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ABSTRACT

Titanium dioxide (TiO2) nanoparticles have surfaced as
a promising instrument in the realm of oncology, largely
because of their distinct physicochemical attributes,
biocompatibility and their capacity to generate reactive
oxygen species (ROS) under certain conditions. Recent
breakthroughs in nanotechnology have unveiled the
potential of TiO2 nanoparticles as effective anti-cancer
agents: they facilitate targeted delivery, controlled drug
release and increased cytotoxicity directed at cancer cells,
while minimizing damage to healthy tissues. This review
delves into the mechanisms that underlie the anti-cancer
effects of TiO2 nanoparticles, encompassing photocatalysis,
the induction of oxidative stress and their role in synergizing
with traditional therapies. The anti-cancer mechanisms of
TiO2 nanoparticles (which are composed of titanium dioxide)
primarily involve the generation of reactive oxygen species
(ROS) upon exposure to ultraviolet or visible light. This
process induces oxidative stress, DNA damage and apoptosis
in cancer cells. However, TiO2 nanoparticles possess the
potential to disrupt mitochondrial function and modulate
signaling pathways that are crucial for cancer progression.
Surface modifications and functionalization have, therefore,
significantly enhanced their selectivity and efficacy; this
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allows for targeted delivery while minimizing off-target
effects. Although TiO2 nanoparticles are acknowledged for
their intrinsic anti-cancer properties, they offer significant
potential across various applications (such as photodynamic
therapy (PDT), drug delivery and bioimaging). When used in
conjunction with chemotherapeutic agents, they demonstrate
asynergistic effect, enhancing drugefficacy while concurrently
reducing the necessary dosages. Recent advancements in
nanotechnology have also facilitated their use as diagnostic
tools, offering high-resolution imaging capabilities for early
tumor detection. This versatility positions TiO2 nanoparticles
as a valuable asset in the ongoing fight against cancer;
however, further research is essential to fully leverage their
capabilities.
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INTRODUCTION:

Cancer stands as one of the most widespread afflictions
globally, impacting millions of individuals across diverse
forms. In light of the considerable progress achieved
in medical research, the quest for a definitive cure or
universally effective therapy for cancer continues to
be a challenging endeavor. Recent advancements in
nanotechnology have wunveiled intriguing possibilities
for the improvement of cancer treatment and diagnosis.
Nanoparticles, characterized as minuscule entities measuring
less than 100 nanometers, have garnered considerable
interest in the realms of health sciences and medicine
owing to their distinctive attributes. Their diminutive
dimensions, extensive surface area, and capacity for
interaction at both cellular and molecular levels render them
exceptionally suitable for precise therapeutic applications.
It is essential to recognize that certain nanoparticles could
potentially exert negative impacts on various animal cells,
thereby underscoring the need for meticulous design
and comprehensive testing within clinical environments.
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Scholarsareemploying nanoparticlesindiversefacets of cancer
treatment to enhance efficacy and precision. In photodynamic
therapy (PDT) and sonodynamic therapy (SDT), nanoparticles
function as sensitizing agents, augmenting the production of
reactive oxygen species to selectively eradicate cancer cells.
In the realm of computed tomography (CT) imaging and
radiation therapy, nanoparticles function as enhancement
agents, augmenting the contrast and precision of imaging
or amplifying the radiation dose administered to the tumor,
all while mitigating harm to adjacent healthy tissues.
Furthermore, there is ongoing development of nanoparticles
for dual-mode imaging and therapy, wherein they function
concurrently as contrast agents and therapeutic instruments.
Titanium dioxide nanoparticles (TiO2 NPs) stand out among
the various types of nanoparticles due to their significant
application in the medical field, particularly in cancer research.
Titaniumdioxidenanoparticlesareemployedinphotodynamic
therapy, sonodynamic therapy, and drug delivery systems
owing to their compatibility with biological systems,
photoreactive properties, and potential for functionalization
aimed at the precise targeting of cancerous cells.
The ongoing challenge of cancer as a global health issue
underscores the imperative for the advancement of
innovative therapeutics and treatment modalities. The
advancements in nanotechnology, poised to transform cancer
treatment, are set to be integral to the future landscape of
oncology. Scholars are committed to enhancing nanoparticle-
based methodologies to optimize their effectiveness while
reducing potential hazards, with the ultimate goal of
delivering more efficient and tailored cancer therapies.
Nanotechnology, first introduced by Richard Feynman in
1959, stands as one of the most swiftly advancing fields of
scientific exploration and technological progress worldwide.
The utilization and deployment of nanoparticles are
significantly oriented towards the domains of chemistry,
energy, healthcare, and cosmetics (Santos et al., 2015).
Nanoparticles can be composed of organic and inorganic
components, including ferritins, liposomes, micelles,
dendrimers, and nanoparticles endowed with magnetic
properties, metals, and semiconductor nanoparticles, such as
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oxides, nitrides, and sulfides, respectively (Nabi et al., 2019).
Titania, an oxide of titanium, is classified as a nanoparticle
within the realm of metal oxides, showcasing unique optical,
thermal, electrical, and magnetic properties. Under standard
conditions, TiO2 remains insoluble in water and exhibits
exceptional stability, characterized by a notable refractive
index of n = 2.4, which makes it an ideal candidate for
application as a white pigment. Titanium dioxide is generally
found in three distinct crystalline polymorphs: anatase, rutile,
and brookite. Among these three polymorphic forms, anatase
and rutile display comparable properties; nonetheless,
rutile possesses a lower density and demonstrates enhanced
resistance to corrosion. Furthermore, brookite is infrequently
observed owingtoitsinstability athigh temperatures, resulting
in its conversion into rutile (Vijayalakshmi and Rajendran,
2012). The notable applications of nano TiO2 encompass
photocatalytic degradation and splitting, photovoltaic cells,
electrochromic and electronic devices, along with sensing
instruments. These applications have generated considerable
interest and prompted extensive research and development
efforts directed towards the synthesis of TiO2 nanoparticles
(Irshad et al., 2020, Mollavali et al., 2018, Narkevica et al.,
2017, Pant et al., 2019).

