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ABSTRACT

Bismuth vanadate (BiVO₄) nanoparticles have recently emerged as promising multifunctional materials in bio-
medical applications due to their excellent optical properties, chemical stability, and biocompatibility. This re-
view systematically summarizes current advancements in the synthesis methods, properties, and biomedical 
applications of BiVO₄ nanoparticles, emphasizing their use in bioimaging, photodynamic therapy, antibacterial 
treatments, and cancer therapeutics. Furthermore, critical challenges and future perspectives are discussed to 
advance their clinical translation.

Keywords: Bismuth Vanadate; Nanoparticles; Biomedical Applications; Bioimaging; Photodynamic Therapy; 
Antibacterial; Cancer Therapy

Abbreviations: CT: Computed Tomography; TEM: Transmission Electron Microscopy; SEM: Scanning Electron 
Microscopy; XRD: X-ray Diffraction; FTIR: Fourier Transform Infrared Spectroscopy; UV-VIS: UV-Visible Spec-
troscopy; DLS: Dynamic Light Scattering; TGA: Thermogravimetric Analysis; PDT: Photodynamic Therapy; PTT: 
Photothermal Therapy; EPR: Enhanced Permeability and Retention

ARTICLE INFO

Received:   June 19, 2025
Published:   June 24, 2025

Citation: Ihsan Ullah, Mustafa Kamal, 
Habib unnabi, Adnan Khan, Sayyad 
Fayaz Ahmad Shah, Hangqing Huang, 
Subhan Ali, Muhammad Ghayoor, 
Misbah Gul and Ajmal Shah. Biomed-
ical Applications of Bismuth Vanadate 
Nanoparticles: A Review. Biomed J 
Sci & Tech Res 62(3)-2025. BJSTR. 
MS.ID.009743.

Introduction
Nanotechnology, characterized by the manipulation and applica-

tion of materials at nanoscale dimensions (approximately 1–100 nm), 
has significantly influenced the advancement of biomedical sciences 
over the past two decades. At this scale, materials often exhibit ex-
ceptional physical, chemical, electronic, optical, and biological prop-
erties distinct from their bulk counterparts. This paradigm shift has 
empowered scientists and clinicians to develop innovative diagnos-
tic techniques, advanced therapeutic strategies, and multifunctional 
materials for personalized medicine. Nanoparticles, due to their high 
surface-area-to-volume ratio, tunable morphology, and capability for 
surface functionalization, offer enhanced interactions with biologi-
cal systems, rendering them invaluable tools for biomedical applica-

tions [1]. Among emerging nanomaterials, bismuth vanadate (BiVO₄) 
nanoparticles have garnered considerable interest, primarily due to 
their unique physicochemical attributes such as excellent photocat-
alytic efficiency, superior photostability, favorable biocompatibility, 
and low toxicity. Structurally, BiVO₄ nanoparticles commonly crystal-
lize into scheelite or monoclinic phases, which influence their optical 
absorption capabilities, extending well into the visible spectrum. 

This intrinsic ability to absorb visible light efficiently enables ap-
plications not only in photocatalysis and environmental remediation 
but increasingly within biomedical contexts, especially in bioimag-
ing, drug delivery systems, photothermal therapy, and photodynam-
ic therapy [2]. The biomedical significance of BiVO₄ nanoparticles is 
further highlighted by their multifunctional capacities—specifically 
their dual diagnostic and therapeutic (“theranostic”) potential. The 
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promising biocompatibility, stability, ease of surface modification, 
and controllable morphology make BiVO₄ nanoparticles appealing 
candidates for theranostics [3]. Their enhanced photostability and 
photo-induced reactive oxygen species generation capabilities are 
particularly valuable for photodynamic therapies targeting cancerous 
tissues, while their inherent heavy-metal components enable appli-
cations in contrast-enhanced imaging techniques such as computed 
tomography (CT) and X-ray imaging. Despite these remarkable advan-
tages, comprehensive biomedical adoption of BiVO₄ nanoparticles is 
still in nascent stages [4]. There remain numerous critical challenges, 
such as standardized and scalable synthesis protocols, thorough cy-
totoxicity evaluations, long-term biocompatibility assessments, de-
tailed understanding of bio-nano interactions, pharmacokinetics, and 

precise targeting mechanisms. Addressing these challenges is pivotal 
for the seamless translation of BiVO₄ nanoparticles from laboratory 
settings into clinical practice [5].

