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Titanium is a wonder metal with broad range of application in all aspects of life. Applications include aeronautical,
industrial, military, automobiles agriculture and in the field of medicine. Titanium dioxide is the most common
compound of titanium it occurs commonly in three crystalline forms namely anatase, rutile and brookite. The nano
patticles of titanium dioxide have low toxicity, versatile fabrication adaptability which forms the basis for its broad
range of application. This review article discusses applications of titanium dioxide nanoparticles in cancer therapy,
targeted drug delivery, photodynamic therapy, antibacterial effect, role in bone formation and general applications.
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Introduction

The wonder metal titanium was discovered in 1791 by William
Gregor in Great Britain. Martin Heinrich Klaproth named it
Titanium, after the ‘titans’ of Greek mythology. The element has
an atomic number of 22 and is represented by the symbol Tiin
the periodic table. The metal exists in nature as an oxide form and,
on reduction, a bright metal with silver color is formed. It has got
superior strength, low density and is resistant to corrosion in
chlorine, aqua regia and salt water. Kroll and Hunter process is
used to extract the metal from its mineral ores [1]. The alloys of
Titanium can be formed by alloying titanium with various other
metals like molybdenum, iron, vanadium, and aluminum to get
light weight alloys with high strength. Its applications are vast,
including aeronautical, industrial, military, automobiles and
agriculture. In the field of medicine its application includes medical
equipment, orthopedic implants, dental implants etc. The alloys
can also be used for general application, including jewelry,
equipment in sports and building materials. The melting point
of titanium is reported as 1668°C, because of this it is commonly
used as a refractory metal. The thermal and electric conductivity is
low. It is para magnetic and cooling below its critical temperature
of 00.49K converts the metal into a superconductor [2-5].
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The most common compound of titanium is titanium dioxide
(TiO,) other names include titania or titanium(IV) oxide. It is a
naturally occurring compound, formed when oxygen in air reacts
with titanium. Titanium tetrachloride (TiCl)) and titanium
trichloride (TiClL,) are the other compounds [6-8]. The commonly
occurring three crystalline forms of titanium dioxide are anatase,
rutile and brookite. Anatase as well as brookite are produced in
large scale and are important white pigments. Anatase (80%) and
Brookite (20%) form the mixed polymers of titanium dioxide
and is used extensively for biomedical purposes. American food
and drug administration has approved the utilization of titanium
dioxide in pharmaceutical products as it is non- toxic and cost
effective [9-12].

Nano particles of titanium dioxide have low toxicity, versatile
fabrication adaptability and a smaller size which makes it a
compound with a broad range of application. They have excellent
cytocompatibility and enhances the proliferation, differentiation
and spreading of osteoblast cells [12,13]. Titanium dioxide
nanoparticles like titania nano tubes (NTs) are stable against
disintegration when used as surface coating on implants. They
also act as a delivery system that controls the drug release in
implants [14]. TiO,NTs has a porous structure which promotes
bone regeneration and repair [15-19]. There is ample evidence in
the literature which proves that titanium dioxide nano particles are
inert and compatible when used in human body. This review
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discusses the future challenges and biomedical applications of
titanium dioxide.

Structure and Properties

The dioxide forms of titanium have an octahedral geometry with
six oxide anions are bonded to it. These oxide anions remain
attached to three titanium centers. One of the dioxide rutile form
has got a tetragonal crystal structure, whereas anatase and brookite
exhibit orthorhombic structure. The oxygen substructures in rutile
shows close packing with slight distortions. Distorted hexagonal
close packing of oxide anion is found in anatase, whereas in brookite
the crystal structure is cubic close packing and double hexagonal
close packing;

Applications of Titanium Dioxide
Titanium in cancer therapy

Chemotherapeutic agents can cause cytotoxicity on normal cells. To
overcome this currently nano technology is applied in the diagnosis
and treatment of cancer [16-20]. In nano technology nano
structures that deliver and release drugs are developed. The
therapeutic effect of the drug is increased and at the same time the
adverse effect of the chemotherapeutic agents is reduced by aiming
only the diseased cells by these nano structures which acts as vehicle
[21]. Since the drugs are delivered to the target and drug release is
controlled, the healthy normal cells remain unaffected, this reduces
the side effects. TiO, nano structures gas the ability to enhance the
therapeutic effect of conventional chemotherapeutic agents by
delivering it to specific sites and by controlling the drug release.
This is achieved mainly because of its high biocompatibility, non-
toxicity and harmonious drug releasing ability.

