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ABSTRACT

Plant-derived nanoparticles have shown promise in cancer diagnostics and therapy.
Nanoparticles, including lipid-based ones and nanovesicles, have garnered attention
for their potential therapeutic benefits, notably in impeding cancer cell proliferation
and inhibiting tumor growth. Moreover, their distinct characteristics, such as
targeted drug delivery capabilities, present a promising avenue for cancer diagnosis
and treatment. Additionally, the exploration of intelligent nanoparticles for precise
and personalized cancer therapy is underway, offering tailored treatment modalities.
These particles can target specific cancer cells by leveraging biomarkers like
proteins, enzymes, genes, and DNA fragments. Furthermore, the review delves into
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the utilization of nanoparticles derived from plants as carriers for cancer therapy
drugs, shedding light on their pharmacokinetics, stability, and therapeutic
effectiveness. Plant-based nanoparticles also boast unique optical qualities suitable
for cancer diagnostics. For instance, gold nanoparticles synthesized from plant
constituents can be easily modified with imaging agents like fluorescent dyes or
quantum dots, enabling optical imaging and targeted drug delivery. These
nanoparticles play a vital role in cancer cell detection and visualization, facilitating
precise diagnosis. The potential of plant-derived nanoparticles in cancer diagnosis
and therapy represents a burgeoning field with profound implications for future
cancer treatments. This review article explores how plant-derived nanoparticles
(PdNPs) can be utilized as molecular biomarkers for cancer diagnosis and therapy.
Plant materials offer unique advantages in developing nanoparticles due to their
sustainable and eco-friendly characteristics. PANPs have shown great potential for
targeting and diagnosing cancer cells, as well as delivering therapeutic agents.
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INTRODUCTION

Cancer remains one of the leading causes of mortality
worldwide, with its incidence steadily increasing over
the years.™ Timely and accurate diagnosis, followed by
effective therapeutic interventions, is crucial for
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improving patient outcomes and reducing the global
burden of cancer.® In this context, molecular biomarkers
play a pivotal role in cancer diagnostics and therapy.
These biomarkers provide valuable information about the
presence, progression, and response to treatment of
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various types of cancer.’] Moreover, advancements in
nanotechnology have paved the way for the development
of novel biomarkers with enhanced sensitivity and
specificity. Among these, plant-derived nanoparticles
(NPs) have emerged as promising candidates due to their
unique properties and biocompatibility.™

Molecular biomarkers are molecular or cellular
alterations that are indicative of the presence or
progression of a disease, such as cancer. In the context of
cancer, biomarkers can include genetic mutations, gene
expression profiles, protein levels, and other molecular
features characteristic of malignant cells.®) The
identification and characterization of these biomarkers
have revolutionized cancer diagnostics and therapy in
several ways. Firstly, molecular biomarkers enable early
detection of cancer, often before symptoms manifest,
allowing for timely intervention and improved
prognosis.®! For example, screening tests for specific
biomarkers, such as prostate-specific antigen (PSA) for
prostate cancer or CA-125 for ovarian cancer, have
become integral parts of routine cancer screening
protocols.? Secondly, biomarkers facilitate accurate
diagnosis and classification of cancer subtypes, guiding
treatment  decisions and personalized medicine
approaches.®®! By analyzing the molecular profile of a
tumor, clinicians can determine its genetic makeup,
predict its response to certain therapies, and tailor
treatment strategies accordingly. This paradigm shift
towards precision oncology has significantly improved
patient outcomes and minimized the risk of
overtreatment or  undertreatment.’!  Furthermore,
molecular biomarkers play a crucial role in monitoring
disease progression and treatment response. Through
serial measurements of biomarker levels in blood or
tissue samples, clinicians can assess the effectiveness of
therapy, identify emerging resistance mechanisms, and
adjust treatment regimens as needed.?® This dynamic
approach to cancer management allows for timely
intervention and optimization of patient care.”” Overall,
molecular biomarkers serve as indispensable tools in the
fight against cancer, facilitating early detection, accurate
diagnosis, personalized treatment, and monitoring of
disease progression. However, conventional biomarkers
often suffer from limitations such as low sensitivity, lack
of specificity, and invasive sampling procedures. Thus,
there is a growing need for innovative biomarkers with
improved performance characteristics, which brings us to
the emergence of plant-derived nanoparticles as
promising candidates.™"!

Plant-Derived Nanoparticles (NPs) as Promising
Biomarkers

Plant-derived nanoparticles represent a burgeoning field
of research at the intersection of nanotechnology,
biotechnology, and medicine.” These nanoparticles are
derived from various parts of plants, including leaves,
stems, roots, and fruits, and exhibit unique
physicochemical properties that make them well-suited
for  biomedical applications.  Unlike  synthetic
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nanoparticles, which may raise concerns regarding
biocompatibility and toxicity, plant-derived nanoparticles
offer inherent advantages such as biodegradability, low
immunogenicity, and eco-friendliness.*® The synthesis
of plant-derived nanoparticles typically involves the
extraction of bioactive compounds from plant sources
followed by the conversion of these compounds into
nanoscale particles using green chemistry approaches.*
Various plant species have been explored for
nanoparticle synthesis, including but not limited to, green
tea, turmeric, neem, garlic, and aloe vera. Each plant
source imparts distinct properties to the resulting
nanoparticles, such as antioxidant activity, antimicrobial
properties, and tumor-targeting capabilities.*? In the
context of cancer diagnostics and therapy, plant-derived
nanoparticles hold immense potential as novel
biomarkers due to their ability to selectively target cancer
cells, deliver therapeutic agents, and modulate cellular
signaling pathways. These nanoparticles can be
engineered to carry diagnostic payloads such as
fluorescent dyes or contrast agents for imaging purposes,
enabling non-invasive visualization of tumors and
metastatic  lesions.”!  Additionally,  plant-derived
nanoparticles can serve as drug delivery vehicles,
encapsulating chemotherapeutic drugs, nucleic acids, or
other therapeutic agents and facilitating their targeted
delivery to tumor sites while minimizing systemic
toxicity.'™™! Moreover, plant-derived nanoparticles exhibit
inherent biocompatibility and biodegradability, reducing
the risk of adverse effects associated with traditional
contrast agents or synthetic nanoparticles.”! Furthermore,
their natural origin and eco-friendly synthesis make them
appealing candidates for biomedical applications,
aligning with the principles of sustainable healthcare and
environmental stewardship.*® This review explores the
transformative potential of plant-derived nanoparticles as
novel molecular biomarkers for cancer diagnostics and
therapy, highlighting their unique properties, synthesis
methods, biomedical applications, and the challenges and
opportunities associated with their translation into
clinical practice.

Fundamentals of Cancer Diagnostics and Therapy

Cancer is a heterogeneous group of diseases
characterized by uncontrolled cell growth and
proliferation, often leading to the formation of malignant
tumors.'” There are over 100 different types of cancer,
each with unique biological characteristics, clinical
manifestations, and treatment considerations.® Some of
the most common types of cancer include breast cancer,
lung cancer, prostate cancer, colorectal cancer, and
leukemia. Current diagnostic techniques for cancer can
be broadly categorized into screening, imaging, and
molecular diagnostics.” Screening tests aim to detect
cancer at an early stage, often before symptoms develop,
thereby improving treatment outcomes and reducing
mortality. Examples of screening tests include
mammography for breast cancer, colonoscopy for
colorectal cancer, and Pap smear for cervical cancer.”
These tests typically involve the detection of abnormal
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cells or biomarkers in bodily fluids or tissues. Imaging
techniques play a crucial role in the diagnosis and
staging of cancer by visualizing internal structures and
detecting abnormalities such as tumors or metastatic
lesions.!**1 Common imaging modalities used in cancer
diagnostics include X-ray, computed tomography (CT),
magnetic resonance imaging (MRI), positron emission
tomography (PET), and ultrasound. These techniques
provide detailed anatomical and functional information
about the location, size, and extent of tumors, guiding
treatment planning and monitoring.”  Molecular
diagnostics involve the analysis of genetic, genomic,
proteomic, or metabolic alterations associated with
cancer development and progression. These techniques
enable personalized medicine approaches by identifying
specific biomarkers or molecular targets for targeted
therapies. Examples of molecular diagnostic tests include
polymerase chain reaction (PCR), fluorescence in situ
hybridization (FISH), gene expression profiling, and
next-generation  sequencing  (NGS).?  Molecular
diagnostics not only aid in cancer diagnosis and
classification but also provide valuable insights into
tumor biology, prognosis, and treatment response. An
instance of magnetic nanoparticles in cancer treatment
includes their use as nanocarriers for both diagnosis and
hyperthermia therapy are shown in figure 1.

