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Abstract:

Cancer is one such health concern that has been ravaging and taking away many people worldwide in
the last four decades despite the four decades of therapeutic progress. Even though traditional
chemotherapy is an ancient treatment option, its use is restricted because of its extreme systemic
toxicity, nonspecific ablation of normal tissues, and emergence of multidrug resistance. Such a
weakness results in making the treatment non-sustainable in the long term and restricting the survival
of patients. In order to overcome such barriers, nanoparticle-based drug delivery systems (NDDS)
have emerged as a significant and possibly disruptive technology in cancer therapy. The advantages of
NDDS are improved aqueous solubility of the poorly water-soluble compounds, prolongation of
circulation half-life, improved pharmacokinetics, and passive and active targeting of tumor tissue.
Besides this NDDS can be regulated drug delivery, stimulus responsive and therapeutic specificity in
off-target effect to the cost. They might also serve as versatile vectors to co-release chemotherapeutics
and biomolecules such as nucleic acids, proteins/immune modulators and offer synergistic and
personalized therapy. To enhance compatibility and uptake of NDDS by the device, the engineering
of flexibility of the structure and surfaces to enable the device to operate in the heterogeneous tumor
microenvironment is also enhanced. Moreover, theranostics has been created to have diagnostic and
therapeutic capabilities that allow real time therapy monitoring. This review gives a summary on the
design strategies and delivery system, targeting, preclinical and clinical outcomes, and approved

nanomedicines and emerging nanocarriers technologies.
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Fig 1: Graphical overview of nanoparticle-based targeted drug delivery systems in oncology,highlighting enbanced
precision, cellular uptake, and therapentic efficacy.
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had remarkable contributions in enhancing
survival, they have their own disadvantages [1].
In this case, chemotherapy, more specifically, is
restrained by a lack of therapeutic selectivity,
high rates of systemic toxicity and multidrug
resistance developing, all of which diminish its
efficacy in the long-term perspective |[2].
Chemotherapy drugs administered traditionally
are neither specifically targeted but rather
delivered indiscriminately and therefore can only
destroy healthy tissues but not cancerous cells
thus, undermining safety and quality of life of the
patient [3]. A groundbreaking alternative to this,
nanoparticle-based drug delivery  systems
(NDDS) circumvents these natural obstacles by
taking advantage of the enhanced permeability
and retention (EPR) effect of preferential
tumour uptake and reduction of systemic
exposure to drugs [4]. In addition to passive
conjugation, because nanoparticles can undergo
functionalisation with aptamers, peptides or
antibodies, they can also be functionalised to
actively recognise tumour-associated receptors
so that enhanced tumour-specific delivery of
drugs can occur and on-target interactions can
be reduced [5].

surfaces facilitate spatiotemporal drug delivery,

Further, electrotransducible

programmed to respond to unique tumour

microenvironment signals, e.g. acidic pH,

hypoxia, redox imbalance, or enzyme
overexpression and conduct release into specific
regions of action under control. These systems
improve the pharmacokinetics, biodistribution
of drugs, increase therapeutic indices and reduce
toxic side effects [6]. Additionally, NDDS offer

the ability of co-delivery of multiple therapeutic

agents which would allow synergistic effects like
combining chemotherapy with nucleics acids or
immunotherapy which beat drug resistance and
increase treatment consequences [7]. This is
because the incorporation of imaging agents into
nanoparticles allows theranostics and both
therapeutic and diagnostic functions to be
applied in real-time. The same versatility
highlights  the
nanoparticle-based  drug  delivery

great clinical potential of
systems
(NDDS) in precision oncology [8]. Finally,

through  simultaneous = compliance  with

principles of personalised medicine,

nanoparticle-mediated chemotherapy is
positioned to significantly extend therapeutic
potential, as well as move forward to remodel
the clinical environment of cancer therapy

moving forward [9].

2. Principles of Nanoparticle-Based Drug
Delivery in Oncology

2.1 The Enhanced Permeability and
Retention (EPR) Effect

Solid malignancies have their own characteristic
pathophysiological features, the most notable
ones being grossly distorted and leaky
vasculature and broken lymphatic drainage [10].
These

microenvironment that preferentially selectively

circumstances result in a tumor
concentrates nanoscopic particles-usually the
10-200 nm size range-in malignant tissues
instead of diffusely distributed throughout the
body. This is called the enhanced permeability
and retention (EPR) effect; it is the basis of the
principle of passive targeting in nanoparticle-
mediated therapeutics [11]. Nanocarriers have
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the potential to increase the localization in
tumors, increase drug concentration at the
pathological site, decrease off-target exposure,
and eventually improve the therapy effect by
exploiting the EPR effect. It is important to note
that the extent of the EPR effect may vary by the
tumor type and within a tumor due to
heterogeneity, ie. optimization of the
nanoparticle properties such as size, surface
charge and stability is required [12]. Through
these strategies, the drug can be delivered more
efficiently, patient tolerability can be enhanced,
and even a combination of passive targeting and
active targeting strategies can be implemented to
obtain the highest treatment benefit attainable
[13].