Targeted/smart delivery of drugs

The therapeutic effect of anti- neoplastic drug can be enhanced by
surface modified nano particles, these nano particles deliver the
chemotherapeutic agent to the affected cell and reduces the toxicity
of drug [16,18,20]. Studies have highlighted that TiO,
nanostructures based chemotherapeutic agents increased the
therapeutic effect of antineoplastic drugs. The application of
titanium dioxide whiskers (TiO,Ws) for drug delivery in cancer
treatment was investigated by Li et al and found that the intracellular
potency of Daunorubicin (DNR)can be increased by TiO,Ws and
italso enhances the anti-tumor efficacy of DNR in hepatocarcinoma

anatase

b

cells SMMC- 7721). This is an indication for the use of TiO,Ws as
drug delivery vehicle for DNR into the specific cells. They concluded
that TiO,Ws based drug delivery is a favorable approach in the
treatment of cancer [22]. According to Akram et al combination of
Doxorubicin and titanium dioxide nano particles (TiO, NPs) had
synergistic effect in breast cancer cell lines [23].

Venkatasubbu et al. reported the anti-neoplastic effect of paclitaxel
attached to modified hydroxyl apatite and TiO, NPs. Biochemical
analysis showed superior anti-neoplastic activity of surface modified
paclitaxel attached to hydroxyl apatite and TiO, NPs when compared
to paclitaxel [24]. The nano structure mediated smart drug delivery
increased the therapeutic effect of anti-neoplastic drugs, minimizes
the toxicity and enhances the biological availability and time
dependent delivery of drugs.

Photodynamic therapy in cancer treatment

TiO, NPs is widely used in photodynamic therapy (PDT). In PDT
a photosensitizing agent is administered for localizing the tumor
and is activated using a light of specific wavelength [25]. This
therapeutic technique has an illumination source a photosensitizer
(PS) and an oxygen molecule. A non-toxic photosensitizer is
introduced into the living tissues and are activated by photons
from the illumination source. This transfers energy into the oxygen
molecule and produces singlet oxygen ('O2) and reactive oxygen
species (ROS) [26, 27]. PDT is considered as a viable alternative
non- invasive treatment for cancer [28-30]. This treatment modality
is successful in superficial areas and natural cavities where invasive
surgery is of great risk [31-33]. Its efficacy in deep seated tumors
remains questionable, as light cannot penetrate into deeper tissues
and generation of singlet oxygen and other reactive oxygen species
with curative quantity becomes difficult. PDT'is proven to be more
efficient against skin and oral infections [34,35].

In the early stages, TiO,NPs where activated with ultraviolet light
of less than 385nm wavelength. It can create light induced holes
and electrons, which can react with hydroxyl ions of water (OH) to
form powerful oxidative radicals (OH, HO,). These oxidative
radicles can destroy bacteria, fungi and tumor cells. High
photocatalytic efficiency, low toxicity and excellent photo stability
of TiO, makes its application in cancer treatment a success.
Fujishima et al first reported the photo destructive activity of TiO,
to malignant cells [36]. Surface of TiO, electrode was cultured with
Hela cells and UV irradiation was used to anodically polarize the

brookite

Figure 1: Crystal forms of anatase rutile and brookite
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Table 1: Properties of titanium

Chemical formula TiO,
Appearance White solid
Odour Odourless
Molecular mass 79.866 g/mol
Boiling point 2972°C
Solubility in water Insoluble

+5.9-10°¢ cm®mol

2.488 (anatase)
2.583 (brookite)
2.609 (rutile)

Magnetic susceptibility (x)

