citrate binds
with the central a(hydroxy) acid, leaving two carboxylic acids per ligand
not coordinated to the metal ion.

which are protonated to varying degrees depending on pH between
pH ~ 2 and pH ~ 9. % Thus, at pH ~ 2, the peripheral
carboxylates are fully protonated to form [Ti(Hacit);] 55 whereas
by pH &~ 7, the carboxylates are deprotonated to form
[Ti(cit);]*.>” The pH dependent speciation and properties of
these complexes have been investigated.spé0 When dissolved in
water in the absence of an excess of free citrate to promote the
formation of the mononuclear tris-citrate complex, citrate ligands
are released, presumably with concomitant formation of multi-
nuclear complexes, as is well precedented for Fe(IIT).*"* These
Ti(IV) citrate comglexes demonstrate interesting photoreactivity,
generating Ti(IIT).” Citric acid has also been shown to adsorb to
the surface of TiO, nanoparticles.”*

Titanium citrate complexes of higher nuclearity are known.
Dinuclear Ti complexes having only citrate ligands include
(NH,)s[Fe(H,0)s][Ti(Hcit)3(Hcit);Ti] (from solution at
pH 2.5—-3.5) and Ba3(NH,),[Ti(cit)3H;(cit);Ti] (from solu-
tion at pH 5—6).% Other Ti(IV) citrate complexes include an
oxotitanium complex with a TigO,o structural core.%> Tetra-
nuclear® and dinuclear®” complexes of Ti with both peroxo and
citrate ligands have been prepared.

A complex of lactic acid (Figure 3I), formulated as the ammonium
salt of Ti(IV) bis(lactato)dihydroxide (DuPont Tyzor-LA), is a
commercially available reagent supplied as a SO wt % solution in
water. The tris(lactato) complex (NH,),[Ti(lactato);] was pre-
pared in and crystallized from aqueous solution.

The complexes of Ti and oxalic acid have been studied for
many applications, including peroxide determinations,” and are
commonly used in materials chemistry.”®~”* Early work studying
Ti oxalate complexes probed the polarography of the compounds
in aqueous solution. Below pH 3, a reversible wave is seen for the
reduction of Ti(IV) to Ti(Il). The potential is independent of Ti
concentration but did show a dependence on oxalate concentra-
tions. Above pH 4, the wave became irreversible, but the Ti
oxalate complex remained in solution.”* Crystal structures of Ti
oxalate complexes have been determined and feature dimeric
Ti(Ill) structures with a bridging oxalate and distorted trigonal
bipyramidal Ti ions with a second bidentate oxalate and three
bound waters.*®”*> Monomeric bis- and trisoxalate Ti complexes

1866 dx.doi.org/10.1021/cr1002886 |Chem. Rev. 2012, 112, 1863-1881
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have also been crystallographically characterized, and the oxalate
acts as a bidentate ligand for Ti(III) in both.”®”” Mononuclear
Ti(IV) oxalate species, of the form Ti(OH),(C,0,),”, have
been characterized in solution”® and can be precipitated with lead
to form lead titanyl oxalates.”” Many polynuclear Ti oxalate
species are of the form M,[TiO(ox),] - nH,0, where M includes
a number of alkali metals®® or ammonium,®’ some of which are
commercially available. Oxalic acid has also been shown to
facilitate the dissolution of TiO, under conditions that mimic
mineral weathering.*”

2.2.4. Ascorbic Acid. Because of their low Ti(IV)/Ti(III)
reduction potential, complexes of ascorbic acid (Figure 3K),
H,asc, with Ti(IV) are not prone to the metal-induced ligand
oxidation that renders many other metal ascorbate complexes
very reactive.”> *> The Ti complexes of ascorbic acid, first
reported in 1936,% have been used for detection and quantita-
tion of Ti(IV).*” The early work was reviewed by Sommer.*® The
data supported the predominant species Ti(Hasc)** (pH < 1),
TiO(Hasc)" (1 < pH < 1.6), TiO(Hasc), (1.6 < pH < 2.2), and
Ti(asc);™ (2.5 < pH < 4.8). Minority species TiO(Hasc),” and
Ti(asc), were also detected. Above pH 4.8, the color bleached
and hydroxo complexes were suspected.®® This quantitative work
agreed well with the original qualitative titrations.*® Another
study invoked TiO(Hasc)" and a second anionic complex that
formed at lower ascorbate concentration and higher pH.*
Complexes formulated as TiO(Hasc), and TiO(OH)(Hasc)
were prepared and characterized by elemental analysis and IR
and 'H NMR spectroscopies.”””" The former complex is one
predicted by Sommer to occur at low pH; the latter complex, a
presumed hydrolysis product prepared by methanol extraction of
the former, was not one of the species believed to predominate in
aqueous solution.®® The IR spectra were not reported below
1500 cm™ %! so the presence or absence of a Ti=O stretch could
not be ascertained. A complex formulated as K,Ti(asc); was
isolated from EtOH and characterized by elemental analysis, but
the ligand dianion was thought to be too basic to form in aqueous
solution.”

2.2.5. Aromatic 1,2-Diols. Catechols (Figure 3L) and sub-
stituted catechols, occurring in biology as 3,4-dihydroxypheny-
lalanine (DOPA) or in siderophore- or tunichrome-like ligand
environments, are notably good ligands for Ti(IV).”>~*® The
Ti(IV) triscatecholate, [Ti(catechol);]*, has a formation con-
stant of 10°°.* This complex is stable to hydrolysis up to pH 11,
and its X-ray crystal structure, UV/vis and IR spectra, and redox
potential are known.”® At high pH, the dimeric anion [TiO-
(catechol),],* forms; its structure is also known.”> The 3,5-
disulfonate substituted catechol, tiron, was so named because it is
a useful reagent for the analytical determination of Ti and iron.””"®
Multidentate ligands {)roviding catechol moieties to the metal are
also excellent ligands."®" A [Ti(L);]* species having 2,3—naghtha—
lenediolate ligands (Figure 3M) has been described.'” The
catecholate and 2,3-naphthalenediolate ligands powerfully stabilize
the Ti(IV) oxidation state, lowering the redox potential to below —1
V vs NHE 25102

