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Abstract— The growing demand for precise, minimally invasive, and image-guided cancer management has accelerated the
development of multifunctional theranostic platforms capable of unifying diagnosis and therapy. Among emerging inorganic
nanomaterials, bismuth oxide (Bi.O;) has gained significant attention due to its high atomic number, strong X-ray attenuation,
tunable semiconductor band structure, and intrinsically favorable biocompatibility. This review provides a synthesis of advances in
Bi,O;-based photocatalytic nanoplatforms for cancer theranostics. This article discusses how phase control, defect engineering,
doping, and heterojunction construction enable enhanced ROS generation, improved charge separation, broadened optical
absorption, and synergistic radiosensitization. These physicochemical features underpin a wide range of theranostic applications,
including CT, photoacoustic, and multimodal imaging (photodynamic-, sonodynamic-, and photothermal-type therapies),
radiotherapy enhancement; controlled chemotherapy delivery; and emerging immunomodulatory strategies. State-of-the-art
designs increasingly integrate hierarchical architectures, oxygen-vacancy engineering, NIR-responsive components, and tumor
microenvironment—activated functionalities to achieve intelligent, multi-stimuli cancer treatment. Despite their promise, key
translational challenges persist, particularly relating to long-term biodistribution, clearance, standardized manufacturing, and
regulatory validation. By consolidating mechanistic insights and engineering principles, this review outlines design guidelines for
the rational development of clinically viable Bi,Os-based nanoplatforms and highlights their potential to bridge diagnostic imaging
with personalized, multi-modal cancer therapy.
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1. INTRODUCTION

Cancer remains a leading cause of morbidity and
mortality worldwide despite remarkable progress in
molecular oncology, targeted agents, and
immunotherapies [1]. Conventional cancer treatments

amplify therapeutic energy deposition [7]. Among these,
bismuth-based nanomaterials stand out due to bismuth's
very high atomic number (Z=83), which confers strong X-
ray absorption for superior CT contrast and

like surgery, chemotherapy, and radiotherapy face radiosensitization, alongside a relatively favorable
significant limitations, including off-target toxicity, biocompatibility profile compared to other heavy metals
heterogeneous patient response, and poor drug [8-9].

penetration into the complex tumor microenvironment [2-
4]. To address these challenges, the paradigm of
"theranostics" has emerged, which integrates diagnostic
and therapeutic functions into a single, unified platform.
This approach aims to close the loop between tumor
visualization, treatment monitoring, and targeted therapy
for personalized care [5]. Nanomedicine is pivotal in
enabling theranostics, as engin eered nanoparticles can
exploit the Enhanced Permeability and Retention (EPR)
effect for tumor accumulation, deliver therapeutic
payloads, generate reactive oxygen species (ROS), and
provide contrast for various imaging modalities [6].
Within nanomedicine, inorganic nanomaterials with
high atomic numbers (High-Z) are particularly promising.
They simultaneously enhance imaging contrast and
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Bismuth oxide (Bi2Os) is a highly compelling form of
bismuth that adds a unique photocatalytic capability to
these inherent High-Z properties. With a band gap
suitable for visible light absorption, Bi2O3 can generate
electron-hole pairs upon photoexcitation that drive the
formation of ROS [10-11]. This photocatalytic activity can
be harnessed for cancer therapy, inducing oxidative
damage in a manner similar to photodynamic therapy.
The unique synergy of Bi2Ozslies in its ability to couple this
photocatalytic ROS generation with its High-Z functions
within a single nanoplatform [12].

Recent advances have led to sophisticated Bi2Os
nanostructures like nanorods and nanosheets,
engineered for improved theranostic performance. The
formation of heterojunctions with other semiconductors
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has been especially effective, creating platforms that
synergistically combine therapies like sonodynamics,
radiotherapy, and chemotherapy [13-14] Parallel efforts
in developing biodegradable and polymer-coated Bi2Os3

agents further highlight the focus on tailoring
pharmacokinetics and biosafety for clinical translation
[15].

Despite this progress, the literature on Bi2O3 remains
fragmented, often focusing on its environmental
applications or treating it as merely one member of the
bismuth family, thereby lacking a dedicated synthesis that
bridges its established photocatalytic chemistry with its
emerging potential in multimodal cancer theranostics
[11,16].

This review comprehensively examines bismuth oxide
(Bi2Os)-based photocatalytic nanoplatforms for cancer
theranostics. It begins by outlining the fundamental
properties of Bi2Os that are crucial for photocatalysis and
biomedical use. The discussion then covers engineering
strategies to optimize these properties for enhanced
performance. The core of the review analyzes the
mechanisms behind ROS generation, photothermal
effects, radiosensitization, and drug release, and links
these directly to their applications in diagnostic imaging
(CT, photoacoustic) and combination therapies (PDT,
PTT, radiotherapy, chemotherapy, immunotherapy).
Finally, it evaluates state-of-the-art nanoplatform designs,
addresses clinical challenges, and proposes forward-
looking principles to guide the development of clinically
impactful Bi2O3 theranostic agents.