Refractive Index (np)

electrode. This caused damage of Hela cell membrane. The
neoplastic cells where not destroyed when the electrodes where 10
mm away from the surface of cell. A TiO, microelectrode which
was polarized and illuminated showed selective anti-tumor activity
for single T24 cell which are cancerous [37]. Seo et al. used high
temperature non hydrolytic method to make water soluble
TiO,NPs. These nanoparticles where short and rod shaped with
diameter of 3.5 nm and length of 10.4 nm, which was highly toxic
to human melanoma cells (A375) in the presence of UV irradiation
[38]. UV light was used to activate TiO, but this light source was
found to be damaging, therefore visible light was used to activate
TiO, which produced a positive effect. The optical activation of
TiO, with visible light was adapted through dye-adsorbed and
doping methods. In dye-adsorbed method hypcrellin B [39],
chlorine e [40] and zinc phthalocyanine [41] was used as PDT
sensitizers whereas in doping methods metal elements (Pt,Fe) [42-
44] and non-metal elements (C,N) [45-47] have been used. Li et al.
synthesized nitrogen doped TiO,NPs (N-TiO,). Calcination of
anatase TiO,NPs was done under an ammonia atmosphere. The
obtained N-TiO NPs had a higher absorbance and anti-tumor
activity in the visible region than pure TiO,NPs [48-50].

The anti-neoplastic effect of TiO, is effective but tumor cells were
not specifically destroyed. Improved TiO,NPs which identify and
bind the receptors of neoplastic cells were developed. This increased
the specific destruction of tumor cells and reduced the death of
normal cells. Monoclonal antibody proteins (CEA, 83 pre-S1/S2,
84 11.13a2R85 and EGFR806) with high affinity and specificity were
immobilized on the surface of TiO,NPs. The NPs are directed
towards the neoplastic cells as the monoclonal antibody proteins
are over expressed on their sutface.

TiO2 antibacterial effect

Compared to other antimicrobial agents nanotechnology based
materials like metal and metal oxides are effective microbicidal agents
with more safety and stability [51-53]. The photocatalyitic
microbicidal action of TiO, was first reported by Matsunaga et al.
(1985), when they investigated the antimicrobial effect of TiO,
against Lactobacillus acidophilus, Saccharomyces cerevisiac and E
Coli [54]. Ahmed et al. found that multi drug resistant P acruginosa
associated infections were effectively treated with TiO NPs and
antibiotics [55]. Inhibition of bacterial growth by TiO,NPs was
due to its nanometric scale and powerful oxidizing ability.

Antibacterial effect of ZnO, and TiO NPs against metallo beta
lactamase and biofilm producing Pseudomonasaerugenosa was
reported by Vincent et al. [56]. Antibacterial action against P.

acrugenosa was evident when TiO,NPs was preexposed to UV
radiation. ROS which causes cell wall lysis was formed on exposure
of sixty minutes [57]. TiO, photo catalyst can disinfect a broad
spectrum of microorganisms which have a deleterious effect on
cellular respiratory activity and can result in cell death [58]. This
property is used in tooth paste it also enhances the antimicrobial
activity on dental plaque. Rimjim et al. suggested its effectiveness
in both aerobic and anaerobic bacteria [59]. The strong oxidizing
power of TiO, by free radicals like hydroxyl and superoxide anion
radicals reduces the growth of E coli and staphylococcus [60]. Roy
et al. concluded that the antibacterial action of beta lactams,
cephalosporins, aminoglycosides, glycopeptides, macrolides,
lincosamides and tetracycline was enhanced against methicillins
resistant staphylococcus aureus [61].

Surface modification of implants with TiO NPs provides
antibacterial property and enhances osteogenic activity [62,63]. Liu
et al. confirmed that implant efficacy improved when TiO,NPs
along with zinc was used in proper concentration thiss was due to
cytocompatibility and antibacterial functions [64]. Ti dental implants
when modified with multiple layer of TiO, nano network increases
the cell adhesion, proliferation and mobility [65]. When heat and
plasma treatment was compared it was seen that plasma treatment
reduces the adhesion of prophyromonas gingivalis without
affecting the activity of osteoblast. The heat treated group at 400°C
was the most suitable for dental implants because of optimum
osteoblast and anti-bacterial activity [66]. Vishnu et al. reported
that hydrothermal treatment of etched Ti implants at 225°C for
five hours altered the topography and enhanced the antibacterial
effect against methicillin resistant staphylococcus aureus. These Ti
implants improved the calcium deposition by osteoblast and was
not cytotoxic against mammalian cells [67].