2.2 Active Targeting

Nanoparticles can also be modified using surface
functionalization with targeting ligands to be
actively  targeted

along  with passive

accumulation mediated by the enhanced
permeability and retention (EPR) effect. These
ligands, antibodies, peptides, aptamers, or small
molecules selectively bind tumour associated
receptors that are commonly expressed tumor to
great fames like folate receptors, HER2 or
epidermal growth factor receptors (EGFR) [14].
Interaction of these receptors promotes higher
efficacy of endocytosis and thus enhances
intracellular  drug delivery and increases
therapeutic efficacy of the nanoparticles in
malignant cells. Active targeting does not only
result in improved accuracy in oncology, but also
leads to an enhanced level of therapeutic

efficacy, less systemic toxicity, and less adverse

adverse off-target effects [15]. Moreover, this
strategy can allow the administration of keys to
lower effective doses of drugs, can increase the
capacity of drugs accumulating at the tumor site,
and can expand the possibility of combining
therapeutic payloads with imaging modalities
[16].  Collectively,
safer

energetic  nanoparticles

targeting is a and more efficient

translationation route to nanomedicine in
clinical practice in cancer therapy and facilitates
improved approaches to precision treatments

[17].
2.3 Stimuli-Responsive Drug Release

Nanocarriers can be actively configured to
pursue directional, stimuli-adaptive delivery of
drugs, which in turn enables specific delivery of
drugs in the tumor microenvironment to spare
normal tissues. There are intrinsic tumor-
specific initiators such as low pH, increased
redox potential, and overexpression of the
proteolytic enzymes which allow a selective
activation of drugs in the malignant tissue [18].
At the same time, release is space and time
controllable by external stimuli (eg. light, heat,
fields and

radiation), increasing the tumor selectivity and

ultrasound, magnetic ionizing
minimizing systemic toxicity. The high-level

enhances treatment effectiveness,

safety, and

accuracy

patient reduces the negative
consequences. Besides, there is increasing novel
designs of nanocarriers with dual or multi-
stimuli responsiveness that enables synergistic
effects [19]. As

nanoparticles which can react to pH alterations

therapeutic an example,

in addition to enzymatic activity can be delivered
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to the target cell with improved ability, and
photothermal-responsive delivery vehicles could
be triggered remotely on command [20].
these

Importantly, the combination of

approaches with real-time imaging and
theranostic systems will provide clinicians with
adaptive treatment options, which are beneficial
to build personalized and dynamic cancer
treatments in the framework of precision

nanomedicine [21].

3. Types of Nanoparticles in Cancer

Chemotherapy
3.1 Liposomes

Liposomes are tiny vesicles that are a single or
many phospholipid bilayers around an aqueous
center with any drug encouraging hydrophilic or
hydrophobic enveloping the carryer
independently of shape variability and offer a
core of vast capacity (local utilizing or avoiding
structure). Their structural moldability increases
solubility of drugs and at the same time, shields
therapeutic agents against premature enzymatic
breakdowns and quick system clearance [22].
Liposomes dramatically increase the therapeutic
index of conventional chemotherapeutics agents
by optimizing pharmacokinetics, prolonging the
circulation time, and alleviating offchannel
toxicity [23]. Liposome stealth properties can be

further enhanced by polyethylene glycol
(PEGylation), which decreases Quinoline
muscle identification with the

reticuloendothelial system and elimination by
the reticuloendothelial system. In addition, the
tumour targeting and increase in concentration
at the bizarre concentrated spots of the disease

is facilitated by a surface functionalization with
antibodies, peptides, or aptamers [24]. Most
importantly, liposomal formulations can be
designed to be stimuli-responsive carriers, which
detach drugs when subjected to tumour-specific
microenvironmental factors, which increases
safety and efficacy [25]. The clinical effectiveness
of using approved formulations like
Doxil®/Caelyx® and Myocet 4.0 confirms their
translational directly and demonstrates the
suitability — of
nanomedicine-based

