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Abstract: Ovarian cancer is the primary cause of gynecological cancer mortality due to delayed clinical presentation and the
persistent emergence of multidrug resistance. Traditional platinum-taxane regimens often demonstrate limited efficacy in
advanced stages, necessitating the development of innovative therapeutic modalities. Plant-derived bioactive compounds,
including curcumin, resveratrol, and quercetin, possess potent antineoplastic properties but are restricted by poor aqueous
solubility and rapid metabolic clearance. Integration with nanotechnology facilitates the creation of sophisticated delivery
platforms, such as liposomes, polymeric nanoparticles, and metallic nanostructures, which enhance the pharmacokinetic profile
and tumor-specific accumulation of these phytochemicals. These nano-enabled systems modulate critical oncogenic signaling
pathways, including PI3K/AKT/mTOR, MAPK, and NF-xB, while inducing progtammed cell death through mitochondrial-
mediated and extrinsic apoptotic pathways. Beyond delivery, green synthesis techniques utilize plant extracts to fabricate metallic
nanoparticles with intrinsic biological activity. Current evidence indicates that these formulations achieve superior therapeutic
indices and effectively bypass efflux pump-mediated resistance. Despite significant preclinical success, clinical translation is
governed by challenges in standardization, large-scale manufacturing, and the establishment of robust regulatory frameworks for
botanical nanomedicines. These systems offer a pathway to improve survival rates and reduce systemic toxicity in patients with
epithelial ovarian malignancies.
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1. Introduction

Ovarian cancer stands as a major challenge in oncology, characterized by high fatality rates and a lack of specific early-stage
symptoms. In 2020, global statistics reported over 313,000 new cases, positioning the disease as the fifth leading cause of cancer-
related mortality among women [1]. The asymptomatic nature of early disease progression leads to a situation where approximately
70% to 80% of patients receive a diagnosis only at advanced stages, specifically FIGO stages III and IV, where the prognosis is
significantly diminished [2]. Current diagnostic protocols involving serum biomarkers like CA-125 and transvaginal ultrasonography
often lack the necessary sensitivity to detect the disease at a curative stage, resulting in late-phase presentations that are resistant to
conventional interventions [1].

Standard therapeutic strategies typically involve aggressive debulking surgery followed by platinum-based chemotherapy. While
initial responses are often favorable, a vast majority of patients experience recurrence and the development of chemoresistance,
which drastically curtails long-term survival prospects [2]. The limitations of current pharmacology, particularly regarding systemic
toxicity and poor drug penetration into peritoneal metastases, necessitate a transition toward more precise delivery systems.
Nanotechnology offers a transformative solution by utilizing materials at the 1-100 nm scale to improve drug solubility, achieve
sustained release, and facilitate tumor-specific accumulation through the enhanced permeability and retention effect [3].

Concurrent with these engineering advancements, plant-derived phytochemicals have surfaced as potent candidates for oncology.
Molecules such as curcumin, epigallocatechin-3-gallate, and various ginsenosides demonstrate significant anti-inflammatory and pro-
apoptotic activities. However, their natural forms suffer from poor bioavailability and rapid systemic elimination [3]. The intersection
of nanocarrier technology with these natural products creates a synergistic platform capable of overcoming physiological barriers.
Nano-enabled plant therapeutics represent a critical development in the pursuit of effective, low-toxicity cancer management By
shielding bioactive molecules from degradation and directing them toward malignant cells via surface functionalization.
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2. Pathology of Ovarian Cancer

2.1. Histopathological Classification

The global burden of ovarian cancer continues to escalate, influenced by demographic shifts and aging populations. Recent analysis
suggests an age-standardized incidence rate of approximately 6.71 per 100,000 women, with significant regional variations dictated
by socio-economic factors and access to screening [4]. While high-income regions show stabilizing rates, middle- and low-income
regions face an increasing absolute number of cases, often complicated by late-stage diagnosis [5]. Projections indicate that the
global burden will continue to rise through 2050, emphasizing the need for more accessible and effective treatment strategies [6].