Titanium dioxide and bone formation

Titanium and its alloys are used as implants in bones as they have
superior strength, stability, elastic modulus similar to the elastic
modulus of tissues and ability and capability to form a thin stable
oxide layer that is resistant to corrosion. TiO, nano structures have
been successfully used in implants because of its nano topographical
characteristics. Low toxicity, flexibility, high corrosion resistance and
high tensile strength makes the titanite nanostructures a powerful
candidate for implants [68]. Surface properties, micro topography,
nanotopography and composition are the key factors for integration
of implants with live bone.

Various research has concluded that titanium dioxide surface
properties promote attachment of bone forming cells. The
bioactivity of crystalline TiO, is associated with existence of
hydroxyl groups on the surface and negative charges that are induced
which in turn draw calcium and then phosphorous ions from the
body fluids to the surface of implant. It has also been reported
that during change in structure of titanium dioxide layer from
anatise to rutile the rate of dissolution of metallic ions are
substantially reduced in a stimulated body fluid.

TiO, is a bioactive factor which upregulates ALP activity. Haugen
demonstrated the ability of porous TiO, scaffold to promote new
bone formation without causing inflammation and tissue necrosis
in a peri implant cortical defect. The bone volume increased
significantly when the defects were treated with the TiO, scaffolds.
Histologically presence of newly formed bone was seen in close
proximity with scaffold surface and the cortical section of the defect
showed new bone formation. The newly formed bone present in
the marrow space put forward the suggestion that the TiO, scaffold
has the ability to act as a material with osteoconductive properties.
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The study concluded by highlighting the ability of TiO, scaffold to
integrate well with bone and this ability can be utilized to enhance
formation of bone and growth of bone adjoining implants as
well as bone formation in larger defects [69].

Chung et al. created a uniform non porous structure on titanium
implant by coating it with hydroxyl apatite - TiO, (HApTiO,) and
immobilize BMP-2 on the surface. The proper porous structure of
HApTIO, encouraged cell growth and adhesion leading to the time
reduction in bone healing at implant bone interface [70].
Mohammedi et al. reported that presence of TiONPs in calcium
phosphate cement increases the mechanical strength when used in
repair of bone defects. Surface area and porous structure of
TiO,NTs increased due to nanometric thickness, this promoted
cell adhesion and improved bone capabilities [72]. TiO, NTs
diameter influence cell adhesion and osseointegration. Collagen
type-I (Col-I) was adsorbed with a higher outcome and faster speed
when TiO NTs of diameter of 100 nm compared to 30 nm
diameter. Hydrogen bond and van der wals forces that existed
between Col -I molecules and TiO,NTs was the driving force in
adsorption mechanism [73]. The length also influenced adhesion,
longer the length less was the adhesion .04um length of TiO NTs
have increased adhesion strength compared to N'Ts with length of
2 um, this was because of less interfacial stress [74]. Surface
topography of dental implants influences osseointegration. Dental
implants showed high percentage of osseointegration when the
surface of implants were coated with TiO, NTs through anodic
oxidation and were loaded with BMP, [75]. TiO, NTs possess
good blood compatibility therefore it can be used for surface
modification of blood contacting implants, biological molecules
like Gly- Arg- Gly- Asp-Ser peptide when immobilized on TiNTs
improved osseointegration in dental implants [706]. Jin and his co-
workers found that osteoblast adhesion was enhanced when TiO,
NTs less than 100 nm diameter was used. It also upregulated the
alkaline phosphatase enzyme which clearly indicates the bone
forming potential and bone tissue interaction of orthopedic
implants coated with TiO NTs [77]. Huang et al. pointed out that
the surface chemistry, structure, wetability and crystalline phase of
TiO,NTs had a positive effect in platelet rich plasma properties. It
was found that cell adhesion, migration, proliferation and
differentiation improved when properties such as wetability, surface
texture and chemistry was altered [78].

Titanium dioxide films and coatings have high biocompatibility
and is resistant to corrosion, therefore its use as bone anchored
implants are extensively studied. The coatings of TiO, on implant
surface is accomplished through various methods like laser ablation,
dip coating, sol-gel process, heat treatment, electrochemical
methods, sputtering, thermal spraying etc. Fabrication of TiO,
film makes it a bioactive coating and this allows the implant to
bond with the surrounding bone by enhancing the growth of
calcium phosphate layer on TiO, film in presence of body fluids.
The nano topography of surface of dental implants enhances blood
response, cell adhesion and osseointegration of dental implants
and adds to the success of the implants.