The present review systematically explores the biomedical po-
tentials of BiVO₄ nanoparticles, synthesizing existing knowledge from 
recent literature. The article elaborates on their physicochemical 
properties, synthesis methodologies, surface functionalization strat-
egies, specific biomedical applications, safety concerns, and regula-
tory considerations [6-10]. Ultimately, this comprehensive analysis 
aims to underscore current advancements, elucidate potential appli-
cations, identify critical research gaps, and pave the way for future 
clinical translation of BiVO₄ nanoparticles in personalized healthcare 
paradigms [11-13] (Table 1). 

Table 1: Summary of recent developments in biomedical applications of bismuth vanadate (BiVO₄) nanoparticles.

Synthesis Method Surface Functionaliza-
tion

Biomedical Appli-
cation Functional Role Key Outcomes References

Hydrothermal Polyethylene glycol 
(PEG)

Photothermal 
therapy

Light-to-heat con-
version agent

High photothermal efficiency; effective 
tumor ablation in vitro and in vivo [6]

Sol–gel Folic acid conjugation Targeted drug 
delivery

Ligand-targeted 
delivery of anti-

cancer drugs

Enhanced uptake by cancer cells; reduced 
off-target toxicity [7]

Co-precipitation None CT imaging Contrast enhance-
ment

Strong X-ray attenuation; clear anatomical 
visualization [8]

Microwave-assisted Graphene oxide hybrid-
ization

Photoacoustic 
imaging

Acoustic signal 
amplifier

Enhanced imaging depth and resolution 
in biological tissues [9]

Green synthesis 
(plant extract) Chitosan coating Antibacterial appli-

cations

Membrane dis-
ruption and ROS 

generation

Broad-spectrum antibacterial activity; 
biocompatibility confirmed [10]

Electrospinning PVA blending Wound healing 
scaffolds

Structural sup-
port and antibac-

terial activity

Accelerated wound closure; reduced 
bacterial load [11]

Sonochemical BSA stabilization Drug delivery and 
imaging

Dual-mode deliv-
ery and imaging 

carrier

Stable dispersion; improved biodistribu-
tion [12]

Thermal decompo-
sition Dextran coating MRI contrast en-

hancement

Magnetic res-
onance signal 

booster

Improved contrast in T1-weighted imag-
ing sequences [13]

Synthesis and Characterization of Bismuth Vanadate 
Nanoparticles 

Bismuth vanadate (BiVO₄) nanoparticles have emerged as prom-
ising biomedical nanomaterials due to their distinct physicochemical 
attributes. However, their effective biomedical application strongly 
depends on precisely controlled synthesis and rigorous characteri-
zation to ensure reproducible properties and high biocompatibility 
[14].

Chemical Synthesis Methods

BiVO₄ nanoparticles can be synthesized by various chemical 
methods, among which sol-gel, hydrothermal, and microwave-assist-

ed methods are the most frequently employed. Each method presents 
unique advantages, influencing particle size, morphology, purity, and 
structural characteristics.

Sol-Gel Method: The sol-gel synthesis is a popular, versatile, and 
widely used chemical method due to its simplicity and excellent con-
trol over the size and morphology of nanoparticles [15]. Typically, 
soluble precursors such as bismuth nitrate (Bi(NO₃)₃) and ammoni-
um metavanadate (NH₄VO₃) are dissolved separately in appropriate 
solvents (often water, ethanol, or ethylene glycol). Upon mixing, hy-
drolysis and condensation reactions occur, leading to the formation of 
a homogeneous sol. Subsequent aging of this sol promotes gelation, 
creating a three-dimensional porous network. Finally, controlled cal-
cination at elevated temperatures (300–600 °C) induces crystalliza-
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tion and removes organic contaminants, yielding highly crystalline 
BiVO₄ nanoparticles. Advantages include uniform particle distribu-
tion, tunable porosity, and adjustable surface chemistry, essential for 
biological applications [16].

Hydrothermal Method: The hydrothermal synthesis technique 
involves crystallization of nanoparticles at elevated temperatures 
(typically 120–250 °C) under high-pressure conditions within a 
sealed autoclave. This method effectively controls crystallinity, parti-
cle size, shape, and phase purity by adjusting parameters such as tem-
perature, reaction duration, precursor concentration, solvent compo-
sition, and pH of the reaction mixture [17]. Hydrothermal synthesis is 
particularly advantageous in producing nanoparticles with uniform 
size and shape (e.g., spheres, rods, sheets) and enhanced crystallin-
ity. Notably, this method is frequently preferred when well-defined 
crystal phases (monoclinic or scheelite tetragonal) are required, im-

pacting optical and catalytic properties essential for biomedical appli-
cations, including theranostic and imaging agents [18].