liposomes as a  strong

system in  precision
oncology and can be used prospectively in
theranostic

combination therapy and

development [206].
3.2 Polymeric Nanoparticles

Nanoparticles made of polymer have received
significant attention in oncological therapy
studies due to their biocompatibility, stability
and variety as effective drug delivery vehicles.
Such systems, which are produced using
biodegradable
glycolic acid) (PLGA), polyethylene glycol
(PEG) and polylactic acid (PLA), and natural
polymers like chitosan, can deliver controlled

polymers like poly(lactic-co-

and sustained release of drugs, which is
advantageous, as it allows pharmacokinetics,
increasing therapeutic action, and reducing
systemic side effects [27]. Their flexible structure
allows the functionalization of the surface with
ligands, antibodies, peptides or aptamers which
enables them to control targeting of specific
cellular receptors that are abnormally expressed
on tumor cells in a highly specific fashion [28].
This focused delivery type improves uptake
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within the cell, accumulation levels within
malignant lesions, and high-level therapeutic
payload  delivery.  Moreover,  polymeric
nanoparticles may also be designed to be stimuli-
responsive and respond to changes in pH, redox
gradients, or enzymatic activity under the tumor
microenvironment to allow Well-controlled
release of therapeutics into a specific region and
at a specific time. Notably, these nanocarriers
can also be co-loaded with motre than one
therapeutic mouseinfusion - e.g.,
chemotherapeutics and nucleic acids - to render
combinatorial regimens of treatment. The

combination of these properties is that
polymeric nanoparticles are highly versatile,
tunable, and potent precision oncology tools

[29].
3.3 Micelles

Polymeric micelles are type of nanoscale drugs
delivery vehicles formed upon self-assembly of
amphiphilic block copolymers in solution. These
are structurally characterized by a hydrophobic
central section capable of taking pootly water-
soluble chemotherapeutics, such as paclitaxel,
doxorubicin and camptothecin, and is enveloped
by a hydrophilic outer section which may be
polyethylene glycol (PEG) [30]. This structure
gives it colloidal stability and stealth properties
as well as longer plasma stay. Due to their small
sizes, less than 100nm in diameter, the micelles
are efficient in exploiting the increased
permeability and retention (EPR) effect to
accumulate in tumors [31]. In addition, micellar
surface may be functionalised with targeting

ligands (antibodies, aptamers, or peptides) and in

this way active uptake through tumour specific
receptors can take place; this leads to selectivity
and a reduction in systemic toxicity. Notably,
polymeric micelles can be designed as stimuli-
responsive, externally activated to release their
payload upon tumour-specific stimuli, e.g. acidic
pH, enzymatic activity or temperature changes
[32]. This regulated drug delivery, coupled with
high loadingplicity, excellent solubility and
desirable  biodistribution, make polymeric
micelles highly adaptable and promising as
nanocarriers in precision oncologic therapy and

combinatorial regimens [33].
3.4 Albumin-Based Nanoparticles

An example of nanoparticles utilizing
endogenous transporter processes to promote
site-specific delivery of therapeutic agents in the
oncologic environment is referred to as albumin-
conjugated nanoparticles, exemplified by the
FDA-approved analogue Abraxaneversolutions
(nabABPA).

levels of solubility, physicochemical stability, and

These nanostructures enhance
systemic bioavailability significantly through

covalent or non-covalent interactions of

hydrophobic  chemotherapeutic agents and
albumin, and result in high concentrations in
tumor cells [34]. Albumin interacts with gp60
receptors on monitor the luminal surface of the
endothelial cells and with secreted protein acidic
and rich in cysteine (SPARC) expressed in the
tumor microenvironment, thereby causing a
receptor-mediated transcytosis and pretarget
nanoparticles to the tissues of the neoplasm [35].
Such a policy therefore eliminates the need to
consist of toxic

solubilizing agents like
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Cremophor EL thereby

hypersensitivity responses as well as systemic

suppressing  both

toxicity profiles. Moreover, compared to the

traditional ~ drug  carriers,  albumin-based
formulations possess superior pharmacokinetic
properties, greater intratumoral delivery, and
safety These

nanoparticles are very versatile platforms that

enjoy  superior margin.
can be engineered to co-delivery of various
therapeutic constructs, integration of imaging
intelligences and support of combinatorics
regimens [30]. Being  multifunctional
nanocarriers, they open possibilities to see any
combination of chemotherapy with
immunotherapy, nucleic acid therapeutics, and
other targeted modalities, which will consolidate
their position as a potentially useful tool to

enhance precision and personalized oncology
[37].
3.5 Dendrimers

Dendrimers and hyperbranched polymers Both
dendrimers and hyperbranched polymers have
provided the unique opportunities of drug
delivery due to their specifically controlled
structures, nanoscale dimensionality, and
These

