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ABSTRACT

Cancer remains one of the leading causes of morbidity and mortality worldwide, with conventional diagnostic
and therapeutic approaches often constrained by limited specificity, systemic toxicity, poor drug bioavailabil-
ity, and treatment resistance. Nanobiotechnology has emerged as a transformative field that integrates nano-
technology with biomedical sciences to overcome these challenges through the development of multifunctional
nanoparticle-based platforms for targeted cancer diagnosis and therapy. This review provides a comprehen-
sive overview of recent advances in nanoparticle engineering, emphasizing the influence of physicochemical
properties, tumor-targeting strategies, and biological interactions on therapeutic efficacy and diagnostic per-
formance. Major nanoparticle delivery systems, including lipid-based, polymeric, inorganic, biomimetic, and
hybrid nanocarriers, are critically discussed with respect to their applications in targeted drug delivery, gene
therapy, immunotherapy, photothermal therapy, photodynamic therapy, and theranostic interventions. The re-
view also examines the expanding role of nanoparticles in cancer imaging, highlighting recent developments in
magnetic resonance imaging, computed tomography, optical and fluorescence imaging, and positron emission
tomography/single-photon emission computed tomography for improved tumor detection and disease moni-
toring. Furthermore, emerging innovations such as smart stimuli-responsive nanoplatforms and artificial intelli-
gence-assisted nanomedicine are evaluated alongside current challenges associated with nanotoxicity, biological
barriers, large-scale manufacturing, regulatory approval, and clinical translation. By integrating recent evidence
across diagnostic and therapeutic applications, this review underscores the potential of nanoparticle-based
technologies to enhance precision oncology through improved targeting, imaging accuracy, and therapeutic out-
comes. It also identifies key research priorities and translational opportunities that are expected to accelerate
the safe and effective clinical implementation of next-generation cancer nanomedicine.

Keywords: Cancer Nanobiotechnology; Nanoparticle-Based Drug Delivery; Cancer Imaging; Theranostics; Tar-
geted Cancer Therapy; and Precision Oncology

Abbreviations: SLNs: Solid Lipid Nanoparticles; NLCs: Nanostructured Lipid Carriers; PLGA: Poly Lactic-Co-Gly-
colic Acid; PEG: Polyethylene Glycol; PCL: Polycaprolactone; MSNs: Mesoporous Silica Nanoparticles; PTT: Pho-
tothermal Therapy; PDT: Photodynamic Therapy; NIR: Near-Infrared; ROS: Reactive Oxygen Species; CT: Com-
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telligence
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Introduction

Cancer remains one of the leading causes of morbidity and mor-
tality worldwide, posing a significant burden on healthcare systems
and economies. Despite considerable advances in surgery, chemo-
therapy, radiotherapy, immunotherapy, and targeted therapies, many
cancers continue to exhibit poor prognosis due to late diagnosis, tu-
mor heterogeneity, drug resistance, and treatment-associated toxici-
ty. Conventional diagnostic techniques often lack the sensitivity and
specificity required for early detection, while traditional therapeutic
approaches may damage healthy tissues and produce severe adverse
effects. These limitations have stimulated the search for innovative
strategies capable of improving diagnostic accuracy and therapeutic
efficacy. In this context, nanobiotechnology has emerged as a prom-
ising interdisciplinary field that combines nanotechnology with bio-
logical sciences to develop advanced platforms for cancer diagnosis
and treatment [1]. The ability of engineered nanomaterials to inter-
act with biological systems at the molecular and cellular levels has
opened new opportunities for precision oncology [2]. The growing
interest in nanoparticle-based systems is largely attributed to their
unique physicochemical properties, including nanoscale size, high
surface-area-to-volume ratio, tunable surface characteristics, and
versatile functionalization capabilities [3].

These features enable nanoparticles to improve drug solubility,
enhance therapeutic stability, and facilitate controlled drug release
at tumor sites [4]. Furthermore, nanoparticles can be engineered to
selectively target cancer cells through passive accumulation within
tumor tissues or active interactions with specific cellular receptors,
thereby reducing off-target toxicity and improving treatment out-
comes [5]. Advances in nanoparticle design have also contributed to
overcoming biological barriers that traditionally limit the effective-
ness of anticancer therapeutics, making nanotechnology an increas-
ingly attractive approach for modern cancer management [6]. Re-
cent developments in nanobiotechnology have resulted in a diverse
range of nanoparticle-based delivery systems, including lipid-based
nanoparticles, polymeric nanoparticles, inorganic nanoparticles, and
biomimetic nanocarriers [4]. These systems have demonstrated con-
siderable potential for delivering chemotherapeutic drugs, nucleic
acids, proteins, and immunomodulatory agents with enhanced preci-
sion and efficacy [3]. Beyond therapeutic applications, nanoparticles
have revolutionized cancer diagnosis through their integration into
advanced imaging modalities.

Functionalized nanomaterials have been successfully employed
as contrast agents and imaging probes in magnetic resonance imag-
ing, computed tomography, fluorescence imaging, positron emission
tomography, and single-photon emission computed tomography,
thereby improving tumor visualization and disease monitoring [7].
The emergence of theranostic nanoparticles, which integrate diag-
nostic and therapeutic functions within a single platform, further
highlights the transformative potential of nanobiotechnology in per-

sonalized cancer care [2]. Despite these promising advances, several
challenges continue to hinder the widespread clinical translation of
nanoparticle-based technologies. Concerns regarding nanoparticle
toxicity, immune system interactions, biodistribution variability, long-
term biosafety, and large-scale manufacturing remain significant ob-
stacles to clinical implementation [1]. Moreover, the complex mech-
anisms governing nanoparticle transport, tumor penetration, and
cellular uptake require further investigation to optimize therapeutic
performance and improve patient outcomes [5]. Recent research has
therefore focused on developing smart and stimuli-responsive nano-
platforms, improving targeting efficiency, and integrating artificial
intelligence into nanoparticle design and optimization processes [3].
These innovations are expected to accelerate the translation of nano-
medicine from laboratory research to routine clinical practice [6].

This review provides a comprehensive and up-to-date synthesis
of recent advances in nanobiotechnology for cancer diagnosis and
therapy, with particular emphasis on nanoparticle-based delivery
systems and imaging techniques. It begins by examining the fun-
damental design principles that govern nanoparticle performance,
including physicochemical characteristics, tumor-targeting strate-
gies, biological interactions, biodistribution, and cellular uptake, all
of which influence therapeutic efficacy and diagnostic accuracy. The
review subsequently explores the major classes of nanoparticle de-
livery platforms, highlighting their structural features, functional
advantages, and biomedical applications in targeted drug delivery,
gene therapy, immunotherapy, photothermal therapy, photodynam-
ic therapy, and theranostic interventions. Furthermore, it evaluates
the expanding role of nanoparticle-enabled imaging technologies in
enhancing early cancer detection, accurate tumor characterization,
molecular imaging, and real-time treatment monitoring through ad-
vanced imaging modalities. Emerging innovations, including smart
and stimuli-responsive nanoparticles, biomimetic nanocarriers, mul-
tifunctional theranostic systems, and artificial intelligence-assisted
nanomedicine, are also critically discussed alongside current chal-
lenges associated with clinical translation, biosafety, regulatory ap-
proval, and large-scale manufacturing.