Ovwarian cancer is categorized as a heterogeneous group of malignancies rather than a single disease entity. Epithelial ovarian cancer
represents the vast majority of cases, approximately 90%, and is further subdivided into distinct histological types. High-grade serous
carcinoma is the most prevalent and aggressive form, often characterized by rapid dissemination across the peritoneal cavity [7].
Other subtypes, such as endometrioid, clear-cell, and mucinous carcinomas, exhibit unique molecular drivers and varying degrees
of sensitivity to standard chemotherapy [7, 8]. The recognition of these distinct subtypes is crucial for the development of targeted
nano-therapeutics, as each variant responds differently to pharmacological challenges [8§].

2.2. Ovarian Tumorigenesis

The molecular basis of ovarian cancer involves a complex interplay of genetic mutations and dysregulated signaling cascades. In
high-grade serous carcinoma, mutations in the TP53 gene are nearly universal, leading to significant genomic instability and a failure
of DNA repair mechanisms [15]. The defects in homologous recombination, frequently resulting from BRCA1 or BRCA2
mutations, are present in a significant portion of patients, creating a therapeutic window for the use of DNA-damaging agents and
specialized inhibitors [10].

Beyond genetic mutations, several intracellular pathways drive cell proliferation and survival. The PI3K/AKT/mTOR pathway is
frequently hyperactivated, promoting metabolic reprogramming and resistance to apoptosis. Similarly, the MAPK pathway and NF-
#B signaling contribute to the pro-inflammatory environment of the tumor, facilitating metastasis and immune evasion [17]. In
subtypes like clear-cell carcinoma, mutations in ARID1A link chromatin remodeling defects to tumor progression [17]. The tumor
microenvironment, consisting of fibroblasts, immune cells, and a dense extracellular matrix, further complicates the delivery of
therapeutic agents by creating physical and biochemical barriers that traditional drugs cannot easily penetrate.

2.3. Limitations and Challenges in Conventional Management

The primary challenge in managing advanced ovarian cancer is the high rate of relapse. Despite optimal surgical cytoreduction and
initial chemotherapy, many patients eventually develop resistance to platinum agents [11]. This resistance is multifactorial, involving
the upregulation of drug efflux pumps, such as P-glycoprotein, and alterations in DNA repair pathways that nullify the effects of
cytotoxic drugs [21]. The emergence of secondary mutations can restore DNA repair capacity in BRCA-deficient cells, leading to
resistance against targeted maintenance therapies [21].

Systemic toxicity remains a significant hurdle in the clinical setting. The high doses required to achieve therapeutic concentrations
in the peritoneal cavity often led to severe hematological and gastrointestinal side effects, which limit the duration and intensity of
treatment. Additionally, the molecular heterogeneity between patients, and even between different metastatic sites in the same
patient, makes it difficult to predict therapeutic responses [22]. Conventional systemic delivery often fails to reach optimal
concentrations in hypoxic tumor cores or within peritoneal nodules due to poor vascularization and high interstitial fluid pressure.
These factors necessitate the development of localized, targeted delivery systems that can bypass systemic circulation and deposit
active agents directly within the malignant tissue.

3. Fundamentals of Nanotechnology

3.1. Principles and Scale-Dependent Properties

Nanotechnology involves the engineering of functional systems at the molecular scale, typically within the range of 1 to 100
nanometers. At this dimension, materials exhibit unique physical and chemical properties that differ substantially from their bulk
counterparts [23]. The high surface-to-volume ratio characteristic of nanoparticles allows for a high density of functional groups on
the surface, which can be utilized for drug loading, chemical stabilization, and the attachment of targeting ligands. These properties
make nanoparticles ideal candidates for overcoming the biological barriers that often limit the efficacy of conventional oncology

drugs [24].
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The behavior of matter at the nanoscale is governed by quantum effects and surface phenomena. Quantum confinement occurs
when the size of a particle becomes comparable to the wavelength of its electrons, leading to discrete energy states and size-
dependent optical and electronic properties. For instance, gold nanoparticles exhibit surface plasmon resonance, where the collective
oscillation of free electrons results in intense light absorption and scattering, properties that are exploited in photothermal therapy
and molecular imaging [23, 24]. These size-dependent effects allow for the precise tuning of nanoparticle characteristics to optimize
their interaction with biological systems.
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Figure 1. Overcoming Biological Batriers through Nanotechnology
3.2. Fabrication Methods for Nanocarriers