Properties of tio2 nanoparticles:

Titanium dioxide nanoparticles (TiO2 NPs) possess several
distinctive properties that render them invaluable in diverse
medical applications, particularly in cancer therapy. The
following delineates the principal properties of TiO2 NPs:

1. Photoreactivity: TiO2 NPs demonstrate robust
photocatalytic activity, particularly under ultraviolet (UV)
light. This characteristic allows for the effective generation
of reactive oxygen species (ROS) upon exposure to light, a
mechanism leveraged in photodynamic therapy (PDT) to
eradicate cancer cells.

2. Biocompatibility: TiO2 NPs are generally regarded
as biocompatible, indicating their ability to interact with
biological systems without eliciting significant adverse
effects. This trait is essential for their application in medical
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fields, encompassing drug delivery and cancer treatment.

3. High Surface Area: Owing to their nanoscale
dimensions, TiO2 NPs feature a high surface area-to-volume
ratio. This promotes efficient engagement with biological
molecules and cells, thereby augmenting their efficacy in
medical applications.

4. Chemical Stability: TiO2 NPs exhibit chemical
stability and resilience against oxidation and corrosion. This
trait assures the retention of their functionality over time,
which is vital for enduring medical applications.

5. Surface Functionalization: The surfaces of TiO2 NPs
can be readily modified with various chemical entities or
biomolecules, facilitating targeted delivery to specific cells or
tissues, including cancer cells.

6. Antimicrobial Properties: TiO2 NPs have been
demonstrated to possess antimicrobial characteristics,
assisting in the prevention of infections when employed in
medical devices or implants.

7. Optical Properties: TiO2 NPs exhibit commendable
optical attributes, including a high refractive index and
substantial UV absorption. These characteristics enhance
imaging modalities such as computed tomography (CT)
scans.

8. Non-Toxicity: Given appropriate dosages and
controlled conditions, TiO2 NPs are relatively non-toxic,
rendering them suitable for human applications. Nevertheless,
their toxicity may vary based on size, shape, and surface
enhancements.

These attributes establish TiO2 NPs as versatile instruments
in cancer therapy, notably in amplifying the effectiveness of
existing treatments like PDT and serving as vehicles in drug
delivery systems.

Mechanisms of Anti-Cancer Action :

Cancer cells demonstrate an increased vulnerability to
oxidative stress in contrast to normal cells, largely as a result
of their modified metabolic pathways and the heightened
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production of reactive oxygen species (ROS). This attribute
makes them appropriate candidates for therapeutic strategies
aimed at further augmenting ROS levels.
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Titanium dioxide (TiO,;) mnanoparticles demonstrate
significant photocatalytic activity upon exposure to light,
particularly ultraviolet (UV) or near-UV light, which results
in the generation of various ROS, including hydroxyl radicals,
superoxide anions, and hydrogen peroxide. These reactive
species possess the ability to damage essential cellular
components such as DNA, proteins, and lipids, thereby
initiating apoptosis, or programmed cell death, in cancerous
cells.
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In the context of cancer treatment, TiO, nanoparticles are
utilized in two forms: pure and functionalized. Pure TiO,
nanoparticles rely on their inherent photocatalytic capabilities
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to produce ROS, while functionalized TiO, nanoparticles are
enhanced with specific molecules or coatings to improve
targeting precision and ROS production efficiency. This
modification enhances their selectivity towards cancer cells,
thereby minimizing potential off-target effects on healthy
cells.