2. RESULT AND DISCUSSION

2.1. Fundamental Properties of Bismuth Oxide

Nanomaterials

Bismuth oxide (Bi2O3) is an archetypal polymorphic
oxide, and its theranostic potential is tightly coupled to its
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phase behavior. Bulk Bi2Os exhibits at least five
crystallographic polymorphs: monoclinic a-phase stable
at room temperature; the tetragonal B-phase; the body-
centred cubic y-phase; the high-temperature cubic 6-
phase; and e-phase [17]. The temperature-dependent
phase relations of Bi2Os and the influence of thermal
history are summarized schematically in Fig. 1.

At low temperature the stable polymorph is a-Bi20s.
Upon heating, a-Bi2Os can transform to y- Bi2Os at around
600 °C, or directly to the high-temperature 8- Bi2Osin the
range 710-740 °C. The & phase represents the precursor
to melting: further heating to about 825 °C produces liquid
Bi2Os. On cooling from the melt, two crystallization paths
are possible. Rapid quenching or strong supercooling of
the liquid between 825 and 640 °C yields ©-Bi2Os,
whereas slower cooling favours direct formation of B-
Bi2O3 from the melt (slow-quench path). Once 8- Bi2Os is
formed, it can either convert reversibly to - Bi2O3z on
cooling between roughly 775 and 640 °C, or transform to
y- Bi2O3 on heating at 635-640 °C; the reverse y into &
transformation occurs during cooling from 820 down to
about 635 °C. The B modification is metastable at low
temperature and progressively converts to a- Bi2O3 on
cooling through approximately 430-640 °C, while &
produced at high temperature transforms back to a- Bi2O3
on cooling between 740 and 700 °C. Altogether, the
diagram highlights that the polymorph obtained at a given
temperature is governed not only by the equilibrium
stability fields but also by the heating/cooling direction
and the cooling rate, particularly the contrast between
rapid quenching and slow quenching from the melt [18-
19].

X-ray diffraction (XRD) analysis was employed to
identify and distinguish the polymorphic phases of Bi2O3
present in the samples. The assignment of diffraction
peaks was carried out by comparing the experimental 26
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Fig. 1 Schematic representation of the polymorphic transformations and crystal lattice structures of Bi2Os
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positions with standard reference patterns from the
International Centre for Diffraction Data (ICDD), focusing
on the most commonly reported cards for a-, -, y-, and
0-Bi20s. In particular, the monoclinic a-phase was
matched against ICDD PDF 41-1449, the tetragonal f3-
phase against PDF 27-0050, the cubic y-phase against
PDF 71-0467, and the fluorite-type cubic 6-phase against
PDF 52-1007, in accordance with previously published
reports. Characteristic reflections for each phase and
their corresponding Miller indices (hkl) are summarized in
Table 1, together with representative literature sources
that explicitly reference these ICDD cards. This
compilation was used as a guideline for phase
identification and to ensure consistent indexing of the
diffraction patterns throughout this work.

At the nanoscale, phase stability becomes highly
tunable. Polymorph engineering is critical for theranostics
nanoplatforms because different phases a vs § yield
distinct surface energies, facet exposures, and oxygen-
vacancy densities, all of which influence photocatalytic
efficiency and ROS generation profiles [27]. Thus,
polymorph engineering offers direct control to balance
light absorption, catalytic activity, and structural
robustness.

The electronic structure of Bi2Os is dominated by the
Bi* 6s? "lone-pair" electrons strongly hybridized with O 2p
orbitals in the valence band (VB) and Bi 6p states in the
conduction band (CB) [28]. This electronic arrangement
produces a moderate band gap of 2.1-2.8 eV [29].
enabling efficient absorption of visible light and thus,
photocatalysis. The combination of a moderate band gap
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and deep VB levels makes Bi2Os3 an intrinsically powerful
visible-light photocatalyst [30].

Upon photoexcitation, electron—-hole pairs are
generated [31]. The VB holes oxidize water to produce
highly reactive hydroxyl radicals (*OH), while CB
electrons reduce dissolved oxygen (0O2) to form
superoxide radicals (O2¢7), initiating a cascade of ROS
species (Fig. 2). This ROS-driven oxidative stress is
directly exploited in cancer theranostics to induce tumor-
cell apoptosis.

Photocatalytic performance is strongly phase- and
defect-dependent. Oxygen vacancies (Vo) play a dual
role, meaning they can act as electron traps that suppress
recombination or as excessive non-radiative
recombination centers. The formation of heterojunctions
(Z-scheme or S-scheme) between Bi203 and other
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Fig. 2 Schematic representation of ROS generation by Bi2O3
light activated

Table 1. Summary of characteristic X-ray diffraction (XRD) reflections used for phase identification of Bi2O3 polymorphs based on

commonly cited ICDD/PDF cards (Cu Ka, A = 1.5406 A)

Crystal system Main ICDD /

Characteristic 26 peaks (°)