By integrating recent developments across both therapeutic and
diagnostic applications, this review provides a balanced perspective
on the current landscape of cancer nanobiotechnology, identifies ex-
isting knowledge gaps, and highlights promising research directions
and translational opportunities that are expected to accelerate the de-
velopment of safe, effective, and precision-guided nanomedicine for
improved cancer management.

Nanoparticle Design for Cancer Applications

The successful application of nanobiotechnology in cancer diag-
nosis and therapy is fundamentally dependent on the rational design
of nanoparticles capable of overcoming complex biological barriers
while maximizing therapeutic and diagnostic performance. Nanopar-
ticle design encompasses the optimization of physicochemical char-
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acteristics, surface engineering, targeting strategies, and biological
interactions that collectively determine circulation time, tumor ac-
cumulation, cellular internalization, drug release, imaging efficiency,
and overall clinical efficacy [4]. Advances in nanomaterial engineer-
ing have enabled the development of multifunctional nanoplatforms
with precisely controlled size, morphology, surface charge, composi-
tion, and functionalization, thereby improving their ability to selec-
tively target malignant tissues while minimizing off-target effects [8].
Furthermore, growing evidence indicates that nanoparticle trans-
port, biodistribution, and clearance are regulated by dynamic interac-
tions with the vascular system, immune components, and the tumor
microenvironment rather than by passive accumulation alone [5,6]
The formation of a protein corona following exposure to biological

fluids further modifies nanoparticle identity, influencing biodistribu-
tion, cellular uptake, immune recognition, and therapeutic outcomes
[9,10].

In addition, maintaining nanoparticle colloidal stability under
physiological conditions is essential for preserving delivery efficiency
and preventing aggregation-induced loss of functionality [11]. Conse-
quently, understanding the interplay between nanoparticle physico-
chemical properties and biological behavior is critical for designing
safe, efficient, and clinically translatable nanomedicines. (Table 1)
The following sections discuss the key design principles that govern
nanoparticle performance, focusing on physicochemical characteris-
tics, tumor-targeting strategies, and biological fate following systemic
administration.

Table 1: Relationship between nanoparticle design, tumor targeting, biological fate, and clinical outcomes in cancer nanobiotechnology.

Nanoparticle design Tumor targeting Biological fate Clinical benefit
Size Penetration Biodistribution Higher efficacy
Shape Cellular interaction Uptake Better delivery

Surface charge

Receptor interaction

Immune recognition

Lower toxicity

Functionalization

Active targeting

Prolonged circulation

Improved specificity

Composition

Payload compatibility

Biodegradation

Better imaging and therapy

Physicochemical Characteristics

The physicochemical characteristics of nanoparticles are funda-
mental determinants of their biological behavior and clinical perfor-
mance in cancer diagnosis and therapy. Properties such as particle
size, shape, surface charge, composition, and surface chemistry di-
rectly influence circulation time, drug loading capacity, imaging effi-
ciency, biodistribution, and interactions with biological systems [4].
Careful optimization of these characteristics is therefore essential
for developing nanoparticle systems capable of achieving effective
tumor targeting, controlled payload release, and improved therapeu-
tic outcomes [1]. Particle size is a key factor influencing nanoparticle
transport, tumor penetration, and clearance. Nanoparticles within an
appropriate size range generally exhibit prolonged circulation and
enhanced tumor accumulation, whereas excessively large particles
are more susceptible to rapid uptake by the mononuclear phagocyte
system and very small particles may be rapidly eliminated through

renal filtration [5]. In addition to size, nanoparticle shape and mate-
rial composition affect cellular interactions, intracellular trafficking,
drug encapsulation efficiency, and imaging performance, allowing
the development of multifunctional nanoplatforms for diverse onco-
logical applications [3]. Surface properties are equally important in
determining nanoparticle stability and functionality. Surface modifi-
cation with polymers, targeting ligands, antibodies, peptides, or other
biomolecules improves colloidal stability, enhances biocompatibility,
and facilitates selective interactions with cancer cells [9]. Maintain-
ing colloidal stability under physiological conditions is particularly
important because nanoparticle aggregation can reduce circulation
efficiency, impair tumor delivery, and compromise therapeutic effi-
cacy [12]. Collectively, the rational design and optimization of phys-
icochemical characteristics provide the structural foundation for
nanoparticle-based delivery systems and imaging agents, supporting
their application in precision cancer diagnosis and therapy (Figure 1).
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Figure 1: Physicochemical features influencing nanoparticle interactions with biological systems. The physicochemical properties of nanoparticles,
including particle size, shape, morphology, surface charge, coating materials, functional groups, hydrophilic/hydrophobic characteristics,
chemical composition, and crystalline structure, collectively govern their interactions with biological systems and influence biodistribution,
cellular uptake, stability, targeting efficiency, and therapeutic performance in cancer diagnosis and therapy.

Tumor-Targeting Strategies

Tumor-targeting strategies are central to the success of nanopar-
ticle-based cancer diagnosis and therapy, as they enhance the selec-
tive accumulation of therapeutic and imaging agents within malig-
nant tissues while minimizing systemic toxicity. Effective targeting
requires nanoparticles to overcome biological barriers, including
vascular transport, immune surveillance, and cellular internalization,
before reaching tumor cells [5]. Advances in nanoparticle engineer-
ing have therefore focused on improving targeting efficiency through
passive, active, and stimuli-responsive approaches that collective-
ly enhance therapeutic precision and diagnostic performance [1].
Passive targeting exploits the abnormal vasculature and impaired
lymphatic drainage associated with many solid tumors, promoting
preferential nanoparticle accumulation. However, recent studies have
demonstrated that efficient tumor delivery also depends on active
transvascular transport and endothelial interactions, indicating that

passive accumulation alone is insufficient to achieve optimal thera-
peutic outcomes [6]. These findings have shifted nanoparticle design
toward strategies that improve transport across biological barriers
and increase tumor penetration [5]. Active targeting further enhances
delivery specificity through surface functionalization with antibodies,
peptides, aptamers, and other ligands that recognize receptors over-
expressed on cancer cells or within the tumor microenvironment [4].

