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Abstract

Phyto-mediated synthesis of nanoparticles has gained significant attention as a sustainable and eco-friendly
alternative to conventional chemical and physical methods. This green synthesis approach utilizes plant-derived
biomolecules such as polyphenols, flavonoids, terpenoids, alkaloids, and proteins to reduce metal ions into stable
nanoparticles while simultaneously acting as capping and stabilizing agents. The underlying mechanisms involve
complex biochemical interactions, including redox reactions, nucleation, and growth processes that determine
nanoparticle size, morphology, and functionality. In recent years, phyto-synthesized nanoparticles have
demonstrated remarkable potential in biomedical applications, particularly in targeted drug delivery and cancer
therapy, owing to their biocompatibility, enhanced cellular uptake, and ability to modulate biological pathways. This
review provides a detailed overview of the mechanistic aspects of plant-mediated nanoparticle synthesis and
highlights their emerging role in drug delivery systems and anticancer strategies. Additionally, current challenges,
limitations, and future perspectives are discussed to emphasize their potential in advancing green nanomedicine.
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1.Introduction

Nanotechnology has rapidly evolved into a
multidisciplinary field that integrates principles from
chemistry, biology, physics, and medicine to design
and manipulate materials at the nanoscale. Materials
in the size range of 1-100 nm exhibit unique
physicochemical properties, such as enhanced
surface area, improved reactivity, and distinctive
optical and electronic behavior, which are not
observed in their bulk counterparts [1]. These
characteristics make nanoparticles highly suitable for
a wide range of biomedical applications, including
drug delivery, diagnostics, and targeted therapy.
Among various nanomaterials, metal and metal oxide
nanoparticles have gained particular importance due
to their versatility and functional adaptability,
conventional methods for nanoparticle synthesis,
including chemical reduction and physical
approaches, often involve toxic chemicals, high
energy consumption, and the generation of
hazardous byproducts. Such limitations not only pose
environmental concerns but also restrict their
biomedical applicability due to potential toxicity. In
response to these challenges, green synthesis
approaches have been developed, among which
phyto-mediated synthesis has emerged as a
promising alternative [2].

This approach utilizes plant extracts rich in bioactive
compounds to facilitate nanoparticle formation in an
eco-friendly and cost-effective manner.

Plants are abundant sources of phytochemicals such
as flavonoids, phenolics, terpenoids, alkaloids, and
proteins, which play a crucial role in reducing metal
ions and stabilizing the resulting nanoparticles.
Unlike microbial methods, plant-based synthesis
does not require sterile conditions or complex
culturing techniques, making it more practical and
scalable. Furthermore, the inherent biological activity
of plant-derived compounds enhances the
therapeutic potential of the synthesized
nanoparticles [3]. This integration of plant-based
chemistry with nanotechnology has opened new
avenues for developing advanced systems for drug
delivery and cancer therapy, addressing key
challenges such as poor drug bioavailability, non-
specific targeting, and drug resistance.

2. Mechanisms of Phyto-Mediated Nanoparticle
Formation

The formation of nanoparticles through plant-
mediated synthesis involves a series of complex
biochemical processes, including reduction,
nucleation, growth, and stabilization.
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These processes are governed by the interaction
between metal ions and various phytochemicals
presentin plant extracts. The mechanism begins with
the reduction of metal ions, where bioactive
compounds such as flavonoids, polyphenols, and
reducing sugars donate electrons to convert metal
ions into their zero-valent state. Functional groups
such as hydroxyl, carbonyl, and amine groups play a
key role in facilitating these redox reactions [4].
Following reduction, the metal atoms aggregate to
form small clusters, initiating the nucleation process.
This stage is critical as it determines the initial size
and distribution of nanoparticles. A rapid nucleation
rate typically results in the formation of smaller
particles, whereas slower nucleation leads to larger
particle formation. After nucleation, the
nanoparticles undergo a growth phase, during which
additional atoms accumulate on the existing nuclei.
The rate and extent of growth are influenced by
factors such as temperature, pH, and concentration of
the plantextract.

