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Abstract 

Polycystic Ovary Syndrome (PCOS) is a complex endocrine–metabolic disorder affecting women of 

reproductive age, characterized by hyperandrogenism, ovulatory dysfunction, polycystic ovarian 

morphology, insulin resistance, oxidative stress, and chronic low-grade inflammation. Current 

pharmacological interventions predominantly provide symptomatic relief and are often limited by 

suboptimal efficacy, systemic side effects, and poor long-term adherence. In recent years, 

polyphenolic bioactive compounds have gained significant attention as potential multitarget 

therapeutic agents for PCOS due to their antioxidant, anti-inflammatory, insulin-sensitizing, and 

steroidogenesis-modulating properties. However, their clinical translation is constrained by poor 

solubility, low bioavailability, rapid metabolism, and limited ovarian targeting. This systematic 

review critically evaluates the emerging role of polyphenolic compound–loaded polymeric 

nanoparticles as advanced drug delivery systems for targeted PCOS therapy. A comprehensive 

literature search was conducted across major scientific databases to identify in-vitro, in-vivo, and 

translational studies investigating polymeric nanoparticle formulations encapsulating polyphenols 

for reproductive and endocrine applications. The review highlights nanoparticle design strategies, 

polymer selection, physicochemical characteristics, functional attributes, and mechanisms 

underlying improved therapeutic efficacy. Evidence from preclinical studies demonstrates that 

nanoencapsulation enhances polyphenol stability, bioavailability, and ovarian accumulation, leading 

to significant improvements in insulin resistance, oxidative stress, inflammation, hormonal 

imbalance, and follicular development in PCOS models. Furthermore, the review addresses safety, 

biocompatibility, and toxicological considerations of polymeric nanocarriers, emphasizing their 

favorable reproductive safety profiles when fabricated from biodegradable and biocompatible 

polymers. Regulatory challenges, clinical translation barriers, and future perspectives in PCOS 

nanomedicine are also discussed. Overall, polyphenolic compound–loaded polymeric nanoparticles 

represent a promising, mechanism-driven, and targeted therapeutic approach for PCOS 

management, with the potential to shift treatment paradigms toward precision nanomedicine 

pending robust clinical validation. 

Keywords: polycystic ovary syndrome; polyphenols; polymeric nanoparticles; targeted drug 

delivery; nanomedicine; reproductive endocrinology 
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Introduction 

Polycystic Ovary Syndrome (PCOS) is one of the most prevalent endocrine–metabolic disorders 

affecting women of reproductive age, with an estimated global prevalence ranging from 6% to 20%, 

depending on diagnostic criteria [1]. It is a heterogeneous condition characterized by chronic 

anovulation, hyperandrogenism, polycystic ovarian morphology, and a strong association with 

metabolic abnormalities such as insulin resistance, obesity, dyslipidemia, and chronic low-grade 

inflammation [2]. Beyond reproductive dysfunction, PCOS significantly increases the risk of long-

term complications including type 2 diabetes mellitus, cardiovascular disease, endometrial cancer, 

and psychological disorders. Despite its high prevalence and multifactorial etiology, current 

therapeutic strategies remain largely symptomatic rather than curative, highlighting the urgent need 

for targeted and mechanism-based interventions [3]. 

The pathophysiology of PCOS is complex and involves a dysregulated interplay between the 

hypothalamic–pituitary–ovarian axis, insulin signaling pathways, inflammatory mediators, 

oxidative stress, and altered steroidogenesis [4]. Hyperinsulinemia exacerbates ovarian androgen 

production, impairs follicular maturation, and contributes to anovulation. Concurrently, increased 

oxidative stress and chronic inflammation within ovarian tissue disrupt granulosa cell function and 

folliculogenesis. These molecular disturbances collectively sustain the vicious cycle of hormonal 

imbalance and ovarian dysfunction, making PCOS a challenging disorder to manage with 

conventional mono-targeted therapies [5]. 

Current pharmacological treatments for PCOS, including oral contraceptives, metformin, 

clomiphene citrate, and letrozole, are associated with several limitations such as incomplete efficacy, 

adverse metabolic effects, poor patient compliance, and contraindications in long-term use [6]. 

Moreover, these therapies primarily address clinical symptoms—such as menstrual irregularities, 

infertility, or hyperandrogenism—without directly targeting the underlying molecular mechanisms 

like oxidative stress, inflammation, and insulin resistance. This therapeutic gap has intensified 

interest in alternative and adjunctive strategies that can provide multi-targeted, safer, and more 

sustainable management of PCOS [7]. 

Polyphenolic bioactive compounds, naturally occurring secondary metabolites found 

abundantly in fruits, vegetables, herbs, and medicinal plants, have gained significant attention for 

their pleiotropic pharmacological properties [8]. Compounds such as quercetin, resveratrol, 

curcumin, epigallocatechin gallate, rutin, and gallic acid exhibit potent antioxidant, anti-

inflammatory, insulin-sensitizing, anti-androgenic, and endocrine-modulating activities. Preclinical 

and clinical studies suggest that these polyphenols can restore ovarian function, regulate 

steroidogenesis, improve insulin sensitivity, and attenuate oxidative stress in PCOS models. 

However, their clinical translation is severely limited by poor aqueous solubility, low bioavailability, 

rapid metabolism, and inadequate tissue targeting [9]. 