Phase (space group) PDF card(s) and (hkl)' — Cu Ka Remarks References
a-Bi;O;  Monoclinic 41-1449 (also ~27.3° (120); 32.9-33.0° (200  Thermodynamically stable phase at [20-21]
(P21/c) 71-0465, 76- /=121 040); 46.3° (041); room temperature; widely reported in

1730 for similar ~ 52.1° (321); 54.6-55.5° (241/  photocatalysis and oxide ceramics.
data) —222) These reflections are routinely used
to confirm monoclinic a-Bi,Ozin
agreement with the referenced PDF
card.
B-Bi,O3;  Tetragonal 27-0050 (also ~27.9° (201); 31.7° (002); Metastable polymorph typically [22]
(P-421c) 78-1793) 32.7° (220); 46.2° (222); 46.9°  obtained at elevated temperatures or
(400); 54.2° (203); 55.5° (421);  via solution combustion / nano
57.8° (402); 74.5° (610) structuring. The peak set above is
frequently indexed to tetragonal -
Bi,O3 using PDF 27-0050 in the
literature.
y- Bi;O;  Cubic, body- 71-0467 (also ~12.2° (110); 17.3° (200); High-temperature cubic polymorph [23-24]
centred 45-1344) 27.4° (310); 30.1° (222); 41.2°  that can be stabilised in
(123) (332) nanostructures or doped systems.
The low-angle reflections at ~12.2°
and 17.3° are particularly distinctive
for y- Bi;Oz and are commonly
matched to PDF 71-0467.
0- Bi;O3  Cubic fluorite- 52-1007 ~27.8-28.0° (111); 32.3° High-temperature cubic polymorph [25-26]
type (200); 44.5-46.3° (220); 55.0°  that can be stabilised in
(Fm-3m) (311); 57.6° (222); 67.6° (400); nanostructures or doped systems.

74.6° (331); 76.9° (420)

The low-angle reflections at ~12.2°
and 17.3° are particularly distinctive
for y- Bi;O; and are commonly
matched to PDF 71-0467. studies.

"All 26 values are approximate and may vary slightly between reports due to instrumental calibration, strain, crystallite size effects, and

compositional variations (e.g., dopants).
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semiconductors (e.g., Bi2O2C0s, Bi2S3, or other Bi-oxides)
is widely explored to spatially separate electrons and
holes while retaining strong redox potential [32].
Furthermore, the high-Z Bismuth nucleus (Z=83)
efficiently absorbs X-rays, generating secondary
electrons that can also populate the CB pathways
responsible for ROS production. This feature bridges
classical photocatalysis and radiosensitization in a single
nanoplatform.

Every theranostic agent must combine strong physical
functionality with acceptable safety [33]. Bi2Os3
nanomaterials inherit the relatively low systemic toxicity
of bulk bismuth [34], exhibiting good cellular uptake and
chemical stability [35]. The material’s high density and
structural robustness support strong CT contrast, often
superior to clinical iodine agents at comparable
concentrations [36]. Biocompatibility is enhanced through
engineering: surface coatings and ligands (such as PAA
or cyclodextrins) improve colloidal stability, mitigate off-
target toxicity, and enable tumor targeting [37-38].

From a physicochemical perspective, the high density
and structural robustness of Bi2Os support strong CT
contrast, but may also predispose them to long-term
accumulation if not appropriately designed. Therefore,
“safe-by-design” frameworks emphasize controlling

particle size for renal clearance/metabolism and
systematically mapping in vivo [16,39].

Collectively, these features demonstrate Bi2Os as a
platform that can be broadly engineered across
crystallographic phase, band structure, defect chemistry,
and surface state. Table 2 summarizes these
fundamental attributes for the major Bi2O3 polymorphs
and nanostructured forms, serving as a design map for
selecting and tailoring specific Bi2Os phases to meet
distinct requirements in imaging, ROS therapy, and
radiosensitization of cancer.

2.2. Engineering and Fabrication of Bi,0Os-Based
Nanoplatform

The engineering of Bi2Os nanoplatforms for cancer
theranostics requires controlling chemistry across scales,
from solution-phase coordination and Bi redox states to
crystallization, defect formation, and interfacial assembly.
Synthetic route, precursor speciation, nucleation—growth
kinetics, and post-synthetic modifications determine
phase composition, morphology, surface chemistry, band
alignment, and defect density [43]. These structural
factors regulate essential theranostic functions, including
X-ray attenuation, charge separation, ROS generation,
drug loading/release, and in vivo behavior [44]. Table 3

outlines representative engineering strategies and their

Table 2. Representative fundamental properties of Bi2O3 polymorphs relevant to photocatalytic theragnostics