The synthesis of nanostructures for medical applications follows two primary methodologies: top-down and bottom-up approaches.
Top-down fabrication involves the physical reduction of bulk materials into smaller components through techniques such as
lithography or high-energy milling. While effective for creating precise patterns, these methods often require significant energy and
may result in surface defects that affect the biocompatibility of the final product [24, 25].

Phytochemical Isolation &
Selection

—_ Selection of bioactive compounds (Curcumin, Resveratrol, Quercetin) based on molecular target profiling.

Nanocarrier Synthesis & Loading — Encapsulation using solvent evaporation, thin-film hydration, or green synthesis of metallic structures.

—_ PEGylation for systemic stealth and ligand conjugation (Folate, Aptamers) for active targeting.

Evaluation & Optimization — Physicochemical characterization (Size, Zeta Potential) followed by in vitro and in vivo efficacy testing.

Figure 2. Fabrication of Functionalized Phytochemical Nanocarriers

In contrast, bottom-up synthesis involves the assembly of atoms or molecules into complex structures through chemical reactions
or self-assembly. This approach is highly versatile and allows for the creation of organic nanocarriers, such as liposomes, micelles,
and dendrimers. Self-assembly is a spontaneous process driven by thermodynamic equilibrium, where amphiphilic molecules
organize into stable structures in aqueous environments [25]. This principle is fundamental in the development of lipid-based and
polymeric nanoparticles, which are currently the most widely studied platforms for the delivery of plant-based therapeutics.
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3.3. Classification of Therapeutic Nanoparticles

Nanocarriers utilized in cancer therapy are generally classified into organic and inorganic systems. Organic nanoparticles, including
liposomes and polymeric structures, are valued for their biocompatibility and ability to carry diverse payloads. Liposomes consist of
phospholipid bilayers that can encapsulate both hydrophilic drugs in the aqueous core and lipophilic compounds within the lipid
membrane [23, 25]. Polymeric nanoparticles, often composed of biodegradable materials like PLGA, offer controlled drug release
through the slow erosion of the polymer matrix.
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Figure 3. Structural Classification of Nano-Phytochemical Delivery Systems

Inorganic nanoparticles, such as gold, silver, and silica-based structures, provide unique functionalities for diagnostics and specialized
therapies. Metallic nanoparticles are particularly useful for their stability and potential for synergistic effects when combined with
phytochemicals. Silica-based systems, such as mesoporous silica nanoparticles, offer high loading capacities due to their porous
architecture [25]. The selection of a specific nanoparticle type depends on the physicochemical properties of the therapeutic agent
and the desired delivery mechanism, whether it be systemic circulation or localized peritoneal administration in ovarian cancer
patients.

4. Plant-Based Therapeutics for Cancer Management

4.1. Drugs Already in Use with Clinical Success

Natural products derived from medicinal plants have historically provided the foundation for cancer chemotherapy. A significant
portion of currently approved antineoplastic agents are either unaltered natural products or their semi-synthetic derivatives. The
transition toward natural products is driven by the need for molecules with multi-target activity and lower systemic toxicity compared
to synthetic cytotoxic agents [26]. The clinical success of plant-derived drugs is exemplified by the development of taxanes and vinca
alkaloids, which have become pillars of modern oncology.