Advances in nanotechnology, particularly polymeric nanoparticle–based drug delivery systems, 

offer a promising solution to overcome the pharmacokinetic and therapeutic limitations of 

polyphenolic compounds [10]. Polymeric nanoparticles fabricated from biocompatible and 

biodegradable polymers such as PLGA, chitosan, PEG, alginate, and PCL enable controlled release, 

enhanced stability, improved bioavailability, and targeted delivery of encapsulated bioactives. When 

loaded with polyphenolic compounds, these nanocarriers can preferentially accumulate in ovarian 

tissue, protect the payload from degradation, and modulate multiple pathogenic pathways 

simultaneously, thereby enhancing therapeutic efficacy while minimizing systemic side effects [11]. 

In this context, the present systematic review aims to critically evaluate and synthesize existing 

preclinical and clinical evidence on the use of polyphenolic bioactive compound–based polymeric 

nanoparticles for targeted management of PCOS. The review focuses on nanoparticle formulation 

strategies, physicochemical characteristics, mechanisms of action, in-vitro and in-vivo efficacy, safety 

profiles, and translational potential. By integrating insights from nanomedicine and reproductive 

endocrinology, this review seeks to highlight emerging therapeutic paradigms, identify current 
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research gaps, and propose future directions for the development of next-generation, targeted 

nanotherapeutics for PCOS management. 

Pathophysiology of Polycystic Ovary Syndrome: Molecular and Endocrine 

Dysregulation 

Polycystic Ovary Syndrome (PCOS) is a complex, multifactorial endocrine disorder arising from 

intricate dysregulation of the hypothalamic–pituitary–ovarian (HPO) axis. One of the hallmark 

endocrine abnormalities in PCOS is an increased pulsatile secretion of gonadotropin-releasing 

hormone (GnRH), leading to elevated luteinizing hormone (LH) levels with relatively normal or 

suppressed follicle-stimulating hormone (FSH). This altered LH/FSH ratio stimulates theca cells in 

the ovary to produce excess androgens, including testosterone and androstenedione, while 

insufficient FSH impairs granulosa cell aromatase activity [12]. As a result, androgen conversion to 

estrogen is reduced, leading to follicular arrest, anovulation, and the characteristic polycystic ovarian 

morphology observed in affected individuals. 

At the molecular level, insulin resistance plays a central role in the pathogenesis of PCOS, 

independent of obesity. Defective insulin signaling in skeletal muscle, adipose tissue, and hepatic 

cells leads to compensatory hyperinsulinemia, which synergistically enhances ovarian androgen 

synthesis by upregulating cytochrome P450c17 (CYP17A1) activity in theca cells [13]. Insulin also 

suppresses hepatic production of sex hormone–binding globulin (SHBG), thereby increasing 

circulating free and biologically active androgens. Furthermore, insulin resistance disrupts follicular 

development by altering insulin-like growth factor (IGF) signaling pathways within the ovary, 

exacerbating ovarian dysfunction and contributing to infertility in PCOS patients [14]. Oxidative 

stress and chronic low-grade inflammation are increasingly recognized as key contributors to PCOS 

pathophysiology. Elevated levels of reactive oxygen species (ROS), lipid peroxidation products, and 

pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and C-

reactive protein (CRP) have been documented in PCOS [15]. These mediators impair mitochondrial 

function in ovarian granulosa cells, induce apoptosis, and disrupt steroidogenic enzyme expression. 

Additionally, activation of inflammatory signaling pathways, including nuclear factor-κB (NF-κB) 

and mitogen-activated protein kinases (MAPKs), perpetuates insulin resistance and 

hyperandrogenism, establishing a self-sustaining pathological loop [16]. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 December 2025 doi:10.20944/preprints202512.2489.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2489.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 22 

 

Figure 1. Molecular insights of PCOS- Pathogensis. 

Epigenetic and genetic factors further modulate the molecular landscape of PCOS, contributing 

to its clinical heterogeneity. Polymorphisms in genes involved in steroidogenesis (CYP11A1, 

CYP17A1), insulin signaling (INSR, IRS-1), inflammation, and oxidative stress regulation have been 

associated with increased PCOS susceptibility [17]. Moreover, epigenetic alterations such as DNA 

methylation, histone modifications, and dysregulated microRNA expression influence ovarian gene 

expression, follicular development, and metabolic homeostasis. These molecular perturbations may 

be triggered or amplified by environmental factors, including diet, endocrine-disrupting chemicals, 

and intrauterine exposure, emphasizing PCOS as a disorder rooted in both endocrine imbalance and 

molecular dysregulation [18]. 

Therapeutic Limitations of Conventional Pharmacological Approaches in PCOS 

Management 

Conventional pharmacological management of Polycystic Ovary Syndrome (PCOS) primarily 

focuses on symptomatic relief rather than addressing the underlying molecular and metabolic 

derangements of the disorder [19]. Commonly prescribed agents such as combined oral 

contraceptives (COCs), anti-androgens, insulin sensitizers, and ovulation-inducing drugs are 

selected based on predominant clinical manifestations, including menstrual irregularities, 

hyperandrogenism, and infertility. While these treatments offer short-term clinical benefits, they fail 

to correct the complex interplay between insulin resistance, oxidative stress, inflammation, and 

ovarian dysfunction, resulting in partial efficacy and frequent symptom recurrence upon 

discontinuation [20]. 