In the context of photodynamic therapy (PDT), the interplay
between light activation and TiO, nanoparticles enables a
precise and localized increase in reactive oxygen species (ROS)
levels, thereby effectively suppressing tumor proliferation.
This approach minimizes damage to healthy tissues, as the
light activation can be accurately directed at the tumor site,
thereby enhancing the production of reactive oxygen species
in the vicinity of the nanoparticles.

In cellular level, the role of titanium dioxide nanoparticles
(TiO; NPs) on cellular metabolism and survival, emphasizing
the role of reactive oxygen species (ROS) at different doses of
TiO, NPs.

Mechanism of Action of Low Concentrations of Titanium
Dioxide Nanoparticles (TiO, NPs)

1. Moderate Reactive Oxygen Species (ROS)
Generation: At low concentrations, TiO, NPs generate a
moderate quantity of reactive oxygen species (ROS) when
subjected to light exposure. This induces a state of mild
oxidative stress within cellular environments.

2. Stimulation of Antioxidant Defense Systems: The
slight elevation of ROS levels activates the cell’s antioxidant
defense mechanisms. Crucial enzymes such as superoxide
dismutase (SOD) are upregulated to neutralize ROS and
avert cellular damage. SOD catalyzes the transformation of
superoxide radicals into oxygen and hydrogen peroxide,
which is less detrimental to cellular health.

3. Optimized Mitochondrial Function: In reaction to
moderate oxidative stress, mitochondria adapt by enhancing
their metabolic functions, specifically the tricarboxylic acid
(TCA) cycle. This adaptation sustains cellular energy levels
by ensuring a consistent supply of adenosine triphosphate
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(ATP), the primary energy currency of the cell.

4. Cell Viability: The cell successfully maintains its
metabolic equilibrium and energy production, enabling it to
endure moderate oxidative stress. This resilience is conducive
to continuing normal cellular function or facilitating recovery
from mild stress conditions.

Mechanism of Action of High Concentrations of Titanium
Dioxide Nanoparticles (TiO, NPs)

1. The elevated production of reactive oxygen
species (ROS) is observed with high concentrations of
TiO, nanoparticles, leading to a marked increase in ROS
levels. This escalation results in significant oxidative
stress, exceeding the cell’s natural antioxidant defenses.
Mitochondrial Impairment: The significant elevation
in reactive oxygen species (ROS) causes harm to
the mitochondria, leading to a disturbance in their
membrane potential (MMP) and ultimately resulting in
mitochondrial dysfunction. This dysfunction impedes the
mitochondria’s capacity to efficiently execute the TCA
cycle, resulting in a significant decline in ATP production.
3. The release of cytochrome C occurs as a consequence of
mitochondrial damage, leadingtoits presenceinthecytoplasm.
Cytochrome Cisintegral to the electron transport chain, and its
release marks the commencement of mitochondrial-induced
apoptosis, also known as the intrinsic apoptotic pathway.
4. The induction of the apoptotic pathway occurs when
cytochrome C is released, leading to the activation of
caspase 9, which in turn triggers caspase 3. Caspases
serve as essential mediators within the apoptotic process.
Caspase 9 serves as the initiator of the apoptotic signaling
cascade, whereas caspase 3 carries out the cell death
program through the cleavage of various cellular substrates.
5. The activation of the caspase cascade leads to apoptosis,
a sophisticated mechanism of programmed cell death.
Apoptosis is defined by a reduction in cell size, fragmentation
of DNA, and the subsequent uptake by adjacent cells or
phagocytes, which functions to mitigate inflammation. It can
be inferred that:
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1. Low concentrations of TiO, NPs augment the cell’s
ability to cope with oxidative stress, consequently improving
cellular survival and metabolic stability.

2. Elevated levels of TiO, NPs, on the other hand,
induce oxidative stress that surpasses the cellular capacity
for management, leading to mitochondrial impairment, the
initiation of apoptotic pathways, and ultimately, cell demise.
The dual mechanism of action of TiO, NPs positions them as
a significant contributor to cancer therapy, aiming to induce
apoptosis in malignant cells while safeguarding the integrity
of normal cells.

