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ABSTRACT 

Obesity and type 2 diabetes mellitus (T2DM) represent interrelated global health challenges with increasing 
morbidity and mortality. Oxidative stress is a shared pathological feature contributing to insulin resistance, 
adipose tissue dysfunction, and systemic inflammation in both conditions. Herbal antioxidants have emerged as 
promising therapeutic agents due to their ability to scavenge free radicals, modulate signaling pathways, and 
restore redox balance. However, limitations such as poor bioavailability, instability, and rapid metabolism have 
hindered their clinical translation. Recent advances in nanotechnology offer a compelling solution through 
targeted nanodelivery systems, enhancing the pharmacokinetics and therapeutic efficacy of phytochemicals. This 
review explores the latest developments in nanoparticle-based delivery of herbal antioxidants for precision 
management of obesity and T2DM. We highlight major classes of nanocarriers, including liposomes, polymeric 
nanoparticles, solid lipid nanoparticles, dendrimers, and nanoemulsions, and their applications in delivering 
bioactive compounds like curcumin, resveratrol, quercetin, catechins, and berberine. The review further 
discusses mechanisms of action, targeting strategies, challenges, and future directions in personalized 
nanomedicine for metabolic disorders. 
Keywords: Obesity, Type 2 Diabetes, Herbal Antioxidants, Nanodelivery Systems, Targeted Therapy, 
Oxidative Stress, Curcumin, Resveratrol, Phytochemicals, Precision Medicine 

 
INTRODUCTION 

Obesity and type 2 diabetes mellitus (T2DM) are interrelated, multifactorial metabolic disorders that pose 
significant global health challenges[1–3]. These conditions are characterized by excessive adipose tissue 
accumulation, insulin resistance, hyperglycemia, and a state of chronic low-grade inflammation[2, 4, 5]. 
Contributing factors include the widespread adoption of sedentary lifestyles, calorie-dense and nutrient-poor 
diets, and increasing urbanization, compounded by genetic susceptibility. A key pathophysiological mechanism 
underlying both obesity and T2DM is oxidative stress, which arises from an imbalance between reactive oxygen 
species (ROS) production and the body's endogenous antioxidant defense systems[6–8]. This oxidative stress 

exacerbates insulin resistance, impairs pancreatic β-cell function, promotes adipocyte dysfunction, and enhances 
the inflammatory cascade, thereby perpetuating the progression of these metabolic disorders[9, 10]. 
In the quest for effective and safer therapeutic strategies, plant-derived antioxidants have gained significant 
attention. These naturally occurring compounds, including flavonoids, polyphenols, and terpenoids, are 
abundant in medicinal herbs and have demonstrated potent antioxidant, anti-inflammatory, and insulin-
sensitizing properties in preclinical studies[11–13]. Despite their promising pharmacological profiles, the 
clinical utility of herbal antioxidants remains limited due to challenges such as poor aqueous solubility, low 
gastrointestinal absorption, metabolic instability, and limited ability to reach target tissues in therapeutically 
effective concentrations. These pharmacokinetic and pharmacodynamic limitations hinder their bioefficacy and 
therapeutic outcomes, necessitating innovative solutions that can enhance their delivery, bioavailability, and 
target specificity. Nanotechnology has emerged as a transformative approach to address these challenges by 
engineering nanoscale delivery systems that encapsulate herbal antioxidants, thereby protecting them from 
premature degradation and enhancing their solubility and absorption[14–17]. Nanocarriers such as liposomes, 
polymeric nanoparticles, solid lipid nanoparticles, and nanoemulsions are being explored for their ability to 
facilitate controlled release, prolong circulation time, and enable site-specific delivery of bioactives to insulin-
sensitive tissues such as the liver, adipose tissue, and skeletal muscle[18–20]. This review critically examines 
the current advancements in targeted nanodelivery systems for herbal antioxidants, emphasizing their potential 
to revolutionize the prevention and treatment of obesity and T2DM. By integrating traditional herbal 
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knowledge with modern nanotechnology, these novel delivery platforms offer a promising avenue for developing 
more effective, safer, and patient-friendly therapeutic interventions for these prevalent metabolic disorders. 