Microwave-Assisted Method: Microwave-assisted synthesis 
has gained attention for its efficiency, rapid processing time, uni-
form heating, and low energy consumption. In this approach, BiVO₄ 
nanoparticles are formed by irradiating a precursor solution contain-
ing Bi(NO₃)₃ and NH₄VO₃ or other suitable salts using microwave en-
ergy [19]. Rapid and localized heating due to microwave irradiation 
accelerates nucleation and crystallization, resulting in nanoparticles 
with smaller sizes, uniform morphology, fewer defects, and higher 
phase purity compared to conventional heating methods. Additional-
ly, microwave synthesis can significantly reduce reaction times from 
hours to minutes, enabling scalable and cost-effective manufacturing 
for biomedical purposes [20] (Figure 1).

Figure 1.

Physical and Chemical Characterization Techniques

The precise physicochemical characterization of synthesized 
BiVO₄ nanoparticles is crucial to confirm their structural, optical, and 
surface properties, ensuring their suitability and consistency for bio-
medical use. A comprehensive set of analytical techniques is routinely 
employed to thoroughly understand nanoparticle characteristics.

Transmission Electron Microscopy (TEM): TEM provides de-
tailed nanoscale information on particle size, shape, crystallinity, 
morphology, and agglomeration state. TEM imaging can precise-
ly measure particle size distributions and crystal lattice structures, 
essential in correlating nanoparticle features with their biomedical 
performance, especially interactions at the cellular level and biodis-
tribution profiles [21].

Scanning Electron Microscopy (SEM): SEM complements TEM 
by offering high-resolution topographic and morphological surface 
characterization. It helps visualize particle uniformity, aggregation 
tendencies, surface texture, and overall distribution. SEM data is crit-
ical to understanding the nanoparticle’s stability, surface roughness, 
and suitability for biomedical applications, especially drug delivery 
and therapeutic coatings [22].

X-ray Diffraction (XRD): XRD is a fundamental technique for de-
termining crystal structure, phase purity, crystallite size, and lattice 
parameters of BiVO₄ nanoparticles. XRD helps distinguish different 
polymorphs (monoclinic, tetragonal, scheelite), each exhibiting dis-
tinct optical and photocatalytic properties, thereby guiding optimal 
synthesis routes for targeted biomedical functions [23].
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Fourier Transform Infrared Spectroscopy (FTIR): FTIR 
spectroscopy provides insight into chemical bonding, functional 
groups, surface modification, and potential impurities in synthesized 
nanoparticles. It confirms the presence of characteristic Bi–O and 
V–O bonds, verifies successful synthesis, identifies residual organic 
groups, and guides effective surface functionalization, crucial for en-
hancing biocompatibility and ensuring nanoparticle stability in bio-
logical environments [24].

UV-Visible Spectroscopy (UV-Vis): UV-Vis spectroscopy char-
acterizes the optical properties, including absorption bands, optical 
band gap energies, and photocatalytic capabilities. The band gap 
energy, typically between 2.4–2.7 eV for BiVO₄, directly relates to 
visible-light absorption efficiency, influencing phototherapy effec-
tiveness (photothermal and photodynamic therapies) and diagnostic 
imaging capabilities [25].

Dynamic Light Scattering (DLS) and Zeta Potential Analysis: 
Dynamic light scattering is essential for measuring nanoparticle hy-
drodynamic size distribution in suspension, critical for assessing col-
loidal stability and particle behavior in biological fluids. Zeta potential 
measurements determine surface charge, which affects nanoparticle 
dispersion stability, cellular uptake efficiency, and interaction with 
biomolecules, essential in therapeutic and diagnostic applications 
[26].

Raman Spectroscopy: Raman spectroscopy provides comple-
mentary structural information through vibrational modes, particu-
larly valuable for confirming crystal structures, detecting defects, and 
ensuring phase purity. Such information helps optimize optical and 
photocatalytic properties for targeted biomedical use [27].

Thermogravimetric Analysis (TGA): TGA evaluates nanoparti-
cle thermal stability and surface functionalization efficiency by mon-
itoring weight changes during controlled heating. This is particularly 
useful in confirming the successful attachment of biological or thera-
peutic molecules to the nanoparticle surface, which is critical for bio-
medical efficacy [28].