multifunctional folded architectures provide a

controllable surface  chemistries.
wide range of application-specific properties that

can be chemically customized to obtain
controlled release kinetics, augmented aqueous
solubility and enhanced biocompatibility [11].
Thus, such carriers demonstrate significantly
high drug loading capacities due to the capacity
to bind therapeutic agents to them in terms of

host-guest interactions or covalently bonded to

surface functionalities. Further, the surface can
be targeted with functional ligands--monoclonal
antibodies, peptides or aptamers--to specifically
accumulate in  tumorous  tissues

through

receptor-mediated endocytosis  [38]. Image
probes can also be conjugated to dendrimers to
add theranostic properties, thus allowing
therapeutic delivery and diagnostic readout into
a single system. Moreover, reaction to particular
environmental stimuli, like changes in pH or
inducement, can allow

enzymatic activity

stimulus-controllable dendrimers to release
encapsulated drugs to ensure local actuation [39].
The dendrimer-based nanomedicine platforms
provide a system with effective and developing
potential to achieve precision targeted oncology
therapy to optimize therapeutic effects with

reduced systemic toxicity [12].
3.6 Metallic and Inorganic Nanoparticles

Nanoparticles made of gold, iron oxide and
hafnium oxide have come to the forefront in
cancer diagnostics, and therapy because of their
unique physicochemical properties [40]. Gold
nanoparticles, especially, exhibit strong surface
plasmon resonance that has served in numerous
optical  imaging,  photothermal  therapy
applications and as radiosensitizers to enhance
the efficacy of radiotherapy. The most common
nanoparticles,  which are iron  oxide
nanoparticles, as clinically approved contrast
agents in magnetic resonance imaging provide
high-resolution diagnostic information and at
the same time can generate localised heating
when subjected to alternating magnetic fields

that can be exploited to develop magnetic
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hyperthermia therapies that are capable of
ablating malignant cells selectively [41]. Hafnium
oxide nanoparticles are viable radiosensitizers;
they increase the sensitivity of tumor tissues to
ionizing radiation and at the same time increase
the damage in the malignant cells; sparing the
adjacent healthy tissues. All of these inorganic
and metallic nanomaterials comprise a route
between diagnostic and therapeutic methods,

providing real-time visualization, increased
therapeutic accuracy, and better patient
outcomes [42]. Therefore, current research

continues to expand on its multifunctional
integration by supramoleculatly coupling them
with chemotherapeutics, immunotherapies, and
agel delivery wvehicles, which 1is slowly
centralizing their role in modern oncological

nanomedicine [43].
3.7 Hybrid Nanoparticles

Hybrid nanoparticles offer an opportunity of
multifunctional nanoplatforms of organic and
inorganic configurations, as such, preserving a
high degree

of application in oncologic

therapeutics and diagnostics. The organic

constituents e.g. lipids, dendrimers, or bio
degradable polymers give ideal biocompatibility,
stability and

effective  encapsulation  of

therapeutic agents whereas the inorganic
constituents e.g. gold, silica, or iron oxide
provide definite optical, magnetic or structural
properties. Such synergistic combination will
help to simultaneously incorporate
pharmaceutical preparation, diagnostics and
treatment methods into one system, which will
allow monitor the progress of the treatment in
real-time [44]. The flexibility in surface chemistry
of  such nanoparticles allows the
functionalization (PEG, antibody or peptide)
and thereby enables active targeting, release
control, and minimal off-target toxicity to be
achieved. Moreover, it is possible to design
hybrid

nanoparticles, which emit therapeutic agents in

stimuli-responsive  behavior  into
response to particular stimuli like change of pH,
hyperthermia, or enzymatic activities [45].
Equipping with common therapeutic and

diagnostic assistance, these advanced
nanosystems provide great capabilities as potent
theranostic agents, which enable significant
prospects  of  precision  nanomedicine
enhancement, patient-specificated outcomes,
and consequently accelerate clinical translation
of nanotechnology in the field of oncology [46].
Fig. 2 Shows types of Nano particles in

Chemotherapy.
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Types of Nanoparticles in Cancer Chemotherapy
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Fig 2: Types of nanoparticles used in cancer chemotherapy, illustrating diverse nanocarrier platforms and their key

therapentic features.
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4. Clinically Approved Nanoparticle-Based
Chemotherapeutics