In addition, stimuli-responsive nanoparticles are engineered to
release therapeutic payloads in response to tumor-specific condi-
tions, such as acidic pH, redox imbalance, enzyme activity, or external
triggers including light, heat, ultrasound, and magnetic fields, thereby
improving treatment selectivity and reducing off-target effects [1].
The integration of these targeting strategies with multifunctional
nanoparticle platforms has significantly advanced precision oncology
by enabling more efficient drug delivery, enhanced molecular imag-
ing, and personalized cancer management [3].
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Biological Fate and Cellular Uptake

The biological fate of nanoparticles following systemic admin-
istration plays a critical role in determining their therapeutic effi-
cacy, imaging performance, and clinical safety. After entering the
bloodstream, nanoparticles interact with biological fluids, immune
cells, and vascular barriers, which collectively influence their cir-
culation, biodistribution, tumor accumulation, and clearance [12].
These processes are governed by nanoparticle characteristics such
as size, shape, surface chemistry, and composition, highlighting the
importance of rational design in optimizing in vivo performance [5].
A key event influencing nanoparticle behavior is the formation of a
protein corona, which occurs when plasma proteins adsorb onto the
nanoparticle surface, altering its biological identity and interactions
with cells [9]. The composition of the protein corona affects immune
recognition, circulation time, cellular uptake, and targeting efficien-
cy, making it an important consideration in nanoparticle engineering
[10]. Surface modification with hydrophilic polymers and biomimetic
coatings has therefore been widely employed to minimize undesir-
able protein adsorption, prolong systemic circulation, and enhance
selective tumor delivery [8]. Successful nanoparticle delivery also de-
pends on efficient transport across vascular barriers and subsequent
cellular internalization within tumor tissues.

Recent studies have shown that nanoparticle accumulation is reg-
ulated by active transvascular transport and endothelial interactions
in addition to passive extravasation, providing new insights into tu-
mor-targeting mechanisms [6]. Once internalized through endocytic
pathways, nanoparticles release their therapeutic or imaging pay-
loads before undergoing biodegradation and elimination via hepatic,
renal, or immune-mediated pathways [12]. Maintaining colloidal sta-
bility throughout these processes is equally important, as nanoparti-
cle aggregation can reduce delivery efficiency and increase off-target
accumulation [11]. Collectively, understanding the biological fate and
cellular uptake of nanoparticles is essential for developing safe, ef-
fective, and clinically translatable nanomedicines for precision cancer
diagnosis and therapy.

Nanoparticle-Based Delivery Systems

Nanoparticle-based delivery systems have become fundamental
to modern cancer nanobiotechnology by addressing the limitations
of conventional therapeutic and diagnostic strategies, including poor
drug solubility, rapid systemic clearance, non-specific biodistribution,
and dose-limiting toxicity. Through precise engineering of their com-
position, structure, and surface characteristics, these nanocarriers
enhance drug stability, improve pharmacokinetic behavior, facilitate
targeted delivery, and enable controlled payload release, thereby
maximizing therapeutic efficacy while minimizing adverse effects
[12,13]. Beyond drug delivery, advances in nanobiotechnology have
enabled multifunctional platforms capable of integrating molecular
imaging, gene delivery, immunotherapy, and theranostic applications
within a single nanosystem, supporting the evolution of precision

oncology [14, 15]. The growing diversity of nanoparticle platforms
reflects the need to overcome distinct biological barriers and meet
specific clinical objectives. Consequently, lipid-based, polymeric, in-
organic, biomimetic, and hybrid nanocarriers have been developed
with unique structural and functional characteristics that influence
their drug-loading capacity, targeting efficiency, biological interac-
tions, and translational potential [12,16]. Collectively, these delivery
systems form the foundation of contemporary cancer nanomedicine
and continue to drive innovations in targeted diagnosis, personalized
therapy, and clinical translation.

Lipid-Based Nanoparticles

Lipid-based nanoparticles remain the most clinically established
nanocarriers owing to their excellent biocompatibility, biodegradabil-
ity, formulation flexibility, and proven ability to enhance the delivery
of a broad spectrum of therapeutic and diagnostic agents. Their bio-
mimetic lipid composition facilitates efficient encapsulation of hy-
drophilic and hydrophobic payloads, protects sensitive biomolecules
from premature degradation, and prolongs systemic circulation while
reducing off-target toxicity [13,14]. Continuous improvements in lip-
id engineering have also enabled the development of multifunctional
platforms capable of integrating targeted drug delivery, controlled
release, molecular imaging, and immunomodulation within a single
nanosystem, thereby strengthening their role in precision cancer
management [15].

Liposomes: Liposomes remain the benchmark lipid nanocarrier
because of their structural versatility and extensive clinical valida-
tion. Their phospholipid bilayer architecture enables simultaneous
encapsulation of hydrophilic drugs within the aqueous core and hy-
drophobic compounds within the lipid membrane, improving drug
stability, bioavailability, and pharmacokinetic performance. Recent
advances in PEGylation, ligand conjugation, and stimuli-responsive
formulations have substantially improved tumor selectivity, intracel-
lular drug delivery, and therapeutic efficacy. Furthermore, multifunc-
tional liposomes capable of co-delivering chemotherapeutic agents,
nucleic acids, immunotherapeutics, and imaging probes have accel-
erated the development of personalized and image-guided cancer
therapy [13-15].

Solid Lipid Nanoparticles (SLNs): SLNs provide a stable sol-
id lipid matrix that enhances the protection and sustained release
of encapsulated therapeutic agents while improving the delivery of
poorly water-soluble anticancer drugs. Compared with conventional
formulations, SLNs offer improved chemical stability, controlled drug
release, and enhanced compatibility with biological systems. Recent
advances in surface functionalization and ligand-mediated targeting
have further increased their capacity for selective tumor accumula-
tion and efficient intracellular delivery, supporting their application
in both targeted chemotherapy and nanoparticle-assisted imaging
[13,17].
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Nanostructured Lipid Carriers (NLCs): NLCs were developed
to overcome the limited drug-loading capacity and potential drug ex-
pulsion associated with SLNs. By incorporating both solid and liquid
lipids into a partially disordered matrix, NLCs provide greater encap-
sulation efficiency, improved formulation stability, and enhanced con-
trol over drug release. Recent innovations involving multifunctional
surface modification, ligand-directed targeting, and co-delivery strat-
egies have further expanded their application in cancer theranostics,
enabling simultaneous therapeutic intervention and diagnostic im-
aging while improving treatment precision and clinical translation
[13,14,17].

Polymeric Nanoparticles

Polymeric nanoparticles have gained considerable attention in
cancer nanomedicine because of their structural versatility, tunable
physicochemical properties, and ability to support controlled and
stimuli-responsive drug delivery. Their adaptable molecular architec-
ture allows precise regulation of particle size, degradation rate, drug
release Kkinetics, and surface functionality, enabling the delivery of
diverse therapeutic agents while improving pharmacokinetic perfor-
mance and reducing systemic toxicity [8,12]. Continuous advances in
polymer engineering have further expanded their applications to tar-
geted chemotherapy, gene delivery, immunotherapy, and molecular
imaging, making polymeric nanocarriers indispensable components
of precision oncology [16].