The medicinal significance of plants is underscored by the fact that nearly half of the new drugs approved over the last four decades
have a natural origin [26]. These compounds often exhibit high patient tolerance and possess complex chemical structures that allow
them to interact with specific cellular targets that are difficult to reach with small synthetic molecules. In the context of ovarian
cancer, the integration of these bioactive compounds into nano-delivery systems aims to revitalize their therapeutic potential by
addressing their inherent pharmacokinetic limitations.

4.2. Approved Phytochemical-Derived Antineoplastic Agents

Several plant-derived molecules are currently utilized as standard treatments for various malignancies, including ovarian cancer.
Vinca alkaloids, such as vincristine and vinblastine isolated from Catharanthus roseus, act by binding to tubulin and inhibiting
microtubule polymerization. This disruption prevents the formation of the mitotic spindle, leading to cell cycle arrest in the

Sangeetha S et al 27



Journal of Pharma Insights and Research, 2026, 04(02), 024-036

metaphase and subsequent apoptosis [26, 27]. Taxanes, such as paclitaxel derived from the Pacific yew tree, operate through a
complementary mechanism by stabilizing microtubules and preventing their depolymerization, which similarly triggers mitotic arrest
[27].

Another critical class of plant-derived drugs includes podophyllotoxin derivatives like etoposide. These molecules target
topoisomerase 11, an enzyme essential for DNA replication and transcription. By stabilizing the transient complex between DNA
and the enzyme, these drugs induce double-stranded DNA breaks that are lethal to rapidly dividing cancer cells [26]. While these
drugs are highly effective, their use is often limited by systemic side effects and the development of resistance, highlighting the need
for the next generation of nano-formulated phytochemicals that can deliver these or similar agents with greater precision.

4.3. Biological Mechanisms of Plant-Derived Compounds

The antineoplastic efficacy of phytochemicals stems from their ability to modulate multiple cellular processes simultaneously. Unlike
many targeted synthetic drugs that focus on a single enzyme, bioactive plant compounds often exert a pleiotropic effect. They inhibit
cell proliferation by inducing cell cycle arrest at the G1, S, or G2/M phases through the regulation of cyclins and cyclin-dependent
kinases [28]. Many phytochemicals are potent inducers of apoptosis, activating both the intrinsic mitochondrial pathway through
the regulation of Bcl-2 family proteins and the extrinsic pathway through death receptors [27, 28].

Table 1. Phytochemicals and Their Molecular Targets in Ovarian Cancer

Phytochemical | Primary Major Molecular Targets Biological Outcome in Ovarian Cancer
Source

Curcumin Curcuma NF-«B, STAT3, | Inhibition of proliferation, reversal of chemoresistance,
longa PI3K/Akt/mTOR, Cyclin D1 and suppression of inflammatory cytokines.

Resveratrol Vitis vinifera | SIRT-1, p53, Beclin-1, MMP-9 Induction of autophagy-mediated cell death and

inhibition of metastatic potential.
Quercetin Allinm cepa VEGF, Bcl-2/Bax ratio, | Inhibition of angiogenesis and induction of the intrinsic
Caspases-3/9 apoptotic pathway.

EGCG Camellia EGFR, MAPK, DNA | Epigenetic modulation and suppression of growth factor-
sinensis Methyltransferases mediated signaling cascades.

Berberine Berberis AMPK, P-glycoprotein, Survivin | Overcoming multidrug resistance and inhibition of cancer
species stem cell self-renewal.

Phytochemicals also interfere with oncogenic signaling cascades that are vital for tumor survival. Molecules like curcumin and
resveratrol have been shown to inhibit the NF-xB and STAT3 pathways, which are major drivers of inflaimmation and
chemoresistance in ovarian cancer [29, 30]. Additionally, these compounds can suppress angiogenesis by reducing the expression of
vascular endothelial growth factor (VEGF) and inhibit metastasis by downregulating matrix metalloproteinases (MMPs) that degrade
the extracellular matrix [29]. The multi-target nature of these molecules makes them particularly effective against the heterogeneous
and adaptive nature of ovarian carcinomas.