2.2.6. Other Ligands. Additional aqueous-stable Ti(IV)
complexes have been reported, but their pH-dependent specia-
tion is not well characterized. The Ti(IV) complex with maltol
(Figure 3N) was formulated as Ti(maltolato),(OH), in aque-
ous solution, but it crystallized as the multinuclear complex
[Tiy(maltolato)(1-0,)].'* An orange—red water-soluble complex
of Ti(IV) with p-glucose (Figure 30) was reported'® but eluded
satisfactory elemental analysis and characterization. Peroxide is an

excellent ligand for Ti(IV), particularly in combination with
other ligands: there are many Ti(IV) peroxo comlpounds, and
Ti(IV) reagents have been used as peroxo sensors. >

Because of their potential as anticancer medicines (see below),
the aqueous stability and hydrolytic reactions of certain other
Ti(IV) complexes have been investigated. The hydrolysis of
Cp,TiCl,, the complex that progressed farthest in human clinical
trials, was studied in detail.'° Under a renewed focus on the
relationship between hydrolytic stability and efficacy,"”” some of
the new medicinally active compounds (see below) have been
demonstrated to be stable toward hydrolgfsis for many hours in
THF/water or acetone/water solutions.'*® '3

3. PREVALENCE OF TITANIUM IN THE ENVIRONMENT

Several reviews on the occurrence of titanium in a variety of
natural environments are available.'” >’ Key points relevant to
the exposure of organisms to Ti are highlighted here.

3.1. Titanium in Soil

Titanium is the ninth most abundant element in the Earth’s
crust (Figure 1). Most of the Ti in the environment is present in
the Ti(IV) oxidation state in common mineral forms, notably in
rutile (one of several crystal forms of TiO,) and ilmenite
(FeTiO;).””** An excellent review of Ti solubility and speciation
in the environment is available.'” The weathering rate of Ti is very
slow, and it is considered an immobile element for mass-balance
weathering rate studies.'* Some studies do suggest, however, that
Ti can be mobile in soils.*”'"> One process that may enable this
mobility is dissolution of minerals by both organic and inorganic
acids.**® Dissolution of nanoparticulate TiO, has shown interest-
ing kinetic effects with particle size.'"”

Titanium dioxide mineral in the environment has been asso-
ciated with origin-of-life chemical processes. Under low-intensity
UV light, the C; compound formamide is converted to high
molecular weight compounds including nucleoside bases on the
(001) surface of a TiO, crystal.''®

3.2. Titanium in Natural Waters

The data on the titanium concentrations in natural waters have
been reviewed.'””” Soluble Ti concentrations range between
4 pM in the surface ocean''? to 100 M in the waters of a hot
spring.17

The dominant form of dissolved Ti in both fresh water and
seawater is formulated from thermodynamic models as TiO-
(OH),."*° In that widely cited work, it is important to note that
sulfate (SO4>) was the only complexing ligand considered;
sulfate was calculated not to contribute to complex formation.
Stability constants were not available for Ti complexes with
chloride, fluoride, carbonate, or other ligands, and so they were
not included in the speciation model. Furthermore, in studies of
Ti concentrations in natural waters, “dissolved” Ti has an opera-
tional definition, most often meaning material that will pass
through a 0.2 um filter. This definition is consistent with the
operational definitions used in laboratory solubility studies."®**°
The soluble %pecies is often assumed to be a monomer, and metal
ion clusters®® are typically not considered.

3.2.1. Freshwater. Titanium concentrations in rivers and near
coastal waters vary between 1 pM and >100 nM."*'~'*> Where
rivers meet the ocean, much of the dissolved or fine colloidal Ti
moves to the particulate phase during processes of coagula-
tion, precipitation, or adsorption onto larger particles.'** '*’
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The dissolved Ti concentrations decrease with increasing salinity
until they reach open ocean values (see below).

Titanium solubility is enhanced in some natural waters, includ-
ing alkaline fluoride- and carbonate-containing mine waters. Oxalic
acid and citric acid notably increase the solubility of Ti from mineral
sources.™

3.2.2. Seawater. Early work on dissolved Ti in seawater was
difficult due to low concentrations and inadequate analytical
methodologies.'**"** Several studies improved on early techni-
ques and probed the Ti concentration with depth distribution in
the open ocean."'”"?”!3° The characteristics of these vertical
profiles can suggest biological involvement of the element. For
example, nutrient elements tend to be depleted near the surface
of the ocean, where there is photosynthetic life, and enriched in
deeper waters."*'

In a study focusing on the northern Pacific and Atlantic oceans,
Tiwas depleted near the surface (4—8 pM) and enriched in deep
water (200—300 pM) (Figure 5).'* Scavenging (either biotic or
abiotic) could explain such a distribution. The residence time of
Ti in the ocean was determined to be a rather short 100—200
years."' A vertical profile of Ti from a region near the Sargasso
Sea in the North Atlantic revealed a complex concentration with
depth profile,"*” but was roughly in agreement with the earlier
study.""? In contrast, a study in the Mediterranean Sea deter-
mined the concentration with depth profile of Ti to be relatively
constant throughout the water column (100—150 pM)."*°

In each of these studies, the Ti was far undersaturated with
respect to the concentrations that the laboratory solubility data
predict. One would expect >1 uM if the solid phase were
amorphous®** and >10 nM if the solid phase were crystalline
rutile.'® Instead, pM concentrations were detected.

The study in the Mediterranean Sea found that a large fraction
of the Ti was not released by treatment with acid but instead was
released upon UV irradiation, suggesting complexation by or-
ganic ligands."* In biogenic ocean sediments, Ti is also highly
bound by organic ligands.'** Titanium thus may be preferentially
removed from the water column by binding to such ligands (as
opposed to by oxide particle reactivity). Taken together, these
data support, at least in some places in the ocean, a hybrid
distribution for Ti reflecting a recycled-type profile but with
indications of scavenging behavior.'*?

4. OCCURRENCE OF TITANIUM IN ORGANISMS

Attributable at least partly to its abundance in the environ-
o . . co 21,2227,134
ment, titanium occurs in the tissues of most organisms.
Some organisms have displayed a particular affinity for Ti,
however, and those cases will be addressed here.