Natural and Synthetic Polymeric Nanoparticles: Natural
polymers, including chitosan, alginate, gelatin, and hyaluronic acid,
are valued for their excellent biocompatibility, biodegradability, and
intrinsic biological activity, which facilitate the delivery of proteins,
nucleic acids, and other sensitive therapeutic molecules. In contrast,
synthetic polymers such as poly (lactic-co-glycolic acid) (PLGA),
polyethylene glycol (PEG), and polycaprolactone (PCL) offer great-
er mechanical stability, reproducible manufacturing, and precisely
controlled degradation profiles. Recent advances in polymer modifi-
cation and ligand conjugation have significantly improved tumor tar-
geting, intracellular uptake, and controlled drug release, enhancing
therapeutic efficacy while minimizing off-target effects [12,16].

Polymeric Micelles: Polymeric micelles are self-assembled
nanostructures formed from amphiphilic block copolymers, featuring
a hydrophobic core surrounded by a hydrophilic shell. This architec-
ture enables efficient encapsulation of poorly water-soluble antican-
cer drugs, improves aqueous solubility, and prolongs systemic circu-
lation. Recent developments in pH-, enzyme-, and redox-responsive
micellar systems have enabled site-specific drug release within the
tumor microenvironment, thereby increasing therapeutic precision
and reducing systemic toxicity. Multifunctional polymeric micelles ca-
pable of co-delivering chemotherapeutics, nucleic acids, and imaging
agents have further strengthened their role in integrated cancer diag-
nosis and therapy [12,15].

Dendrimers: Dendrimers are highly branched polymeric nano-
structures with well-defined architectures and abundant surface
functional groups that permit the conjugation of multiple therapeutic
agents, targeting ligands, and imaging molecules. Their monodisperse
structure, high drug-loading capacity, and multivalent surface interac-
tions promote efficient cellular uptake and selective tumor targeting.
Recent innovations in dendrimer surface engineering have enabled
multifunctional nanoplatforms capable of simultaneously support-
ing drug delivery, gene therapy, and molecular imaging, thereby ad-
vancing personalized cancer treatment and theranostic applications
[8,16].

Inorganic Nanoparticles

Inorganic nanoparticles have become integral to cancer nanobio-
technology because of their unique optical, magnetic, electrical, and
physicochemical properties that extend beyond conventional drug
delivery. Unlike lipid-based and polymeric nanocarriers, inorganic
nanoparticles possess intrinsic functionalities that support multi-
modal imaging, stimuli-responsive therapy, biosensing, and thera-
nostic applications. Their highly tunable composition and surface
chemistry facilitate precise functionalization with therapeutic agents,
targeting ligands, and contrast materials, enabling simultaneous can-
cer diagnosis and treatment while improving targeting accuracy and
therapeutic outcomes [8,12]. Among the diverse inorganic nanocarri-
ers, gold nanoparticles, magnetic nanoparticles, silica nanoparticles,
and quantum dots have demonstrated remarkable translational po-
tential in precision oncology.

Gold Nanoparticles: Gold nanoparticles (AuNPs) are among the
most extensively investigated inorganic nanocarriers because of their
excellent biocompatibility, chemical stability, localized surface plas-
mon resonance, and ease of surface modification. These properties
enableefficient conjugation with chemotherapeutic agents, nucleic
acids, antibodies, peptides, and imaging probes, facilitating targeted
drug delivery and multimodal cancer imaging. In addition, their ex-
ceptional photothermal conversion efficiency has positioned AuNPs
as leading candidates for photothermal therapy, where localized heat
generation selectively destroys tumor cells while minimizing damage
to surrounding healthy tissues [8,11].

Magnetic Nanoparticles: Magnetic nanoparticles, particularly
iron oxide-based nanomaterials, play a dual role in cancer diagno-
sis and therapy by combining targeted drug delivery with magnetic
resonance imaging (MRI). Their responsiveness to external magnet-
ic fields enables site-specific accumulation within tumors, thereby
improving therapeutic precision and reducing systemic exposure.
Recent advances in magnetic surface functionalization and multifunc-
tional formulations have further enhanced their application in mag-
netic hyperthermia, image-guided therapy, and combined therapeutic
strategies, supporting more accurate treatment planning and moni-
toring [11,12].
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Silica Nanoparticles: Mesoporous silica nanoparticles (MSNs)
have attracted significant attention because of their large surface
area, tunable pore structure, high drug-loading capacity, and excel-
lent chemical stability. These characteristics permit the efficient en-
capsulation of diverse therapeutic agents while supporting controlled
and stimuli-responsive drug release. Functionalization with targeting
ligands and imaging molecules has expanded the application of MSNs
in precision drug delivery, molecular imaging, and combination ther-
apy, making them versatile platforms for integrated cancer manage-
ment [12,16].

Quantum Dots: Quantum dots are semiconductor nanocrys-
tals distinguished by their exceptional optical properties, including
size-dependent fluorescence, high photostability, and broad exci-
tation with narrow emission spectra. These features make them
valuable probes for high-resolution molecular imaging, multiplex
biomarker detection, and real-time visualization of tumor progres-
sion. Recent developments in biocompatible quantum dot formula-
tions and surface engineering have reduced toxicity concerns while
expanding their application in image-guided drug delivery and thera-
nostic systems, reinforcing their contribution to next-generation pre-
cision oncology [8,11].

Biomimetic and Hybrid Nanocarriers

Biomimetic and hybrid nanocarriers represent the latest gen-
eration of nanoparticle delivery systems, designed to overcome the
biological limitations of conventional nanocarriers by integrating nat-
ural biological components with engineered nanomaterials. By mim-
icking endogenous cellular structures or combining complementary
material properties, these platforms exhibit prolonged circulation,
enhanced immune evasion, improved tumor targeting, and greater
multifunctionality. Recent advances in bioengineering and nanofabri-
cation have accelerated their development as versatile platforms for
targeted drug delivery, molecular imaging, immunotherapy, and ther-
anostic applications, positioning them at the forefront of precision
cancer nanomedicine [8,12,16].

Cell Membrane-Coated Nanoparticles: Cell membrane-coated
nanoparticles are fabricated by cloaking synthetic nanocarriers with

membranes derived from erythrocytes, leukocytes, platelets, stem
cells, or cancer cells. This biomimetic strategy preserves the biological
functions of the source cells, enabling prolonged systemic circulation,
immune evasion, and enhanced interactions with the tumor microen-
vironment. Functional membrane proteins also facilitate homologous
targeting and improved cellular uptake, making these nanocarriers
highly effective for selective drug delivery and image-guided cancer
therapy. Their ability to integrate multiple therapeutic modalities
within a single platform has further strengthened their potential for
personalized oncology [18,19].