Several nanoparticle-based chemotherapeutic
agents have been progressed to clinical practice,
which highlights the clinical translatability of
[47].
The very first FDA-approved nanomedicine

nanomedicine in cancer and other fields

Libosomal doxotubicin (Doxil 2 -/Caelyx )
decrease cardiotoxicity without lowering its
potent antitumor properties [48]. Likewise, (-)-
qvthe paclitaxel/ computer-aided)-qvth albumin
(Abraxane) increased solubility and tumour
penetration and, through this, prevented the
like
Cremophor EL . Superparamagnetic iron-oxide

necessity of wusing harmful solvents
nanoparticles have been similarly applications in
the clinic as MRI contrast agents, thereby leading
to better diagnostic possibilities and allowing

real-time follow-up of treatment response to
therapy [49]. Lipid nanoparticles (LNPs) were
even more recently recognized on the global
COVID-19
pandemic due to their application to vaccine
delivery of mRNA, the success of which
confirmed their potential in general therapies

medical stage throughout the

Lesson [50]. Newer clinically tested nanoparticle
design is now being set up upon these successes
to use in combination therapeutics, co-deliveries
of drugs and biologicals and in theranostics [4].
Not only do these eliminate the lack of safety
and efficacy, but they enable nanoparticles to
become a flexible component of both precision
oncology and contemporary medicine, which
subsequently drives future advancements in
both therapeutic and diagnostic spheres in

addition to personalization of care [39].

Table 1. Clinically Approved Nanoparticle-Based Chemotherapeutics in Oncology

ISSN: 3093-4737

Nanoparticle Drug Payload Indication Approval Refrences
Formulation Status
Doxil®/Caelyx® Doxorubicin Ovarian cancer, | FDA, EMA | [51]
multiple myeloma, | approved
Kapost’s sarcoma
Myocet® Doxorubicin Metastatic breast | EMA [52]
cancer approved
Abraxane® Paclitaxel (albumin- | Breast, pancreatic, | FDA, EMA | [53]
bound) NSCLC approved
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(polymeric micelle)

Onivyde® Irinotecan Metastatic ~ pancreatic | FDA, EMA | [54]
liposome cancer approved

Vyxeos® (CPX- | Cytarabine + | Acute myeloid | FDA, EMA | [55]

351) daunorubicin leukemia approved
(liposomal)

Genexol-PM® Paclitaxel Breast and lung cancers | Approved in | [56]

South Korea

Hensify® Hafnium

(NBTXR3) nanoparticles

oxide | Radiotherapy enhancer | CE

for soft tissue sarcoma | (EU)

Mark | [57]

5.  Recent Advances in  Targeted

Nanoparticle Systems
5.1 Stimuli-Responsive Nanoparticles

Stimuli-responsive nanoparticles are advanced
nanocarriers that have been designed to deliver
the therapeutics selectively in the tumour
(TME). These
exploit the tumoural conditions that are

microenvironment systems
characteristic to enable targeted therapy. PH-
responsive nanoparticles can release their cargo
in the acidic environment that is characteristic of
the TME, and redox-responsive carriers can be
used to gain controlled drug release by using
high levels of intracellular glutathione [58].
Enzyme-activatable nanoparticles have the
capability to react to the upregulation of tumour-
associated proteolytic enzyme and thus promote
site-selective activation. In addition, under
conditions of increased oxidative stress, ROS-
reactive systems are activated, and the delivery of
drugs is launched [59]. Taken together, these

smart nanocarriers can improve the precision of

therapy delivery, reduce systemic toxicity, and
improve the effectiveness of cancer therapy by a
significant increase [60].

5.2 Ligand-Targeted Nanoparticles

The precise nature of nanocarrier in drug
delivery and overall treatment effects is grossly
magnified once a targeting ligand is inserted into
the nanocarrier by allowing it to be
functionalized. By conjugation of nanoparticles
with  monoclonal  antibodies, including
trastuzumab, conditional delivery of drugs has
been achieved through specific and efficient
attachment to overexpressed receptors on the
cancerous cell tumor mass or in tumor cell
[61].  Likewise,
molecules found in short peptides such as the
RGD

localized to tumors and enhance targeting of

plasma integrin-binding

sequence can be target-specifically
tumor vessels and concentration of drugs in
tumor niche areas [62]. Aptamers Aptamers are
highly stable high-binding affinity synthetic
oligonucleotides also make an active form of
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targeting powered to selectively target tumors.
These functionalization strategies reduce off-
target toxicity, enable increased tumor-specific
payload delivery in a one dose administration
and maximize the therapeutic responses because
internalization,

of  improved cellular

biocompatibility and biomembrane
translocation [63]. Additionally, nanoparticles
targeted to ligands are under development
together with theranostics, allowing therapeutic
functionality as well as real time imaging
capabilities in a single system [64]. They allow
the  further

evolution of  customized

nanomedicine, simplify cancer treatment,
minimize the risk of recurrence, and help to
develop individualized treatment options based
on developing patient-specific molecular profiles