Stabilization is an essential step that prevents
aggregation of nanoparticles and ensures their long-
term stability. Biomolecules such as proteins,
polysaccharides, and phenolic compounds adsorb
onto the nanoparticle surface, acting as natural
capping agents [5]. This capping not only stabilizes
the nanoparticles but also imparts functional
properties such as enhanced solubility,
biocompatibility, and biological activity.

Various parameters, including the type of plant
extract, metal ion concentration, reaction conditions,
and environmental factors, significantly influence the
synthesis process and the final characteristics of the
nanoparticles.

3.Types of Phyto-Synthesized Nanoparticles
Phyto-mediated synthesis enables the production of a
diverse range of metal and metal oxide nanoparticles,
each with unique properties and applications. Among
these, silver nanoparticles are widely studied due to
their strong antimicrobial, antiviral, and anticancer
activities. Their effectiveness is often enhanced by the
presence of plant-derived compounds that act
synergistically with the nanoparticles. Gold
nanoparticles are another important class, known for
their excellent biocompatibility and unique optical
properties, making them suitable for drug delivery,
imaging, and biosensing applications [6]. Zinc oxide
nanoparticles have gained attention for their
photocatalytic, antibacterial, and anticancer
properties. Their ability to generate reactive oxygen
species makes them effective in destroying
pathogenic microorganisms and cancer cells.
Similarly, titanium dioxide nanoparticles are
extensively used in environmental and biomedical
applications, particularly due to their photocatalytic
activity. Iron oxide nanoparticles, characterized by
their magnetic properties, are especially valuable in
targeted drug delivery, magnetic resonance imaging,
and hyperthermia-based cancer therapy. The
diversity of nanoparticles that can be synthesized
using plant extracts highlights the versatility and
potential of phyto-mediated approaches in
nanotechnology.

Table 1: Phytochemicals Involved in Phyto-Mediated Nanoparticle Synthesis and Their Functional Roles

Phytochemical Class Examples

Flavonoids Quercetin, Kaempferol
Phenolic compounds Gallic acid, Tannic acid
Alkaloids Berberine, Morphine
Terpenoids Limonene, Menthol
Proteins Enzymes, Amino acids

Starch, Cellulose
Glycosidic compounds

Polysaccharides
Saponins

Reducing sugars Glucose, Fructose

Functional Groups

-OH, sugar moieties
-CHO, -OH

Role in Nanoparticle Synthesis

-0H, C=0 Reduction of metal ions, stabilization
-OH Strong reducing and capping agents
-NH, Reduction and structural stabilization
C=C, -OH Reduction and shape control
-NH,, -COOH Capping and stabilization
-OH Stabilization and size control

Surface stabilization and dispersion
Electron donors for reduction

Table 2: Biomedical Applications of Phyto-Mediated Nanoparticles in Drug Delivery and Cancer Therapy

Type of Nanoparticle
Silver nanoparticles (AgNPs)
Gold nanoparticles (AuNPs)

Zinc oxide nanoparticles (ZnO NPs)

Key Properties
Antimicrobial, cytotoxic
Biocompatible, optical properties
Photocatalytic, anticancer
Iron oxide nanoparticles (Fe304 NPs) Magnetic properties
Titanium dioxide nanoparticles (TiO, NPs)
Phyto-capped nanoparticles
Functionalized nanoparticles

Photocatalytic activity
Biocompatible, multifunctional
Target-specific ligands

4.Phyto-Mediated Nanoparticlesin Drug Delivery
The application of phyto-mediated nanoparticles in
drug delivery has gained considerable attention due
to their ability to overcome several limitations
associated with conventional therapeutic systems.
One of the most significant advantages of these
nanoparticles is their capability for targeted drug
delivery. By functionalizing their surface with specific
ligands, nanoparticles can selectively bind to
receptors on diseased cells, thereby enhancing drug
accumulation at the target site and minimizing
damage to healthy tissues, phyto-synthesized
nanoparticles enable controlled and sustained
release of drugs, which improves therapeutic