Biomedical Applications
Bioimaging

Medical imaging technologies have significantly advanced di-
agnostics, therapy monitoring, and understanding biological mech-
anisms at the cellular and molecular scales. Traditional imaging 
agents, such as organic dyes and quantum dots, frequently suffer from 
limitations including poor photostability, cytotoxicity, limited pene-
tration depth, and rapid photobleaching, constraining their clinical 
utility [29]. Recent progress in nanoparticle-based technologies has 
paved the way for multifunctional imaging probes. Bismuth vanadate 
(BiVO₄) nanoparticles, in particular, exhibit exceptional promise for 
bioimaging applications due to their unique optical properties, high 
biocompatibility, and versatile imaging functionalities [2]. BiVO₄ 

nanoparticles demonstrate remarkable optical attributes due to their 
narrow band gap (approximately 2.4–2.7 eV), facilitating strong ab-
sorption in the visible to near-infrared (NIR) range. This efficient 
optical absorption allows deeper tissue penetration and enhanced 
contrast in imaging biological tissues compared to traditional agents. 
Moreover, these nanoparticles exhibit superior photostability, which 
is crucial for maintaining imaging signal quality over extended peri-
ods. Such optical robustness ensures reliable and accurate imaging 
results, making BiVO₄ nanoparticles suitable for long-term monitor-
ing of disease progression and therapeutic outcomes [30]. Fluores-
cence imaging is widely utilized in biomedical research for real-time 
visualization of biological processes owing to its high sensitivity and 
spatial resolution. 

BiVO₄ nanoparticles either exhibit intrinsic fluorescence or can be 
easily conjugated with fluorescent dyes or molecules, providing clear 
visualization and precise tracking of cellular events, tumor tissues, 
or biomarkers. The nanoparticles can be further functionalized with 
targeting ligands such as antibodies, peptides, or aptamers, enabling 
specific imaging of pathological sites including tumors and inflamma-
tory tissues [31]. Photoacoustic imaging, an innovative imaging mo-
dality combining optical excitation and ultrasonic detection, provides 
superior deep-tissue imaging capabilities compared to conventional 
fluorescence techniques. BiVO₄ nanoparticles are particularly effec-
tive in photoacoustic imaging due to their strong optical absorption 
and high photothermal conversion efficiency. Upon pulsed-laser exci-
tation, absorbed optical energy generates acoustic waves detectable 
as high-resolution images. The intrinsic heavy-metal component, 
bismuth, significantly enhances image contrast, thereby improving 
the sensitivity and resolution of deep-tissue and tumor imaging [32]. 
Compared to conventional imaging agents, BiVO₄ nanoparticles offer 
numerous advantages, including enhanced biocompatibility, reduced 
cytotoxicity, and outstanding photostability. Unlike heavy-metal-
based quantum dots, which are typically toxic (e.g., cadmium-based 
nanoparticles), BiVO₄ nanoparticles exhibit low toxicity, promoting 
safer clinical translation. 

Additionally, their robust photostability circumvents rapid pho-
tobleaching issues characteristic of traditional fluorescent dyes, en-
abling continuous imaging over extended periods [33]. A distinctive 
advantage of BiVO₄ nanoparticles is their multimodal imaging poten-
tial. Due to their heavy-metal bismuth composition, they can simul-
taneously serve as agents for fluorescence, photoacoustic imaging, 
computed tomography (CT), and X-ray imaging, allowing integrated 
diagnostic approaches. Furthermore, their surface can be easily mod-
ified with various targeting molecules, therapeutic drugs, or func-
tional imaging labels, enhancing their precision and efficacy in ther-
anostic (therapeutic and diagnostic) applications [34]. Despite their 
impressive bioimaging potential, translating BiVO₄ nanoparticles to 
clinical settings involves addressing several challenges, such as com-
prehensive long-term biocompatibility studies, pharmacokinetics, 
standardized synthesis protocols, and regulatory considerations. Fur-

https://dx.doi.org/10.26717/BJSTR.2025.62.009743


Copyright@ :    Hangqing Huang | Biomed J Sci & Tech Res |   BJSTR.MS.ID.009743. 54610

Volume 62- Issue 3 DOI: 10.26717/BJSTR.2025.62.009743

ther research is required to explore targeted functionalization strate-
gies, optimize nanoparticle size and morphology, and deepen under-
standing of biological interactions. Integration of advanced imaging 
modalities with therapeutic capabilities, particularly in theranostics, 
represents an exciting future direction, potentially revolutionizing 
personalized medicine and diagnostic accuracy.

Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) has emerged as a promising mini-
mally invasive therapeutic approach, particularly effective for cancer 
treatment and microbial infections. It utilizes photosensitizing agents 
activated by specific wavelengths of light to generate cytotoxic reac-
tive oxygen species (ROS), including singlet oxygen (^1O₂), hydroxyl 
radicals (•OH), and superoxide ions (O₂⁻•). These ROS subsequently 
induce oxidative damage to cellular components, such as proteins, 
lipids, and DNA, ultimately triggering cell apoptosis or necrosis. Re-
cent research highlights the potential of bismuth vanadate (BiVO₄) 
nanoparticles as innovative photosensitizing agents due to their in-
trinsic photocatalytic properties and effective ROS generation capa-
bilities under visible-light irradiation [35]. BiVO₄ nanoparticles act as 
efficient photosensitizers primarily because of their narrow band gap 
(around 2.4–2.7 eV), enabling strong visible-light absorption. Upon 
exposure to suitable irradiation, electron-hole pairs are generated, 
promoting electron transfer reactions with molecular oxygen or wa-
ter molecules in the surrounding medium to produce highly reactive 
oxygen species. The photocatalytic mechanism involves valence band 
holes (h⁺) and conduction band electrons (e⁻), which effectively ox-
idize water or biomolecules, leading to the sustained production of 
cytotoxic ROS. 

The high stability, excellent photostability, and effective elec-
tron-hole separation efficiency of BiVO₄ nanoparticles substantially 
enhance the PDT efficacy compared to traditional organic photosen-
sitizers, which often suffer from rapid photobleaching, poor aqueous 
solubility, and reduced ROS production [36].

The phototoxicity of BiVO₄ nanoparticles can be further enhanced 
through strategic modifications such as doping, surface functional-
ization, and the formation of hybrid composites. Metal or non-met-
al doping (e.g., doping with lanthanides, silver, or carbon elements) 
optimizes band-gap energies, promotes charge separation efficiency, 
and thus significantly amplifies ROS generation. Similarly, surface 
functionalization with targeting ligands, antibodies, peptides, or oth-
er therapeutic molecules ensures selective accumulation at disease 
sites, enabling targeted PDT with reduced off-target toxicity. Addi-
tionally, combining BiVO₄ nanoparticles with other photosensitizers 
or nanomaterials (e.g., graphene oxide, gold nanoparticles, or carbon 
dots) creates synergistic effects, greatly improving their therapeutic 
efficiency and expanding their application potential [37]. Numerous 
in vitro and in vivo studies have demonstrated the promising potential 
of BiVO₄ nanoparticles in PDT. In vitro studies using various cancer 
cell lines, such as breast, lung, liver, and cervical cancer cells, consis-

tently show significant phototoxic effects upon irradiation with visi-
ble or near-infrared light, characterized by enhanced apoptosis and 
reduced cellular viability.

These studies highlight the dose-dependent cytotoxicity of BiVO₄ 
nanoparticles, emphasizing the importance of optimizing nanopar-
ticle concentration, exposure time, and irradiation conditions. Fur-
thermore, in vivo investigations, primarily conducted using mouse 
xenograft tumor models, revealed remarkable tumor regression, de-
creased tumor growth rates, and enhanced survival rates following 
PDT with BiVO₄ nanoparticles. These studies underscore not only the 
therapeutic effectiveness but also the nanoparticles’ favorable bio-
compatibility, minimal systemic toxicity, and reduced adverse side ef-
fects, underscoring their clinical potential [38]. Despite these encour-
aging findings, the clinical translation of BiVO₄ nanoparticle-based 
PDT requires addressing critical challenges, including comprehensive 
safety evaluations, precise control of dosage and irradiation param-
eters, long-term biodistribution studies, and regulatory approvals. 
Future research should focus on optimizing synthesis strategies, im-
proving specificity and targeted delivery, and exploring combination-
al therapies integrating PDT with chemotherapy, immunotherapy, or 
photothermal therapy. Addressing these considerations will signifi-
cantly enhance the effectiveness and clinical acceptance of BiVO₄-
based photodynamic therapies.

Antibacterial Applications

The emergence and spread of antibiotic-resistant bacteria present 
significant challenges to global public health, underscoring the urgent 
need for novel antimicrobial agents. Nanomaterials have attracted 
considerable attention in this regard due to their unique antibacte-
rial mechanisms, which differ fundamentally from conventional an-
tibiotics. Among emerging nanomaterials, Bismuth Vanadate (BiVO₄) 
nanoparticles have demonstrated notable antibacterial properties 
attributed primarily to their robust photocatalytic activity and effec-
tive generation of reactive oxygen species (ROS) [39]. The antibacte-
rial mechanisms of BiVO₄ nanoparticles involve multiple pathways, 
primarily through the photocatalytic generation of reactive oxygen 
species, including hydroxyl radicals (•OH), superoxide ions (O₂⁻•), 
and singlet oxygen (^1O₂), upon visible-light irradiation. These ROS 
exhibit strong oxidative potentials capable of disrupting bacterial cell 
membranes, oxidizing essential biomolecules such as DNA, proteins, 
and lipids, and ultimately inducing bacterial cell death. Additionally, 
BiVO₄ nanoparticles may cause physical disruptions to bacterial cells 
due to their nanoscale size and surface interactions, facilitating en-
hanced uptake and intracellular damage, further amplifying their an-
tibacterial effects [40].