5. Combination of Nanotechnology and Phytomedicine

5.1. Rationale for Nano-Phytochemical Systems

The integration of nanotechnology with plant-based therapeutics addresses the fundamental limitations of natural bioactive
compounds. Many potent phytochemicals, such as curcumin, quercetin, and thymoquinone, are characterized by high lipophilicity,
which results in poor aqueous solubility and limited absorption in the gastrointestinal tract or systemic circulation. Encapsulation
within nanocarriers, such as liposomes, polymeric micelles, and solid lipid nanoparticles, dramatically enhances the solubility of
these molecules, protecting them from premature enzymatic degradation and rapid metabolic clearance [32, 33]. This
pharmacokinetic improvement leads to a more favorable biodistribution profile and increases the effective concentration of the
drug within the tumor tissue.

The synergy between these two fields also extends to the pharmacodynamic level. Nanoparticles can be engineered to deliver
multiple agents simultaneously, allowing for the co-administration of phytochemicals with traditional chemotherapeutic drugs. This
approach can produce synergistic cytotoxicity, where the plant-derived agent sensitizes the cancer cells to chemotherapy, potentially
allowing for reduced doses of toxic agents like cisplatin or paclitaxel [34]. Nanocarriers can bypass cellular efflux pumps, such as P-
glycoprotein, which are responsible for multidrug resistance in recurrent ovarian cancer, thereby restoring the efficacy of therapeutic
agents [35].
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5.2. Mechanisms of Targeted Delivery in Ovarian Cancer

Nanotechnology enables the specific targeting of ovarian tumors through both passive and active mechanisms. Passive targeting
relies on the anatomical and physiological differences between tumor and healthy tissues. Malignant tumors often possess a
disorganized and leaky vasculature characterized by large gaps between endothelial cells, combined with an inefficient lymphatic
drainage system. Nanoparticles within the size range of 10-100 nm can extravasate through these gaps and become trapped within
the tumor interstitium, a phenomenon known as the enhanced permeability and retention effect [33, 42].
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Figure 4. Nano-Phytochemical Delivery and Intracellular Signaling Modulation

Table 2. Targeting Ligands for Site-Specific Delivery in Ovarian Oncology

Targeting Receptor/Biomarker Expression Profile in Ovarian | Mechanism of Action
Ligand Cancer
Folic Acid Folate Receptor-a (FRat) | Overexpressed in >90% of epithelial | Receptor-mediated endocytosis of the
ovarian cancers. nanocartier.
Transferrin Transferrin Receptor | Upregulated due to high metabolic iron | Enhancement of intracellular drug
(TfR) demand in malignant cells. accumulation.
Anti-HER2 HER2/neu Receptor Overexpressed in aggressive serous | High-affinity binding and localized
Ab subtypes. payload release.
Aptamers Nucleolin or CA-125 Specific tumor-associated antigens. Selective  recognition  with  low
immunogenicity.
Hyaluronic CD44 Receptor Marker for ovarian cancer stem cells. Targeting of chemoresistant and
Acid metastatic cell subpopulations.

Active targeting further refines this process by functionalizing the surface of nanoparticles with specific ligands that recognize
receptors overexpressed on ovarian cancer cells. The folate receptor-alpha is a primary target in this context, as it is highly expressed
in over 90% of epithelial ovarian cancers but remains restricted in healthy tissues [43]. By conjugating folic acid to the nanoparticle
surface, the carrier can be internalized through receptor-mediated endocytosis, delivering its cargo directly into the cytoplasm of the
malignant cell [44, 46]. Other targeting strategies involve the use of antibodies against HER2 or aptamers directed at CA-125, which
enhance the specificity of the delivery system and minimize off-target toxicity in healthy organs.