Potential Applications in Cancer Therapy: Titanium dioxide
nanoparticles (NPs) find application across a wide spectrum
of fields in medicine and life sciences. These nanoparticles act
as vehicles for pharmaceuticals, especially anticancer agents,
and operate as facilitators for photodynamic therapy (PDT)
or photothermal therapy (PTT) in the management of solid
tumors. Titanium dioxide nanoparticles have been adeptly
utilized as carriers for a range of anticancer therapeutics,
such as paclitaxel, doxorubicin, daunorubicin, temozolomide,
and camptothecin. TiO, nanoparticles can be used to directly
target and kill cancer cells when activated by light. This approach
is particularly useful for superficial cancers (e.g., skin cancer)
where light penetration is sufficient. Titanium dioxide
nanoparticles (TiO, NPs) exhibit a diverse array of potential
applications in cancer therapy, attributable to their unique
properties.

Principal applications encompass:

1. Photodynamic Therapy (PDT): Titanium dioxide
nanoparticles generate reactive oxygen species (ROS) when
subjected to light, resulting in oxidative harm to malignant
cells while safeguarding surrounding healthy tissue.

2. Sonodynamic Therapy (SDT): Analogous to
Photodynamic Therapy (PDT), this methodology employs
ultrasound to stimulate TiO, nanoparticles, thereby producing
reactive oxygen species (ROS) to proficiently address deep-
seated tumors.
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3. Drug Delivery Systems: TiO, NPs enable the precise
administration of anticancer pharmaceuticals to tumor
locations, thereby improving therapeutic effectiveness and
minimizing undesirable side effects.

4. The enhancement of radiation therapy through TiO,
nanoparticles is noteworthy, as they significantly increase
the production of reactive oxygen species during treatment,
thereby augmenting its efficacy in targeting cancer cells.

5. CT Imaging: The incorporation of TiO, nanoparticles
significantly improves tumor visibility in CT scans,
thereby facilitating precise diagnosis and enabling targeted
therapeutic interventions.

6. Dual-Mode Imaging and Therapy: TiO, NPs serve
a dual purpose as both imaging agents and therapeutic
tools, facilitating the seamless integration of diagnosis and
treatment.

7. Induction of Apoptosis: TiO, NPs generate oxidative
stress within cancer cells, thereby initiating programmed cell
death (apoptosis) and inhibiting tumor proliferation, all while
preserving the integrity of normal cells.

LIMITATION AND CHALLENGES:

While the potential applications of titanium dioxide
nanoparticles (TiO, NPs) in cancer therapy are indeed
promising, there are several noteworthy challenges that must
be confronted:

1. Toxicity: Although TiO, NPs are typically regarded as
biocompatible, there exists the potential for toxicity when
administered at high doses or subjected to extended exposure.

2. Targeting Efficiency: The precise identification of cancer
cells while safeguarding healthy tissues continues to present
a significant challenge.

3. Regulatory Issues: The journey toward clinical
application for TiO, NPs is fraught with rigorous approval
processes, which elicit apprehensions regarding safety and
environmental ramifications.
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4. Aggregation: Within biological contexts, the aggregation
of TiO, nanoparticles may occur, potentially reducing their
efficacy and obstructing their capacity to traverse barriers,
including the blood-brain barrier.

5. Light Penetration: The restricted capacity of light to
infiltrate during photodynamic therapy diminishes the
effectiveness of treatment for tumors situated deeper within
tissues.

6. Scalability: The endeavor of producing these
nanoparticles in substantial quantities while ensuring
uniform properties poses a considerable challenge.

7. Absence of Standardization: The variability in
nanoparticle properties presents significant challenges for
their integration into clinical applications.

8.Immune Response: Theaggregation of TiO, nanoparticles
has the potential to elicit immune responses, consequently
influencing their safety and therapeutic effectiveness.

Future prospect: TiO2 NPs are highly photoactive catalytic
agent, with their affordable price, stability, it can be a hope
for future cancer therapy. Despite having several limitations,
these limitations underscore the necessity for further research
to optimize TiO, NPs for cancer treatment.

CONCLUSION:

In summary, TiO, nanoparticles exhibit significant promise
as anti-cancer agents, attributed to their photocatalytic
properties, capacity to produce reactive oxygen species, and
compatibility with biological systems. Despite the ongoing
challenges related to safe delivery and precise activation, the
progress in nanoparticle engineering and medical technology
is poised to broaden their utilization in cancer treatment.
Subsequent investigations will concentrate on overcoming
existing constraints, examining the potential of combination
therapies, and progressing towards clinical trials to validate
TiO, nanoparticles as a credible alternative in the field of
oncology.
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