BiVO₄ nanoparticles exhibit considerable efficacy against various 
pathogenic bacteria, including drug-resistant strains such as Methi-
cillin-resistant Staphylococcus aureus (MRSA), multidrug-resistant 
(MDR) Escherichia coli, and Pseudomonas aeruginosa. In vitro studies 
have demonstrated significant reductions in bacterial viability under 
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visible or near-infrared light irradiation, illustrating their potential as 
an alternative or adjunctive approach to traditional antibiotics. These 
studies highlight not only the broad-spectrum antibacterial activity 
but also the ability to mitigate the rapid development of bacterial re-
sistance due to the multi-target oxidative stress mechanisms involved 
[41]. Furthermore, BiVO₄ nanoparticles show promising potential in 
wound healing applications. Chronic and infected wounds, particular-
ly those complicated by antibiotic-resistant bacteria, represent signif-
icant clinical challenges. BiVO₄ nanoparticles have been explored as 
topical antibacterial agents in wound dressings or as part of bioactive 
nanocomposite materials. Their capacity to generate ROS effective-
ly under light irradiation can reduce bacterial load, suppress biofilm 
formation, and prevent infections, thereby accelerating wound heal-
ing processes. Additionally, these nanoparticles can stimulate tissue 
regeneration indirectly through ROS-mediated modulation of inflam-
matory responses and promoting the proliferation of skin cells, fibro-
blasts, and endothelial cells. Preliminary in vivo studies using animal 
wound models support these observations, indicating accelerated 
wound closure, reduced inflammation, and enhanced tissue regener-
ation when BiVO₄ nanoparticles are incorporated into wound dress-
ings [42].

Despite these promising antibacterial properties, several chal-
lenges need addressing before clinical translation. Comprehensive 
evaluation of potential cytotoxicity to human cells, precise control 
of ROS generation to minimize off-target effects, and optimization of 
nanoparticle stability in physiological environments are necessary. 
Long-term biocompatibility, detailed pharmacokinetic analyses, and 
regulatory approval processes also remain crucial steps. Future re-
search directions should include developing robust, targeted delivery 
systems, combining BiVO₄ nanoparticles with conventional antibiot-
ics or antimicrobial peptides for synergistic efficacy, and designing 
smart nanoparticle-based antimicrobial platforms responsive to spe-
cific environmental triggers.

Cancer Therapeutics

Cancer remains one of the leading causes of mortality globally, 
demanding novel and effective therapeutic strategies. Nanotechnol-
ogy has significantly expanded the potential for cancer treatment 
through innovative therapeutic approaches such as targeted drug 
delivery, photodynamic therapy (PDT), photothermal therapy (PTT), 
and combined therapy modalities. Among emerging nanomaterials, 
bismuth vanadate (BiVO₄) nanoparticles have demonstrated signifi-
cant promise in cancer therapeutics, leveraging their unique physico-
chemical properties and versatile therapeutic potential [43]. Effective 
targeting of nanoparticles to tumor sites is crucial for enhanced ther-
apeutic outcomes. BiVO₄ nanoparticles can be effectively modified 
with specific targeting ligands such as antibodies, peptides, folic acid, 
aptamers, or small molecules to facilitate selective accumulation in 
cancer cells expressing specific surface receptors. For instance, folic 

acid-functionalized BiVO₄ nanoparticles efficiently target folate re-
ceptor-overexpressing cancer cells, increasing internalization and in-
tracellular accumulation, thereby significantly enhancing therapeutic 
efficiency while minimizing toxicity to normal tissues [44].