Polymorph / Crystal system

Typical stability range

Representative

form (bulk) (bulk)" band gap (eV) Key features for theragnostics References
a-Bi, O3 Monoclinic Stable at room ~2.4 eV Baseline phase; good chemical [40]
temperature; transforms to  (visible-light stability, strong oxidation ability,
© above ~730 °C active) widely used in photocatalysis and as
a building block in heterojunctions.
B-Bi>O3 Tetragonal Metastable, typically ~2.3-2.8 eV Often shows distinct morphology and [13]
obtained on cooling from (similar to or surface energetics; useful for tuning
high T or via controlled slightly higher charge separation and constructing
calcination than a) phase-junction photocatalysts.
y-Bi,O3 Body-centred Metastable; can be ~2.9 eV (phase- High symmetry and abundant defect [41]
cubic stabilized at RT in and size- sites favour visible-light absorption
nanostructures or via dependent) and can boost photocatalytic and
specific annealing ROS-generation efficiencies.
pathways
0-Bi,O3 Cubic (fluorite- Classically stable only at ~2.0 eV (strong  High oxide-ion conductivity and rich [14]
type, oxygen- high T in bulk; visible-light oxygen-vacancy chemistry; promising
deficient) nanostructuring and response) for high-activity photocatalysts and
chemical routes can defect-engineered radiosensitizers.
stabilize 6-like phases at
low T
€-Bi,O3 Ordered Accessible via Insulating, with Ordered structure with low ionic [42]
derivative hydrothermal or relatively wide conductivity; may serve as a stable
related to a/B specialized routes; gap (exact host in composite or core—shell
converts to a around value system- designs.
~400 °C dependent)
Nanostructured Phase-mixed or  Stabilized by size, doping, Typically 1.67— Morphology, vacancy engineering, [19]
Bi,O3 (various engineered and heterojunction 2.86 eV, and band-structure tuning enable
phases, formation tunable via optimized ROS generation,
doped/defective) phase, size, photothermal response, and imaging

and dopants

contrast in cancer theranostic
systems.
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Table 3. Representative engineering strategies for Bi2Os-based nanoplatforms and their structural/functional consequences
relevant to cancer theragnostics

Representative methods /

Key structural and

Implications for cancer

Engineering dimension systems electronic outcomes theragnostics References
Synthetic route and Hydrothermal / Phase-pure a/f- Bi,O3 High cristallinity enhance light [45-46]
phase/morphology control  solvothermal synthesis of with controlled crystallite absorption and charge
a-Bi;O3 nanowires, size; 1D/2D morphologies  transport; increased catalytic
nanosheets, and with high crystallinity, surface area for ROS
hierarchical nanoflakes tailored facet exposure, generation; abundant surface
from Bi®* salts; microwave-  and tunable defect for drug/ligand attachment and
assisted hydrothermal density tumour-microenvironment
formation of monoclinic interactions.
Bi,O3 nanorods
Organic-phase core—shell  One-pot thermal Ultrasmall core—shell Ultrasmall morphology resulting  [36]
engineering decomposition of Bi(NOs)s particles (=3—4 nm) with in superior CT contrast
in oleic acid/oleylamine high Bi loading, controlled  compared with iodine; potential
followed by PAA ligand Bi%Bi** ratio, and dense renal clearance; simultaneous
exchange to yield polymer corona exploitation of high-Z Bi for
ultrasmall Bi/ Bi,Os@PAA radiosensitization and Bi,Os for
NPs photocatalytic/chemodynamic
ROS generation.
Biomorphic / hierarchical Pollen-templated Ce-doped  Highly porous, High loading capacity because [47]
architectures porous Bi;Os; template- interconnected of high porosity for drugs and
based oxide replicas using  frameworks with large biomolecules; efficient diffusion
sporopollenin exine surface area, embedded of substrates (O, H,0,, GSH)
capsules dopants, and rich oxygen-  and products; enhanced photon
vacancy networks trapping and ROS production
for photodynamic /
chemodynamic therapy.
Surface functionalization PAA- or d-glucuronic acid- Hydrophilic, colloidally Improved biocompatibility and [48-49]
and ligand chemistry coated ultrasmall Bi/ BioO3 stable particles with blood circulation; reduced off-
or Bi;O3 NPs; 3- defined zeta potential; target accumulation; controlled
cyclodextrin-polymer and functional groups delivery of chemotherapeutics
PDA coatings enabling (carboxylates, catechols, and radiosensitizers; addition of
drug loading and targeting cyclodextrin cavities) for PA/PTT functionalities via PDA
PEGylation, targeting shells.
ligand conjugation, and
drug encapsulation
Doping and Ce-doped porous Bi,O3 Band-gap narrowing; Band-gap narrowing tends to [50-51]
defect/vacancy pollen photocatalysts; introduction of shallow enhance visible-light and X-
engineering La/Ce-codoped Bi,O3; Ru- donor/acceptor levels; ray—induced ROS generation at
doped oxygen-vacancy-rich  increased oxygen- lower doses; potential to
Bi,O3 synthesized by Joule  vacancy concentration; catalyse Fenton-like or
heating formation of local chemodynamic reactions in
Bi,O3/Bi,O. x nano- tumours; tunable redox
heterojunctions behaviour matched to TME
chemistry.
Binary heterojunctions B-Bi>O3/TiO, nanoflower Staggered or S-scheme Higher ROS yields under [52-54]
heterojunctions; p—n Bi,O3 band alignments with optical/ultrasonic/X-ray
/TiO photocatalysts; strong internal electric triggering; improved dose
(Bi204/Biz02.33)/TiO2 S- fields; efficient spatial efficiency in radiotherapy and
scheme composites separation of electrons sonodynamic therapy; robust
and holes; extended platforms for integrating CT/PA
spectral response imaging with PDT/RT.
Multicomponent Bi,O5—TiO, heterojunction Nanoscale heterojunction  Single-platform integration of [55]

heterojunctions in
theranostic platforms

cores encapsulated in PDA
and loaded with
doxorubicin (BTPD) for
triple-modality cancer
theranostics

enabling sonodynamic
and photocatalytic ROS
production; PDA shell
providing PA contrast and
drug-loading capacity;
DOX as
chemotherapeutic cargo