Other Applications of Titanium Dioxide

The titanium dioxide has a wide range of applications in
pharmaceutical industry. It is used as an active ingredient in various
medications. The inherent property of titanium dioxide to absorb
UV light and its capacity to scatter light can be utilized to extend the
shelf life of pharmaceutical products. TiO, protects the active
photosensitive ingredient present in the pharmaceutical preparation
against UV light and heat degradation and there by enhances the
safety and efficacy of drugs [79].

The opacifying and pigmentation ability of titanium dioxide helps
to maintain color uniformity over time. As different colors of
medication indicate different doses eg: Warfarin, also color indication
helps in diagnosis of drug over dosage or intoxication in emergency
rooms, therefore color stability of drug plays a significant role, the
uniformity and consistency in the maintenance of color ensures
pharmaceutical safety [79]. This helps the medical professionals
and patients to differentiate medications especially in people with
limited eye sight. TiO, nano coating on maxillofacial silicone
elastomers reduces its color degradation compared with silicone’s
that are noncoated. Maxillo facial silicones with surface nano coating
of ALD TiO, was a novel color stable material to be used potentially
in extra oral maxillofacial silicone processes [80]. The wound healing
ability of titanium dioxide was demonstrated by Sankar et al. TiO,
nano particles exhibited enhanced wound repair, wound contraction,
matured collagen deposition and epithelialization in the wound

81].

A research conducted by Langle et al concluded that TiO, can be
considered as an appropriate vehicle in the delivery of active
substances to treat diabetes mellitus. TiO, Stevia Rebaudiana
Bertoni (20 and 30 um) combination has a potent and prolonged
anti diabetic actibity [82]. A similar conclusion was derived from
another research by Samyuktha et al as TiO, exhibited alpha amylase
inhibition which highlights its anti-diabetic effect [83].

Adverse Effects of Nano TiO2

Inert nano materials when administered to human body through
injections can perform differently. Oral, transdermal/inhalation are
the roots of exposure which can cause adverse effects on vital organs
including respiratory system [84], gastro intestinal tract, reproductive
system, excretory system, circulatory system and nervous system
[85]. One of the nano materials commonly studied for pulmonary
toxicity is TiO, [86]. It is reported that chronic exposure of nano
TiO, in murine models can cause inflammation, epithelial
hyperplasia and pulmonary carcinoma [87]. The size of particles
also affects the toxicity; it is reported that large size TiO, is
comparatively less toxic than smaller sized. It was also seen that in
murine models TiO, nano particles can cause lesion in brain and
fatty degradation of the hippocampus [88]. On the basis of these
toxicity of nano structures used in bio medical application needs to
be thoroughly evaluated before use. Therefore, careful evaluation
of toxicity and clinical outcome of TiO, is required before applying
in clinical practice.

Conclusion

Titanium dioxide has a wide range of application in all aspects of
daily life. As titanium dioxide has the ability to absorb ultra violet
light it protects the skin from ultraviolet radiation. This property
extends its use in sunscreen lotions, cosmetic products and skin
care products. Photo catalytic activity of titanium dioxide results in
thin coatings which exhibits self-cleansing and disinfection
properties on exposure to ultra violet radiations. Alloys of titanium
are characterized by being light weight, very high tensile strength
even at high temperatures, high corrosion resistance and ability to
withstand high temperature makes the wonder metal titanium as
an ideal metal to be used in air crafts, pipes for power plants,
Armour plating, naval ships, space crafts and missiles. Unique
properties such as non-toxicity, bio compatibility and affordability
made TiO, nano structure and their composites to gain attention
and use in biomedical filed. Researches demonstrate that TiO, nano
structures are safer than any other nano material for bio medical
application. Chemo therapeutic agents for clinical applications when
modified by TiO, NPs improved the bioavailability and the release
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time of chemotherapeutic agents. The uniqueness of TiO, nano
materials is non toxicity and nano topographical characteristics.
These characteristics made the material available for the use in
orthopedic and dental implants. There are numerous studies in
literature that give evidence for the potential of titanium and its
oxides to be used as bone, dental and drug releasing implants.
Considering all the above mentioned aspects it can be concluded
that titanium, titanium dioxide and nano materials based on
titanium dioxide can be judiciously and effectively used as valuable
material for dental implants and other biomedical applications.
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