Additionally, BiVO₄ nanoparticles leverage the enhanced perme-
ability and retention (EPR) effect for passive tumor targeting. Tumor 
vasculature is characterized by abnormal structure, including leaky 
endothelial junctions and poor lymphatic drainage, facilitating pas-
sive nanoparticle accumulation in tumor tissues. The nanoscale di-
mensions of BiVO₄ particles enable effective extravasation through 
these defective tumor vessels, leading to increased local concentra-
tion and retention within tumors. Exploiting the EPR effect improves 
the selective delivery and concentration of therapeutic agents, en-
hancing anticancer efficacy while reducing off-target effects [45]. 
BiVO₄ nanoparticles have been increasingly utilized in combined 
therapeutic strategies, particularly integrating photodynamic thera-
py (PDT) with chemotherapy, thereby achieving synergistic antican-
cer effects. PDT involves light-activated generation of reactive oxygen 
species (ROS), which induce oxidative damage and apoptosis in can-
cer cells. BiVO₄ nanoparticles, with excellent visible-light absorption 
properties, effectively mediate PDT through robust ROS generation 
[46]. When combined with chemotherapeutic drugs such as doxoru-
bicin, cisplatin, or paclitaxel, these nanoparticles can enhance chemo-
therapy efficacy by facilitating drug delivery, controlled release, and 
increasing sensitivity of cancer cells through oxidative stress-induced 
cell damage. 

This dual therapeutic approach has been demonstrated in sev-
eral preclinical studies to significantly improve treatment outcomes, 
reduce tumor volume, and inhibit tumor recurrence more effectively 
than single-modality treatments [47]. Preclinical in vitro and in vivo 
studies underscore the promising therapeutic potential of BiVO₄ 
nanoparticles. In vitro evaluations have demonstrated significant 
cytotoxicity toward various cancer cell lines, including breast, lung, 
colon, liver, and cervical cancer cells, especially when combining PDT 
and chemotherapy. In vivo studies, utilizing mouse xenograft models, 
have shown substantial tumor growth inhibition, tumor regression, 
and enhanced survival rates with minimal systemic toxicity. These 
findings validate the potential of BiVO₄ nanoparticles as a versatile 
cancer therapeutic platform, integrating multiple modalities for en-
hanced treatment efficacy [48]. However, translating BiVO₄ nanopar-
ticles into clinical oncology practice requires addressing critical 
challenges. Comprehensive biocompatibility assessments, detailed 
pharmacokinetics, biodistribution studies, long-term safety evalua-
tion, and precise dosage control are necessary. Additionally, develop-
ing standardized protocols for nanoparticle synthesis, optimization of 
targeting efficiency, and integration with existing clinical cancer ther-
apies remain vital areas of future research. Exploring combination 
therapies with immunotherapy or radiotherapy might also expand 
therapeutic applications and enhance clinical efficacy.
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Toxicity and Biocompatibility
The clinical translation of any nanomaterial-based biomedical 

application hinges on a thorough understanding of its toxicity pro-
file and biocompatibility. While bismuth vanadate (BiVO₄) nanopar-
ticles demonstrate promising diagnostic and therapeutic properties, 
ensuring their safety in biological systems is paramount. Evaluating 
cytotoxicity, in vivo responses, and compliance with regulatory frame-
works is essential for their responsible and effective use in clinical 
settings [6]. Numerous cytotoxicity studies have been conducted 
to evaluate the interaction of BiVO₄ nanoparticles with various cell 
lines. In vitro assays such as MTT, LDH leakage, live/dead staining, 
and ROS generation tests have shown that BiVO₄ nanoparticles exhib-
it dose-dependent cytotoxicity. At lower concentrations (typically <50 
µg/mL), the nanoparticles generally show minimal toxicity toward 
normal human cell lines, such as fibroblasts and epithelial cells. How-
ever, higher concentrations or prolonged exposure may induce oxi-
dative stress, mitochondrial dysfunction, and membrane disruption 
due to excessive ROS production. Importantly, surface modification 
of BiVO₄ nanoparticles with biocompatible polymers (e.g., PEG, PVP, 
chitosan) or targeting ligands can significantly reduce non-specific 
toxicity, improving their overall safety profile. These findings indicate 
that controlled dosing, appropriate surface engineering, and delivery 
strategies are critical for minimizing cytotoxic effects [49].

In vivo studies using animal models provide crucial insights into 
the systemic behavior, organ distribution, metabolism, and clearance 
of BiVO₄ nanoparticles. Studies in mice and rats have demonstrated 
that intravenously or topically administered BiVO₄ nanoparticles gen-
erally exhibit favorable biocompatibility, with limited accumulation 
in major organs such as the liver, spleen, lungs, and kidneys. Histo-
pathological examinations often reveal no significant tissue damage 
or inflammation at therapeutic doses. Additionally, blood chemistry, 
hematological analysis, and behavioral assessments typically show no 
acute toxicity. However, the long-term effects, including chronic ex-
posure and biodegradation kinetics, remain insufficiently understood 
and warrant further investigation. The route of administration, parti-
cle size, surface charge, and aggregation tendencies are all factors that 
can influence toxicity and clearance behavior in vivo [50]. From a reg-
ulatory standpoint, BiVO₄ nanoparticles are still in the early stages of 
biomedical development, and no BiVO₄-based formulations have yet 
received clinical approval. Regulatory agencies such as the U.S. Food 
and Drug Administration (FDA), European Medicines Agency (EMA), 
and ISO standards require comprehensive evaluation of nanomate-
rials’ pharmacokinetics, immunogenicity, genotoxicity, and long-term 
safety before approval for clinical use. 