CT/PA imaging, sonodynamic
therapy, radiosensitization,
photothermal contribution, and
chemotherapy; exemplifies how
Bi»O3 engineering interfaces
directly with clinical theranostic
functions.

structure—function relationships, serving as a design map
for linking synthetic controls to theranostic performance.

Most Bi2Os nanostructures are synthesized through
bottom-up wet-chemical routes based on controlled
hydrolysis and condensation of Bi®* salts under tuned pH,
temperature, and mineralizer conditions  [56].
Hydrothermal and solvothermal methods enable precise
control of supersaturation and growth, yielding 1D/2D
morphologies such as nanowires, nanorods, and
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nanosheets with high crystallinity [57]. Single-crystalline
a-Bi2Os nanowires and nanosheets show enhanced
photocatalytic activity due to efficient charge transport
and abundant exposed active sites. Microwave-assisted
hydrothermal  synthesis  accelerates  nucleation,
producing a-Bi2O3 nanorods with narrow size distribution
[58-59]. Such anisotropic structures offer high surface
area, short carrier-diffusion paths, and strong light
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scattering, supporting improved ROS generation and
drug-conjugation capacity [60].

Organic-phase thermal decomposition is effective for
producing ultrasmall Bi-rich nanostructures for imaging.
One-pot decomposition of Bi(NO3)s in oleic
acid/oleylamine forms Bi/Bi2z03@PAA nanoparticles (~3
nm cores) with high Bi content, stability, and low
cytotoxicity [36]. These particles show superior CT
attenuation compared to iodine agents. Ultrasmall Bi2O3
nanoparticles coated with d-glucuronic acid similarly
provide strong CT contrast and good biocompatibility [48-
49]. More advanced systems use B-cyclodextrin—coated
Bi2Os nanoparticles modified with glucose and loaded
with curcumin, functioning as CT contrast agents, drug
carriers, and radiosensitizers.

Morphology-driven strategies, such as sol-gel and
hydrothermal preparation of hierarchical nanoflakes and
nanosheets, produce porous networks with high surface
area and improved visible-light photocatalytic activity
[46,48]. Biomorphic templating, exemplified by Ce-doped
Bi2Os pollen replicas, creates highly porous architectures
with distributed dopants and oxygen vacancies,
supporting enhanced ROS generation and drug-loading
capacity [47,61]. Hollow and core—shell Bi2Os3 structures
follow similar principles by providing interior voids, defect-
rich shells, and enhanced optical path length [62].

Surface functionalization is crucial for biological
translation. Carboxylated polymers such as PAA strongly
bind surface Bi%*, improving stability, zeta potential,
hydration, and reducing cytotoxicity[48]. d-Glucuronic
acid coatings also vyield hydrophilic, biocompatible
ultrasmall particles suitable for CT imaging. Advanced
ligand shells, polycyclodextrin networks or PDA coatings,
add drug-loading capacity, glucose-mediated uptake, NIR
absorption, and conjugation [48-49]. In the Bi2Os—
TiO2@PDA-DOX (BTPD) system, PDA enhances
biocompatibility, drug loading, and PA imaging, while the
Bi2O3—TiO2 core supports sonodynamic and X-ray-
induced ROS generation [55].

Doping and defect engineering tune the electronic
structure and photocatalytic behavior of Bi20sa.
Incorporating metals (Ru, Fe), rare earths (La, Ce), or
non-metals (N, S) narrows the band gap, introduces

donor/acceptor states, and enhances charge mobility [51].

Ru-doped Bi20s prepared by Joule heating shows high
oxygen-vacancy concentration and improved charge
separation, markedly enhancing photocatalytic ammonia
synthesis. Ce-doped porous Bi203 photocatalysts benefit
from Ce3*/Ce** redox cycling and higher oxygen-vacancy
density. In cancer theranostics, such doped systems are
valuable for efficient ROS generation under mild light/X-
ray doses and for driving chemodynamic reactions.
Homo- and heterojunction architectures further
suppress charge recombination and expand theranostic
functionality [63]. Bi2O3s/TiO2 heterojunctions, including -
Bi203/TiO2 nanoflowers, show improved photocatalytic
activity due to type-Il or S-scheme charge transfer. Deep-
eutectic-solvent synthesis allows regulation of Bi
oxidation state and sub-oxide content to modulate
internal electric fields. 2D/2D TiO2Bi2O3 S-scheme

Natadilandes et al.

heterostructures exhibit strong spectral response and
efficient charge separation [64].