Exosome-Inspired Nanocarriers: Exosome-inspired nanocarri-
ers exploit the intrinsic communication pathways of naturally secret-
ed extracellular vesicles to achieve efficient intracellular delivery and
high biological compatibility. Their lipid bilayer structure protects
therapeutic payloads while promoting cellular internalization and
minimizing immunogenicity. Recent advances in exosome engineer-
ing have enabled the delivery of chemotherapeutic agents, nucleic ac-
ids, proteins, and immunomodulatory molecules with enhanced tar-
geting specificity and therapeutic efficiency. Their inherent capacity
to cross complex biological barriers has also expanded their potential
in precision drug delivery and minimally invasive cancer manage-
ment [16,19].

Hybrid Multifunctional Nanoplatforms: Hybrid multifunction-
al nanoplatforms combine two or more classes of nanomaterials to
integrate the complementary advantages of lipid-based, polymeric,
inorganic, and biomimetic systems within a single carrier. This in-
tegrated design improves drug-loading efficiency, targeting capabil-
ity, controlled release, imaging performance, and therapeutic versa-
tility while enabling the co-delivery of multiple therapeutic agents.
Recent developments in hybrid nanotechnology have facilitated the
construction of smart, stimuli-responsive, and theranostic platforms
capable of simultaneously supporting targeted therapy, multimodal
imaging, and treatment monitoring. These multifunctional systems
represent a significant step toward personalized cancer management
by providing adaptable and highly efficient solutions for complex on-
cological challenges [12,14,16] (Figure 2).
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Figure 2: Classification and major applications of nanoparticle-based delivery systems in cancer nanomedicine. This figure presents the major
classes of nanoparticle-based delivery systems used in cancer nanomedicine, including lipid-based, polymeric, inorganic, and biomimetic/hybrid
nanocarriers. It highlights representative nanoparticle platforms within each class and summarizes their principal applications in targeted drug
delivery, gene delivery, molecular imaging, immunotherapy, controlled release, and theranostic strategies.

Therapeutic Applications of Nanobiotechnology in
Cancer

Nanoparticle-based therapeutic systems have significantly trans-
formed cancer treatment by enabling more precise, effective, and
personalized therapeutic interventions. As illustrated in Figure 3,
the diversity of lipid-based, polymeric, inorganic, biomimetic, and
hybrid nanocarriers provides a versatile foundation for delivering
therapeutic molecules and integrating multiple treatment modalities.
Building on their unique physicochemical properties and biological
interactions, these platforms have been developed to overcome major
challenges associated with conventional cancer therapies, including
poor drug solubility, limited tumor accumulation, systemic toxicity,

and therapeutic resistance [1,4]. The therapeutic potential of nano-
biotechnology extends beyond conventional chemotherapy through
the incorporation of advanced strategies such as targeted drug deliv-
ery, nucleic acid therapeutics, immunomodulation, phototherapy, and
combination treatment approaches. By enabling controlled payload
release, enhanced tumor penetration, and selective interaction with
cancer cells and the tumor microenvironment, nanoparticle systems
have improved the efficacy and safety profiles of various anticancer
interventions [5,20]. Moreover, the integration of therapeutic and
diagnostic capabilities within single nanoplatforms has accelerated
the development of theranostic approaches, allowing real-time mon-
itoring of treatment response while optimizing therapeutic outcomes
[1,7].
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Figure 3: Nanoparticle-enabled imaging modalities for cancer diagnosis and theranostic applications. This figure summarizes the major
nanoparticle-enabled imaging modalities and their roles in enhancing cancer detection, tumor characterization, image-guided therapy, treatment

monitoring, and theranostic applications.

Targeted Drug Delivery

Targeted drug delivery represents one of the most established
applications of cancer nanobiotechnology, aiming to improve thera-
peutic selectivity by directing anticancer agents preferentially toward
tumor tissues while reducing exposure to healthy organs. Nanopar-
ticle-based delivery systems enhance drug accumulation through
passive and active targeting mechanisms, including exploitation of
tumor-associated physiological characteristics and incorporation of
specific ligands that recognize cancer-related receptors [1,5]. These
strategies improve drug localization, intracellular uptake, and ther-
apeutic efficiency compared with conventional systemic chemo-
therapy. The effectiveness of targeted delivery depends strongly on
nanoparticle design parameters, including particle size, surface mod-
ification, protein corona formation, and interaction with biological
barriers. Recent studies have demonstrated that controlling nanocar-
rier biodistribution and clearance is essential for achieving prolonged

circulation and improved tumor delivery efficiency [12]. In addition,
advances in ligand-functionalized nanoparticles, biomimetic coat-
ings, and engineered surface properties have enhanced selective rec-
ognition of tumor cells and improved penetration into complex tumor
microenvironments [6,22].

Lipid-based, polymeric, inorganic, and hybrid nanoparticles have
all contributed to targeted drug delivery applications by enabling the
encapsulation and controlled release of diverse anticancer agents.
Liposomal formulations have demonstrated clinical success through
improved drug delivery and reduced toxicity, while polymeric and in-
organic nanocarriers provide additional opportunities for controlled
release, combination therapy, and imaging-guided treatment. Emerg-
ing strategies involving cell membrane-coated nanoparticles and
advanced biomimetic systems further improve immune evasion and
tumor-specific accumulation, representing promising approaches for
next-generation targeted cancer therapy [21,22].
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Gene Therapy

Nanoparticle-mediated gene delivery has emerged as a trans-
formative strategy in cancer treatment by addressing the major lim-
itations associated with conventional nucleic acid therapeutics, in-
cluding poor stability, rapid enzymatic degradation, limited cellular
uptake, and inefficient intracellular transport. Several nanoparticle
platforms, particularly lipid-based and polymeric systems, provide
adaptable vehicles for the delivery of genetic materials, including
messenger RNA (mRNA), small interfering RNA (siRNA), microR-
NA, and plasmid DNA. By protecting nucleic acids during system-
ic circulation and facilitating their transport into target cells, these
nanocarriers have expanded the therapeutic potential of gene-based
approaches in precision oncology [1,23]. Lipid nanoparticles (LNPs)
represent the most advanced nanoplatform for clinical gene delivery
due to their efficient nucleic acid encapsulation, endosomal escape
capability, and favorable biological compatibility. Recent advances in
ionizable lipid design, surface modification, and formulation optimi-
zation have improved delivery efficiency and enabled the translation
of mRNA-based therapeutics into clinical applications. In cancer ther-
apy, LNPs are being explored for the delivery of tumor suppressor
genes, immune-stimulatory mRNA, and gene-editing components
to modulate tumor progression and enhance antitumor immune re-
sponses [20,23].