& Cancer cell Normal codl ® Thespeun: agent A Tageeng igana

Figure 1: An instance of magnetic nanoparticles in
cancer treatment includes their use as nanocarriers
for both diagnosis and hyperthermia therapy.

Challenges in Traditional Cancer Diagnostics

Despite significant advancements in cancer diagnostics,
several challenges persist, hindering the timely and
accurate detection of cancer and the optimization of
treatment strategies.

Sensitivity and Specificity: Many traditional diagnostic
tests lack sufficient sensitivity and specificity, leading to
false-positive or false-negative results. This can result in
unnecessary procedures, overtreatment, or delayed
diagnosis, impacting patient outcomes and healthcare
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costs.[?!

Invasive Procedures: Some diagnostic techniques, such
as tissue biopsy or surgical exploration, require invasive
procedures that carry inherent risks and discomfort for
patients. Moreover, these procedures may not always
yield sufficient tissue samples for comprehensive
analysis, limiting the accuracy of diagnosis and
staging.*!

Accessibility and Affordability: Access to advanced
diagnostic technologies may be limited in certain regions
or healthcare settings, particularly in low- and middle-
income countries. Cost barriers and infrastructure
constraints pose challenges to widespread adoption and
equitable access to cancer diagnostics, exacerbating
disparities in healthcare delivery and outcomes.®”!

Tumor Heterogeneity: Cancer is a highly heterogeneous
disease, characterized by genetic and phenotypic
diversity both within and between tumors. Traditional
diagnostic tests may fail to capture this heterogeneity,
resulting in incomplete characterization of the disease
and suboptimal treatment selection.!*”}

Resistance and Recurrence: Despite initial response to
therapy, cancer cells may develop resistance mechanisms
over time, leading to treatment failure and disease
recurrence. Traditional diagnostic techniques may not
always detect minimal residual disease or emerging
resistance mutations, necessitating the development of
more sensitive and dynamic monitoring strategies.®

Emerging Trends in Cancer Therapy

In recent years, significant progress has been made in the
field of cancer therapy, with emerging trends focusing on
precision medicine, immunotherapy, targeted therapies,
and combination approaches.

Precision Medicine: Precision medicine, also known as
personalized medicine, involves tailoring treatment
strategies to individual patients based on their unique
genetic, molecular, and clinical characteristics.*!
Molecular diagnostics play a central role in precision
medicine by identifying actionable biomarkers or
therapeutic targets that guide treatment selection and
optimization. By matching patients with the most
effective therapies, precision medicine aims to improve
treatment outcomes while minimizing toxicity and
adverse effects.>?"]

Immunotherapy: Immunotherapy harnesses the power of
the immune system to recognize and eliminate cancer
cells, offering a promising approach for treating various
types of cancer.® Immune checkpoint inhibitors,
chimeric antigen receptor (CAR) T-cell therapy, cancer
vaccines, and adoptive cell therapy are some of the
immunotherapeutic strategies that have demonstrated
remarkable efficacy in certain cancer types.'!
Immunotherapy not only enhances antitumor immune
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responses but also induces durable responses and long-
term immune memory, leading to sustained remissions
and improved survival outcomes.?®!

Targeted Therapies: Targeted therapies are designed to
selectively inhibit specific molecular targets or pathways
involved in cancer development and progression.™
These therapies exploit the molecular vulnerabilities of
cancer cells while sparing normal tissues, minimizing
systemic toxicity and adverse effects. Examples of
targeted therapies include tyrosine kinase inhibitors,
monoclonal antibodies, hormone therapies, and PARP
inhibitors.?”! Targeted therapies have revolutionized the
treatment landscape for many cancer types, particularly
those with driver mutations or oncogenic pathways that
can be therapeutically exploited.

Combination Therapies: Combination therapies involve
the simultaneous or sequential administration of multiple
treatment modalities to enhance efficacy, overcome
resistance, and minimize treatment-related toxicity.™*")
Combinations of chemotherapy, targeted therapy,
immunotherapy, and radiation therapy have shown
synergistic effects in preclinical and clinical studies,
offering new treatment options for patients with
advanced or refractory cancers.” Rational combination
strategies based on complementary mechanisms of action
and synergy between therapeutic agents are being
actively investigated to optimize treatment outcomes and
overcome resistance mechanisms.”! Overall, emerging
trends in cancer therapy hold great promise for
improving patient outcomes, extending survival, and
enhancing quality of life.®¥ By integrating advances in
diagnostics, therapeutics, and personalized medicine,
clinicians can tailor treatment strategies to individual
patients, optimize therapeutic efficacy, and minimize
treatment-related toxicity.”” However, challenges such as
tumor heterogeneity, resistance mechanisms, and access
to innovative therapies remain significant barriers that
must be addressed through continued research,

collaboration, and innovation in cancer care.*

Plant-Derived Nanoparticles

Plant-derived nanoparticles (NPs) are nanoscale particles
that are synthesized from various parts of plants,
including leaves, stems, roots, seeds, and fruits.!*® These
nanoparticles are typically generated through green
synthesis methods, which involve the reduction or
transformation of plant-derived compounds into
nanoscale structures using eco-friendly and sustainable
approaches.["! Plant-derived nanoparticles can vary in
size, shape, composition, and surface properties,
depending on the plant species, extraction method, and
synthesis conditions employed.?

1. Plant Extract-Based Nanoparticles: Plant extract-
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The utilization of naturally synthesized nanoparticles
offers notable advantages, including economic viability,
environmental friendliness, and time efficiency in
nanoparticle  production.  Plants have exhibited
significant potential in yielding diverse phytomedicines
with chemopreventive attributes capable of combating
prostate cancer.*l The inherent versatility and ability to
serve multiple functions render plant-based nanoparticle
platforms a promising avenue for precise cancer
diagnosis and treatment.®! These biogenic nanoparticles,
derived from living organisms such as plants, bacteria,
fungi, and algae, possess the unique capability to
selectively target cancerous cells.®® Plant extract-based
nanoparticles have garnered significant attention recently
for their versatile applications in drug delivery,
cosmetics, and pharmaceuticals, offering numerous
advantages over conventional synthetic nanoparticles.’
These nanoparticles can be classified into lipid-based
nanoparticles, such as liposomes, and polymer-based
nanoparticles.”! Lipid-based nanoparticles consist of a
bilayer of lipids and can incorporate plant extracts for
drug delivery, cosmetics, and nutraceuticals.”! Polymer-
based nanoparticles, composed of biodegradable
polymers, can also integrate plant extracts and find
applications in drug delivery, tissue engineering, and
regenerative medicine. Several methods are employed to
synthesize plant extract-based nanoparticles, including
emulsification and solvent extraction, precipitation, and
polymerization methods.B*!

2. Phytochemical-Loaded Nanoparticles: Nanoparticles
enriched with phytochemicals denote nanoparticles laden
or enveloped with plant-derived bioactive compounds.!
These microscopic entities hold significant potential
across various medical applications, encompassing drug
delivery, cancer  treatment, and  nutraceutical
formulations.’”? Phytochemicals showcase a wide array
of biological functions, ranging from antioxidative and
anti-inflammatory  properties to anticancer and
antimicrobial effects, rendering them invaluable for
therapeutic interventions.?® Embedding phytochemicals
within  nanoparticles serves to enhance their
bioavailability, stability, and therapeutic efficacy, while
simultaneously reducing potential adverse effects and
facilitating targeted delivery to specific tissues or
cells.'? Various nanoparticle formulations, including
liposomes, polymeric nanoparticles, lipid nanoparticles,
and solid lipid nanoparticles, can be harnessed for
phytochemical encapsulation, providing versatile
platforms for drug delivery and controlled release.
Phytochemical-loaded nanoparticles have shown promise
in preclinical studies for various medical applications,
and ongoing research aims to further explore their
potential in clinical settings.®! Overall, phytochemical-
loaded nanoparticles represent an innovative approach in
modern medicine, harnessing the therapeutic potential of

based nanoparticles have shown potential in cancer plant-derived compounds for improved health
diagnostics and therapy.”” Nanovesicles derived from  outcomes.®

plants (referred to as PDNVs) have surfaced as a

compelling nanoplatform for biomedical applications.
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3. Plant-Derived Polymer Nanoparticles: Plant-derived
polymer nanoparticles are nanoparticles composed of
biodegradable polymers derived from plant-based
sources. These nanoparticles have garnered considerable
interest in biomedical research due to their potential
applications in drug delivery, tissue engineering, and
regenerative medicine.*” Utilizing polymers derived
from plants presents numerous advantages, including
biocompatibility, biodegradability, and sustainability,
rendering them appealing substitutes for synthetic
polymers sourced from petrochemicals.™ Plant-derived
polymers, encompassing cellulose, chitosan, alginate,
and starch, offer versatile options for fabricating
nanoparticles utilizing a variety of techniques, such as
nanoprecipitation, emulsion  polymerization, and
electrospinning.”! These nanoparticles can be loaded
with therapeutic agents, such as drugs, proteins, or
nucleic acids, and engineered to achieve controlled
release profiles, targeted delivery, and enhanced
therapeutic  efficacy.®®  Plant-derived  polymer
nanoparticles have shown promise in preclinical studies
for applications in cancer therapy, wound healing, and
tissue regeneration. Moreover, their natural origin and
biocompatibility make them suitable for biomedical
applications, with potential for translation into clinical
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use.®  Continued research into the synthesis,
characterization, and biomedical applications of plant-
derived polymer nanoparticles is expected to further
advance their utility in wvarious medical fields,
contributing to the development of innovative
therapeutic strategies and improving patient outcomes. ™’