4.1. The Question of Essentiality of Titanium

Essentiality of trace elements is usually identified by distribu-
tional studies, by a purified or special diet approach, and/or by
identification of naturally occurring deficiencies."*® Titanium has
never been demonstrated to be essential for any organism, nor to
occur natively in any metalloenzyme. However, the essentiality of
Ti for organism(s) would be quite easy to miss. As described
above, Tiis very abundant in the environment. It is diamagnetic
in its common oxidation state (Ti(IV)), and its complexes tend
to be colorless or show nondistinctive metal-to-ligand charge
transfer transitions, often in the UV. Because its analytical
detection has been challenging and because Ti is not already
understood to have a biological role, most investigators tend not
to analyze for it in elemental surveys. More recent work using
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Figure S. Dissolved titanium concentration as a function of water
column depth in the North Pacific and North Atlantic. Reprinted with
permission from ref 119. Copyright 1990 Macmillan Publishers Ltd.

modern mass spectrometry has begun to include Ti among the
elements analyzed for in the characterization of metallopro-
teomes, and high Ti levels in some cells were detected.'®¢

For many of the same reasons, demonstrating that Ti is not
required is quite difficult and has never been done. Between 10 and
20 mg are found in the body of the Standard Man,'®*!%?#26137~139
making Ti the 14th most abundant element there, more common
than cobalt, an essential element required by vitamin B12. Titanium
is not invariably detected in newborns, but in adults it is
concentrated in the lung, liver, spleen, and kidney.19 Its concen-
tration has been reported as 116.7 ppb (~2 M) in human blood
serum and 250 ppb (~5 uM) in milk."** (Contradicting these
results, lower Ti concentrations (mid-nM concentrations in
serum) are reported as normal baseline levels in negative controls
in Ti toxicity studies (see below).)

If it were required, titanium is so abundant that an organism
would be unlikely to experience a dietar_?r deficiency. Americans
consume on the order of 300 ug/day.'**" Even patients receiving
sustenance through total parenteral nutrition (TPN) are exposed
to relatively high amounts of Ti (up to 200 ug/day)."*"'** Large
amounts of Ti occur in processed foods, which are consumed in
increasing amounts in developed countries.'* Small children, who
tend to put nonfood items in their mouths, may ingest quite high
concentrations, on the order of 1—10 mg/day.'*

Intentionally inducing a dietary deficiency has been unsuc-
cessful. The essentiality (or not) of several trace metals was
established in classic “metal-free” experiments in mice and rats,
but attempts by Schroeder and his group to expose mice to a
titanium-free environment failed. Experimenters were unable to
prevent the accumulation of Ti even in animals receiving very
little of the metal in their diet. They suspected that the mice were
getting Ti from their bedding of wood chips.'**'** The evidence
for the essentiality of Ti to mammals was judged to be inconclusive.

4.2. Avid Marine Sequesterers of Titanium

Several broad surveys of marine organisms have found wide-
spread but low (general‘l?f <100 ppm) levels of Ti in a variety of
marine organisms.134’14 18 Higher Ti levels have been asso-
ciated with several types of marine organisms, although its
essentiality has not been investigated. Mussels bioaccumulate
Ti when exposed to high levels through industrial gpollution,
and these organisms may serve as pollution indicators;'* however,
the focus in the following section is on organisms that sequester Ti
when exposed to natural concentrations (Figure 6).
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Figure 6. Some marine organisms associated with titanium. (A) Dino-
flagellate Karenia brevis (Davis) (photo courtesy of the Florida Fish and
Wildlife Conservation Commission, copyright 2011). Organisms are
20—40 um in diameter. (B) Ascidian Eudistoma ritteri (photo courtesy
of Jarrett Byrnes/Stachowicz Lab, UC Davis, copyright 2011). Each
yellow lobe is up to S cm long and 3 cm in diameter. (C) Foraminiferan
Bathysiphon argenteus (photo courtesy of Kathryn Cole/Valentine Lab,
Yale, copyright 2011). Scale bar SO um. (D) Bacterium Rhodococcus
ruber GIN-1. Rodlike bacteria (smooth) are shown adhering to TiO,
particles. Scale bar 400 nm. Reprinted with permission from ref 194.
Copyright 2003 Wiley-VCH Verlag GmbH & Co. KGaA.

4.2.1. Diatoms. In laboratory culture, diatoms take up Ti
from the media to levels of 940 ppm in the whole organism."*° In
natural samples, Ti occurs at up to 1254 ppm in the acid-resistant
siliceous frustules of diatoms."" This phenomeneon may explain
why dissolved Ti is depleted along with silicon during a spring
diatom bloom'** and may contribute to the surface-depleted
profile of Ti in the ocean, when such a profile is observed."'” It
could be due to simple precipitation of Ti onto the siliceous
frustule. Alternatively, the incorporation of Ti could be facilitated
by biomolecules in the organism. The enzymes directing biominer-
alization of silica in diatoms are called silaffins;'>* synthetic peptides
derived from silaffins"**'>* and recombinant silaffins themselves'**
direct TiO, mineralization given an otherwise soluble source of
152156

4.2.2. Dinoflagellates. Extremely high Ti concentrations
(33700 ppm) have been linked with the “red tide” bloom of the
marine dinoflagellate Gymnodinium brevis (now called Karenia
brevis).">” Added Ti impedes the growth of that species in
laboratory culture,'>® but the link has not been explored further.

4.2.3. Sponges. Though most species have Ti levels below
100 ppm,*'% several species collected from the coast of
Madeira exhibited Ti levels above 1 500 ppm, with one species,
Ircinia fascicularia, having 3 500 ppm."®® The authors suggested
that high Ti content of the basic basalt lava coast was responsible,
although other species collected from the same area had levels as
low as 117 ppm. Silicatein, the enzyme responsible for silica
biomineralization in the sponge, also directs the mineralization of
Ti dioxide from a soluble Ti(IV) precursor.lSé’lél’162

4.2.4. Ascidians. Ascidians are a group of marine inverte-
brates, many species of which sequester remarkably hilgh
concentrations of metal ions, most famously vanadium.'%*~ %

Several species accumulate Ti. Eudistoma ritteri is the most avid
of these and sequesters up to 1 500 ppm (dry weight) Ti in the
whole organisms.'® 1% Assuming ~80% water weight, this
value corresponds to ~100 mM Ti, a surprisingly high concen-
tration even given that the blood pH of this species is reported to
be 1.5.'” Titanium was below detection limits in the nearby
water, but if present at concentrations near the ones discussed
above for natural waters, this concentration implies a very high
bioconcentration factor (up to 10'°). Somewhat lower amounts
of Ti (~100 ppm) were found in other ascidian species Pyura
chilensis and Ascidia dispar; in the latter case most of the Ti was
located in the blood cells, where it occurred at >1 500 ppm.'®
The chemical form of Ti was unclear, although at least a portion
of it was associated with a high molecular weight apparently
organic fraction. Intriguingly, in addition to their avid sequestra-
tion of metal ions, ascidians are noted for their production of
secondary metabolites, known as tunichromes,'*'”* and pro-
teins, such as ferreascidin,'”" that feature DOPA and catechol
moieties that would make them excellent binders of Lewis acidic
metal ions including Ti(IV). No complex of these molecules with
Ti has been isolated.