Drug delivery, imaging, photothermal therapy

Application Area Mechanism of Action

Cancer therapy, wound healing ROS generation, apoptosis induction
Targeted delivery, heat generation
Cancer therapy, antimicrobial ROS production, DNA damage
Targeted drug delivery, MRI Magnetic targeting, imaging contrast
ROS-mediated cytotoxicity
Controlled release, enhanced uptake

Receptor-mediated binding

Cancer therapy, environmental use
Drug delivery systems
Targeted therapy

efficiency and reduces the frequency of
administration. This controlled release is particularly
beneficial in the treatment of chronic diseases, where
maintaining consistent drug levels is crucial [7].
Furthermore, nanoparticles enhance the solubility
and stability of poorly soluble drugs, thereby
improving their bioavailability and overall
effectiveness.

The small size of nanoparticles facilitates their uptake
by cells through processes such as endocytosis,
allowing efficient delivery of therapeutic agents at the
cellular level. Their surface properties can be
modified to optimize distribution within the body and
improve interaction with biological systems.
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Importantly, phyto-mediated nanoparticles exhibit
reduced toxicity compared to chemically synthesized
counterparts, as they are capped with natural
biomolecules. This biocompatibility makes them
highly suitable for biomedical applications,
particularly in drug delivery systems aimed at
improving patient safety and treatment outcomes.

5.Role of Phyto-Mediated Nanoparticlesin Cancer
Therapy

Cancer remains one of the leading causes of mortality
worldwide, and conventional treatment strategies
such as chemotherapy, radiotherapy, and surgery
often suffer from significant limitations, including
non-specific targeting, systemic toxicity, and the
development of drug resistance. In this context,
phyto-mediated nanoparticles have emerged as a
promising alternative for improving cancer
treatment outcomes. These nanoparticles exhibit
intrinsic anticancer properties, largely attributed to
their ability to induce oxidative stress, disrupt cellular
homeostasis, and trigger programmed cell death
(apoptosis) in cancer cells [8]. The presence of
phytochemicals on the nanoparticle surface further
enhances their biological activity, creating a
synergistic effect that improves therapeutic efficacy.
One of the key advantages of phyto-synthesized
nanoparticles in cancer therapy is their ability to
selectively target tumor tissues. This selectivity is
often achieved through the enhanced permeability
and retention (EPR) effect, which allows
nanoparticles to accumulate preferentially in tumor
regions due to the leaky vasculature and poor
lymphatic drainage characteristic of cancer tissues.
Additionally, surface functionalization of
nanoparticles with specific ligands enables active
targeting of cancer cells by binding to overexpressed
receptors, thereby reducing damage to healthy cells,
phyto-mediated nanoparticles have shown
significant potential in advanced therapeutic
approaches such as photothermal and photodynamic
therapy. In photothermal therapy, nanoparticles such
as gold convert absorbed light energy into heat,
leading to localized destruction of tumor cells. In
photodynamic therapy, nanoparticles enhance the
generation of reactive oxygen species upon light
activation, resulting in targeted cytotoxicity [9].
These innovative approaches, combined with
conventional therapies, offer a multifaceted strategy
for effective cancer management.

6.Advantages of Phyto-Mediated Nanoparticles
Phyto-mediated synthesis of nanoparticles offers
several advantages over conventional physical and
chemical methods, making it an attractive approach
in nanotechnology and biomedical applications. One
of the most significant benefits is its environmentally
friendly nature, as it eliminates the need for toxic
chemicals and harsh reaction conditions. The use of
plant extracts as reducing and stabilizing agents
aligns with the principles of green chemistry and
promotes sustainable development, this method is
cost-effective and suitable for large-scale production,
as plant materials are widely available and do not
require complex processing[10].