4. Plant Virus-Based Nanoparticles: Viruses found in
plants are infectious agents at the nanoscale that can
undergo engineering to showcase foreign peptides or
proteins on their surface, rendering them valuable
platforms for vaccine development, drug delivery, and
imaging applications.® Utilizing plant virus-based
nanoparticles offers numerous advantages, including a
high payload capacity, precise control over surface
chemistry, and low immunogenicity.®3 Examples
encompass tobacco mosaic virus nanoparticles, cowpea
mosaic virus nanoparticles, and potato virus X
nanoparticles. These varied types of nanoparticles
derived from plants present distinctive benefits and
functionalities for biomedical applications, including
targeted drug delivery, imaging, diagnostics, and
theranostics.®”?  Figure 2 illustrates the diverse
nanomaterials employed in cancer treatment.! !

Sikca nanoparticies  Gold nanoparticies

Quantum dots

Nanographene Magnelic nancparticies

Inorganic nanoparticles

Figure 2: Different types of nanomaterial used in the cancer treatment.

Properties and Advantages of Plant-Derived
Nanoparticles over Conventional Biomarkers
Plant-derived nanoparticles possess several distinct
properties and advantages that distinguish them from
conventional biomarkers and synthetic nanoparticles,
making them promising candidates for various
biomedical applications.

1. Biocompatibility: Plant-derived nanoparticles are
composed of natural plant-based materials, such as
phytochemicals, polysaccharides, proteins, and lipids,
which are inherently biocompatible and biodegradable.
These nanoparticles are well-tolerated by living
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organisms and exhibit low cytotoxicity, minimizing
adverse effects on cells, tissues, and organs.[*?

2. Eco-Friendly Synthesis: Green synthesis methods
used to produce plant-derived nanoparticles are
environmentally friendly and sustainable, involving the
use of renewable plant sources, non-toxic reagents, and
energy-efficient processes. These eco-friendly synthesis
approaches reduce the environmental impact of
nanoparticle production and promote the development of
sustainable nanotechnologies.[*!

3. Targeting and Specificity: Plant-derived nanoparticles
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can be engineered to selectively target cancer cells or
specific tissues by functionalizing their surfaces with
targeting ligands, antibodies, or peptides. This targeted
approach enhances the specificity of nanoparticle
accumulation at the site of interest, minimizing off-target
effects and improving therapeutic efficacy.*!

4. Biodegradability: Plant-derived nanoparticles are
biodegradable, meaning they can be metabolized and
eliminated from the body over time through natural
biological processes. Unlike synthetic nanoparticles,
which may accumulate in organs and tissues, plant-
derived nanoparticles are metabolized into harmless
byproducts, reducing the risk of long-term toxicity and
side effects.”)

5. Diversity and Customization: Plant-derived
nanoparticles offer a diverse range of materials,
structures, and functionalities that can be tailored to
specific biomedical applications. Researchers can
customize the composition, size, shape, surface
chemistry, and payload of plant-derived nanoparticles to
optimize their performance for diagnostics, therapy,
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imaging, or theranostics.! !

6. Cost-Effectiveness: Plant-derived nanoparticles can be
produced at relatively low cost using readily available
plant materials and simple synthesis techniques.
Compared to synthetic nanoparticles, which may require
expensive equipment and specialized expertise, plant-
derived nanoparticles offer a cost-effective alternative for
biomedical applications, particularly in resource-limited
settings.”] Overall, the unique properties and advantages
of plant-derived nanoparticles make them attractive
candidates for various biomedical applications, including
cancer diagnostics and therapy. These nanoparticles hold
great promise for improving the efficacy, safety, and
sustainability of cancer treatment modalities, paving the
way for more personalized and environmentally friendly
approaches to cancer care. Table 1 provide an overview
of different types of nanoparticles, highlighting their
respective  materials, types, size ranges, main
components, and main applications in various fields such
as imaging, drug delivery, biosensing, and tissue
engineering.!®

Table 1: Overview of Various Types of Nanoparticles, Including Materials, Types, Size Ranges, Main

Components, and Main Applications.

Material Type Size Main Component Main Applications
. . i Imaging, drug delivery,
Gold nanoparticles | Metallic 1-100 nm Gold (Au) photothermal therapy®
Lipid nanoparticles | Liposomal 50-500 nm Lipids, cholesterol Drug dellvery, gene. 5]
therapy, vaccine delivery’
. . Magnetic resonance
Iron OX'd.e Inorganic 1-100 nm Iron oxide (Fe304, imaging (MRI),
nanoparticles Fe203) h . 7
yperthermia
Polymer . i Polymers (e.g., PLGA, Drug delivery, imaging,
nanoparticles Polymeric 10-200 nm PEG) tissue engineering!*"!
. i Semiconductor Imaging, biosensing,
Quantum dots Semiconductor | 2-10 nm nanocrystals (e.g., CdSe) | photodynamic therapy!®*
Carbon nanotubes Carbon-based 1'.100 nm Carbon (graphene sheets) [_)rug dell\_/ery, b '03‘3]”5'”9*
(diameter) tissue engineering
Silica nanoparticles | Inorganic 10-200 nm Silicon dioxide (SiO2) tl?_rug d‘?""ﬁig” Imaging,
iosensing
Magnetic Magnetic resonance
gnetic Metallic 5-50 nm Iron, cobalt, nickel imaging (MRI),
nanoparticles . 1]
hyperthermia
Calcium phosphate . i Calcium phosphate Drug delivery, bone
nanoparticles Inorganic 10-100 nm (Ca3(P0O4)2) regeneration®”
Dendrimers Polymeric 1-10 nm Branched polymer Drug del!very_, ge[?ﬁ
molecules therapy, imaging
Liposomes Liposomal 50-1000 nm Phospholipid bilayers D“.Jg delivery, vaccine
delivery, gene therapy
Mesoporousssilica | o oanic 50-200 nm | Silica (Si02) Drug delivery, imaging,
nanoparticles biosensing

Mechanisms of Synthesis and Modification of Plant-
Derived Nanoparticles

The synthesis and modification of plant-derived
nanoparticles involve several key steps and mechanisms,
which vary depending on the type of nanoparticle and the
desired properties for a specific application. Common
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methods for synthesizing plant-derived nanoparticles

include.

1. Phytochemical Extraction: Phytochemical extraction
is a fundamental process in the synthesis of plant-derived
nanoparticles, involving the isolation and concentration
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of bioactive compounds from botanical sources.™! These
bioactive compounds, including polyphenols, flavonoids,
alkaloids, terpenoids, and saponins, serve as precursors
for nanoparticle synthesis and impart therapeutic
properties to the resulting nanoparticles. The extraction
process is crucial for obtaining high-quality
phytochemicals that can be further processed into
nanoparticles with desired characteristics for various
biomedical applications. Several methods are commonly
employed for phytochemical extraction, each with its
advantages and limitations. Solvent extraction is one of
the most widely used techniques, where plant materials
are macerated or soaked in a solvent to dissolve and
extract the desired compounds.®™ Common solvents
include ethanol, methanol, acetone, and water, each
selectively extracting different classes of phytochemicals
based on their polarity and solubility. For example, polar
solvents like methanol and ethanol are effective for
extracting polyphenols and flavonoids, while non-polar
solvents like hexane are suitable for extracting lipophilic
compounds such as terpenoids. Another extraction
method is steam distillation, which involves passing
steam through plant materials to vaporize volatile
compounds, followed by condensation to collect the
distillate. This method is particularly useful for
extracting essential oils rich in volatile terpenoids and
aromatic compounds from aromatic plants. Steam
distillation is preferred for extracting heat-sensitive
compounds that may degrade at higher temperatures,
ensuring the preservation of bioactive components in
their natural form."®" Supercritical fluid extraction (SFE)
is a modern technique that utilizes supercritical fluids
such as carbon dioxide (CO2) as solvents to extract
phytochemicals from plant materials. In this method,
CO2 is pressurized above its critical point to achieve
both liquid and gas-like properties, enhancing its solvent
power and extraction efficiency. SFE offers several

advantages, including high  selectivity, low
environmental impact, and solvent-free extraction,
making it suitable for producing high-quality

phytochemical extracts for nanoparticle synthesis.
Ultrasonication is another extraction technique that
employs high-frequency sound waves to disrupt plant
cell walls and release intracellular phytochemicals into
the solvent.® Ultrasonic extraction is rapid, efficient,
and requires minimal solvent consumption compared to
conventional methods, making it suitable for large-scale
production of phytochemical extracts. Additionally,
ultrasonication can enhance the extraction yield and
bioactivity of phytochemicals by promoting mass
transfer and increasing solvent penetration into plant
tissues.!