These principles extend directly to cancer theranostics.
A Bi203-TiO2 PDA-DOX heterojunction system enables
ultrasound-triggered ROS generation, X-ray
radiosensitization, PA imaging, and chemotherapy [65].
Broad reviews highlight that engineered Bi-based
heterostructures support multimodal strategies such as
radiotherapy—chemodynamic and radio/photo-thermal
combination therapy [66]. Ultimately, band alignment,
interface quality, and defect chemistry critically dictate
ROS production, radiosensitization efficiency, and tumour
selectivity.

2.3. Photocatalytic Mechanisms In Cancer

The functional value of Bi2O3-based nanoplatforms lies
in their ability to convert incident energy such as light,
ultrasound, or X-rays into biologically damaging ROS and
heat within tumors. These effects arise from
photocatalytic and radiocatalytic pathways that include
radical generation, photothermal and sonothermal
heating, radiosensitization, and stimulus-responsive drug
release, all of which depend on Bi2O3’s band structure
and defect chemistry.

Under irradiation, Bi2Os acts as a visible-light
semiconductor in which excitation from the O:2p/Biss
valence band to the Bi6p conduction band produces
electron—hole pairs [67]. At the particle interface, holes
oxidize water to *OH while electrons reduce oxygen to
02—, leading to secondary ROS such as HO2+ and H20:.
EPR and scavenger studies identify *OH and O2+- as the
dominant species [68]. These radicals induce lipid
peroxidation, mitochondrial damage, and DNA breaks in
cancer cells; thus, Bi2O3 systems with optimized carrier
separation amplify ROS generation under low light or X-
ray doses [69].

Bi2O3 primarily supports Type | PDT, producing Oaz¢—
and *OH through electron-transfer pathways [70].
Incorporating organic chromophores enables Type |l PDT,
as in Bi-TCPP MOFs that generate 102 and trigger
immunogenic cell death [71]. In hypoxic tumors, doped or
heterojunction Bi2Os platforms can favour Type | routes
that remain effective despite low O: levels [72].

thermoelastic expansion
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LUMINESCENCE

» Bi,O;  mesmms) TRANSMITTED LIGHT

e
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Fig. 3 Schematic representation of ultrasound generation
(photoacoustic  effect) and heat  production
(photothermal effect) induced by NIR-activated Bi2O3[74]
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Photothermal mechanisms arise from metallic Bi
domains, Bi2Os-x defects, or Bi chalcogenides, which
absorb NIR light and convert it to heat. Bi/Bi2Os core—shell
structures show plasmon-like heating and can reach mild
hyperthermia under NIR light [73]. Ultrasound also
induces heating via acoustic absorption and cavitation,
enhanced by oxygen vacancies or metallic components.
Hyperthermia  improves  oxygenation, increases
membrane permeability, accelerates radical chemistry,
and sensitizes cancer cells (Fig. 3) [74]. Therefore,
systems combining ROS generation with photo- and
sono-thermal heating exploit strong synergy, where heat
enhances susceptibility while ROS delivers cytotoxicity.

The radiosensitizing behaviour of Bi2Os anoplatforms
arises from the high atomic number of Bi (Z = 83), which
enhances photoelectric absorption and secondary-
electron production, increasing local ionization and
radiolysis yields [75]. This dose amplification improves
ROS formation (*OH, e~aq) and intensifies DNA and lipid
damage. Early studies confirmed effective
radiosensitization by Bi2Os nanoparticles under X-ray
exposure, with later designs incorporating
heterostructures such as BP/ Bi203 hybrids that combine
enhanced X-ray absorption, ROS generation, and
photothermal contributions. Bi-based RT-CDT systems
also use Bi cores to catalyse H202 decomposition into
*OH, linking radiation dose to catalytic ROS production
[76]

Bi2Os enabled photocatalysis and radiothermal effects
further support stimulus-responsive drug release. ROS-
cleavable linkers, thermosensitive matrices, and partial
photocorrosion facilitate controlled payload liberation at
irradiated tumour sites [77]. Practical examples include (3-
cyclodextrin—Bi2O3 nanocarriers for curcumin and Bi2Os—
TiO2@PDA-DOX platforms for combined chemotherapy,
sonodynamic therapy, and radiotherapy. Bi-MOFs such
as Bi-TCPP also integrate CT/RT enhancement with PDT
and immunomodulation [78].

RN

Bismuth-based nanoplatforms increasingly exploit
tumour microenvironment (TME) features such as
hypoxia, high H202, and elevated GSH [79]. Bi-containing
clusters and bismuth oxyhalides generate ROS, deplete
GSH, and modulate oxygen balance under radiation or
ultrasound. Based on RT-CDT insights, Bi2O3 doped with
Fe, Cu, or Mn may further catalyse Fenton-like reactions
and strengthen multimodal ROS-based therapies [80].