[65].
5.3 Theranostic Nanoparticles

Theranostic nanoparticles represent a new
category of advanced nanosystems, which
combine therapeutic as well as diagnostic
functionalities into a virtual platform. They are
oncologic nanocarriers designed to deliver
pharmacologic agents with high specificity to
neoplastic tissues and subsequently contain
imaging moieties that allow responsible tumor
sighting and clarification [66]. Particular
producing nanoparticles are designed to allow a
type of imaging that can be magnetic resonance
imaging (MRI), computed tomography (CT),
tomography (PET), or
fluorescence imaging. These modalities enable

positron emission

real time study of the nanoparticle distribution

and tumor accumulation, hence providing

clinicians with actionable information on the
progress of therapeutic [67]. The dual-response
allows

performance monitoring the drug

delivery,  biodistribution, and therapeutic
response. The outstanding feature of theranostic
nanoparticles is that it is able to increase the
therapeutic selectivity of the nanoparticles
through its ability to target therapeutic agents on
tumor tissues [19]. Shows low systemic toxicity
and moderates the unwanted adverse reactions
which is the primary therapeutic benefit over
traditional treatment regimens. Theranostic
systems represent one of the most important
developments in the direction of individualized
oncology through a combination of therapeutic
and diagnostic capabilities [68]. They help create
more unique therapeutic regimens that can
improve upon the unique biological aspects of
every patient. Theranostic nanoparticles have
the potential to revolutionize the sphere of
precision oncology, in which more studies on
these platforms are made over time, revealing a
potential unprecedented access to personalized
interventional approaches and improved clinical

performance [21].
5.4 Combination Therapies

Nanoparticles represent a very versatile system
that can simultaneously absorb a variety of
therapeutic agents and, therefore, provide
synergistic regimens of therapy, which would
not be possible with standard drug preparations.
An example of such effect is that these carriers
can be able to deliver both chemotherapeutic
and siRNA or miRNA and, in this way, suppress

simultaneously oncogenic signaling pathways
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and induce apoptotic effects [69]. In line with ~ personalized oncological therapies [70]. In

this, the combined approach of tumor ablation  addition, co-delivery systems in fun of
through chemotherapeutic or nanoparticle technology allow tuning of the
immunotherapeutic modalities provokes targets of drugs, time or sequential release, and
multiplied anti -tumor immune responses and improved pharmacokinetics, providing
simultaneously produces a direct reduction in maximum therapeutic synergy. Such
tumor burden in a synergistic manner. This developments highlight the potential of
multi-drug paradigm has hence improved both ~ nanoparticles as versatile tools to enable
therapeutic efficacy, reduced resistance of drugs, multimodal  cancer therapy to become
reduced systemic toxicity and allowed company  embedded in the process of precision medicine
to have controlled drug release at the tumor [71].

thereby  becoming more effective and

Table 2. Recent Advances in Smart and Stimuli-Responsive Nanoparticles

Stimuli Mechanism Example Potential Clinical | Refrences
Type Application
pH-sensitive | Drug release in acidic | pH-labile polymeric | Breast and colon | [72]

TME micelles cancer
Redox- High glutathione | Disulfide-bonded Ovarian and lung | [73]
responsive triggers drug release nanoparticles cancer
Enzyme- MMPs degrade | MMP-sensitive Invasive cancers [74]
responsive protective coating liposomes
ROS- ROS cleavage activates | ROS-cleavable Pancreatic cancer | [75]
responsive release polymer NPs
External Hyperthermia-induced | Thermosensitive Solid tumors [76]
(heat) release liposomes
External Radiation enhances | Hatnium oxide NPs | Soft tissue sarcoma | [77]
(radiation) ROS for drug activation
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6. Clinical Translation and Challenges
6.1 Pharmacokinetics and Biodistribution