Combined oral contraceptives remain the first-line therapy for menstrual regulation and 

hyperandrogenism; however, their long-term use is associated with several adverse effects, including 

weight gain, dyslipidemia, insulin resistance aggravation, and an increased risk of thromboembolic 

events [21]. Anti-androgenic agents such as spironolactone and flutamide are effective in reducing 

hirsutism and acne but do not restore ovulatory function and require strict contraception due to 

teratogenic risks. Moreover, these agents often necessitate prolonged treatment durations, leading to 

poor patient adherence and concerns regarding hepatic and cardiovascular safety [22]. 

Insulin-sensitizing drugs, particularly metformin, are widely used to improve metabolic 

outcomes in PCOS patients; however, their therapeutic response is highly variable. Gastrointestinal 

intolerance, vitamin B12 deficiency, and limited impact on hyperandrogenism and fertility outcomes 

restrict long-term compliance [23]. Ovulation induction agents such as clomiphene citrate and 

letrozole, although effective in inducing ovulation, are associated with drawbacks including anti-

estrogenic effects on endometrial receptivity, ovarian hyperstimulation, and multiple pregnancies. 

Additionally, repeated treatment cycles increase the risk of ovarian resistance and diminished 

responsiveness over time [24]. 

Importantly, conventional therapies lack tissue specificity and multi-targeted action, often 

resulting in systemic side effects and suboptimal ovarian drug exposure. None of the existing 

pharmacological options directly mitigate oxidative stress, chronic inflammation, or mitochondrial 

dysfunction at the ovarian level—key drivers of PCOS pathogenesis [25]. These limitations 

underscore the pressing need for advanced therapeutic strategies capable of delivering bioactive 

compounds in a targeted, sustained, and mechanistically integrated manner. Emerging 

nanotechnology-based interventions, particularly polyphenolic compound–loaded polymeric 

nanoparticles, offer a promising alternative by enhancing drug bioavailability, reducing systemic 

toxicity, and simultaneously modulating multiple pathogenic pathways involved in PCOS [26]. 
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Polyphenolic Bioactive Compounds in PCOS: Sources, Classification, and 

Pharmacological Relevance 

Polyphenolic bioactive compounds are a diverse group of naturally occurring secondary 

metabolites widely distributed in fruits, vegetables, whole grains, herbs, spices, and medicinal plants. 

These compounds have garnered increasing attention in the management of Polycystic Ovary 

Syndrome (PCOS) due to their broad-spectrum biological activities and favorable safety profiles [27]. 

Dietary sources such as green tea, berries, grapes, citrus fruits, turmeric, onions, apples, and legumes 

are rich in polyphenols, while traditional medicinal plants including Camellia sinensis, Curcuma longa, 

Vitis vinifera, Punica granatum, and Emblica officinalis serve as concentrated reservoirs. Given the 

multifactorial nature of PCOS, polyphenols are particularly attractive therapeutic candidates owing 

to their ability to modulate multiple pathological pathways simultaneously [28]. 

Based on their chemical structure, polyphenols are broadly classified into flavonoids, phenolic 

acids, stilbenes, and lignans. Flavonoids—such as quercetin, kaempferol, rutin, catechins, and 

epigallocatechin gallate (EGCG)—constitute the largest subgroup and are extensively studied for 

their antioxidant and endocrine-modulating effects [29]. Phenolic acids, including gallic acid, caffeic 

acid, and ferulic acid, exhibit potent free radical scavenging and anti-inflammatory activities. 

Stilbenes, represented predominantly by resveratrol, and lignans such as secoisolariciresinol further 

contribute to hormonal balance through estrogen receptor modulation and insulin-sensitizing 

actions. This structural diversity underpins the wide-ranging pharmacological properties of 

polyphenolic compounds relevant to PCOS pathophysiology [30]. 

Pharmacologically, polyphenols exert significant insulin-sensitizing effects by enhancing 

glucose uptake, improving insulin receptor signaling, and activating AMP-activated protein kinase 

(AMPK) pathways. These actions help attenuate hyperinsulinemia-driven androgen excess and 

restore metabolic homeostasis in PCOS [31]. Additionally, polyphenols downregulate key 

steroidogenic enzymes such as CYP17A1 and 3β-hydroxysteroid dehydrogenase, thereby reducing 

ovarian androgen synthesis. By improving aromatase activity in granulosa cells, polyphenolic 

compounds also promote estrogen production and support normal follicular maturation and 

ovulatory function [32]. 

 

Figure 2. Multifaceted effects of Polyphenols. 
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Beyond metabolic and hormonal regulation, polyphenolic bioactives exhibit strong antioxidant 

and anti-inflammatory properties, which are crucial in mitigating ovarian oxidative stress and 

chronic low-grade inflammation associated with PCOS [33]. They effectively neutralize reactive 

oxygen species, enhance endogenous antioxidant enzymes (superoxide dismutase, catalase, 

glutathione peroxidase), and suppress pro-inflammatory signaling pathways including NF-κB, 

MAPKs, and cytokine release [34]. Collectively, these pharmacological effects position polyphenolic 

compounds as promising multitarget agents for PCOS management. However, their clinical utility is 

constrained by poor solubility, low bioavailability, and rapid metabolism, thereby necessitating 

advanced delivery strategies such as polymeric nanoparticle-based formulations to fully harness 

their therapeutic potential [35]. 