2. Nanoparticle Formation: Nanoparticle formation is a
pivotal stage in the synthesis of plant-derived
nanoparticles, wherein phytochemicals extracted from
botanical sources are processed to produce nanoscale
particles with desired characteristics. This process
involves various green synthesis methods that are
environmentally  friendly and utilize sustainable
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resources.® Common techniques for nanoparticle

formation include chemical reduction, microwave-
assisted synthesis, ultrasonication, and plant-mediated
synthesis. Chemical reduction is a widely employed
method for nanoparticle synthesis, involving the
reduction of metal ions in the presence of
phytochemicals to form nanoparticles.®™™ Typically,
metal salts such as gold chloride (AuCI3) or silver nitrate
(AgNO3) are reduced by phytochemicals acting as
reducing agents, resulting in the formation of metal
nanoparticles. The reaction conditions, including
temperature, pH, and reaction time, play a crucial role in
controlling the size, shape, and stability of the
nanoparticles produced.®®! Microwave-assisted synthesis
is a rapid and efficient technique for nanoparticle
formation that utilizes microwave irradiation to
accelerate chemical reactions. In this method, metal salts
and phytochemicals are mixed in a solvent and subjected
to microwave irradiation, leading to the rapid reduction
of metal ions and formation of nanoparticles. Microwave
heating promotes uniform heating and energy
distribution, facilitating the synthesis of nanoparticles
with controlled size and morphology in a shorter reaction
time compared to  conventional  methods.®”
Ultrasonication is another green synthesis approach for
nanoparticle formation that employs high-frequency
sound waves to induce cavitation and promote the
reduction of metal ions by phytochemicals. Ultrasonic
waves generate microbubbles in the reaction mixture,
leading to localized heating and pressure changes that
enhance the rate of chemical reactions. Ultrasonication is
particularly effective for producing nanoparticles with
uniform size distribution and high purity, owing to its
ability to promote nucleation and particle growth under
mild reaction conditions.® Plant-mediated synthesis,
also known as biofabrication, involves the use of plant
extracts or plant-derived biomolecules as both reducing
and stabilizing agents for nanoparticle formation.
Phytochemicals present in plant extracts, such as
polyphenols and flavonoids, exhibit reducing properties
that facilitate the reduction of metal ions to form
nanoparticles. Additionally, biomolecules such as
proteins and polysaccharides present in plant extracts can
act as capping agents, preventing the agglomeration and
stabilizing the nanoparticles formed. Plant-mediated
synthesis  offers  several advantages, including
biocompatibility, cost-effectiveness, and scalability,
making it a promising approach for the sustainable
production of plant-derived nanoparticles for various
applications.l®”

3. Surface Modification: Surface modification is a
crucial aspect of the synthesis of plant-derived
nanoparticles, involving the alteration of the nanoparticle
surface to enhance its stability, biocompatibility,
targeting specificity, and therapeutic efficacy. This
process allows researchers to tailor the properties of
nanoparticles to meet the requirements of specific
biomedical applications. Surface modification techniques
include coating with  biocompatible  polymers,
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conjugation with targeting ligands or antibodies,
encapsulation of drugs or imaging agents, and surface
patterning with biomolecules or nanoparticles. One
common surface modification strategy is the coating of
nanoparticles with biocompatible polymers, such as
polyethylene glycol (PEG) or poly(lactic-co-glycolic
acid) (PLGA). Polymer coatings provide steric
stabilization, preventing aggregation and opsonization of
nanoparticles in biological fluids, thereby prolonging
their  circulation time and enhancing their
biocompatibility. Additionally, polymer coatings can
serve as carriers for hydrophobic drugs or imaging
agents, enabling their encapsulation within nanoparticles
and controlled release at the target site. Conjugation with
targeting ligands or antibodies is another surface
modification approach used to enhance the specificity of
nanoparticles for cancer cells or specific biomarkers.!®!
Targeting ligands, such as peptides or small molecules,
can be conjugated to the surface of nanoparticles to
recognize and bind to receptors overexpressed on the
surface of cancer cells. Similarly, antibodies targeting
specific antigens present on cancer cells can be attached
to nanoparticles, enabling selective targeting and
internalization into tumor cells while minimizing off-
target effects on healthy tissues. Encapsulation of drugs
or imaging agents within nanoparticles is a widely used
surface modification strategy for controlled release and
targeted delivery.¥ Drugs or imaging agents can be
encapsulated within the core of nanoparticles during
synthesis or loaded onto the surface of pre-formed
nanoparticles using various techniques such as physical
adsorption or chemical conjugation. Encapsulation
protects drugs or imaging agents from degradation and
premature release, allowing for sustained release and
improved therapeutic efficacy or imaging contrast at the
target site. Surface patterning with biomolecules or
nanoparticles is an emerging surface modification
technique that enables the functionalization of
nanoparticles with specific biological ligands or
signaling molecules. Nanoparticle surfaces can be
patterned with biomolecules such as DNA, proteins, or
carbohydrates using techniques such as self-assembly or
chemical immobilization. These biomolecules can impart
additional functionalities to nanoparticles, such as cell
targeting, signaling modulation, or interaction with
biological pathways, for applications in diagnostics,
therapy, and tissue engineering.®

Role of Plant-Derived Nanoparticles in Cancer
Diagnostics

Detection and Identification of Cancer Biomarkers

1. Plant-Derived Nanoparticles for Biomarker
Detection: Plant-derived nanoparticles represent a
promising avenue for biomarker detection in cancer
diagnostics, leveraging their unique properties to offer
sensitive and specific detection capabilities.® These
nanoparticles, derived from natural plant-based
materials, possess inherent biocompatibility and minimal
toxicity, ensuring compatibility with biological samples
and reducing the risk of adverse effects. Their surfaces
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can be readily modified with biomolecule-specific
ligands or antibodies, allowing for precise targeting of
cancer biomarkers and enhancing the specificity of
detection assays. Moreover, plant-derived nanoparticles
exhibit signal amplification properties, enabling the
detection of low-abundance biomarkers through various
enhancement techniques such as enzyme-linked
immunosorbent assays (ELISA) or nanoparticle-based
signal amplification.™ This amplification enhances the
sensitivity and detection limits of biomarker assays,
facilitating the detection of cancer biomarkers even in
complex biological samples. Additionally, these
nanoparticles offer multiplexed detection capabilities,
allowing simultaneous detection of multiple cancer
biomarkers from a single sample, providing
comprehensive molecular information about the cancer
phenotype. Furthermore, the portability and rapidity of
plant-derived nanoparticle-based detection platforms
enable point-of-care testing, particularly beneficial in
resource-limited settings, facilitating early detection and
screening of cancer and improving access to timely
diagnosis and treatment. Overall, the biocompatibility,
surface modifiability, signal amplification, multiplexing
capabilities, and suitability for point-of-care testing make
plant-derived nanoparticles promising candidates for
advancing biomarker detection in cancer diagnostics,
with the potential to enhance early detection, prognosis,
and personalized treatment strategies for cancer patients.
Continued research and development in this field are
expected to further optimize the performance and clinical
utility of plant-derived nanoparticles in cancer
management.[*®!