Nanomedicine The
enhanced permeability and retention (EPR)

heterogeneity of the

effect is a decisive challenge in nanomedicine
because it is highly variable not only between
different types of tumours but also among
people with the same malignancy [78]. Some
neoplasms contain vessels with increased
permeability thus enabling a significant number
of nanoparticle to build up; others have dense
stromal, inadequately vascularised, or increased
interstitial fluid-filled stroma (which are also
associated with limited nanotherapy uptake).
Such

variability

inter-tumoural
predictability,

reproducibility and overall consistency of

inter-individual and

jeopardizes

therapeutic outcomes within clinical settings
[79]. This has prompted an expedient pool of
innovative  solutions to these problems,
including active targeting modalities to utilise
ligand-mediated stimulus-

receptor uptake,

responsive nanoparticle platforms to be
developed to release therapeutics in response to
certain tumour microenvironmental signatures,
and even personalised treatment regimens based
on the patient-specific tumour profiles [80].
Furthermore,  combining  imaging-guided
surveillance with flexible dosing regimens has
the potential to develop further on
biodistribution, increase tumour concentration,
and boost therapeutic effect and reduce systemic

unwarranted consequences, with nanomedicine

evolving toward the overall aim of precision

oncology [81].
6.2 Immunogenicity and Safety

Whereas a significant nature of engineered
nanoparticles is envisioned as biocompatibility
and biodegradability as its fundamental features,
there are still high concerns on their safety and
persistence in the human body over an extended
duration. Unexpected location of nanostructures
in vital organs like liver, spleen, and kidneys may
initiate toxicological aftermath that sequentially
disadvantage organ functions [82]. In addition,
some nanomaterials can lead to the immune
response  or inflaimmation  which can
compromise patient care and erode their
effectiveness. The clearance kinetics and their
extended retention in tissues are also uncertain
and increase the chances of chronic sequelae,
bioaccumulation and cumulative toxicity after
repeated settings [83]. Strong pharmacokinetic,
biodistribution, immunogenicity and chronic
toxicity profiling is hence essential to the safe
clinical translation of mnanomedicines. The
management of these risks requires use of
advanced in vivo models, longitudinal safety
surveillance, and predictive toxicology platforms
that have the ability to predict the risks even
before their clinical implementation. At the same
time, regulatory systems should advance to
evaluate such unique nanosystems leading to
their safe evolution [19]. More current work on
designing immuneevasive, biodegradable and
stimulus

has  focused on responsive

nanoparticles to reduce side effects and also add
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real time imaging modalities of long term safety
testing of nanoparticles [84]. Taken together,
these approaches will enable developing the next
generation and safer nanoparticle systems in
oncology and other medical applications without
jeopardizing the health of patients [85].

6.3 Large-Scale Manufacturing

The transfer of nanoparticles production in

laboratories  to  large  scale  industrial
manufacturing is not an easy task. The high level
of quality control, reproduction and inter-lot
consistency is a major issue of concern, as it is
essential to maintain the therapeutic efficacy and
safety of nanomedicine products. At an
industrial level, changes in the particle size,
surface chemistry, or colloidal stability on a
marginal scale can significantly impact biological
performance and threaten clinical performance
[86]. This means synthesis protocols need to be
optimized to achieve a well-defined particle-size

defined

and  physicochemical

surface

stability.

distribution,  accurately
properties
Moreover, the considerable scale processes have
to be both cost-effective and efficient in terms
of operations and meet high regulatory
requirements [87]. The targeted results normally
require the use of sophisticated process
engineering, implementation of powerful in-
process

monitoring systems, and

implementation of Good Manufacturing
Practices (GMP) all over the entire process of
production. The complexity of manufacturing
process, in its nature, increases the cost of
production and at the same time, slows down the
translation and market

rate of clinical

commercialization [88]. As a result, there is a dire
need to overcome such challenges to ensure
nanomedicine-related therapeutics are
effectively translated out of research laboratories
into scalable and effective clinical interventions

[89].
6.4 Regulatory Considerations

Obtaining regulatory clearance over the

nanoparticle-based therapeutics is a
multidimensional and daunting task, and a whole
body of evidence is required to support both
safety and efficacy [90]. Unlike traditional
pharmacological ~ substances,  nanoparticles
possess unique physicochemical properties that
significantly affect their biological relationships
and hence the need to have standardized set of
characterization [91]. The most paramount
parameters, i.e., particle size and morphology,
surface charge, stability and drug release kinetics
should be

reproducibility and quality of the products

strictly evaluated to guarantee
obtained during one manufacturing batch and
the other. The regulators also demand a lot of
preclinical and clinical studies to determine
biodistribution, pharmacokinetics,

immunogenicity, accumulation, and organ-
specific properties of the nanotherapeutic [20].
The long-term safety and toxicity tests are also
impossible to ignore because the adverse effects
can strike without any warning [92]. These
cumulative requirements help in minimizing the
risk but do not decrease the therapeutic
reliability. Good Laboratory Practices (GLP)
and Good Manufacturing Practices (GMP) are

therefore used to strengthen the regulatory
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infrastructure [93]. Therefore, adherence to such
high standards will be not merely the key to
building trust in nanomedicine, but also the next
step in advancing laboratory research to the
point of clinical approval to produce benefits to
the patients [90].