Oxidative Stress in Obesity and Type 2 Diabetes 
Oxidative stress plays a pivotal role in the development and progression of metabolic dysfunctions by disrupting 
cellular redox balance and impairing essential metabolic pathways. In obesity, the accumulation of excessive 
adipose tissue, particularly visceral fat, leads to an increase in reactive oxygen species (ROS) production[21–
23]. This is primarily driven by hypertrophic adipocytes and infiltrating immune cells such as macrophages, 
which contribute to a pro-inflammatory environment. The elevated ROS levels induce mitochondrial 
dysfunction and endoplasmic reticulum (ER) stress, further aggravating adipocyte dysfunction. These 
alterations impair insulin signaling pathways and promote the dysregulated secretion of adipokines—such as 
leptin, adiponectin, and resistin—thereby fueling systemic inflammation and insulin resistance[24–26]. 
Similarly, in type 2 diabetes mellitus (T2DM), chronic hyperglycemia exacerbates oxidative stress through 
multiple mechanisms, including glucose auto-oxidation, non-enzymatic glycation of proteins, and the activation 
of the polyol and hexosamine biosynthetic pathways[27]. These processes result in excessive ROS generation, 

leading to cellular damage, particularly in insulin-producing pancreatic β-cells, which are highly vulnerable to 

oxidative injury due to their low antioxidant capacity[28]. The resultant β-cell dysfunction and apoptosis 
contribute to the progressive decline in insulin secretion seen in T2DM. Therefore, oxidative stress not only 
initiates but also perpetuates metabolic derangements[28]. Targeting oxidative stress through antioxidant 
therapies or interventions that enhance endogenous antioxidant 6avourab represents a promising therapeutic 
strategy to mitigate insulin resistance, curb chronic inflammation, and prevent or delay the onset of metabolic 
disorders such as obesity and T2DM. 

Herbal Antioxidants and Their Therapeutic Potential 
Many phytochemicals exhibit strong antioxidant and antidiabetic properties. Key examples include: 

Compound Source Mechanisms of Action References 

Curcumin Curcuma longa Inhibits NF-Κb, improves insulin sensitivity, reduces 
adipogenesis 

[29, 30] 

Resveratrol Grapes, red 
wine 

Activates SIRT1/AMPK, enhances mitochondrial function, 
reduces inflammation 

[31–33] 

Quercetin Apples, 
onions 

Scavenges ROS, modulates PI3K/Akt 6avourable, improves 
glucose uptake 

[34, 35] 

Catechins Green tea Inhibits lipid accumulation, improves insulin secretion [36] 
Berberine Berberis 

vulgaris 
Activates AMPK, modulates gut microbiota, improves glucose 
metabolism 

[37–39] 

Despite their promise, the therapeutic efficacy of these compounds is constrained by suboptimal 
pharmacokinetics, which nanodelivery platforms aim to improve. 

Nanotechnology-Based Delivery Systems: An Overview 
Liposome: Liposomes are spherical vesicles composed of one or more phospholipid bilayers that enclose an 
aqueous core[40, 41]. Their structure mimics biological membranes, making them biocompatible and versatile 
carriers for drug delivery. Liposomes can encapsulate both hydrophilic compounds within their aqueous core 
and hydrophobic molecules within the lipid bilayer, thus offering dual-loading capacity [18, 42]. This unique 
structural advantage makes them especially useful in delivering a wide range of herbal antioxidants. For 
instance, curcumin, a potent antioxidant with poor solubility and stability, has shown significantly improved 
pharmacokinetics when encapsulated in liposomes[42]. Curcumin-loaded liposomes have demonstrated 
enhanced hepatic targeting, making them particularly beneficial in treating metabolic disorders like obesity-
related liver inflammation[43]. These formulations improve not only bioavailability but also therapeutic efficacy 
by concentrating the active compound at the desired site of action. Additionally, liposomes can be surface-
modified to improve targeting specificity and circulation time. They have shown promise in reducing oxidative 
stress and modulating inflammatory cytokines in preclinical models[43]. The controlled and sustained release 
profile offered by liposomes further reduces dosing frequency and minimizes systemic toxicity. Overall, 
liposomes represent a well-established nanodelivery platform for herbal antioxidants with significant clinical 
translation potential in obesity and related metabolic disorders. 
Polymeric Nanoparticles: Polymeric nanoparticles are solid colloidal systems composed of natural or synthetic 