4.3. Organisms Associated with Titanium Minerals

Many organisms employ inorganic minerals for mechanical
support or protection, for metal ion stora%e or detoxification, or
as sensors, instruments, or weapons.'’>~'’® There are relatively
few examples of the association of organisms with Ti minerals,
even though those minerals are abundant.®* As described above,
Ti has been found in the acid-resistant amorphous silica com-
prising the siliceous frustules of diatoms, implyin§ that it is
present in mineral form there along with the silica.">" One text
alludes to an unpublished observation of biomineralization of
amorphous ilmenite (FeTiO3;) by an undetermined bacterial
species.'”” The full report has not appeared.

Organisms may produce mineral materials by active biomi-
neralization with varying degrees of control or they may collect
them as detrital materials from their environment. In the case of
Ti minerals, either origin raises intriguing issues. The former
suggests some mechanism for sequestering Ti from the environ-
ment and actively directing mineralization (albeit to produce an
extremely thermodynamically stable phase). The latter suggests a
strong and specific interaction between cell-surface biomolecules
on the cell or organism with the surfaces of Ti minerals.

Some suggestions about how this recognition might work at
the molecular level are provided by peptides evolved throu_;h Ehage
display to bind strongly and specifically to TiO, surfaces,'’*'”” and
by the observation from the field of proteomics that glycopeptides,
phosphopeptides, and phosphoproteins exhibit a notably high
affinity for TiO,."”®'”” This affinity has been utilized to purify
glycopeptides and phosphopeptides by binding to titania micro-
spheres.'”” Specific amino acid sequences, perhaps similar to the
ones that have been discovered by phage display, may help cells
and organisms bind Ti minerals, and phosphorylated or glyco-
sylated biomolecules may contribute to adhesion.

4.3.1. Titanium Teeth in Fossils. The teeth on the radula
(similar to a tongue) of a cephalopod fossil were originally
reported to feature ordered ilmenite grains.'® A lively ensuing
controversy centered around whether the fossils were not actually
teeth but instead were individuals of Volborthella (members of an
extinct wormlike group),'®""** or perhaps were horns on a worm
or mollusklike animal."*® The point that the grains were ilmenite
attracted little notice and has not been followed up.
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4.3.2. limenite and Insects. The hornet Vespa orientalis
attaches a grain of a Ti-containing mineral, 1possibly ilmenite, in
each cell of its honeycomb-shaped nest."**'® Tt is unclear
whether the mineral material is collected (detrital) or secreted
(actively biomineralized), or what function it might serve. The
grain may be a gravity indicator, indicating direction in the
nest.

4.3.3. Foraminifera. Two modern species of foraminifera
have been linked with Ti in two different mineral forms. For-
aminifera are eukaryotic, unicellular organisms, some of which
have agglutinated shells with embedded mineral material."*'*’

Bathysiphon argenteus is a sspecies of agglutinated foraminifera
collected from the Irish coast."*® The species is characterized by the
presence of rod-shaped needles in its shell. The original authors
noted that the needles were resistant to boiling in nitric acid, and they
concluded that their small size and uniform shape suggested that the
needles were secreted by the organism.'®* A later investigation found
the needles to be less uniform than in the earlier report, and the
authors argued that they were detrital and embedded in the shell."®
Because of an abundance of rutile near the collection site, it was
suggested that they might be TiO, in the rutile form."®” A recent
reinvestigation found that the needles were indeed TiO,, consistent
with rutile, and also supported a detrital origin.'”

Another foraminifera species, Ammobaculites balkwilli, selec-
tively collects TiO, in the anatase form. Although anatase is a
minor component of the local environment of that species, it
occurs at up to 10% of the shell material.'”" Taken together, these
two examples suggest that certain foraminifera can select specific
TiO, mineral grains at the expense of others, which implies a
specific interaction between the secreted biomolecules in the
agglutinated shell walls and the inorganic (grain surface) materials.

4.3.4. TiO,-Adhesive Bacteria. Bacteria from the Mediter-
ranean Sea were selected for their ability to adhere very tightly
to TiO, particles.'”>'”> One isolated Gram positive species,
Rhodococcus ruber GIN-1, adhered selectively to TiO, over other
metal oxides within 1 min, at pH values between 1 and 9, and at
temperatures from 4 to 80 °C.'”> Adhesion was robust when
challenged with dilute acids, alcohols, and cationic or nonionic
detergents. A cell surface homologue of the normally cytosolic
protein dihydrolipoamide dehydrogenase was among the pro-
teins implicated in the cell adhesion.'**'*

Biosorption of nanoparticulate TiO, has also been obser-
ved."”"?" This adsorption has been seen with E. coli and
Pseudomonas aeruginosa and has been hypothesized to occur
more broadly. Adsorption has been observed for the bacteria to
the particle surfaces, and agglomeration of the particles has been
observed on the bacteria. These interactions have been facilitated
by both siderophores and polysaccharides on cell surfaces.