This includes rigorous good manufacturing practice (GMP) com-
pliance, detailed nanoparticle characterization, batch-to-batch con-
sistency, and toxicological profiling under standardized protocols. 
Furthermore, potential environmental and ecological impacts of 

BiVO₄ nanoparticle disposal must also be considered, especially giv-
en their metal oxide nature. In summary, while BiVO₄ nanoparticles 
demonstrate encouraging biocompatibility and relatively low tox-
icity under controlled conditions, their safe integration into clinical 
practice requires deeper and more standardized safety evaluations. 
Future research should focus on establishing detailed toxicological 
datasets, understanding long-term biological responses, and aligning 
development with international regulatory requirements. Address-
ing these aspects will be vital to unlocking the full potential of BiVO₄ 
nanoparticles in safe and effective biomedical applications.

Future Perspectives
The future of bismuth vanadate (BiVO₄) nanoparticles in biomed-

icine is promising but hinges on overcoming several scientific and 
translational barriers. With their unique optical, electronic, and cat-
alytic properties, BiVO₄-based systems have strong potential in areas 
such as photothermal therapy, photoacoustic imaging, and targeted 
drug delivery. Future research will likely concentrate on making these 
nanoparticles more intelligent, biocompatible, and multifunctional. 
One key direction is the development of stimuli-responsive BiVO₄ 
nanostructures—platforms that activate selectively under specific 
biological triggers such as pH, redox gradients, or enzymatic activity. 
This would enable more precise drug delivery and reduce systemic 
toxicity. Advances in materials engineering could also lead to bio-
degradable or renal-clearable BiVO₄ formulations, which would im-
prove their safety profile and facilitate clinical translation. Another 
avenue lies in hybrid nanoplatforms, where BiVO₄ is combined with 
materials like gold, graphene oxide, or polymers to enhance proper-
ties like photothermal efficiency, drug loading capacity, or targeting 
specificity. These combinations open the door to multimodal thera-
nostics, where diagnosis and treatment are integrated into a single, 
compact system.

The integration of machine learning and AI is also expected to in-
fluence the design and optimization of BiVO₄ nanoparticles. Predic-
tive modeling of particle–biological interactions could accelerate the 
development of safer and more effective formulations by reducing tri-
al-and-error experimentation. From a clinical perspective, future suc-
cess will depend on meeting regulatory standards and establishing 
standardized protocols for synthesis, functionalization, and safety as-
sessment. Interdisciplinary collaboration—linking materials science, 
biomedicine, pharmacology, and clinical research—will be essential 
for translating laboratory findings into real-world medical solutions. 
In the long term, BiVO₄ nanoparticles could be part of next-genera-
tion precision medicine tools, offering targeted, image-guided, and 
minimally invasive therapies tailored to individual patients. As fab-
rication techniques mature and biological understanding deepens, 
these nanoparticles may transition from experimental tools to clinical 
mainstays.
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Conclusion
Bismuth vanadate (BiVO₄) nanoparticles have emerged as a 

promising class of nanomaterials with versatile applications in bio-
medicine, particularly in imaging, therapy, and drug delivery. Recent 
advancements have demonstrated their ability to serve as photother-
mal agents, photoacoustic contrast enhancers, and multifunctional 
theranostic platforms. Modifications in particle synthesis, surface 
engineering, and hybridization with other nanomaterials have sig-
nificantly improved their performance and expanded their functional 
scope. The potential impact of BiVO₄ nanoparticles on healthcare is 
considerable. Their unique physicochemical properties, combined 
with tunable biocompatibility, make them strong candidates for 
non-invasive, targeted, and image-guided therapies. If translated 
successfully, these nanomaterials could contribute to more accurate 
diagnostics, personalized treatment regimens, and reduced side 
effects—addressing critical gaps in current clinical practice. Look-
ing ahead, the focus must shift toward addressing key translational 
challenges such as long-term safety, standardization, and regulatory 
approval. With continued interdisciplinary collaboration and innova-
tion, BiVO₄ nanoparticles are well-positioned to become a key com-
ponent of next-generation biomedical technologies. The coming years 
are likely to bring new breakthroughs in their design and application, 
pushing the field closer to clinical realization.
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