5.3. Encapsulation and Surface Engineering

The development of effective nano-phytomedicines relies on sophisticated formulation techniques. Lipid-based systems, such as
solid lipid nanoparticles and nanostructured lipid carriers, are particularly effective for hydrophobic phytochemicals due to their
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high loading capacity and biocompatibility [49, 50]. Polymeric nanoparticles, such as those made from PLGA or chitosan, provide
precise control over drug release kinetics, allowing for sustained therapeutic levels over extended periods [51]. Phyto-phospholipid
complexes, or phytosomes, have emerged as a unique delivery platform where the phytochemical is chemically complexed with

phospholipids to improve membrane permeability and lipophilicity [56, 60].

Table 3. Comparison of Nanocarrier Systems for Phytochemical Delivery

Nanocarrier Composition Advantages Phytochemical Payload
Type
Liposomes Phospholipid High biocompatibility; ability to carry both hydrophilic | Curcumin, Paclitaxel,
bilayers and hydrophobic compounds. Quercetin
Polymeric NPs PLGA, Chitosan, | Precise control over release kinetics and surface | Resveratrol, Betulinic
PEG functionalization. Acid
Solid Lipid NPs | Physiological lipids | Excellent stability and high loading capacity for lipophilic | EGCG, Thymoquinone
phytochemicals.
Metallic NPs Gold, Silver Intrinsic  antioxidant  properties;  potential ~ for | Green-synthesized plant
photothermal synergistic therapy. extracts
Phytosomes Phospholipid Enhanced lipid-phase solubility and superior membrane | Silymarin, Ginkgo
complexes permeability. extracts

Surface modification is essential for extending the circulation time of nanocarriers. Coating nanoparticles with hydrophilic polymers
like polyethylene glycol, a process known as PEGylation, creates a "stealth" layer that prevents the adsorption of plasma proteins
and subsequent recognition by the mononuclear phagocyte system [63, 65]. More advanced "bio-inspired" coatings, such as cell
membrane cloaking, utilize isolated membranes from red blood cells or cancer cells to provide a natural exterior that minimizes
immune detection and enhances homotypic targeting to tumor sites [71, 73]. These engineering strategies ensure that the
encapsulated phytochemical survives the complex journey through the systemic circulation to reach its intended target in the
peritoneal cavity.

6. Molecular Mechanisms and Signaling Modulation

6.1. Regulation of Apoptosis and Cell Death Pathways

The primary mechanism by which nano-phytochemicals exert their antineoplastic effect is the induction of programmed cell death.
Ovwarian cancer cells often develop mechanisms to evade apoptosis, such as the overexpression of anti-apoptotic proteins like Bel-
2 and Mcl-1. Nano-encapsulated phytochemicals, such as betulinic acid and auraptene, restore the apoptotic machinery by
downregulating these anti-apoptotic factors and promoting the expression of pro-apoptotic genes like Bax and p53 [80, 88]. This
modulation triggers the release of cytochrome ¢ from the mitochondria, activating the caspase cascade that ultimately leads to cell

death [89].

In addition to traditional apoptosis, some plant-based nanomedicines induce cell death through the generation of reactive oxygen
species (ROS). Phytochemicals like curcumin and citrus-derived auraptene can stimulate excessive ROS production within the tumor
microenvironment, leading to oxidative stress that damages DNA and proteins [80, 89]. Nanotechnology-enabled delivery of
compounds like resveratrol has been shown to modulate autophagy-related biomarkers such as Beclin-1 and SIRT-1, potentially
shifting the cell from a survival-oriented autophagic state to one that promotes autophagic cell death [81, 82].