5. EFFECTS OF TITANIUM ON ORGANISMS

5.1. Effects of Titanium on Bacteria

In literature going back at least to the first World War, the
antibacterial effect of titanium complexes and TiO, has been
investigated. Much of that early medicinal use has been reviewed.*”
More recent work reported differential sensitivity to titanium of six
bacterial strains and implicated a plasmid-encoded resistance, at least
for one strain of Pseudomonas aeruginosa.”®

5.2. Effects of Titanium on Yeast
Although the application of Ti(IV) ascorbate to growing
Saccharomyces cerevisiae did not significantly affect growth rate,

the yeast did incorporate Ti at up to 1500—2000 ppm dry
weight.***

5.3. Effects of Titanium on Plants

The concentration of Ti in plants varies up to 100 mg/kg
(100 ppm), with the range in common food plants being 0.1 to
10 mg/kg.'#?1242720520% Geveral groups, notably that of Pais,
reported a favorable effect of Ti treatment on various plant
species, most often measured by higher growth and chloroghyll
and sugar content. Much of the early work was reviewed.****"”
Titanium ascorbate received further attention”****” and was
patented as a plant growth promoter.”'* In wheat plants sprayed
with a titanium/ascorbic acid formulation (TITAVIT), the Ti
accumulated in roots and specifically in the cell nuclei*!'
Research continues into quantitating and explaining the apparent
beneficial effects of Ti on plants.***'®

5.4. Effects of Titanium on Mammals

As described above, Ti is naturally present at ag})reciable
concentrations in the human body.'??V24?7 134137138 gy,
eral groups have investigated the effects of intentional Ti
treatment on mammals. As part of his wide-ranging studies in
the 1960s on the role of trace elements on health, Schroeder
addressed the occurrence and possible bioeffects of Ti.'”
Although there was little demonstrable long-term toxicity
to an individual animal,"**'** the metal was toxic to repro-
duction in rats.”'” In that study, fewer animals given Ti in
their water survived to the third generation than in controls,
and the male—female ratio decreased progressively in each
generation. Mortality increased slightly for male but not
female mice.'*® Mice given Ti(IV) oxalate in their water
gained more weight and developed fewer tumors than control
animals. Favorable effects of Ti have been reported on other
mammals, including on goats*®® and infant and young
mice.”*"*** Complexes of Ti are patented as fodder additives
and claimed in the Iz)atent literature to improve weight gain in
domestic animals.**?

Titanium deliberately administered to animals accumulates in
organs. In the mouse study above, the metal concentrated in the
heart, lung, and spleen.145 When injected into hamsters, Ti
accumulated in the blood, kidney, liver, and spleen.224 Hamsters
injected with still higher concentrations also accumulated Ti in
the mineral and matrix phases of bone**® When the **Ti
radioisotope was injected into rats as **TiOCl, or in combination
with phytate, metal accumulated in the liver and spleen. Titanium
injected with other complexing agents (human serum albumin,
diethylenetriaminepentaacetic acid, ascorbic acid, or citric acid) also
accumulated there, but in addition, high Ti levels in the blood
%ersisted for hours.”® When **Ti was administered in complex with

C-labeled ascorbic acid, images of the two radioisotopes did not
coincide, with the **Ti signal being concentrated in the heart, lung,
spleen, liver, and blood and the '*C signal mainly concentrated in the
adrenal glands, gut, and liver.**’

In anticipation of human clinical trials of the titanium
anticancer compounds (see below), limiting toxicities were
established in a series of studies in mice. Treatment with
titanocene dichloride (Cp,TiCl,), either at therapeutic or
toxic doses, caused no significant changes to renal morphol-
ogy or renal function.”*® Chemical changes in blood and urine
suggested reversible liver damage.229 Titanocene dichloride
(Cp,TiCl,) was toxic to mouse embryos, lowering the num-
ber of live fetuses per litter, decreasing mean fetal body
weight and skeletal ossification, and inducing cleft palate.”*°
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Figure 7. Image slices showing (A) coronal, (B) transaxial, and (C)
sagittal views of a female BALB/c mouse bearing EMT-6 murine mammary
carcinoma tumor (denoted by arrow) in the nape of the neck injected with
7.59 MBq (205 #Ci) **Ti-citrate, 2 h after injection. Reprinted with
permission from ref 234. Copyright 2005 Society of Nuclear Medicine.

The activity of titanocene dichloride was also monitored in
renal cell tumors xenografted onto athymic mice and grown
in vitro, and activity was seen to be greatest when titanocene
dichloride was delivered in fractionated doses.**

6. MEDICINAL CHEMISTRY OF TITANIUM

Complexes of Ti(IV) are bioactive in various ways. The antic-
ancer, antibacterial, and anti-inflammatory properties of Ti com-
pounds reported in the older literature have been reviewed,”** and
some key features and recent developments will be covered here.

6.1. *°Ti as an Imaging Agent

The **Ti isotope offers potential for positron emission
tomography (PET) and micro-PET imaging, including imaging
of solid tumors.”*”***">** It has a half-life of 3.1 h and decays
15% by electron capture and 85% by positron emission with an
Eg,max = 1.04 MeV. The isotope can be prepared in good yield in
biomedical cyclotrons by the bombardment of scandium with
protons.”** In one application, uptake of **Ti-transferrin by an
EMT-6 murine mammary carcinoma tumor was visualized by
microPET. Administration of citrate-complexed **Ti afforded
similar images (Figure 7), perhaps because the Ti may have been
bound by transferrin in vivo before imaging (see below).>**

6.2. Titanium Anticancer Complexes

The best-studied bioactivity of titanium relates to the anti-
tumor activity of titanocene dichloride (Cp,TiCl,) and -
diketonato complexes of Ti such as budotitane (Figure 8).
Original work by Kopf and Kopf-Maier for Cp,TiCl, and related
metallocenes beginning in 1979°*° and Keppler et al. for
budotitane in the 1980s**® led both of these compounds into
human clinical trials as anticancer drugs. Early reviews by those
pioneering workers remain very valuable.”*”**® More recent ex-
cellent reviews cover the work on Ti anticancer drugs to within the last
five years, with several having particular focus on metallocenes.”* >/
The reader is directed to those reviews; only a few points will be
emphasized here.

Both complexes are prone to hydrolgfsis. The hydrolysis of
Cp,TiCl, has been studied in detail.'*®**® Below pH S.5, both
chlorides were lost quickly, followed by loss of the Cp rings
within hours. At neutral pH, the Cp rings were also lost
rapidly,'®® which is consistent with the lack of evidence for intact
titanocene in vivo.>*’ A recent computational study has revisited
this work and modeled the hydrolysis.*** Budotitane is similarly
hydrolysis-prone and furthermore can exist in several inter-
converting isomeric forms;**" its pharmaceutical formulation
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Figure 8. Two Ti anticancer drugs used in human clinical trials. (A)
Titanocene dichloride, Cp,TiCL. (B) Bis(/3-diketonato) complex known as
budotitane. Other isomers are possible.

remains quite challenging. The cis—cis—trans isomer of budo-
titane was recently characterized by X-ray crystallography.*>