Mechanistic Role of Polyphenols in Modulating Insulin Resistance, Oxidative 

Stress, and Ovarian Steroidogenesis 

Insulin resistance is a central metabolic abnormality in Polycystic Ovary Syndrome (PCOS), and 

polyphenolic compounds have demonstrated a significant capacity to restore insulin sensitivity 

through multiple molecular mechanisms. Polyphenols such as quercetin, resveratrol, 

epigallocatechin gallate, and curcumin enhance insulin receptor substrate (IRS-1/2) phosphorylation 

and promote downstream activation of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling 

pathway, thereby facilitating glucose uptake in peripheral tissues. Additionally, activation of AMP-

activated protein kinase (AMPK) by polyphenols improves cellular energy homeostasis, suppresses 

hepatic gluconeogenesis, and reduces compensatory hyperinsulinemia [36]. Through these 

coordinated actions, polyphenols indirectly attenuate insulin-driven ovarian androgen 

overproduction, a key pathological feature of PCOS. 

Oxidative stress plays a pivotal role in disrupting ovarian follicular development and metabolic 

balance in PCOS, and polyphenols act as potent modulators of redox homeostasis. These compounds 

directly scavenge reactive oxygen species (ROS) and inhibit lipid peroxidation while simultaneously 

enhancing endogenous antioxidant defense systems, including superoxide dismutase, catalase, and 

glutathione peroxidase [37]. Polyphenols also activate the nuclear factor erythroid 2–related factor 2 

(Nrf2) pathway, leading to upregulation of cytoprotective genes and improved mitochondrial 

function in ovarian granulosa cells. By reducing oxidative damage and mitochondrial dysfunction, 

polyphenols help preserve follicular integrity and support normal oocyte maturation [38]. 

Chronic low-grade inflammation is closely intertwined with oxidative stress and insulin 

resistance in PCOS, contributing to impaired ovarian steroidogenesis. Polyphenolic compounds exert 

strong anti-inflammatory effects by inhibiting pro-inflammatory transcription factors such as nuclear 

factor-κB (NF-κB) and activator protein-1 (AP-1), thereby reducing the expression of cytokines 

including TNF-α, IL-6, and IL-1β [39]. Suppression of inflammatory signaling pathways mitigates 

insulin resistance and prevents inflammation-induced dysregulation of steroidogenic enzymes 

within the ovary. This anti-inflammatory action is particularly important in restoring the functional 

microenvironment required for normal follicular development [39]. 

At the level of ovarian steroidogenesis, polyphenols directly regulate key enzymes and signaling 

pathways involved in androgen and estrogen synthesis. Studies have shown that polyphenolic 

compounds downregulate the expression and activity of steroidogenic enzymes such as CYP17A1, 

CYP11A1, and 3β-hydroxysteroid dehydrogenase in theca cells, leading to reduced androgen 

production [40]. Concurrently, polyphenols enhance aromatase (CYP19A1) activity in granulosa 

cells, facilitating the conversion of androgens to estrogens and promoting follicular maturation and 

ovulation. By simultaneously modulating insulin signaling, oxidative stress, inflammation, and 

steroidogenic pathways, polyphenols offer a comprehensive, multitarget therapeutic approach for 

correcting the molecular and endocrine abnormalities underlying PCOS [41]. 
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Figure 3. Polyphenols impacts on ovarian steroidogenisis. 

Polymeric Nanoparticles as Advanced Drug Delivery Systems: Design, 

Materials, and Functional Attributes 

Polymeric nanoparticles (PNPs) have emerged as highly versatile and advanced drug delivery 

systems capable of overcoming the pharmacokinetic and pharmacodynamic limitations associated 

with conventional therapeutics. Typically ranging from 10 to 500 nm in size, these nanosystems are 

designed to encapsulate, adsorb, or conjugate bioactive molecules, thereby enhancing their stability, 

solubility, and therapeutic index. In the context of PCOS, polymeric nanoparticles offer the distinct 

advantage of delivering therapeutics directly to ovarian tissue, enabling sustained and localized drug 

release while minimizing systemic exposure and adverse effects. Their tunable physicochemical 

properties make them particularly suitable for addressing the multifactorial and chronic nature of 

PCOS [42]. 

The design of polymeric nanoparticles involves careful optimization of particle size, surface 

charge, morphology, and drug-loading efficiency, all of which critically influence biological 

performance [43]. Nanoparticles with smaller sizes exhibit improved cellular uptake and tissue 

penetration, while surface charge affects circulation time and interaction with biological membranes. 

Surface functionalization using targeting ligands such as peptides, antibodies, or polysaccharides can 

further enhance ovarian specificity and cellular internalization. Additionally, controlled and stimuli-

responsive release mechanisms—triggered by pH, enzymes, or redox conditions—allow precise 

temporal and spatial drug delivery, aligning therapeutic release with disease-specific 

microenvironments. 
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Table 1. Evidence-Based Characteristics of Polymeric Nanoparticles as Advanced Drug Delivery Systems. 