2. Signal Amplification Strategies: Signal amplification
strategies are essential components in enhancing the
sensitivity and detection limits of biomarker assays,
particularly in cancer diagnostics. These strategies aim to
amplify the signals generated from the interaction
between biomarkers and detection probes, thereby
improving the accuracy and reliability of biomarker
detection.”! Several signal amplification techniques are
commonly  employed, including  enzyme-linked
immunosorbent assays (ELISA), nanoparticle-based
amplification, and nucleic acid amplification methods.
ELISA involves the use of enzyme-conjugated detection
antibodies to catalyze the conversion of substrate
molecules into detectable signals, amplifying the signal
output proportional to the concentration of the
biomarker. Nanoparticle-based amplification utilizes
nanomaterials such as gold nanoparticles or quantum
dots, which can bind to multiple detection probes or
target biomolecules, leading to signal enhancement
through collective effects such as plasmon resonance or
fluorescence resonance energy transfer.*®! Additionally,
nucleic acid amplification methods, such as polymerase
chain reaction (PCR) or loop-mediated isothermal
amplification (LAMP), can be employed to amplify the
nucleic acid signals derived from biomarker detection,
enabling sensitive and specific detection of cancer-
related genetic alterations. These signal amplification
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strategies play a critical role in improving the sensitivity,
specificity, and dynamic range of biomarker assays,
ultimately contributing to the early detection, prognosis,
and personalized treatment of cancer. Further research
and innovation in signal amplification technologies are
expected to advance the field of cancer diagnostics,
enabling the development of more accurate and reliable
biomarker detection assays for clinical use.!®”

3. Multiplexed Detection Platforms: Multiplexed
detection platforms play a pivotal role in cancer
diagnostics by enabling the simultaneous detection of
multiple biomarkers from a single sample. These
platforms offer several advantages, including enhanced
diagnostic accuracy, reduced sample consumption, and
increased efficiency compared to single-marker assays.
Multiplexed detection can be achieved through various
techniques, such as microarray-based assays, bead-based
assays, and multiplexed immunoassays.™” Microarray-
based platforms utilize solid supports, such as glass
slides or silicon chips, to immobilize multiple capture
probes specific to different biomarkers. Upon incubation
with the sample, the bound biomarkers are detected using
fluorescent or chemiluminescent labels, allowing for
simultaneous analysis of multiple analytes. Bead-based
assays utilize microspheres or beads, each functionalized
with distinct capture molecules targeting specific
biomarkers. By mixing different types of beads in a
single assay, multiplexed detection of multiple
biomarkers can be achieved in a single reaction.
Additionally, multiplexed immunoassays leverage the
specificity of antibodies to detect multiple biomarkers
simultaneously.l”! These assays can be performed using
various formats, such as enzyme-linked immunosorbent
assays (ELISA), flow cytometry, or multiplexed
suspension arrays, enabling high-throughput and
multiplexed detection of cancer biomarkers. Multiplexed
detection platforms offer valuable insights into the
molecular profile of cancers, providing comprehensive
information about the disease phenotype and facilitating
personalized treatment strategies. Moreover, these
platforms have the potential to streamline the diagnostic
workflow, reduce costs, and improve patient outcomes
by enabling early detection, accurate diagnosis, and
monitoring of cancer  progression.  Continued
advancements in multiplexed detection technologies are
expected to further enhance their utility in cancer
diagnostics, paving the way for more effective and
personalized approaches to cancer management.

4. Point-of-Care Diagnostics: Point-of-care diagnostics
(POC) refers to medical tests performed at or near the
patient's location, providing rapid results that can be used
for immediate clinical decision-making. In the context of
cancer, POC diagnostics play a crucial role in early
detection, monitoring, and management of the disease.
These diagnostics offer several advantages, including
rapid turnaround time, ease of use, and accessibility,
particularly in resource-limited settings.”™ Various POC
technologies are employed for cancer diagnostics,
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including lateral flow assays, microfluidic devices, and
portable imaging systems. Lateral flow assays utilize
paper-based or membrane-based strips to detect specific
biomarkers in biological samples, providing qualitative
or semi-quantitative results within minutes. Microfluidic
devices leverage microscale channels and chambers to
manipulate and analyze small volumes of biological
samples, enabling multiplexed detection of cancer
biomarkers with high sensitivity and specificity.!”
Portable imaging systems, such as handheld ultrasound
devices or smartphone-based microscopy, allow for real-
time visualization and analysis of cancerous lesions or
abnormalities at the point of care, facilitating early
detection and monitoring of disease progression. POC
diagnostics offer immense potential for improving cancer
care by enabling early diagnosis, guiding treatment
decisions, and monitoring therapeutic responses in a
timely manner. These technologies empower healthcare
providers to deliver personalized and targeted
interventions, ultimately improving patient outcomes and
reducing healthcare costs. Continued advancements in
POC diagnostics, coupled with increased accessibility
and affordability, hold promise for revolutionizing cancer
management and reducing the global burden of the
disease.l”™

Imaging  Techniques Plant-Derived
Nanoparticles

1. Optical Imaging: Optical imaging is a non-invasive
imaging technique that utilizes light to visualize and
study biological structures and processes at the cellular
and molecular level. In the context of cancer diagnostics,
optical imaging plays a crucial role in detecting tumors,
monitoring disease progression, and assessing treatment
response. This imaging modality encompasses a wide
range of techniques, including fluorescence imaging,
bioluminescence imaging, and confocal microscopy.!’®
Fluorescence imaging involves the use of fluorescent
probes or dyes that emit light of specific wavelengths
when excited by external light sources, allowing for the
visualization of specific molecular targets or biomarkers
within tissues or cells. Bioluminescence imaging relies
on the detection of light emitted by bioluminescent
reporter molecules, such as luciferase, which are
expressed within cancer cells or tumor tissues, providing
insights into tumor growth and metastasis in vivo.
Confocal microscopy utilizes a focused laser beam to
generate high-resolution, three-dimensional images of
biological samples, enabling detailed visualization of
cellular structures and interactions within tissues.!””!
Optical imaging techniques offer several advantages for
cancer diagnostics, including high sensitivity, real-time
imaging capabilities, and the ability to perform
longitudinal studies in living organisms. These
techniques can facilitate early detection of tumors, guide
surgical interventions, and monitor therapeutic responses
in preclinical and clinical settings. Moreover, optical
imaging can be combined with other imaging modalities,
such as computed tomography (CT) or magnetic
resonance imaging (MRI), to provide complementary

Employing
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information and improve diagnostic accuracy. Continued
advancements in optical imaging technologies, including
the development of novel contrast agents, improved
imaging instrumentation, and enhanced image analysis
algorithms, hold promise for further enhancing the utility
of optical imaging in cancer diagnostics and personalized
medicine.l’®!

2. Magnetic Resonance Imaging (MRI): Plant-derived
nanoparticles can be engineered to exhibit magnetic
properties, making them suitable contrast agents for
MRI. These magnetic nanoparticles can enhance the
contrast between normal and cancerous tissues, enabling
non-invasive visualization of tumors and metastatic
lesions with high spatial resolution and tissue penetration
depth. MRI using plant-derived nanoparticles offers
advantages such as real-time imaging, multi-parametric
imaging, and functional imaging, providing valuable
insights into tumor biology and microenvironment.!”

3. Computed Tomography (CT) Imaging: Plant-derived
nanoparticles can be functionalized with high-Z elements
such as gold or bismuth, making them effective contrast
agents for CT imaging. These nanoparticles absorb X-
rays and enhance the attenuation of X-ray beams,
resulting in increased contrast between soft tissues and
tumors in CT images. CT imaging using plant-derived
nanoparticles offers advantages such as high contrast
sensitivity, rapid image acquisition, and three-
dimensional visualization of anatomical structures,
facilitating accurate diagnosis and staging of cancer.

4. Ultrasound Imaging: Plant-derived nanoparticles can
enhance the contrast and sensitivity of ultrasound
imaging by acting as acoustic contrast agents. These
nanoparticles can be encapsulated within microbubbles
or nanoemulsions that resonate in response to ultrasound
waves, generating strong acoustic signals that can be
detected and quantified using ultrasound scanners.
Ultrasound imaging using plant-derived nanoparticles
offers advantages such as real-time imaging, non-
invasiveness, and cost-effectiveness, making it suitable
for dynamic monitoring of tumor response to therapy.’®”

Advantages and Challenges in Using Plant-Derived
Nanoparticles for Cancer Diagnostics

a. Biocompatibility: Plant-derived nanoparticles are
composed of natural plant-based materials that are
biocompatible and biodegradable, minimizing toxicity
and adverse effects in living organisms. Unlike synthetic
nanoparticles, which may elicit immune responses or
accumulate in organs, plant-derived nanoparticles are
well-tolerated by the body, reducing the risk of
inflammation or allergic reactions. This biocompatibility
makes them suitable for various biomedical applications,
including drug delivery, imaging, and diagnostics,
without causing harm to the surrounding tissues or
organs. !

b. Targeting Specificity: Plant-derived nanoparticles can
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be functionalized with targeting ligands or antibodies
that selectively bind to cancer cells or specific
biomarkers, enhancing the specificity of diagnostic
assays and imaging techniques. By conjugating targeting
moieties onto the surface of nanoparticles, researchers
can direct them to the desired site of action, minimizing
off-target effects and improving the accuracy of cancer
detection and localization. This targeting specificity
enables precise delivery of therapeutic agents to tumor
tissues, maximizing therapeutic efficacy while
minimizing systemic toxicity to healthy tissues.