The compounds are most active against gastrointestinal and
head and neck carcinomas and show no cross resistance with the
platinum drug cisplatin, suggesting a distinct mechanism of
action.”> A clustering analysis of tumor cell cytotoxicity profiles
for compounds in the National Cancer Institute’s compound
repository identified membrane function or “unexplored” as the
likely response categories for Ti(IV) compounds.”** Budotitane
derivatives made up 76% of the test compounds in that study. In
contrast to the prevailing models about their mode of action (see
below), nucleic acid metabolism was not identified as a major
response category. In vitro, the Ti compounds are more effective
than equitoxic doses of cisplatin. Preclinical studies on both
Cp,TiCl, and budotitane were promising.***~>*’

6.2.1. Human Clinical Trials. Human clinical trials of
Cp,TiCl, used water-soluble formulations developed by Medac
GmbH in Germany.”>> Phase I trials identified the maximum
tolerated dose, identified dose-limiting toxicities (cumulative
reversible damage to the liver and kidney), defined gharmacoki-
netics, and guided a recommended dosing schedule. $6257 Phase
II trials, however, were not encouraging. In a 6-week study of 14
patients with advanced renal cell carcinoma, no partial or complete
response was observed.”>® In a study of 12 patients with metastatic
breast cancer, no objective remission was observed, although 2
patients exhibited a minor positive response.”>

Phase I and pharmacokinetic trials of budotitane identified
maximum tolerated doses, with cardiac toxicity as the dose-
limiting toxicity.”*® Difficulties in formulation have impeded the
development of budotitane as a drug.

6.2.2. Effects on Gene Expression. Recently, changes in
global gene expression of lung cancer cells were reported in
response to treatment with the Cp,TiCl, analog Titanocene C
(bis-N,N-dimethylamino-2-(N-methylpyrrolyl)methyl cyclopen-
tadienyl Ti(IV). The authors concluded that direct DNA damage
and perturbation of Zn** homeostasis were responsible for the
cytotoxic effects of the compound.*®

6.2.3. Interactions with Biomolecules. Proteins. Similar
activity and toxicity patterns of Cp,TiCl, and budotitane sug-
gested that they may be converted to the same active species, and
that metal-serum protein interactions may be key to their activity.
Sadler and co-workers proposed that the ligands are lost, and
Ti(IV) is carried into the tumor cell by the serum iron transport
protein transferrin.*®' This hypothesis is consistent with the
observed serum comglexation of Ti**® as well as Sadler’s in vitro
and in vivo results.*®" Tumor cells express more transferrin
receptors than do normal cells, which would account for the
compounds’ specificity. The interactions of Ti with transferrin
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have been an active focus of investigation by a number of
groups.”®' 7?* Titanium binds tightly to transferrin, and Ti-
bound transferrin binds to the transferrin receptor.**** Different
Ti starting materials bind differently to transferrin.”®” The tight
binding of Ti to transferrin raises questions about how it could be
released, presumably in the acidic endosome.*®" Metal reduction
probably does not contribute; the reduction potential of Ti(IV) to
Ti(II1) is apparently beyond the range of biological reductants,**®
although a conflicting report was recently published.”* Admin-
istration of transferrin together with Ti anticancer agents had a
variable effect on their efficacy against tumor cell lines; transferrin
increased the efficacy of Cp,TiCl, but had no effect or a slightly
negative effect for other agents.'””

Association of Ti complexes including Cp,TiCl, with serum
albumin has also been investigated, both experimentally"°>>%*>7
and computationally.””" When Ti was administered as a diethy-
lenetriamine pentaacetic acid (DTPA) complex, there was some
binding to albumin,*® although in an in vitro study with rat
plasma, the metal bound mostly to serum transferrin and not to
albumin.>”> These serum Ti-protein complexes react with blood
lymphocytes.*”?

It remains to be seen whether Ti interacts strongly with many
iron proteins, or whether the transferrin case is unusual. In one
recent study, Ti biomineralization inside ferritin was achieved,
albeit by a photochemical route that is not likely to operate
in vivo.””*

Although DNA binding is thought to be the most important
mode of activity for these Ti(IV) complexes, inhibition of
enzymes including protein kinase C and DNA topoisomerase II
may contribute to the compounds’ activity.”***’* An alternative
theory holds that Cp,TiCl, acts by inhibiting tumor gelatinases
and other proteolytic enzymes such as trypsin.*’® Cp,TiCl, may
inhibit in a competitive manner by binding to the substrate
collagen, a result that harks back to older work on Ti inhibition
of tyrosinase,””” in which Ti was also believed to act by compe-
titive substrate complexation.

6.2.4. Interactions with Biomolecules. Nucleic Acids.
DNA has long been invoked as the probable target for Ti
anticancer drugs, partly because of the superficial similarity to
cisplatin of both Cp,TiCl, and budotitane, with their labile
ligands in cis-configuration. This notion was supported by
early work, which found that Tilocalizes to the chromatin and
inhibits DNA synthesis.”*” An X-ray fluorescence intracellu-
lar mapping study of Cp,TiCl,-treated hamster lung cells
revealed Ti distributed thr0u§h0ut the cell, but somewhat
concentrated in the nucleus.”’

Titanocene interactions with DNA have been studied in vitro
by using a variety of physical methods.****”%*”°~2%¢ Below pH §,
Ti complexes such as Cp,TiCl, bind to nucleotides, notably to
the phosphate moieties, but binding is generally very weak near
pH 7. Binding to nucleotide triphosphates is stronger, and Ti
binding promotes ATP and GTP hydrolysis.”**

6.2.5. Next-Generation Anticancer Complexes. New Ti
complexes are being synthesized and evaluated as potential next-
generation anticancer drugs in several laboratories. The com-
plexes in Table 1 represent some currently promising strategies.
A more extensive discussion appears in a recent review.” " Tt is
difficult to compare directly the efficacy of the compounds,
because their cytotoxicity is frequently measured in different
assays or against different cell lines. In general, though, most of
the compounds in the table are benchmarked against and are
more active than Cp,TiCl,.