Author 

et al. 

Polymeric 

Material 

Nanoparti

cle Design 

/ Size 

Functional 

Attribute 

Evaluated 

Model/Syst

em Used 

Key 

Evidence 

and 

Outcomes 

Referenc

es 

Makadi

a et al. 

PLGA 100–250 

nm, 

spherical 

Biodegradabil

ity, controlled 

release 

In-vitro & 

in-vivo 

(rodents) 

Predictable 

degradatio

n, sustained 

drug 

release, 

FDA-

accepted 

polymer 

[44] 

Danhie

r et al. 

PLGA–PEG 80–200 nm, 

PEGylated 

surface 

Prolonged 

circulation, 

reduced 

clearance 

Murine 

model 

PEGylation 

reduced 

opsonizatio

n and 

improved 

bioavailabil

ity 

[45] 

Kumari 

et al. 

Chitosan 50–300 nm, 

positively 

charged 

Mucoadhesio

n, enhanced 

cellular 

uptake 

Cell culture 

models 

Improved 

epithelial 

penetration 

and 

intracellula

r delivery 

[46] 

Alexis 

et al. 

PLA / PLGA 100–400 

nm 

Size-

dependent 

In-vivo 

(rats) 

Smaller 

particles 

[47] 
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biodistributio

n 

showed 

better tissue 

penetration 

and uptake 

Panya

m et al. 

PLGA ~200 nm Endosomal 

escape 

capability 

In-vitro 

(epithelial 

cells) 

Enhanced 

intracellula

r drug 

release and 

therapeutic 

efficacy 

[48] 

Sabir et 

al. 

Alginate–

chitosan 

150–350 

nm 

pH-

responsive 

drug release 

Simulated 

GI 

conditions 

Controlled 

release in 

acidic and 

neutral pH 

environme

nts 

[49] 

Torchil

in et al. 

PEGylated 

polymeric 

NPs 

<200 nm Targeting and 

surface 

functionalizati

on 

Cancer and 

endocrine 

models 

Ligand-

modified 

NPs 

enhanced 

tissue 

specificity 

[50] 

Zhao et 

al. 

Polycaprolact

one (PCL) 

100–300 

nm 

Long-term 

sustained 

release 

In-vivo 

(chronic 

dosing 

model) 

Slower 

degradatio

n enabled 

prolonged 

[51] 
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therapeutic 

action 

Feng et 

al. 

PLGA 

nanoparticles 

120–180 

nm 

Protection of 

labile 

bioactives 

Polyphenol-

loaded 

systems 

Prevented 

degradatio

n, enhanced 

stability of 

polyphenol

s 

[52] 

Blanco 

et al. 

Multifunction

al polymeric 

NPs 

Tunable Multimodal 

delivery 

Preclinical 

disease 

models 

Enabled 

combined 

targeting, 

imaging, 

and therapy 

[53] 

A wide range of natural and synthetic polymers are employed in nanoparticle fabrication due 

to their biocompatibility, biodegradability, and regulatory acceptance. Synthetic polymers such as 

poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), polyethylene glycol (PEG), and 

polylactic acid (PLA) are extensively used owing to their predictable degradation profiles and 

mechanical stability [54]. Natural polymers including chitosan, alginate, gelatin, and dextran offer 

additional advantages such as mucoadhesiveness, inherent bioactivity, and enhanced cellular 

affinity. The choice of polymer significantly influences drug encapsulation efficiency, release kinetics, 

and in vivo behavior of the nanoparticles, allowing customization for specific therapeutic 

requirements in PCOS management [55]. 

Functionally, polymeric nanoparticles provide multiple benefits that are particularly relevant 

for delivering polyphenolic bioactive compounds. They protect encapsulated polyphenols from 

premature degradation and metabolism, enhance oral bioavailability, and enable sustained release, 

thereby maintaining therapeutic concentrations over extended periods [56]. Furthermore, 

nanoparticles facilitate intracellular delivery and mitochondrial targeting, amplifying the antioxidant 

and anti-inflammatory effects of polyphenols at the ovarian level. These functional attributes not only 

improve therapeutic efficacy but also reduce dosing frequency and toxicity, positioning polymeric 

nanoparticles as a promising platform for next-generation, targeted nanotherapeutics in PCOS 

treatment [57]. 

Polyphenolic Compound–Loaded Polymeric Nanoparticles for Targeted PCOS 

Therapy: In-Vitro and In-Vivo Evidence 

In-vitro investigations provide the foundational evidence supporting the therapeutic potential 

of polyphenolic compound–loaded polymeric nanoparticles in PCOS management. Studies 

employing ovarian granulosa cells, theca cells, adipocytes, and insulin-resistant cell models have 

demonstrated that nanoencapsulation significantly enhances the cellular uptake and biological 
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activity of polyphenols compared with their free forms [58]. Nanoparticle-delivered polyphenols 

effectively reduce intracellular reactive oxygen species, restore mitochondrial membrane potential, 

and improve insulin signaling through activation of PI3K/Akt and AMPK pathways. Additionally, 

downregulation of inflammatory mediators and androgen-producing enzymes has been consistently 

observed, indicating superior cytoprotective and endocrine-modulating effects at lower 

concentrations than conventional formulations [59]. 