c. Signal Amplification: Plant-derived nanoparticles can
amplify detection signals through various signal
amplification  strategies, enabling sensitive and
quantitative detection of cancer biomarkers in biological
samples. By conjugating signaling molecules or
amplification probes onto the surface of nanoparticles,
researchers can enhance the sensitivity and specificity of
diagnostic assays, enabling detection of low-abundance
biomarkers with high precision. This signal amplification
capability improves the accuracy of cancer diagnosis and
enables early detection of disease, leading to better
patient outcomes and treatment strategies.*?

d. Multiplexed Detection: Plant-derived nanoparticles
can be integrated into multiplexed detection platforms
that simultaneously detect multiple cancer biomarkers
from a single sample, providing comprehensive
molecular information about the cancer phenotype. By
functionalizing nanoparticles with different recognition
elements or reporter molecules, researchers can create
multiplexed biosensors capable of profiling multiple
biomarkers in parallel, enabling comprehensive
molecular profiling of tumors and personalized treatment
strategies. This multiplexed detection approach enhances
the efficiency and throughput of diagnostic assays,
enabling rapid screening and characterization of cancer
samples with minimal sample volume and processing
time.

e. Point-of-Care Testing: Plant-derived nanoparticles
enable rapid and portable point-of-care testing platforms
that can be deployed in resource-limited settings,
facilitating early detection and screening of cancer in
underserved populations. By incorporating nanoparticles
into paper-based or microfluidic devices, researchers can
develop low-cost, user-friendly diagnostic tests that
provide rapid results without the need for specialized
equipment or trained personnel. This point-of-care
testing approach improves access to cancer diagnostics in
remote or rural areas, enabling timely intervention and
treatment initiation for patients with limited healthcare
resources.®!

Challenges

a. Synthesis Complexity: The synthesis and modification
of plant-derived nanoparticles can be complex and
require specialized expertise, equipment, and resources,
limiting their widespread adoption and scalability.
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Researchers often encounter challenges in controlling
nanoparticle size, shape, and surface properties, as well
as optimizing reaction conditions and purification
methods. Additionally, the synthesis of plant-derived
nanoparticles may involve multiple steps and require
access to plant-derived materials, which may vary in
composition and quality, further complicating the
process.  Addressing these challenges  requires
interdisciplinary collaboration, innovation in
nanomaterial synthesis techniques, and the development
of scalable manufacturing processes that can meet the
growing demand for nanoparticle-based technologies.

b. Stability and Shelf-Life: Plant-derived nanoparticles
may exhibit limited stability and shelf-life, particularly in
biological matrices or harsh physiological environments,
which can affect their performance in diagnostic assays
and imaging techniques. Factors such as aggregation,
degradation, and interactions with biological components
can compromise the stability of nanoparticles and lead to
loss of function over time. Researchers must optimize
nanoparticle formulations, storage conditions, and
packaging strategies to enhance stability and prolong
shelf-life, ensuring consistent performance and reliability
in clinical applications. Additionally, the development of
stabilizing agents, encapsulation methods, and surface
modifications may help mitigate stability issues and
improve the robustness of plant-derived nanoparticles for
biomedical use.®

c. Regulatory Approval: Plant-derived nanoparticles face
regulatory challenges related to safety, quality control,
and approval for clinical use, requiring rigorous
preclinical and clinical studies to demonstrate their
efficacy and safety for cancer diagnostics. Regulatory
agencies such as the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) have
specific guidelines for the evaluation and approval of
nanoparticle-based products, including requirements for
preclinical characterization, toxicology studies, and
clinical trials. Researchers must navigate complex
regulatory pathways, adhere to regulatory standards, and
generate comprehensive data on nanoparticle safety,
efficacy, and quality to obtain regulatory approval for
clinical use. Close collaboration between researchers,
regulators, and industry partners is essential to streamline
the regulatory process and accelerate the translation of
plant-derived nanoparticles from bench to bedside.®

d. Cost-Effectiveness: The cost of producing plant-
derived nanoparticles may be higher than conventional
biomarkers or synthetic nanoparticles, posing challenges
to affordability and accessibility, particularly in low-
resource settings. Factors such as raw material costs,
synthesis complexity, purification methods, and quality
control measures contribute to the overall cost of
nanoparticle production. Researchers must explore cost-
effective synthesis methods, optimize manufacturing
processes, and scale up production capabilities to reduce
the cost of plant-derived nanoparticles and make them
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more accessible to patients worldwide. Additionally,
innovative financing models, public-private partnerships,
and technology transfer agreements may help overcome
financial barriers and promote equitable access to
nanoparticle-based cancer diagnostics and therapy.

e. Standardization and Validation: There is a need for
standardized protocols and validation procedures for the
synthesis, characterization, and application of plant-
derived nanoparticles in cancer diagnostics, ensuring
reproducibility, reliability, and accuracy across different
research studies and clinical settings. Variability in
nanoparticle  synthesis  methods, characterization
techniques, and assay conditions can lead to
inconsistencies in nanoparticle performance and data
interpretation, hindering the comparability and reliability

of research findings. Researchers must establish
standardized protocols for nanoparticle synthesis,
characterization, and functionalization, as well as

develop reference materials and proficiency testing
programs to validate nanoparticle-based assays and
imaging techniques. Collaboration between academia,
industry, and regulatory agencies is essential to establish
consensus standards, promote data sharing, and facilitate
technology transfer, enabling the widespread adoption
and acceptance of plant-derived nanoparticles in cancer
diagnostics and therapy.(®®

Plant-Derived Nanoparticles in Cancer Therapy

A. Drug Delivery Systems Utilizing Plant-Derived
Nanoparticles

1. Nanoparticle-Based Drug Delivery: Nanoparticles
derived from plants have emerged as promising
candidates for delivering drugs in cancer treatment,
owing to their biocompatibility, biodegradability, and
potential for targeted delivery to tumor sites. These
nanoparticles have the capability to encapsulate or bind
therapeutic substances, such as chemotherapy drugs,
nucleic acids, or targeted therapies, and transport them
selectively to cancerous cells, thereby minimizing the
toxicity to healthy tissues.

2. Encapsulation and Protection: Nanoparticles derived
from plants have the capability to encapsulate
hydrophobic medications within their lipid bilayers or
hydrophilic medications within their aqueous cores,
safeguarding them from degradation and premature
release in bodily fluids. This encapsulation vyields
sustained drug release kinetics, prolonged circulation
time, and heightened bioavailability, thereby enhancing
the therapeutic effectiveness of anticancer medications
and diminishing off-target effects.*"!

3. Active Targeting Strategies: Nanoparticles sourced
from plants have the capacity to undergo
functionalization with targeting ligands or antibodies that
identify specific receptors or biomarkers excessively
expressed on the surface of cancer cells. This
functionalization  enables active targeting and
internalization of nanoparticles into tumor cells through
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receptor-mediated endocytosis. Such a targeted approach
boosts the accumulation of therapeutic agents within
tumor tissues while minimizing exposure to healthy
tissues, thereby maximizin? therapeutic efficacy and
reducing systemic toxicity.®®

4. Passive Targeting via Enhanced Permeability and
Retention (EPR) Effect: Nanoparticles derived from
plants can utilize the enhanced permeability and
retention (EPR) effect, which pertains to the abnormal
blood vessel formation and compromised lymphatic
drainage in tumor tissues, to passively gather within
tumors following systemic administration. By leveraging
the EPR effect, nanoparticles can accumulate selectively
within tumor tissues, resulting in higher local drug
concentrations and improved therapeutic outcomes.

B. Targeted Therapy and Controlled Release
Mechanisms

1. Targeted Therapy: Plant-derived nanoparticles enable
targeted therapy approaches that specifically inhibit
molecular targets or signaling pathways involved in
cancer  development and  progression.  These
nanoparticles can be conjugated with monoclonal
antibodies, small-molecule inhibitors, or nucleic acid
therapeutics that selectively bind to cancer-specific
antigens or biomarkers, triggering cellular apoptosis,
growth inhibition, or immune-mediated cytotoxicity. By
precisely delivering therapeutic agents to cancer cells
while sparing healthy tissues, targeted therapy using
plant-derived nanoparticles can enhance treatment
efficacy and minimize off-target effects, improving
patient outcomes and quality of life.

2. Controlled Release Mechanisms: Plant-derived
nanoparticles offer precise control over drug release

kinetics through various mechanisms, including
diffusion,  degradation, and  stimulus-responsive
behaviors. By modulating the physicochemical

properties of nanoparticles, such as size, shape, surface
charge, and composition, researchers can tailor drug
release profiles to achieve sustained, pulsatile, or
triggered release of therapeutic agents within tumor
tissues, optimizing therapeutic efficacy and minimizing
off-target effects. This controlled release capability
allows for the delivery of therapeutic payloads at
therapeutically relevant concentrations over extended
periods, enhancing drug bioavailability and minimizing
systemic toxicity.