6.3. Titanium in Implants

Commercially pure Ti and Ti alloys are widely used in
orthopedic, dental, and other implants, including in fractural
fixation devices (plates and screws) and spinal, hip, and knee
replacements. They are well tolerated by most patients, have a
superior ability to integrate with bone, and are excellent
materials for many applications.>**”*** They can, however,
degrade by mechanical wear to produce wear particles®** or
by physiochemical or cell-mediated corrosion to produce
Ti(IV) ions.***3*® The result, in some patients, is inflam-
matory reactivity and metal hypersensitivity. Key questions
are how much Ti is released from the implant, what chemical
form the released metal takes, where and in what quantity the
metal is transported, and whether that release has any
biological significance.**’

The metal release from these materials in vitro in the absence
or presence of human serum, as well as protein binding to these
materials in the latter case, has been investigated. In vitro, the
release of Ti ions was fairly low (0.01—0.1 ug-cm™ >-day ')
except under acidic conditions, where as much as 2 ug-cm >
was released over 7 days.>****® Serum became saturated with Ti
at ~3500 ng/mL (~73 uM), and Ti bound to both small (<32 kD)
and large (180—250 kD) serum proteins.**" Small biomole-
cules may also contribute to Ti complexation: the chemical
form of Ti in synovial fluid in one study was identified as Ti
citrate,>** a complex that induces shape changes that damage
human erythrocytes and may do the same to other cell types.”*
One in vivo study saw release of TiO, from maxillofacial plates
into the soft tissue surrounding the implants but did not see any
detrimental effects from the increase in Ti concentrations;***
another in vivo study saw significant damage to tissues surround-
ing TiO, maxillofacial plates and recommended their removal
from patients upon healing.***

A number of studies have reported increased Ti levels in
serum, urine, and even hair in experimental animals and patients
with Ti implants, even with well-functioning implants in the
absence of wear.”****73% The serum Ti levels detected in
mammals with implants vary, ranging from ~50 nM to ~3 uM.
In an influential study by Jacobs and co-workers,**’ control
serum levels of Ti were ~1.5 ng/mL (31 nM). After 36 months,
patients with well-functioning Ti alloy implants averaged
4.13 ng/mL (86 nM), with levels up to 11.7 ng/mL (244 nM).**’
Analysis of serum protein fractions from such patients revealed
that a sin§le molecular weight range (~70 kD) bound the Ti
released. > This range would be consistent with albumin and/or
transferrin. This result contrasts with the in vitro study above, in
which smaller and larger serum proteins bound Ti released from
Ti alloys.>*" In other work, both particles and ions migrated to
distant tissues.”*>3”3%% Reports su§§est that Ti metal accumu-
lates in the lungs and lymph nodes,”” and chronic exposure may
cause pulmonary granulomatous disease.”>*

Possible bioeffects of Ti biomaterials and their released Ti
have been investigated, often by using cells in culture. Many
studies focus on inflammation, immunosuppression, function
of osteoblasts (the cells from which bones develop), or
hemostasis (the arrest of bleeding). Exposure of osteoblasts
to ultrafine Ti particles like the ones released from implants
stimulated protein tyrosine phosphorylation and activated the
proinﬂammatorgr transcription factor NF-xkB and various
cytokines.”>>**® Particle size was shown to affect the cyto-
toxicity of Ti released. Ti particles smaller than cells were
determined to be toxic, whereas particles larger than cells were
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not; macroscopic implants were concluded to be safe because
of the passivating oxide layer.**” Particles of different sizes also
exerted different detrimental effects on osteoblasts.**® Growth
of osteoblasts on Ti surfaces induced significant up- and
downregulation of genes with a variety of functions;**" the
genes affected changed when grown on pure anatase
surfaces.**> Titanium ions also induced cytokines in various
cell types and induced cellular effects that can also lead to
inflammation and/or implant loosening.*** % The Ti released
through corrosion may induce cell differentiation toward bone-
resorbing osteoclasts, which would further exacerbate implant

loosening.**® Titanium biomaterials are highly thrombogenic
(clot-producing),**”*%® a property that can be attenuated by
surface modification, for example, with apatite.369 Surface mod-
ifications with PEGylated peptides have shown promise toward
creating more infection-resistant Ti surfaces.””°

The fate of Ti ions released from implants may be related to
the fate of Ti ions released by hydrolysis of the Ti-containing
anticancer drugs, particularly because both bind to serum
proteins, and perhaps both to transferrin. This possible relation-
ship raises the question of whether Ti implants might suppress
cancer. Little information is available on this point: one study

Table 1. Molecules Representing Some Current Strategies in Development of Titanium Anticancer Drugs

Description Representative structure Notes Refs
Cp,Ti(amino @ . . ICso values > 87,788
acid) <} (@mino acid) 600 UM against
complexes @ (amino acid) several cancer

cell lines
amino acid = L-cysteine, L-methionine, L-penicillamine
Substituted (HaC)oN HaCO Broad class of 289-309
titanocenes, - ) compounds are
such as N\ active in cell
titanocenes X lines and
and Y and N xenografted
derivatives with @ tumors
alkyl, boryl, and Titanocene X Titanocene Y
indolyl (HeC)N HsCO (X = -Cl) and derivatives
substitutions on
the Cp rings
Cp,TiCl, Ry 1Cs values as 310-314
derivatives with low as 10 uM
alkylammonium \T_,\\CI against several
" . |‘ ~ane, n 1 Q
s}l]lbzltut'mns on Cl R = alkylammonium group cancer cell lines
the Cp rings é\F{ R, = -H or alkylammonium group
2
Amide- R ICs values as 315
functionalized low as 10 uM
titanocenyls against HT-29
(colon cancer)
cells
Steroid- ICs values as 316
functionalized low as 10 uM
titanocenes against HT-29
(colon cancer)
and MCF-7
(breast cancer)
cells
Carboxylate iL 1Cs values ~ 80 308,317,318
complexes of uM against
substituted R N S@ K562
s—L — .
Cp,Ti or ansa- dﬁo)J\/ Qs/—«og AN\ (human
titanocene Re N myelogenous
(s}
‘% Y\S_L leukemia) cells
¢}
Ry=-H, -CHy
Ry=-H, -CHg, SiMeg, or -C(CH3),CH,CH,CHCH,
L =m-Xylene or mesitylene
Hydroxyamino- \N o 0o N/ Inhibition of 108,109
1,3,5-triazines - - growth (30-
RN \/ =N R 40% inhibition

Salan and
salen
complexes

Pro OPr
.,\T{.m O TjwO

R
\N@

o " R,
”@”@ R \N%j

R =H, 2-Cl, 4-ClI, or 4-Me

R

Me,ArO  OArMe,
\ /

at ~100 mg/mL)
of OVCAR-1
and HT-29 cells
ICs values as 107,111,113,319-323
low as 1-10 uM

against several

cancer cell lines
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Table 1. Continued