Encapsulation within polymeric nanoparticles also improves the stability and sustained release 

of polyphenolic compounds, resulting in prolonged bioactivity in in-vitro systems. PLGA-, chitosan-

, and PEG-modified nanoparticles loaded with quercetin, resveratrol, curcumin, or epigallocatechin 

gallate have shown enhanced antioxidant enzyme expression and reduced apoptosis in granulosa 

cells exposed to hyperandrogenic or oxidative stress conditions. Importantly, nanoparticle-based 

delivery minimizes cytotoxicity and maintains cellular viability, underscoring the safety and 

therapeutic precision of these nanocarriers. These findings collectively highlight the ability of 

polymeric nanoparticles to overcome poor solubility and rapid degradation of polyphenols in cellular 

environments relevant to PCOS. 

Table 2. Polyphenolic Compound–Loaded Polymeric Nanoparticles for PCOS Therapy – Preclinical 

Evidences. 

Autho

r et al. 

Polyphenoli

c Compound 

Polymeric 

Carrier 

Study Model Key 

Outcomes 

Major 

Mechanism(

s) 

Referen

ces 

Wang 

et al. 

Resveratrol PLGA 

nanoparticles 

Letrozole-

induced 

PCOS rats 

Improved 

estrous 

cyclicity, 

reduced 

cystic 

follicles, 

decreased 

serum 

testosterone 

AMPK 

activation, 

CYP17A1 

downregulat

ion, insulin 

sensitization 

[60] 

Sharm

a et al. 

Quercetin Chitosan 

nanoparticles 

DHEA-

induced 

PCOS rats 

Reduced 

insulin 

resistance, 

normalized 

LH/FSH 

ratio 

PI3K/Akt 

signaling, 

antioxidant 

enzyme 

upregulation 

[61] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 December 2025 doi:10.20944/preprints202512.2489.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2489.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 22 

 

Liu et 

al. 

Curcumin PEG-PLGA 

nanoparticles 

Granulosa cell 

line (in-vitro) 

Reduced 

ROS, 

improved 

mitochondr

ial function 

Nrf2 

activation, 

NF-κB 

inhibition 

[62] 

Ahme

d et al. 

Epigallocate

chin gallate 

(EGCG) 

PLGA 

nanoparticles 

Letrozole-

induced 

PCOS mice 

Decreased 

ovarian 

inflammatio

n, restored 

folliculogen

esis 

Anti-

inflammator

y cytokine 

suppression, 

AMPK 

signaling 

[63] 

Patel 

et al. 

Rutin Alginate–

chitosan 

nanoparticles 

Insulin-

resistant 

ovarian cell 

model 

Enhanced 

glucose 

uptake, 

reduced 

androgen 

synthesis 

GLUT4 

translocation

, 

steroidogeni

c enzyme 

modulation 

[64] 

Zhang 

et al. 

Gallic acid PLGA 

nanoparticles 

PCOS rat 

model 

Reduced 

oxidative 

stress, 

improved 

ovarian 

histology 

ROS 

scavenging, 

mitochondri

al protection 

[65] 

Rahm

an et 

al. 

Kaempferol Polycaprolact

one (PCL) 

nanoparticles 

Granulosa 

cells 

(hyperandrog

enic model) 

Increased 

aromatase 

expression, 

Estrogen 

synthesis 

restoration, 

anti-

[66] 
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reduced 

apoptosis 

apoptotic 

signaling 

Singh 

et al. 

Resveratrol + 

Quercetin 

(co-loaded) 

PLGA 

nanoparticles 

DHEA-

induced 

PCOS rats 

Superior 

metabolic 

and 

hormonal 

correction 

vs free 

drugs 

Synergistic 

antioxidant 

and insulin-

sensitizing 

effects 

[67] 

In-vivo evidence from experimental PCOS models further substantiates the efficacy of 

polyphenolic nanoparticle formulations. Animal studies using letrozole- or dehydroepiandrosterone 

(DHEA)-induced PCOS models have demonstrated that treatment with polyphenol-loaded 

polymeric nanoparticles significantly improves estrous cyclicity, reduces ovarian cyst formation, and 

normalizes follicular development [68]. Biochemical analyses reveal marked reductions in serum 

androgen levels, insulin resistance indices, and inflammatory markers, alongside enhanced 

antioxidant status. Compared to free polyphenols, nanoformulated counterparts exhibit superior 

bioavailability, longer systemic circulation, and increased ovarian accumulation, translating into 

improved therapeutic outcomes at reduced dosages [69]. 

Moreover, histopathological and molecular evaluations in in-vivo studies confirm the targeted 

action of polyphenolic nanoparticles at the ovarian level. Restoration of granulosa cell architecture, 

decreased theca cell hyperplasia, and reactivation of aromatase expression have been observed 

following nanoparticle treatment [70]. Gene and protein expression analyses further reveal 

modulation of key steroidogenic and insulin signaling pathways, validating the multitargeted 

mechanism of action. Although clinical evidence remains limited, these preclinical findings strongly 

support the translational potential of polyphenolic compound–loaded polymeric nanoparticles as an 

innovative and targeted therapeutic strategy for PCOS, warranting further investigation through 

well-designed clinical trials [71]. 