3. Stimulus-Responsive Nanoparticles: Nanoparticles
derived from plants can be tailored to react to specific
stimuli within the tumor microenvironment, such as pH,
temperature, redox potential, or enzymatic activity,
prompting targeted drug release at the site of action.
Responsive nanoparticles can be designed to undergo
structural changes, disintegrate, or release payloads in
response to external or internal signals, offering precise
control over drug delivery dynamics and enhancing
therapeutic precision. This responsive behavior enables
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dynamic modulation of drug release in response to
changes in the tumor microenvironment, improving the
efficacy of cancer therapy and overcoming drug
resistance mechanisms.®”

4. Combination Therapies: Plant-derived nanoparticles
enable combination therapies that co-deliver multiple
therapeutic agents, such as chemotherapeutic drugs,
immunomodulators, and targeted therapies, to
synergistically target different aspects of cancer biology
and overcome drug resistance mechanisms. By
encapsulating or conjugating multiple drugs within
nanoparticles, researchers can achieve synergistic effects,
minimize  drug interactions, and overcome
pharmacokinetic limitations, enhancing therapeutic
efficacy and prolonging patient survival. Combination
therapy using plant-derived nanoparticles holds promise
for overcoming treatment resistance, reducing tumor
burden, and improving overall response rates in cancer
patients, highlighting their potential as versatile
platforms for advanced cancer therapy strategies.!*"

C. Therapeutic Efficacy and Challenges in Clinical
Translation

1. Therapeutic Efficacy

Plant-derived  nanoparticles  have  demonstrated
promising therapeutic efficacy in preclinical studies
across various cancer models, including solid tumors,
hematological malignancies, and metastatic diseases.
These nanoparticles have been shown to enhance the
accumulation and retention of therapeutic agents within
tumor tissues, improve drug bioavailability, and
overcome multidrug resistance mechanisms, leading to
enhanced tumor regression, prolonged survival, and
improved quality of life in animal models.

2. Challenges in Clinical Translation

Despite the significant preclinical success of plant-
derived nanoparticles in cancer therapy, several
challenges must be addressed for their successful clinical
translation.

a. Safety and Toxicity: The safety profile of plant-
derived nanoparticles must be rigorously evaluated in
preclinical studies to assess their biocompatibility,
immunogenicity, biodistribution, and long-term toxicity.
Concerns regarding potential adverse effects, such as
inflammation, immunotoxicity, and organ toxicity, must
be addressed to ensure patient safety in clinical trials.’*?

b. Pharmacokinetics and Pharmacodynamics: The
pharmacokinetic and pharmacodynamic properties of
plant-derived nanoparticles, including their circulation
half-life, tissue distribution, metabolism, and clearance,
must be characterized to optimize dosing regimens and
treatment schedules for clinical use. Strategies to
enhance nanoparticle stability, prolong circulation time,
and improve tumor targeting efficiency are essential for
maximizing therapeutic efficacy and minimizing off-
target effects.
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c. Scalability and Manufacturing: Scalable and
reproducible manufacturing processes are required to
produce plant-derived nanoparticles in large quantities
for clinical trials and commercialization. Standardized
protocols, quality control measures, and good
manufacturing practices (GMP) are essential to ensure
batch-to-batch ~ consistency, product quality, and
regulatory compliance throughout the manufacturing
process.

d. Regulatory Approval and Clinical Validation: Plant-
derived nanoparticles face regulatory challenges related
to safety, efficacy, quality control, and approval for
clinical use. Rigorous preclinical studies, followed by
well-designed clinical trials, are necessary to establish
the therapeutic efficacy, safety profile, and clinical
benefit of plant-derived nanoparticles in cancer therapy.
Collaboration  between academia, industry, and
regulatory agencies is crucial to expedite the translation
of plant-derived nanoparticles from bench to bedside.!*]

e. Cost-Effectiveness and Accessibility: The cost-
effectiveness and  accessibility of plant-derived
nanoparticles must be evaluated to ensure equitable
access to cancer therapy for all patients, regardless of
socioeconomic status or geographic location. Strategies
to reduce production costs, improve scalability, and
optimize resource utilization are essential for
maximizing the affordability and availability of plant-
derived nanoparticles in clinical practice.

Future Directions and Challenges

A. Potential Advancements in Plant-Derived
Nanoparticle Research for Cancer Applications

1. Enhanced Targeting Strategies: Future research in
plant-derived nanoparticle technology may focus on
refining targeting strategies to improve the specificity
and efficiency of cancer therapy. This could involve the
development of novel targeting ligands or antibodies that
recognize cancer-specific biomarkers with high affinity,
as well as the incorporation of stimuli-responsive
elements that enable precise control over nanoparticle
localization and drug release within tumor tissues.
Additionally, advancements in nanomaterial design and
surface engineering techniques may enable the creation
of nanoparticles with enhanced targeting capabilities,
allowing for selective accumulation and uptake by cancer
cells while minimizing interactions with healthy tissues.
By optimizing targeting strategies, researchers can
enhance the therapeutic efficacy of plant-derived
nanoparticles and overcome challenges associated with
off-target effects and systemic toxicity, paving the way
for more effective cancer treatments.*!

2. Multifunctional Nanoparticles: Researchers may
explore the design of multifunctional plant-derived
nanoparticles capable of integrating diagnostic,
therapeutic, and imaging functionalities within a single
platform. By combining drug delivery, imaging, and
therapeutic targeting capabilities, these nanoparticles
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could enable comprehensive cancer management
strategies, such as image-guided surgery, real-time
monitoring of treatment response, and personalized
therapy  optimization.  Furthermore, incorporating
multiple functionalities into a single nanoparticle
platform offers numerous benefits, including enhanced
treatment efficacy, simplified treatment protocols, and
increased patient comfort. Multifunctional nanoparticles
hold the potential to transform cancer diagnosis and
treatment by furnishing healthcare providers with
valuable insights into tumor characteristics, treatment
response, and disease progression. This, in turn,
facilitates more informed clinical decision-making and
contributes to better patient outcomes.

3. Combination Therapies: The development of
combination therapies using plant-derived nanoparticles
could represent a promising approach for overcoming
drug resistance mechanisms and enhancing therapeutic
efficacy. By co-delivering synergistic drug combinations
or combining nanoparticles with other treatment
modalities such as immunotherapy or radiotherapy,
researchers may achieve superior tumor control and
improved patient outcomes in various cancer types.
Combination  therapy  strategies leverage the
complementary mechanisms of action of different
therapeutic agents, allowing for enhanced tumor cell
killing, reduced treatment resistance, and prolonged
patient survival. Plant-derived nanoparticles offer a
versatile platform for combination therapy delivery,
enabling the simultaneous administration of multiple
drugs with distinct pharmacological properties and
synergistic effects. By optimizing combination therapy
regimens, researchers can maximize treatment efficacy
while minimizing adverse effects, offering new hope for
patients with challenging-to-treat cancers.

4. Nanoparticle Engineering and Optimization:
Advances in nanotechnology and materials science may
lead to the development of novel nanoparticle
formulations with optimized physicochemical properties,
such as size, shape, surface charge, and stability. By fine-
tuning these parameters, researchers can enhance
nanoparticle circulation time, tumor accumulation,
cellular uptake, and intracellular drug release, leading to
improved therapeutic outcomes and reduced off-target
effects. Furthermore, advancements in nanoparticle
engineering techniques, such as bottom-up synthesis
approaches, self-assembly  methods, and surface
modification strategies, may enable the creation of
nanoparticles with tailored properties and functionalities
optimized for specific cancer applications. Nanoparticle
optimization efforts aim to overcome existing limitations
in nanoparticle-based cancer therapies, such as poor
bioavailability, limited tumor penetration, and rapid
clearance from the body, thereby improving treatment
efficacy and patient outcomes. Continued research and
innovation in nanoparticle engineering and optimization
are essential for unlocking the full potential of plant-
derived nanoparticles in cancer therapy and advancing
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personalized medicine approaches.[*

5. Personalized Medicine Approaches: Future research
may focus on the integration of plant-derived
nanoparticle technology with personalized medicine
approaches, such as patient-specific biomarker profiling,
genomic analysis, and therapeutic response prediction.
By tailoring nanoparticle formulations and treatment
regimens to individual patient characteristics, researchers
can optimize treatment outcomes, minimize adverse
effects, and maximize therapeutic benefit in a
personalized and precision-oriented manner.
Personalized medicine approaches aim to identify
patient-specific factors that influence treatment response
and disease progression, allowing for tailored
interventions that address the unique needs and
preferences of each patient. Plant-derived nanoparticles
offer a versatile platform for personalized medicine
applications, enabling the customization of treatment
strategies based on patient-specific biomarkers, genetic
mutations, and clinical characteristics. By integrating
personalized medicine principles into nanoparticle-based
cancer therapies, researchers can optimize treatment
efficacy, reduce treatment-related toxicity, and improve
patient outcomes, ushering in a new era of precision
oncology.