6.2. Inhibition of Pro-inflammatory and Survival Signaling

Chronic inflammation is a significant driver of ovarian cancer progression and chemoresistance. The NI -»B signaling pathway is a
master regulator of the inflammatory response and is frequently hyperactivated in ovarian tumors. Nano-curcumin formulations
have demonstrated a potent ability to inhibit the NF-»B pathway, subsequently reducing the production of pro-inflammatory
cytokines such as TNF-alpha and I1.-6 [90, 91]. This inhibition not only reduces tumor growth but also impairs the ability of the
tumor to promote angiogenesis and survive in a hostile environment. Another critical pathway targeted by nano-phytomedicines is
the JAK/STAT3 cascade. Cytokine-dtiven activation of STAT3 promotes cell survival and contributes to the development of
resistance against platinum-based chemotherapy. Studies using rat models of ovarian carcinoma have shown that nano-formulated
curcumin can significantly downregulate the activation of STAT3 when used as a co-treatment with cisplatin, leading to enhanced
therapeutic outcomes [93]. By simultaneously targeting multiple signaling nodes, including the PI3K/AKT/mTOR and MAPK
pathways, these integrated delivery systems provide a comprehensive attack on the survival mechanisms of malignant cells, making
them a formidable tool in the management of resistant ovarian cancer.

(O8]
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7. Clinical Applications

7.1. Current Clinical Investigations

The transition of nanotechnology-enabled plant therapeutics from laboratory research to clinical practice is an ongoing process
marked by several key developments. While many phytochemical-loaded nanocarriers are currently in the preclinical or early phase
I testing stages, the success of lipid-based platforms for synthetic drugs, such as pegylated liposomal doxorubicin, provides a robust
template for the clinical adoption of nano-phytomedicines. Current clinical efforts focus on assessing the safety, pharmacokinetics,
and initial efficacy of formulations like nano-curcumin and nano-resveratrol in various solid tumors, including those of the ovary

[94, 95].

Pilot clinical observations have indicated that nano-enabled natural formulations, such as Nano Swarna Bhasma a gold nanoparticle
functionalized with phytochemicals from Mangifera indica can be safely administered as adjuvants to standard chemotherapy. These
studies have reported positive outcomes regarding tumor stabilization and improved quality of life, suggesting that the integration
of green nanotechnology can enhance the performance of conventional treatments while reducing systemic side effects [94]. As
more data emerges from ongoing trials, the potential for these systems to become a standard part of the oncologist's arsenal
continues to grow.

7.2. Efficacy and Safety

The primary metric for the success of nano-phytomedicines is the achievement of a superior therapeutic index. Efficacy is measured
by the ability of the nanocarrier to maintain therapeutic concentrations of the phytochemical at the tumor site for extended periods,
thereby reducing the required dosing frequency. Studies have consistently shown that encapsulated forms of curcumin and
epigallocatechin gallate exhibit significantly higher cytotoxicity against ovarian cancer cell lines compared to their free counterparts,
primarily due to enhanced cellular uptake and protection from degradation [96, 97].

Table 4. Performance of Preclinical Nano-Phytochemical

Formulation Study Model Findings/Results Reference
Nano-Curcumin + | Rat DMBA | Synergistic inhibition of the JAK/STAT3 pathway; reduced IL-6 | [93]
Cisplatin Model levels.

Resveratrol ~ Polymeric | SKOV3 Cell Line | Significant induction of Beclin-1; enhanced autophagic cell death. | [12]
NPs

Gold NPs (Mangifera) Pilot Human | Safe adjuvant administration; improved tumor stabilization | [94]
Study markers.
Liposomal Berberine OVCAR-3 Cells | Downregulation of P-glycoprotein; restoration of drug | [33]
sensitivity.
EGCG Solid Lipid NPs A2780 Cells Increased chemical stability at physiological pH; 3-fold reduction | [57]
in IC50.

Safety considerations are paramount in the development of these technologies. Most organic nanocatriers, such as those derived
from PLGA or phospholipids, are highly biocompatible and biodegradable, posing a minimal risk of long-term accumulation.
However, metallic nanoparticles require more rigorous evaluation to ensure they do not induce off-target oxidative stress or renal
toxicity. Comprehensive preclinical safety assessments must include genotoxicity, reproductive toxicity, and immunogenicity studies
to establish a clear safety profile before human testing [98]. The reduction of systemic exposure through targeted delivery is one of
the most significant safety benefits of these systems, potentially allowing for more aggressive treatment regimens with fewer adverse
effects.