Polymeric nanoparticles and dendrimer-based systems provide
additional advantages through their tunable structures, controlled
release properties, and capacity for surface functionalization. These
features enable the development of targeted gene delivery systems
capable of selectively transporting therapeutic nucleic acids to tumor
cells while minimizing systemic exposure. Furthermore, nanoparti-
cle-assisted RNA interference strategies have demonstrated potential
for silencing oncogenic pathways involved in tumor growth, metas-
tasis, and resistance to conventional therapies. The combination of
gene delivery with chemotherapy, immunotherapy, or molecular im-
aging has further strengthened the role of nanotechnology in devel-
oping multifunctional cancer treatment platforms [8,20]. Despite sig-
nificant progress, the clinical translation of nanoparticle-based gene
therapy remains challenged by biological barriers, including hetero-
geneous tumor distribution, immune recognition, intracellular traf-
ficking limitations, and long-term safety considerations. Continued
improvements in nanoparticle engineering, tumor-specific targeting,
and personalized formulation strategies are expected to enhance the
precision and effectiveness of gene-based cancer therapies. Overall,
nanoparticle-enabled gene delivery represents a critical component
of next-generation cancer nanomedicine by providing a platform for
regulating disease-associated genetic pathways and integrating ther-
apeutic strategies within personalized treatment frameworks [12,23].

Cancer Immunotherapy

Nanoparticle-based immunotherapy has emerged as a trans-
formative approach in cancer treatment by improving immune rec-

ognition, enhancing antitumor immune responses, and overcoming
limitations associated with conventional immunotherapeutic strate-
gies. Nanoparticle platforms provide adaptable systems for deliver-
ing immune-modulating agents, antigens, and nucleic acids, thereby
enabling precise regulation of immune activity within the tumor
microenvironment. Unlike traditional therapies that directly target
tumor cells, nanoparticle-mediated immunotherapy focuses on ac-
tivating or reprogramming immune components to achieve durable
and systemic antitumor effects [20,24]. Nanoparticles enhance can-
cer immunotherapy through multiple mechanisms, including effi-
cient antigen delivery, immune checkpoint modulation, activation of
antigen-presenting cells, and stimulation of innate immune pathways.
Their ability to protect fragile biological molecules from degradation
and promote targeted accumulation in immune-responsive tissues
has significantly improved the performance of cancer vaccines and
immune-based therapies [23,24]. Lipid-based nanoparticles, in par-
ticular, have gained substantial attention following their successful
application in nucleic acid delivery, demonstrating their potential for
transporting mRNA, tumor-associated antigens, and immune-regula-
tory molecules with high efficiency and controlled immune activation
[23].

Nanoparticles have also facilitated the development of personal-
ized cancer vaccines by enabling co-delivery of tumor antigens and
adjuvants to dendritic cells, thereby enhancing antigen presentation
and cytotoxic T-cell responses. Beyond vaccination, biomimetic and
hybrid nanocar riers have been explored to improve immune cell tar-
geting, prolong circulation, and modulate immunosuppressive tumor
environments. Cell membrane-coated nanoparticles and other bio-
logically inspired systems provide additional advantages by exploit-
ing natural cellular interactions to improve immune compatibility
and therapeutic precision [22]. Despite these advances, challenges
including immune-related toxicity, complex manufacturing process-
es, tumor heterogeneity, and limited clinical translation remain im-
portant barriers. Current research is therefore focused on developing
smart nanoparticles capable of responding to tumor-specific signals,
integrating immunotherapy with chemotherapy or phototherapy, and
improving personalized treatment strategies. Through these innova-
tions, nanoparticle-based immunotherapy continues to expand the
potential of precision oncology by combining targeted delivery with
durable immune-mediated tumor control [21,25].

Photothermal and Photodynamic Therapy

Nanoparticle-assisted photothermal therapy (PTT) and photo-
dynamic therapy (PDT) have emerged as promising non-invasive
therapeutic strategies that exploit the unique optical properties of
nanomaterials to achieve localized tumor destruction. Unlike con-
ventional treatments that rely primarily on systemic drug exposure,
nanoparticle-mediated phototherapies provide spatial and temporal
control over therapeutic activation, thereby improving treatment pre-
cision and reducing damage to healthy tissues [20,21]. Photothermal

Copyright@ : Moses Adondua Abah | Biomed ] Sci & Tech Res | BJSTR.MS.ID.010464.

59697


https://dx.doi.org/10.26717/BJSTR.2026.67.010464

Volume 67- Issue 2

DOI: 10.26717/BJSTR.2026.67.010464

therapy utilizes nanoparticles capable of absorbing external light en-
ergy, particularly in the near-infrared (NIR) region, and converting
it into localized heat to induce cancer cell death. Gold nanoparticles,
carbon-based nanomaterials, and other photothermal agents have re-
ceived considerable attention because of their efficient light absorp-
tion, tunable surface properties, and potential for tumor targeting.
Surface modification of these nanoparticles with ligands, polymers,
or biomimetic coatings enhances tumor accumulation and improves
therapeutic selectivity. Furthermore, the combination of photother-
mal agents with drug delivery systems enables controlled drug re-
lease triggered by thermal stimulation, creating multifunctional plat-
forms that integrate chemotherapy and photothermal ablation within
a single nanosystem [8,20].

Photodynamic therapy involves the activation of photosensitizing
agents by specific wavelengths of light to generate reactive oxygen
species (ROS), which induce oxidative damage and promote tumor
cell elimination. Nanoparticle-based delivery of photosensitizers has
addressed several limitations of conventional PDT, including poor

water solubility, limited tumor accumulation, and premature degra-
dation. Lipid-based, polymeric, and inorganic nanocarriers have been
engineered to improve photosensitizer delivery, enhance cellular up-
take, and provide controlled activation within the tumor microenvi-
ronment. Recent developments in nanoparticle-mediated photo-im-
munotherapy have further demonstrated that PDT-induced immune
activation can enhance antitumor responses by promoting immuno-
genic cell death and improving immune system recognition of tumor
cells [21,25]. Despite their therapeutic potential, clinical translation
of nanoparticle-assisted phototherapies remains influenced by chal-
lenges related to light penetration depth, long-term nanoparticle
safety, tumor heterogeneity, and optimization of treatment parame-
ters. Current research is therefore focused on developing multifunc-
tional nanoplatforms that combine photothermal or photodynamic
effects with drug delivery, immune modulation, and diagnostic imag-
ing. These advances are expected to strengthen the role of nanopar-
ticle-based phototherapies as components of personalized and preci-
sion cancer treatment strategies [20,25] (Table 2).

Table 2: Therapeutic applications of nanoparticle-based delivery systems in cancer treatment.