Safety, Biocompatibility, and Toxicological Considerations of Polymeric 

Nanocarriers in Reproductive Applications 

Safety and biocompatibility are critical determinants in the successful translation of polymeric 

nanocarriers for reproductive and endocrine applications such as Polycystic Ovary Syndrome 

(PCOS). Polymeric nanoparticles are generally engineered from biodegradable and biocompatible 

materials that undergo controlled degradation into non-toxic byproducts, minimizing long-term 

tissue accumulation. Polymers such as poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), 

chitosan, alginate, and polyethylene glycol (PEG) have been extensively evaluated and are either 

FDA-approved or widely accepted for biomedical use. Their favorable safety profiles make them 

suitable candidates for ovarian drug delivery, where maintaining tissue integrity and reproductive 

function is paramount. 
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Table 3. Safety, Biocompatibility, and Toxicological Evaluation of Polymeric Nanocarriers in Reproductive 

and Endocrine Applications. 

Autho

r et al. 

Polymeric 

Nanocarrier 

Loaded 

Compoun

d 

Model 

Used 

Safety/Toxicit

y Endpoints 

Evaluated 

Key Findings Referenc

es 

Jain et 

al. 

PLGA 

nanoparticles 

Curcumin Female 

Wistar 

rats 

Body weight, 

organ index, 

ovarian 

histology 

No significant 

toxicity; 

preserved 

ovarian 

architecture 

[72] 

Zhang 

et al. 

PEGylated 

PLGA 

nanoparticles 

Resveratr

ol 

Letrozol

e-

induced 

PCOS 

rats 

Estrous cycle, 

fertility index, 

hormone 

levels 

Normal 

estrous 

cyclicity 

restored; no 

reproductive 

toxicity 

[73] 

Sharm

a et al. 

Chitosan 

nanoparticles 

Quercetin Granulos

a cells 

(in-vitro) 

Cell viability, 

ROS 

generation, 

apoptosis 

High 

biocompatibilit

y; reduced 

oxidative stress 

[74] 

Liu et 

al. 

PLGA 

nanoparticles 

EGCG Mouse 

ovarian 

tissue 

(ex-vivo) 

Mitochondrial 

function, 

inflammatory 

markers 

Improved 

mitochondrial 

health; no 

inflammatory 

toxicity 

[75] 

Ahme

d et al. 

Alginate–

chitosan 

nanoparticles 

Rutin PCOS rat 

model 

Hematology, 

liver & kidney 

function tests 

No systemic 

toxicity; 

normal 

[76] 
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biochemical 

parameters 

Patel 

et al. 

Polycaprolacto

ne (PCL) 

nanoparticles 

Gallic acid Zebrafis

h 

embryo 

model 

Embryotoxicit

y, 

hatchability, 

malformation

s 

Non-

teratogenic at 

therapeutic 

doses 

[77] 

Kim et 

al. 

PEG-coated 

polymeric 

nanoparticles 

Polyphen

ol mix 

Female 

mice 

Biodistributio

n, immune 

response 

Reduced 

immune 

activation; safe 

clearance 

profile 

[78] 

Singh 

et al. 

PLGA 

nanoparticles 

Resveratr

ol 

Chronic 

dosing in 

rats 

Long-term 

toxicity, 

reproductive 

organ 

histology 

No 

accumulation 

or chronic 

reproductive 

toxicity 

[79] 

In-vitro toxicological assessments have demonstrated that well-designed polymeric 

nanoparticles exhibit minimal cytotoxicity toward ovarian granulosa cells, theca cells, and 

endometrial cell lines when used within therapeutic concentration ranges. Parameters such as cell 

viability, mitochondrial function, membrane integrity, and oxidative stress markers indicate that 

nanoencapsulation often reduces the intrinsic toxicity of loaded bioactive compounds by enabling 

controlled and sustained release. Additionally, surface modification strategies—such as PEGylation 

or ligand conjugation—further improve hemocompatibility and reduce non-specific cellular 

interactions, thereby enhancing biosafety in reproductive tissues. 

In-vivo studies provide deeper insights into the systemic and reproductive safety of polymeric 

nanocarriers. Animal models treated with polymeric nanoparticles have shown no significant 

alterations in body weight, organ indices, hematological parameters, or serum biochemical markers 

at therapeutic doses. Importantly, histopathological evaluations of reproductive organs, including 

ovaries, uterus, and fallopian tubes, reveal preserved tissue architecture and normal folliculogenesis 

following nanoparticle administration. Reproductive toxicity studies also indicate no adverse effects 

on estrous cyclicity, fertility indices, or offspring viability, supporting the biocompatibility of these 

nanocarriers for reproductive applications. 

Despite these encouraging findings, several toxicological considerations warrant careful 

attention prior to clinical translation. Factors such as nanoparticle size, surface charge, polymer 
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composition, degradation rate, and route of administration can significantly influence biodistribution 

and long-term safety. Potential risks include nanoparticle accumulation, immune activation, and 

unintended endocrine interference if formulations are not optimally designed. Therefore, 

comprehensive toxicological evaluations—including chronic exposure studies, reproductive and 

developmental toxicity assays, and immunogenicity assessments—are essential. Establishing 

standardized safety assessment protocols will be crucial for advancing polymeric nanocarrier-based 

therapies as safe and effective interventions for PCOS and other reproductive disorders [80]. 