2.4. Theranostic Applications

Theranostic applications of Bi2Os arise from the
coupling of its high atomic number (Z=83) for X-ray
attenuation, semiconducting properties, and rich surface
chemistry with the pathophysiology of solid tumors. A
single Bi2Os construct can simultaneously act as a
contrast agent for imaging, a photocatalyst for generating
reactive oxygen species (ROS) or heat, and a nanocarrier
for drugs, enabling integrated "see-and-treat" workflows

[81]. Fig. 4 represents several Bi203-based
nanoplatforms for cancer theranostics.
2.4.1. Diagnostic applications

X-ray CT imaging. Bismuth's high mass attenuation
coefficient makes Bi2O3 an excellent CT contrast agent,
outperforming iodine at lower doses. In hybrid probes like
SPI0/ Bi2O3/GQDs, the Bi2Os domain provides strong CT
contrast. This visibility is used to verify tumor targeting,
map radiation dose distribution, and monitor therapy
response. For example, CT imaging confirmed the tumor
accumulation of B-cyclodextrin-modified Bi203
nanoparticles loaded with curcumin, guiding effective
chemo-radiotherapy [82].

Photoacoustic Imaging. While pure Bi2O3 has modest
near-infrared  (NIR) absorption,  oxygen-deficient
Bi/Bi2Os-x heterostructures exhibit strong plasmonic NIR
absorption, enabling deep-tissue photoacoustic (PA)
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Fig. 4 Bi2Os-based nanoplatforms for cancer theranostics [82]
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imaging. These nanoparticles allow for visualizing
intratumoral distribution and monitoring photothermal
therapy (PTT) in real-time. Similarly, Bi203-TiO2
nanocages coated with polydopamine (PDA) provide
robust PA signals for guiding sonodynamic therapy [83].

Multimodal Imaging. A key strength of Bi2Os is its
compatibility with multimodal imaging. Constructs like
SPIO/ Bi2Os/GQDs offer CT, MRI, and fluorescence
imaging in a single platform. The Bi203-TiO2-PDA-DOX
(BTPD) heterojunction is a prototypical triple-modality
agent, providing CT (from Bi), PA (from PDA), and
fluorescence (from DOX) for comprehensive image-
guided therapy [84].

2.4.2. Therapeutic applications

Photodynamic and Sonodynamic Therapy. Bi2Os-
based heterostructures can generate ROS under various
stimuli. In Bi203-TiO2 nanoparticles, band alignment
facilitates efficient charge separation under ultrasound,
boosting ROS production for sonodynamic therapy (SDT)
[85]. Bi2Os has also been conjugated with classic
photosensitizers like 5-aminolevulinic acid (5-ALA) for
conventional photodynamic therapy (PDT). Furthermore,
its high-Z nature allows it to act as a radiosensitizer for X-

ray-induced PDT (X-PDT), enabling deep-tissue
treatment.
Photothermal  Therapy. Plasmonic  Bi/Bi2Os-x

nanoparticles show broad NIR absorption and efficient
photothermal conversion. Under NIR laser irradiation,
these platforms can raise intratumoral temperatures to
42-45 °C, achieving significant tumor ablation, especially
when combined with radiotherapy [86].

Radiotherapy Enhancement. Bi2Os is a potent
radiosensitizer. Proof-of-concept studies demonstrated
that Bi203 nanoparticles sensitize radioresistant cells to
X-rays, and subsequent work optimized nanorod
geometry for enhanced cell killing [87]. In platforms like
BTPD, Bi2Os enhances physical dose deposition and
contributes to ROS generation, creating powerful
combination therapies [88].

Drug Delivery and Immunotherapy. Bi20O3's high
surface area allows for efficient drug loading. Chitosan-
decorated Bi2Os nanoparticles co-delivering curcumin
and 5-ALA enable combined chemo-PDT-RT [86].
Furthermore, the ROS and heat generated by Bi2Os
platforms can induce immunogenic cell death (ICD),
priming the immune system. When combined with
checkpoint inhibitors, these systems can convert "cold"
tumors into "hot," immunologically active ones [89].

2.5. Recent Advances in Nanoplatform Design
2.5.1.

To overcome Bi20O3's fast electron-hole recombination,
heterojunctions with semiconductors like TiO2 are
constructed. These structures promote charge separation,
enhancing ROS yields under clinical stimuli. The BTPD
platform is a prime example, integrating sonodynamic
therapy, radiotherapy, and chemotherapy [69].

Bandgap-engineered heterostructures
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Introducing oxygen vacancies into Bi2Os; creates
defect levels that broaden light absorption and act as
electron traps, boosting photocatalytic and photothermal
efficiency. Sulfur-doped Bi203 with abundant VO shows
enhanced ROS production and glutathione depletion, a
strategy directly applicable to modulating the tumor
microenvironment [90].

2.5.3.

Oxygen-vacancy engineering

Smart and stimuli-responsive systems

Bi2Os platforms are being engineered to respond to
tumor-specific cues like acidic pH, high glutathione (GSH),
and elevated H202. For instance, B-cyclodextrin-coated
Bi2Os nanoparticles loaded with curcumin leverage
glucose for targeting and release their payload in
response to the tumor's redox environment, ensuring
specific activation at the disease site [91].