Therapeutic approach Nanoparticles

Mechanism of action Applications

Targeted drug delivery Lipid-based, polymeric, biomimetic

Selective delivery and controlled release

Improved chemotherapy efficacy

nanoparticles

of anticancer agents at tumor site and reduced systemic toxicity

Gene therapy

Lipid nanoparticles, polymeric
nanoparticles

Delivery of nucleic acids for gene regu-
lation or correction

mRNA therapy, siRNA delivery,
gene silencing

Cancer immunotherapy

Lipid, polymeric, biomimetic and
hybrid nanoparticles

Modulation of immune responses and
enhanced tumor recognition

Immune checkpoint modulation,
cancer vaccines

Gold and other inorganic nanoparti-

Photothermal therapy cles

Light-induced heat generation for tumor

cell destruction Localized tumor ablation

Photodynamic therapy Photosensitizer-loaded nanoparticles

Reactive oxygen species generation after

Targeted tumor killing with minimal

light activation invasiveness

Combination therapy and
theranostics

Hybrid and multifunctional nanopar-
ticles

Integration of multiple therapeutic and

Personalized treatment and real-time
therapy monitoring

diagnostic functions

Nanoparticle-Based Imaging Techniques

Nanoparticle-based imaging techniques have significantly im-
proved cancer diagnosis by enhancing the sensitivity, specificity, and
functional performance of conventional imaging modalities. Their
unique physicochemical properties, including tunable size, surface
functionalization, and favorable optical and magnetic characteris-
tics, enable efficient tumor targeting, improved image contrast, and
prolonged circulation, thereby facilitating early tumor detection,
accurate disease characterization, and real-time treatment moni-
toring [1,26,27]. Furthermore, advances in nanobiotechnology have
enabled multifunctional imaging platforms that integrate diagnostic
and therapeutic capabilities, supporting image-guided therapy, mul-
timodal imaging, and theranostic applications for precision oncolo-
gy [7,28,29]. The following subsections discuss recent advances and
clinical applications of nanoparticle-enabled magnetic resonance

imaging (MRI), computed tomography (CT), optical and fluorescence
imaging, and PET/SPECT-based multimodal imaging in cancer diag-
nosis.

Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is one of the most widely used
non-invasive imaging modalities for cancer diagnosis because of its
excellent soft-tissue contrast and high spatial resolution. The incorpo-
ration of nanoparticles as contrast agents has substantially enhanced
MRI sensitivity by improving signal intensity, tumor specificity, and
imaging accuracy, thereby facilitating earlier tumor detection and
more precise disease characterization [1,26]. Magnetic nanoparticles,
particularly superparamagnetic iron oxide nanoparticles (SPIONs),
have been extensively investigated owing to their favorable magnet-
ic properties, biocompatibility, and ability to accumulate selectively
within tumor tissues through passive and active targeting strate-
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gies [30,31]. Recent advances in nanoparticle engineering have led
to the development of multifunctional MRI contrast agents capable
of integrating targeted imaging with drug delivery and therapeutic
functions. Surface modification with antibodies, peptides, and other
targeting ligands has improved tumor-specific accumulation, while
hybrid nanoplatforms combining magnetic materials with therapeu-
tic payloads have enabled image-guided therapy and treatment mon-
itoring [28,29].

Furthermore, responsive magnetic nanomaterials capable of al-
tering their imaging performance in response to changes within the
tumor microenvironment have enhanced diagnostic precision and
supported personalized treatment strategies. These innovations con-
tinue to strengthen the role of nanoparticle-enhanced MRI in preci-
sion oncology by improving diagnostic confidence and facilitating
more effective clinical decision-making [1,7].

Computed Tomography (CT)

Computed tomography (CT) remains a cornerstone of cancer
imaging because of its rapid image acquisition, high spatial resolu-
tion, and ability to visualize anatomical structures with remarkable
accuracy. The integration of nanoparticles as CT contrast agents has
significantly improved imaging sensitivity by enhancing X-ray atten-
uation, prolonging circulation time, and increasing tumor-specific
accumulation compared with conventional iodine-based contrast me-
dia [1,31]. High-atomic-number nanomaterials, particularly gold- and
bismuth-based nanoparticles, have demonstrated superior contrast
enhancement, enabling more accurate tumor localization, delineation,
and disease staging [28,30]. Recent advances in nanobiotechnology
have facilitated the development of multifunctional CT nanoprobes
capable of combining imaging with targeted drug delivery and ther-
apeutic interventions. Surface-functionalized nanoparticles improve
selective tumor targeting while reducing non-specific accumulation,
thereby enhancing diagnostic accuracy and minimizing adverse ef-
fects. Moreover, hybrid nanoplatforms integrating CT with comple-
mentary imaging modalities have expanded the application of CT in
image-guided therapy and theranostic medicine, providing compre-
hensive structural and functional information for improved clinical
decision-making [7,29]. These innovations continue to strengthen the
clinical value of nanoparticle-enhanced CT in precision cancer diag-
nosis and treatment.

Optical and Fluorescence Imaging

Optical and fluorescence imaging have emerged as powerful
techniques for cancer detection because of their high sensitivity, re-
al-time imaging capability, and ability to visualize molecular and cel-
lular processes. Nanoparticle-based fluorescent probes have signifi-
cantly improved imaging performance by enhancing signal stability,
increasing tumor specificity, and reducing photobleaching, thereby
enabling accurate tumor detection and image-guided surgical inter-
ventions [1,26]. Quantum dots, fluorescent silica nanoparticles, and

other engineered nanomaterials have been widely explored owing to
their superior optical properties and capacity for surface functional-
ization with targeting ligands and therapeutic agents [30,31]. Recent
developments in multifunctional fluorescent nanoplatforms have
enabled the integration of molecular imaging with targeted therapy,
supporting simultaneous tumor visualization and therapeutic moni-
toring. The combination of fluorescence imaging with other imaging
modalities has further enhanced diagnostic accuracy by providing
complementary structural and molecular information while facilitat-
ing theranostic applications and personalized cancer management
[1,28,29]. These advances continue to expand the clinical potential of
nanoparticle-assisted optical imaging in precision oncology.

PET/SPECT and Multimodal Imaging

Positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) are highly sensitive molecular im-
aging modalities that enable the non-invasive visualization of tumor
metabolism, receptor expression, and biological processes. The incor-
poration of radiolabeled nanoparticles has significantly enhanced the
diagnostic performance of PET/SPECT by improving tracer stability,
prolonging circulation time, increasing tumor-specific accumulation,
and enabling targeted molecular imaging [27,32]. These advantages
facilitate early cancer detection, accurate disease staging, treatment
planning, and longitudinal assessment of therapeutic response [1,7].
Recent advances in nanobiotechnology have accelerated the devel-
opment of multimodal imaging platforms that integrate PET/SPECT
with MRI, CT, or optical imaging within a single nanoparticle system.
Such platforms provide complementary anatomical, functional, and
molecular information while supporting image-guided therapy and
theranostic applications. The combination of targeted radiolabeled
nanomaterials with multifunctional imaging probes has further im-
proved diagnostic precision and personalized cancer management,
although challenges related to large-scale production, regulatory ap-
proval, and clinical translation remain to be fully addressed [7,28,29].