8. Regulatory Guidelines and Future Scope

8.1. Regulatory and Manufacturing Challenges

The clinical translation of nanotechnology-enabled plant therapeutics is hindered by a complex and often ambiguous regulatory
landscape. These products sit at the intersection of herbal medicine, nanotechnology, and advanced oncology pharmaceuticals,
making it difficult for regulatory agencies to apply existing frameworks. A major hurdle is the lack of standardized protocols for the
characterization of botanical nanomedicines. Since plant extracts naturally vary based on geographical and seasonal factors,
maintaining batch-to-batch consistency in the final nano-formulation is a significant technical challenge [99].

(O8]
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Table 5. Major Barriers to Clinical Translation and Mitigation Measures

Clinical Description of Challenge Mitigation Measures

Barrier

Batch Natural vatiation in phytochemical content based on | Implementation of standardized "fingerprinting”" and

Consistency harvest and extraction. Quality by Design (QbD).

Industrial Difficulty maintaining particle size uniformity | Utilization of microfluidics and high-pressure

Scale-up during large-scale manufacturing. homogenization techniques.

Regulatory Ambiguous classification between herbal drugs and | Development of harmonized global guidelines specific

Gaps advanced nanomedicines. to botanical nanomedicines.

Toxicity Long-term accumulation concerns for metallic and | Prioritization of bio-inspired and green-synthesized

Profiling non-biodegradable carriers. biodegradable carriers.

Clinical Design | Establishing human-equivalent doses for complex | Use of Al-enabled pharmacokinetic modeling and
multi-target formulations. adaptive trial designs.

Scaling up the production of these complex nanostructures from laboratory to industrial levels requires robust quality control
measures. Regulators demand detailed data on particle size distribution, encapsulation efficiency, and drug release kinetics, all of
which must remain uniform across large production batches. Ensuring sterility and the absence of endotoxins, particularly for
intravenous and intraperitoneal formulations, adds another layer of complexity to the manufacturing process. These factors
contribute to the long and expensive path to regulatory approval, emphasizing the need for harmonized global guidelines for nano-
phytopharmaceutical development [100].

8.2. Future Scope in Personalized Nano-Medicine

The future of ovarian cancer therapy lies in the integration of nanotechnology with personalized medicine. Nanocarriers can be
tailored to the specific genetic and proteomic profile of an individual patient's tumor. This involves the use of biomarker-guided
delivery systems that utilize patient-specific targeting ligands and stimuli-responsive coatings designed to react to the unique pH or
enzymatic environment of a particular tumor [100]. Advancements in artificial intelligence and machine learning are expected to
play a critical role in predicting the behavior of nanoparticles within biological systems, allowing for the computational optimization
of formulation parameters. Additionally, the field of "theranostics," which combines therapeutic delivery with real-time diagnostic
imaging, will enable clinicians to monitor drug accumulation and tumor response in real-time. Nanotechnology-enabled plant-based
therapeutics are poised to redefine the standard of care for women with ovarian cancer by bridging the gap between natural product
chemistry and advanced material science, offering a pathway toward more effective and compassionate oncology.

9. Conclusion

Nanotechnology-enabled plant-based therapeutics represent a convergence of traditional pharmacology and modern engineering,
offering a potent strategy to overcome the historical challenges associated with ovarian cancer management. By addressing the poor
solubility and rapid metabolism of bioactive phytochemicals, nanocarriers such as liposomes, polymeric nanoparticles, and metallic
structures enhance the therapeutic potential of molecules like curcumin and resveratrol. These systems achieve high specificity
through passive and active targeting mechanisms, allowing for the precise modulation of oncogenic pathways including
PI3K/AKT/mTOR and NF-»B while minimizing systemic toxicity. Despite the significant successes obsetved in preclinical models,
the transition to clinical practice is governed by the need for standardized manufacturing processes and specialized regulatory
guidelines.
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