2.6. Clinical Prospects and Challenges

The rapid evolution of Bi2Os nanoplatforms makes
them compelling candidates for next-generation CT
contrast agents and theranostic tools, combining high X-
ray attenuation, tunable properties, and a historically
favorable biocompatibility profile . Preclinical studies
confirm they provide strong CT contrast at lower doses
than iodinated agents, and small-molecule Bi-chelates
offer a safer, more controllable alternative, building
regulatory familiarity.

However, nanoscale safety is complex. "Safe-by-
design" analyses emphasize that uncontrolled size,
surface chemistry, and crystallinity can lead to long
circulation times, RES accumulation, and slow
biodegradation, raising concerns about chronic toxicity
[92]. A key clinical advantage is their inherent
compatibility with existing CT and radiotherapy
infrastructure, requiring no hardware modifications. BizO3
platforms align with precision oncology, enabling
molecular targeting and responsiveness to the tumor
microenvironment (e.g., hypoxia, pH) [36]. For clinical
translation, rigorous control of physicochemical
properties, GMP synthesis, and comprehensive long-
term toxicity studies are non-negotiable. The most
realistic path to the clinic is the stepwise evolution of
simplified, well-defined systems that demonstrate clear
benefit over existing agents, rather than highly complex
constructs [76]. Table 4 summarized the Advantages and
disadvantages of Bi2O3 as a cancer theragnostic agent.

3. CONCLUSION

Bismuth oxide (Bi20O3) nanoplatforms are advanced
theranostic agents that combine high-contrast CT
imaging with multimodal cancer therapies, including
enhanced radiotherapy and photocatalytic treatments like
PDT and PTT. Their functionality can be finely tuned by
engineering their polymorphs, defects, and
heterojunctions. However, their path to the clinic is
hindered by significant challenges in long-term biosafety,
biodegradation, and regulatory standardization. For
successful translation, a "safe-by-design" approach is
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Table 4. Advantages and disadvantages of Bi2Oz as a cancer theragnostic agent

Aspect

Advantages of Bi,O3

Disadvantages / Challenges of Bi,Os

Atomic number and
radiodensity

Photocatalytic and
ROS-generating
properties

Multimodal theranostic
integration

Chemical versatility
and structural tunability

Biocompatibility
compared with other
heavy metals

Tumor
microenvironment
modulation

Compatibility with
existing clinical

Very high atomic number (Z = 83) enables strong
X-ray attenuation and excellent CT contrast;
efficient radiosensitization through enhanced
photoelectric and Compton interactions at clinical
energies.

Visible-light—active semiconductor with tunable
bandgap enabling photocatalytic ROS generation
for photodynamic-/sonodynamic-like therapy and
chemodynamic enhancement.

Single platform can combine CT imaging,
radiotherapy enhancement, photocatalysis
(PDT/SDT), photothermal effects (with suitable
composites), and drug delivery for truly multimodal
theragnostics.

Multiple polymorphs, morphologies (nanorods,
nanosheets, hollow/porous structures) and
heterostructures (with TiO,, BiOCI, Bi,S,, carbon,
etc.) allow fine-tuning of optical, electronic, and
catalytic properties.

Bismuth is generally less toxic than many other
high-Z metals; bismuth compounds are already
used clinically (e.g., in gastrointestinal medications),
supporting a favorable baseline biocompatibility.

With appropriate defect and compositional
engineering, Bi,Oz-based platforms can act as
nanozymes and catalytic centers (e.g., for RT—
CDT), amplifying ROS within the tumor and
depleting antioxidants such as GSH.

Readily integrates with standard CT and
radiotherapy hardware; can be combined with

High-Z nature raises concerns about long-term retention and
cumulative dose if particles are not efficiently cleared;
careful dose optimization and biodistribution control are
required.

Intrinsic electron—hole recombination and limited NIR
absorption necessitate bandgap/defect engineering or
heterojunction design; uncontrolled ROS may damage
healthy tissues if targeting and activation are not tightly
regulated.

Increasing structural and compositional complexity
complicates manufacturing, quality control, regulatory
evaluation, and mechanistic attribution in vivo.

Extensive design space makes it difficult to standardize
“lead” formulations; small synthetic variations can
significantly alter biodistribution, stability, and safety profiles.

Nanoparticulate Bi,O3 may show different toxicity,
immunogenicity, and long-term accumulation behavior than
molecular bismuth drugs; chronic toxicity, immunotoxicity,
and excretion must be rigorously characterized.

Strong catalytic activity can exacerbate off-target oxidative
stress if particles distribute to non-tumor tissues; TME
heterogeneity may cause highly variable responses between
patients and tumor sites.

Clinical implementation still requires new protocols,
treatment planning algorithms, and standardized dosing

infrastructure widely available NIR lasers and ultrasound devices schemes; training and workflow integration are non-trivial.
for image-guided multimodal therapy.
critical, focusing on simplified, mechanism-driven manuscript editing. LPH and SA provided supervision,

platforms that integrate seamlessly with existing clinical
infrastructure to enable precise and personalized cancer

treatment.
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