Recent Advances and Future Perspectives

Rapid advances in nanobiotechnology continue to reshape can-
cer diagnosis and therapy through the development of intelligent
nanoplatforms with enhanced targeting, imaging, and therapeutic ca-
pabilities. Emerging innovations, including stimuli-responsive nano-
materials, artificial intelligence-assisted nanomedicine, and multi-
functional theranostic systems, are expanding the scope of precision
oncology while addressing limitations associated with conventional
nanoparticle platforms. Despite these advances, challenges related to
clinical translation, large-scale manufacturing, long-term safety, and
regulatory approval remain key barriers to widespread clinical imple-
mentation. The following subsections highlight recent technological
developments, ongoing translational challenges, and future direc-
tions expected to drive the next generation of cancer nanomedicine.
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Smart and Stimuli-Responsive Nanoparticles

Smart and stimuli-responsive nanoparticles represent a major
advancement in cancer nanomedicine by enabling controlled drug
release in response to specific internal or external stimuli, thereby
improving therapeutic precision while minimizing systemic toxici-
ty. Unlike conventional nanocarriers, these intelligent nanosystems
are engineered to respond to tumor-associated conditions such as
acidic pH, redox potential, enzymatic activity, hypoxia, temperature,
or externally applied light and magnetic fields, allowing site-specific
activation and enhanced treatment efficacy [33,34]. Their ability to
release therapeutic payloads selectively within the tumor microenvi-
ronment reduces off-target effects and improves drug bioavailability,
making them promising platforms for precision oncology [1,6]. Re-
cent advances in nanobiotechnology have expanded the functional-
ity of stimuli-responsive systems through the development of mul-
tifunctional nanogels, hybrid nanocarriers, and immunomodulatory
nanoparticles capable of integrating targeted drug delivery, molecular
imaging, and cancer immunotherapy within a single platform. These
smart nanoplatforms also support combination therapies by syn-
chronizing the delivery of multiple therapeutic agents while adapt-
ing to the dynamic characteristics of the tumor microenvironment,
thereby enhancing therapeutic outcomes and reducing the likelihood
of treatment resistance [35,36]. Continued innovations in materials
engineering and nanosystem design are expected to further improve
the clinical applicability of smart nanoparticles and accelerate their
translation into personalized cancer therapy [3].

Al-Assisted Nanomedicine

Artificial intelligence (Al) is increasingly transforming cancer
nanomedicine by enabling the rational design, optimization, and clin-
ical translation of nanoparticle-based therapeutic and diagnostic sys-
tems. Machine learning and deep learning algorithms can integrate
complex biological, physicochemical, and clinical datasets to predict
nanoparticle behavior, optimize formulation parameters, and improve
targeting efficiency, thereby accelerating nanomedicine development
while reducing reliance on conventional trial-and-error approaches
[37]. Al also facilitates the optimization of nanoparticle size, surface
functionalization, drug-loading capacity, and biodistribution, sup-
porting the development of safer and more effective nanocarriers for
precision oncology [5,37]. Beyond nanoparticle design, Al enhances
cancer diagnosis and therapeutic decision-making through advanced
image analysis, predictive modeling, and patient-specific treatment
planning. The integration of Al with nanoparticle-based imaging and
drug delivery platforms enables intelligent theranostic systems capa-
ble of predicting therapeutic responses, monitoring treatment out-
comes, and supporting personalized cancer management.

Although challenges related to data quality, model interpretabil-
ity, standardization, and regulatory implementation remain, contin-

ued advances in Al are expected to accelerate the clinical translation
of next-generation nanomedicines and improve outcomes in preci-
sion cancer therapy [5,37].

Clinical Translation and Ongoing Challenges

Despite remarkable advances in cancer nanobiotechnology,
the clinical translation of nanoparticle-based systems remains con-
strained by several scientific, technological, and regulatory challeng-
es. Although numerous nanomedicines have demonstrated prom-
ising preclinical efficacy, only a limited number have progressed to
routine clinical use because of difficulties associated with large-scale
manufacturing, batch-to-batch reproducibility, quality control, and
regulatory standardization [36]. Furthermore, the biological com-
plexity of the tumor microenvironment, interpatient variability, and
heterogeneous nanoparticle biodistribution continue to influence
therapeutic efficacy and clinical outcomes, highlighting the need for
more predictive preclinical models and standardized evaluation pro-
tocols [38]. Long-term biosafety, pharmacokinetics, immunogenicity,
and biodegradability also remain critical considerations for the suc-
cessful clinical implementation of nanoparticle-based therapeutics
and imaging agents. Addressing these challenges will require multi-
disciplinary collaboration among material scientists, engineers, clini-
cians, regulatory agencies, and industry partners to establish robust
manufacturing strategies, harmonized regulatory frameworks, and
evidence-based clinical validation. Continued advances in nanomate-
rial engineering, precision medicine, and translational research are
expected to facilitate the safe and effective integration of next-genera-
tion nanomedicines into routine oncology practice [33,38].

Future Perspectives

The future of cancer nanobiotechnology will be driven by the
development of intelligent, multifunctional nanoplatforms capable
of integrating targeted drug delivery, molecular imaging, immuno-
therapy, and real-time therapeutic monitoring within a single system.
Continued advances in stimuli-responsive nanomaterials, biomimet-
ic nanocarriers, and precision engineering are expected to improve
tumor specificity, therapeutic efficacy, and patient safety while sup-
porting increasingly personalized treatment strategies [33,36]. The
integration of artificial intelligence with nanomedicine is anticipat-
ed to further accelerate nanoparticle design, optimize treatment se-
lection, and facilitate predictive modeling for individualized cancer
management. Future research should also prioritize scalable manu-
facturing, standardized safety evaluation, regulatory harmonization,
and well-designed clinical trials to bridge the gap between laboratory
innovation and routine clinical practice. Through continued inter-
disciplinary collaboration, next-generation nanobiotechnology is ex-
pected to play an increasingly important role in advancing precision
oncology and improving clinical outcomes for patients with cancer
[37-40].
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Conclusion

Nanobiotechnology has transformed the landscape of cancer di-
agnosis and therapy by enabling the development of multifunctional
nanoparticle platforms that improve targeted drug delivery, molecu-
lar imaging, and therapeutic precision. Advances in lipid-based, poly-
meric, inorganic, and biomimetic nanocarriers have enhanced the
efficacy, specificity, and safety of anticancer interventions while sup-
porting the integration of diagnostic and therapeutic functions within
single nanosystems. Recent progress in smart nanomaterials, stimu-
li-responsive platforms, artificial intelligence-assisted nanomedicine,
and theranostic technologies has further accelerated the evolution of
precision oncology. Despite these achievements, challenges related to
large-scale manufacturing, long-term safety, regulatory approval, and
clinical translation continue to limit the widespread adoption of many
nanoparticle-based technologies. Addressing these barriers through
interdisciplinary collaboration, standardized evaluation strategies,
and robust clinical validation will be essential for translating promis-
ing laboratory discoveries into routine clinical practice. Continued in-
novation in nanobiotechnology is expected to drive the development
of safer, more effective, and highly personalized cancer management
strategies, ultimately improving diagnostic accuracy, therapeutic out-
comes, and the quality of life of patients with cancer.
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