Description

Representative structure

Notes Refs

Maltol complex 1C5 values as 103,287,288
low as 200 uM
against several
cancer cell lines
Ti(IV) T/C values® ~ 324-327
complexes of 4- 300% for mice
acyl-5- bearing TA-3
pyrazones mouse
mammary
adenocarcinoma
Inclusion Host-guest 328
complexes of complex
Cp,TiCl, in exhibits
cucurbit[n]urils reduced
hydrolysis rate,
but
precipitation
precluded
preparation of a
formulation for
cell testing
Titanocene- MCM-41/[TiCp,{SCH,CH,CH,Si(OCH;);},] Ms,” = 329-331
functionalized or 200-1000 g
mesoporous MCM-41/[TiCp,{ SCH,CH,CH,Si(O CH,CH3);},] against HeLa or
materials or K562 cells

MCM-41 or SBA-15 /[ Ti(n’-CsH,Me),Cl,]

or
MCM-41 or SBA-15/[Ti{Me,Si(1’-CsMe,) (n-CsHy) }Cly]

or
MCM-41/[ Ti(n>-CsHs),Cl,]

or
MCM-41/[Ti(n’-CsHs)( 1’-CsH,Pr)Cly]

or
MCM-41/[Ti(n>-CsHs)( 1’-CsH,Bu)Cl,]

or
MCM-41/[Ti(m>-CsHs){ n*-CsHs(SiMes),} Clo]

“T/C is a measure of survival time increase; T/C is 100% for untreated tumor-bearing mice. ” My is the quantity of material necessary to inhibit cell

survival by 50%.

reported a small but statistically significant decrease in gastric
cancer in patients having hip replacement with metal implants.*”*

7. NANOTOXICOLOGY OF TITANIUM MATERIALS

Nanomaterials (with at least one dimension <100 nm) are
used for applications in imaging, diagnosis, drug delivery, phar-
maceuticals, cosmetics, paints, pigments, and textiles. Increasing
concerns about the potential dangers to human health associated
with these nanoscale materials have led to the emerging field of
nanotoxicology.3727374

Metal oxide nanoparticles, and nano-TiO, in particular, have
found broad applications. TiO, is used widely as a white pigment
and food colorant, in sunscreens and cosmetic creams, as a
375376 and as a photo-
sensitizer for photodynamic anticancer therapy. The important
expected routes of human exposure are through the skin or by
inhalation. Uptake of TiO, particles near the nanoscale (160—
500 nm) after oral administration has, however, been demon-
strated in mammals.>””*”® A “passivating” layer of TiO, (some
of it nanoscale in nature) also forms on Ti metal and alloy
implants, and particles including micro- and nanosized particles

photocatalyst and wastewater disinfectant,
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are sloughed off to the surrounding tissue during implant wearing.
Considering the photoactivity of TiO,,*”® special attention has
been paid to the possibility of nanoparticle photoreactivity,
possibly resulting in the production of damaging reactive oxygen
species. The photo-Kolbe reaction has been shown to be active on
TiO, surfaces.*****? This photoreactivity has been exploited for
its possible anticancer activity, when the nanoparticles have been
coated with a rhodamine gadolinium complex, which can also be
used as an imaging agent. 83

The preponderance of evidence suggests that TiO, nanoparticles
are benign except when inhaled at very high levels.”*”**** A 2006
World Health Organization working group concluded that the
epidemiological studies on TiO, as an inhalation hazard in humans
did not provide compelling evidence of carcinogenicity, although
experiments in rodents suggested some evidence of carcino-
genicity.”® In sunscreens, these nanoparticles do not penetrate the
skin deeply,**® although further study under UV irradiation and on
broken skin was urged. In keeping with the generally increasing
profile of nanotoxicology and concern over nanomaterials, a group of
recent papers do raise concerns, including the finding that nano-
TiO, can convert benign tumor cells to malignant ones in mice
through the generation of reactive oxygen species.”®” TiO, nano-
particles also caused an inflammatory response in a human modular
immune in vitro construct®®® and were cytotoxic in mouse fibroblast
cells,* human bronchial epithelial cells,***! and human mono-
blastid cells.*** Protein adsorption to TiO, particles in serum
inhibited the growth of human keratinocyte and carcinoma cells.*
Exposure to TiO, nanoparticles also modified gene expression in
human keratinocytes, particularly genes involved in the inflammatory
response and cell adhesion, but not those involved in oxidative stress
or apoptosis.””* Another study observed changes in levels of gene
expression upon exposure to anatase TiO, particles. Differences
were primarily observed for genes relating to drug response,
detoxification, DNA damage, and protein stress.>>> The specific
morphology of the TiO, nanoparticles may be important for
predicting their toxicity when irradiated.**® Polyoxometalates of
Tj, such as the dodecatitanates,”” have been prepared; there are
no data on their effects on humans.

8. CONCLUSION

Titanium has never been demonstrated to be essential for any
organism, and no Ti-requiring biomolecule such as a titanium
enzyme has been identified. Nonetheless, titanium is an abundant
and bioactive element, and human exposure to titanium is increasing.
Contrary to its reputation as a completely inert and insoluble metal, a
good deal of information is available about the bio- and environmen-
tally relevant aqueous coordination chemistry of titanium, about its
abundance in various organisms (including its sequestration by some
organisms), and about its bioeffects both positive and negative. It is
hoped that this review will help chemists better evaluate whether Ti
may be involved in biological processes, perhaps not broadly but in
some selected environments. Further, it is hoped that, by better
understanding the bioinorganic chemistry of titanium, we can learn
to exploit fully the medicinal potential of Ti, whether as an anticancer
medicine or in implants, while objectively evaluating the possibility of
its ill effects, including nanotoxicity.
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ABBREVIATIONS

TMPyP  tetrakis (1-methylpyridinium-4-yl)porphyrin
DOPA dihydroxyphenylalanine

EHPG N,N'-ethylenebis(o-hydroxyphenylglycine)
HBED N,N'-di( o-hydroxybenzyl) ethylenediamine-N,N' -

diacetic acid
ICP inductively coupled plasma
ICP-MS  inductively coupled plasma mass spectrometry
MCM-41  Mobil composition of matter-41

SBA-15  Santa Barbara amorphous-15
PET positron emission tomography
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