B. Regulatory Considerations and Safety Concerns

1. Safety Assessment: Regulatory agencies will require
comprehensive safety assessments of plant-derived
nanoparticles before their approval for clinical use.
Preclinical studies must evaluate the biocompatibility,
immunogenicity, biodistribution, and long-term toxicity
of nanoparticles in animal models, addressing concerns
such as inflammation, organ toxicity, and off-target
effects. Rigorous safety testing is essential to ensure
patient safety and regulatory compliance throughout the
drug development process. Furthermore, researchers
must investigate potential risks associated with
nanoparticle administration, including immune reactions,
allergic responses, and unexpected pharmacological
effects, to mitigate safety concerns and ensure the safe
use of plant-derived nanoparticles in clinical settings.
Long-term monitoring and surveillance programs may
also be necessary to assess the safety profile of
nanoparticle-based therapies in real-world patient
populations and identify any unforeseen adverse events
or complications.®®

2. Manufacturing Standards: Standardized
manufacturing protocols and quality control measures
are necessary to ensure the reproducibility, consistency,
and quality of plant-derived nanoparticles for clinical
use. Good manufacturing practices (GMP) guidelines
should be followed to maintain product quality, purity,
and stability, while minimizing batch-to-batch variability
and contamination risks. Manufacturing facilities must
adhere to regulatory standards and undergo regular
inspections to ensure compliance with quality assurance
requirements. Additionally, researchers must establish
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robust quality control procedures and validation
protocols to verify the integrity and performance of
nanoparticle formulations throughout the manufacturing
process, from raw material selection to final product
packaging. By implementing stringent manufacturing
standards and quality assurance measures, researchers
can ensure the reliability, safety, and efficacy of plant-
derived nanoparticles for cancer therapy, enhancing
confidence in their clinical utility and regulatory
approval.

3. Regulatory Approval Pathways: Regulatory approval
pathways for plant-derived nanoparticles may vary
depending on their intended use, therapeutic indication,
and novelty. Researchers and manufacturers must
navigate complex regulatory frameworks and submit
comprehensive regulatory submissions that demonstrate
the safety, efficacy, and quality of nanoparticles for
cancer therapy. Close collaboration with regulatory
agencies and early engagement in the regulatory process
are essential for expediting approval timelines and
overcoming regulatory hurdles. Furthermore, researchers
must stay abreast of evolving regulatory requirements
and guidance documents related to nanoparticle-based
therapies, ensuring compliance with applicable
regulations and standards. By proactively addressing
regulatory considerations and engaging with regulatory
stakeholders, researchers can streamline the approval
process and accelerate the translation of plant-derived
nanoparticles from bench to bedside, facilitating timely
access to innovative cancer treatments for patients in
need.*’!

4. Risk-Benefit Assessment: Regulatory agencies will
conduct risk-benefit assessments to evaluate the potential
benefits and risks of plant-derived nanoparticles for
cancer therapy. Factors such as therapeutic efficacy,
safety profile, patient population, and unmet medical
need will be considered in the regulatory decision-
making process. Researchers must provide robust clinical
data and evidence of therapeutic benefit to justify the use
of plant-derived nanoparticles in cancer treatment and
obtain regulatory approval. Additionally, researchers
should assess the risk-benefit profile of nanoparticle-
based therapies in comparison to existing treatment
options, weighing the potential advantages of
nanoparticle delivery against potential risks and
uncertainties. Transparency and communication with
regulatory agencies and healthcare stakeholders are
critical to ensuring a comprehensive understanding of the
risk-benefit profile of plant-derived nanoparticles and
facilitating informed decision-making regarding their
clinical use.

C. Addressing Challenges and Limitations for
Widespread Adoption

1. Cost-Effectiveness: The cost-effectiveness of plant-
derived nanoparticles must be addressed to ensure their
affordability and accessibility for patients, healthcare
providers, and payers. Strategies to reduce production
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costs, improve manufacturing efficiency, and optimize
resource utilization are essential for maximizing the cost-
effectiveness of nanoparticle-based cancer therapies and
minimizing financial barriers to patient access. This may
involve leveraging economies of scale, implementing
process optimization techniques, and exploring
alternative raw materials and synthesis methods that
offer cost savings without compromising product quality
or performance. Additionally, health economic analyses
and reimbursement strategies may help demonstrate the
value proposition of nanoparticle-based therapies to
healthcare payers and facilitate reimbursement decisions,
ensuring sustainable market access and uptake.!®!

2. Scalability and Manufacturing:  Scalable
manufacturing processes are needed to produce plant-
derived nanoparticles in large quantities for clinical trials
and commercialization. Researchers must optimize
synthesis methods, scale-up production capabilities, and
establish robust manufacturing protocols that meet
regulatory requirements and ensure product quality,
consistency, and reproducibility. Collaboration with
industry  partners and contract manufacturing
organizations (CMOs) may facilitate technology transfer
and accelerate scale-up efforts. Furthermore, investment
in infrastructure, equipment, and personnel training may
be necessary to build manufacturing capacity and
capability, particularly in regions with limited resources
or expertise in nanoparticle production. By addressing
scalability and manufacturing challenges, researchers can
ensure the timely translation of nanoparticle-based
therapies from the laboratory to the clinic, enabling
broader patient access and impact.r*

3. Clinical Translation and Adoption: Overcoming
barriers to clinical translation and adoption requires
interdisciplinary collaboration, stakeholder engagement,
and strategic partnerships across academia, industry,
healthcare providers, regulatory agencies, and patient
advocacy groups. Researchers must conduct well-
designed clinical trials, generate robust clinical evidence,
and demonstrate the clinical benefit of plant-derived
nanoparticles in cancer therapy. Education, awareness,
and training programs may help healthcare providers and
patients understand the potential benefits and risks of
nanoparticle-based therapies and encourage their
adoption in clinical practice. Additionally, initiatives to
streamline regulatory pathways, expedite approval
processes, and incentivize innovation in nanoparticle
research and development may facilitate the translation
of promising nanoparticle-based technologies into
clinically viable products, improving patient outcomes
and healthcare delivery. %!

4. Global Access and Equity: Ensuring global access and
equity to nanoparticle-based cancer therapies requires
addressing disparities in healthcare infrastructure,
resources, and funding across different regions and
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organizations, and philanthropic foundations may
facilitate technology transfer, capacity building, and
resource mobilization to support the implementation of
nanoparticle-based cancer therapies in low- and middle-
income countries.*® Additionally, innovative financing
mechanisms, such as public-private partnerships and
technology transfer agreements, may help overcome
financial barriers and promote equitable access to cancer
care worldwide. By prioritizing global health equity and
fostering international collaboration, stakeholders can
work together to address the unmet medical needs of
underserved populations and ensure that nanoparticle-
based cancer therapies reach those who need them most,
regardless of geography or socioeconomic status.!%%

CONCLUSION

Nanoparticles derived from plant extracts show great
promise in cancer diagnostics and therapy. Their distinct
characteristics, along with their environmentally friendly
synthesis methods, make them appealing for the creation
of novel cancer treatment and diagnostic methods. The
versatility and targeting abilities of these nanoparticles
provide opportunities for precise and personalized cancer
diagnosis and therapy. As research progresses in this
field, plant extract-based nanoparticles are expected to
become increasingly important in cancer care, offering
avenues for more efficient and sustainable strategies to
address this challenging disease. Moreover, the role of
plant-derived nanoparticles in cancer diagnostics,
including biomarker detection and imaging techniques,
has been examined, along with their potential in targeted
therapy and controlled drug delivery mechanisms.
Challenges such as regulatory considerations, safety
concerns, and limitations for widespread adoption have
also been addressed. The implications of plant-derived
nanoparticles in advancing cancer diagnostics and
therapy are profound, offering opportunities for
enhanced targeting, improved therapeutic efficacy, and
personalized medicine approaches. Future prospects
include potential advancements in nanoparticle research,
regulatory frameworks, and manufacturing standards to
overcome existing challenges and accelerate clinical
translation. Recommendations for further research
involve  exploring  multifunctional  nanoparticles,
combination therapies, and personalized medicine
approaches to optimize cancer treatment outcomes and
promote equitable access to nanoparticle-based therapies
worldwide. Overall, plant-derived nanoparticles hold
immense promise as versatile platforms for cancer
diagnosis and therapy, with the potential to transform the
landscape of oncology and improve patient outcomes in
the years to come.
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