Clinical Translation, Regulatory Challenges, and Future Perspectives in PCOS 

Nanomedicine 

The clinical translation of nanomedicine-based interventions for Polycystic Ovary Syndrome 

(PCOS) remains at an early stage, despite compelling preclinical evidence demonstrating the efficacy 

of polyphenolic compound–loaded polymeric nanoparticles. One of the primary translational 

challenges lies in bridging the gap between experimental models and the heterogeneous clinical 

presentation of PCOS in humans. Variability in phenotypes—such as lean versus obese PCOS, 

insulin-resistant versus normoinsulinemic profiles, and differing reproductive goals—necessitates 

personalized therapeutic strategies. Moreover, scaling up nanoparticle formulations from laboratory 

synthesis to Good Manufacturing Practice (GMP)-compliant production while maintaining batch-to-

batch consistency, stability, and reproducibility remains a significant hurdle. 

Regulatory approval of nanomedicines for reproductive disorders presents unique complexities 

due to the sensitive nature of endocrine and fertility-related outcomes. Regulatory agencies such as 

the FDA and EMA require comprehensive characterization of nanoparticle physicochemical 

properties, biodistribution, pharmacokinetics, and long-term safety, particularly with respect to 

reproductive and developmental toxicity. Unlike conventional drugs, nanomedicines often lack 

standardized regulatory frameworks, leading to prolonged approval timelines and increased 

developmental costs. Additionally, the absence of harmonized guidelines specific to ovarian-targeted 

nanotherapies complicates the evaluation process, underscoring the need for clear regulatory 

pathways tailored to reproductive nanomedicine. 

From a clinical standpoint, patient acceptability, route of administration, and long-term 

compliance are critical considerations. Oral delivery remains the preferred route for chronic 

conditions such as PCOS; however, ensuring nanoparticle stability in the gastrointestinal tract and 

achieving sufficient ovarian bioavailability pose formulation challenges. Furthermore, ethical 

considerations related to fertility preservation, pregnancy outcomes, and transgenerational safety 

must be rigorously addressed through well-designed clinical trials. The limited availability of clinical 

data on nanoparticle-based therapies in PCOS highlights the urgent need for early-phase human 

studies to establish safety, optimal dosing, and therapeutic efficacy. 

Future perspectives in PCOS nanomedicine are promising and increasingly aligned with 

precision and personalized medicine paradigms. Advances in ovarian-targeting ligands, stimuli-

responsive polymeric systems, and multifunctional nanocarriers capable of co-delivering 

polyphenols with conventional drugs or nucleic acids may revolutionize PCOS management. 

Integration of omics technologies, artificial intelligence–guided formulation design, and patient 

stratification strategies could further optimize therapeutic outcomes. Collectively, continued 

interdisciplinary collaboration among nanotechnologists, endocrinologists, pharmacologists, and 

regulatory bodies will be essential to translate polyphenolic nanoparticle-based therapies from bench 

to bedside, offering safer, more effective, and targeted treatment options for women with PCOS. 

Conclusion 

Polycystic Ovary Syndrome (PCOS) is a multifactorial endocrine and metabolic disorder with 

complex pathophysiology involving insulin resistance, oxidative stress, chronic inflammation, and 

dysregulated ovarian steroidogenesis. Conventional pharmacological therapies predominantly offer 
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symptomatic relief and are often limited by variable efficacy, systemic side effects, and poor long-

term compliance. These limitations underscore the need for innovative, mechanism-based 

therapeutic strategies that can address the underlying molecular abnormalities of PCOS in a safe and 

sustained manner. 

Polyphenolic bioactive compounds have emerged as promising multitarget agents due to their 

insulin-sensitizing, antioxidant, anti-inflammatory, and endocrine-modulating properties. However, 

their clinical application is hindered by poor solubility, low bioavailability, and rapid metabolic 

degradation. Polymeric nanoparticle–based delivery systems effectively overcome these barriers by 

enhancing stability, bioavailability, and targeted ovarian delivery, while enabling controlled and 

sustained release of polyphenols. Preclinical in-vitro and in-vivo studies consistently demonstrate 

superior therapeutic outcomes of nanoformulated polyphenols compared to their free counterparts, 

including improved hormonal balance, follicular development, and metabolic regulation. 

Safety and biocompatibility evaluations indicate that well-designed polymeric nanocarriers, 

particularly those composed of biodegradable and FDA-approved polymers, exhibit minimal 

reproductive toxicity and favorable tolerability profiles. Nonetheless, comprehensive long-term 

toxicological studies and standardized regulatory frameworks are essential to ensure safe clinical 

translation. Addressing challenges related to large-scale manufacturing, regulatory approval, and 

clinical heterogeneity of PCOS remains critical for advancing these nanotherapeutic platforms. 

In conclusion, polyphenolic compound–loaded polymeric nanoparticles represent a promising 

and transformative approach for targeted PCOS therapy. By integrating nanotechnology with 

reproductive endocrinology, this strategy holds the potential to shift PCOS management from 

symptomatic control toward precision, disease-modifying treatment. Continued interdisciplinary 

research, robust clinical trials, and regulatory harmonization will be pivotal in translating this 

emerging nanomedicine paradigm into effective clinical solutions for women affected by PCOS. 
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