6.5 Clinical Efficacy

The array of promising preclinical results made
by nanoparticles notwithstanding, numerous
nanoparticle-based  therapeutics have not
replicated the same degree of success in the
clinic due to the natural complexity and
heterogeneity of human malignancies. Unlike in
vitro and in animal models, tumors of patients
are highly heterogeneous, not only in genomic
mutations, proliferative capacity, or stromal cell
content [79]. The heterogeneity, in combination
with the wvariability of wvascularization and
unequalities in the microenvironmental features,
imposes a strong effect on the biodistribution
and pharmacokinetics of nanoparticles, as a
result, reducing therapeutic efficacy. Besides,
resistance goals constitute a major obstacle since
they come to reality. Up-regulation of drug
efflux pumps, rearrangement of intracellular
signal-transduction pathways, metabolic
reorganization or the expression of evasive
defence strategies against immunotherapy can
lead to tumor cell resistance, which decreases
survival ~ following long-term  therapeutic
treatments [94]. These constraining factors
create a strong difference between the positive
results of preclinical studies and the rather
imprecise clinical results. The solution to such

challenges implies the use of advanced methods,

such as personalized nanomedicine, fine-tuning

targeting systems, and responsive clinical

systems [95]. The element of stringent clinical
evaluation is indefinable in ensuring the
effectiveness and safety of the translation of
clinical

nanotherapeutics  into practice of

oncology [90].
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Challenges in Nanomedicine Clinical Translation
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Fig 3 : Key challenges in the clinical translation of nanomedicine, highlighting barriers related to heterogeneity,
manufacturing, immunogenicity, regulation, and clinical efficacy.

7. Future Perspectives outcomes. Multivalent nanoparticle delivery

. systems, with the ability to deliver imagin
The future of nanoparticle based y ) y ) g. &
. . . probes, therapeutic agents, and biosensing
chemotherapeutics lies in precision oncology, . , _
] . devices simultaneously will be expected to
which entails the development of complex drug . : , .
, ) ; revolutionize oncologic practice by making
delivery systems in accordance with one-on-one i )
] o ] o treatment much more flexible and dynamically
tumouric profile of individual patients utilizing , , et
) o responsive. Advances in artificial intelligence

the tenets of personalised medicine. The ) . :
) ] . and machine learning are likely to further
stratification patterns that are under biomarker ) ) . )
. ) . . streamline the design of nanoparticles enabling
guidance will enable the separation of patient . . .
, , , predictive modelling of tumour nanomaterial

groups and in so doing, the alignment of the , , . ,
. . . . nanoparticle interactions. Besides, the next
therapeutic interventions with the unique . , . .
. . i . generation biodegradable and immune-evasive
biologic features of a particular malignancy and . . .
, ) ; .. materials will tend to improve safety profiles,
in the end, the promotion of improved clinical L . .
whereas the combination of nanoparticles with
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immunotherapeutic options, such as checkpoint

inhibitors or therapeutic  vaccines, can

significantly enhance anti-tumour immunity.
8. Conclusion

Nanoparticles that deliver targeted drugs to their
therapeutic target of interest is a paradigmatic
change in oncology with potential to achieve
increased drug efficacy, reduced systemic
toxicity, and new therapeutic opportunities. The
promise of nanomedicine in a clinical practice
can be summarized by the authorization of
formulations like liposomal doxorubicin and
thus,

highlighting the potential of nanomedicine in

albumin  functionalized  paclitaxel,
clinical practice.The further development of
interface systems, stimuli-responsive systems,
ligand-directed functionalisation, and
theranostic systems which combine diagnostic
and  therapeutic  systems have moved
nanoparticles to the centre of stage when it
comes to precision medicine. Such innovations
allow the easier targeting of tumours, the better
pharmacokinetic control of drugs release and
eventually patient outcomes.The wide and
effective

application of nanotherapeutics,

however, depends on the overcoming of a row
of obstacles. The

heterogeneity, inter-patient variability, long-term

issues include tumour
safety issues, and treatment of large-scale lesions,
which remain major obstacles.There is also a
necessity to ensure the course of regulatory
standards maintenance without affecting the
cost-effective clinical translation.Such
limitations have to be met with interdisciplinary
studies and stringent clinical verification in order
to enable the sphere of nanomedicine to
continue the development and allow integrating

it into new oncological paradigms in the future.
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