The nanoparticles produced through this approach
are generally biocompatible and exhibit lower
toxicity, primarily due to the presence of natural
capping agents derived from plant biomolecules.
These capping agents not only stabilize the
nanoparticles but also enhance their functional
properties, including improved solubility and
biological activity. Another important advantage is
the multifunctional nature of phyto-synthesized
nanoparticles. The combination of nanoparticle
properties with bioactive phytochemicals results in
enhanced therapeutic potential, including
antimicrobial, antioxidant, anti-inflammatory, and
anticancer activities. Furthermore, the simplicity of
the synthesis process and the ability to control
nanoparticle characteristics through optimization of
reaction parameters make this approach highly
versatile and adaptable for various applications.

7.Challenges and Limitations

Despite the numerous advantages, phyto-mediated
nanoparticle synthesis faces several challenges that
need to be addressed for its successful application in
biomedical and industrial fields. One of the primary
limitations is the lack of standardization in synthesis
protocols. Variability in plant species, extraction
methods, and environmental conditions can lead to
inconsistencies in nanoparticle size, shape, and
composition, affecting reproducibility and reliability.
Another significant challenge is the difficulty in
achieving precise control over nanoparticle
characteristics [11]. Factors such as reaction time,
temperature, pH, and concentration of plant extract
can influence the synthesis process, making it
challenging to produce nanoparticles with uniform
and morphology. Additionally, the complex
composition of plant extracts, which contain a
mixture of biomolecules, complicates the
identification of specific compounds responsible for
reduction and stabilization, concerns regarding
toxicity, biodistribution, and long-term effects of
nanoparticles remain critical. Although phyto-
mediated nanoparticles are generally considered
safer than chemically synthesized ones,
comprehensive in vitro and in vivo studies are
required to evaluate their safety and efficacy,
regulatory challenges and the lack of clear guidelines
for the clinical use of nanomaterials pose additional
barriers to their commercialization.

8. Future Perspectives

The future of phyto-mediated nanoparticle synthesis
lies in the integration of advanced technologies and
interdisciplinary approaches to overcome existing
challenges and enhance their applicability. One
promising direction is the use of biotechnology and
synthetic biology to engineer plants or plant extracts
with optimized phytochemical profiles for more
efficient nanoparticle synthesis. This could enable
better control over nanoparticle properties and
improve reproducibility. Advancements in analytical
techniques and computational modelling are
expected to provide deeper insights into the
mechanisms of nanoparticle formation, allowing
researchers to design more efficient and targeted
synthesis processes, the development of hybrid
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systems that combine phyto-mediated nanoparticles
with other nanomaterials or drug delivery platforms
could lead to innovative solutions for complex
medical conditions, particularly cancer. Large-scale
production and commercialization of these
nanoparticles will require the establishment of
standardized protocols and stringent quality control
measures. An extensive clinical studies and
regulatory frameworks, with continued research and
technological advancements, phyto-mediated
nanoparticles hold immense potential to
revolutionize nanomedicine, offering sustainable,
safe, and highly effective solutions for drug delivery
and cancer therapy.

9. Conclusion

Phyto-mediated synthesis of nanoparticles
represents a promising and sustainable approach in
nanotechnology, offering significant advantages over
conventional methods. The unique ability of plant-
derived biomolecules to facilitate nanoparticle
formation and stabilization has opened new
possibilities in biomedical applications, particularly
in drug delivery and cancer therapy. These
nanoparticles exhibit enhanced biocompatibility,
targeted action, and therapeutic efficiency, making
them valuable tools in modern medicine. Although
challenges related to standardization and large-scale
production persist, ongoing advancements in
research are expected to overcome these barriers,
phyto-mediated nanoparticles hold immense
potential in shaping the future of green nanomedicine
and improving healthcare outcomes.
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