biodegradable polymers, commonly used for the controlled delivery of bioactive compounds[43, 44]. Frequently 
employed polymers include poly(lactic-co-glycolic acid) (PLGA), chitosan, and polyethylene glycol (PEG). 
These nanoparticles offer excellent encapsulation efficiency and the ability to protect labile herbal antioxidants 
from premature degradation in the gastrointestinal tract[45]. One of the standout features of polymeric 
nanoparticles is their potential for surface functionalization, allowing for the attachment of ligands, antibodies, 
or targeting moieties to improve tissue specificity. This enhances their therapeutic potential, especially in 
chronic diseases like diabetes and obesity. A notable example is the encapsulation of resveratrol—a polyphenolic 
antioxidant—in PLGA nanoparticles. This formulation significantly improved glucose tolerance, reduced body 
weight, and decreased adipose tissue accumulation in diabetic rat models[45]. Polymeric nanoparticles also offer 
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sustained and controlled drug release, reducing the need for frequent administration and minimizing systemic 
side effects. Their nanoscale size facilitates passive targeting through the enhanced permeability and retention 
(EPR) effect, and their adaptability to various routes of administration—oral, intravenous, or transdermal—
makes them a flexible tool in herbal medicine[44]. Thus, polymeric nanoparticles are a promising strategy for 
enhancing the therapeutic efficacy of herbal antioxidants in metabolic disorders. 
Solid Lipid Nanoparticles (SLNs): Solid lipid nanoparticles (SLNs) are submicron-sized carriers composed of 

solid lipids stabilized by surfactants. They combine the advantages of both lipid-based and polymeric systems, 
offering excellent stability, biocompatibility, and the ability to control drug release[17, 46]. SLNs are 
particularly suitable for encapsulating lipophilic herbal antioxidants, shielding them from degradation and 
enhancing their bioavailability. These nanoparticles exhibit superior loading capacity and enable prolonged 
circulation times in vivo. Importantly, the solid lipid core of SLNs maintains a solid state at both room and body 
temperatures, which aids in the sustained release of the encapsulated agents. One compelling example is 
berberine-loaded SLNs, which have been shown to enhance insulin sensitivity and exert beneficial effects on the 
gut microbiota—a critical factor in obesity and type 2 diabetes[46, 47]. These nanoparticles also mitigate the 
challenges associated with the poor solubility and rapid metabolism of many natural compounds. Their small 
size facilitates uptake by intestinal cells, improving oral absorption. Furthermore, SLNs can be engineered to 
respond to environmental triggers or to deliver drugs selectively to specific tissues. With their 7avourable safety 
profile and scalable production methods, SLNs hold great potential in developing advanced herbal antioxidant 
therapies for chronic metabolic diseases. 
Dendrimers: Dendrimers are highly branched, three-dimensional macromolecules with a central core, interior 

layers (generations), and multiple functional terminal groups. Their precise architecture allows for a high degree 
of surface functionality and molecular uniformity, making them ideal candidates for multifunctional drug 
delivery systems[48]. Dendrimers can encapsulate herbal antioxidants within their internal cavities or attach 
them to their surface, enabling high drug loading and controlled release profiles. Their multivalent nature 
supports simultaneous delivery of multiple therapeutic agents, enhancing combination therapy approaches[48]. 
Additionally, dendrimers can be functionalized with ligands, antibodies, or peptides to facilitate active targeting 

to specific tissues or cells, such as inflamed adipose tissue or pancreatic β-cells in diabetes management. Due to 
their nanoscale size and modifiable surfaces, dendrimers improve solubility, stability, and circulation time of 
herbal compounds[49]. They also offer reduced immunogenicity and toxicity compared to some conventional 
delivery systems. Although still under preclinical evaluation for many applications, dendrimer-based 
formulations have shown promising results in enhancing antioxidant activity, reducing oxidative stress, and 
modulating inflammatory pathways in metabolic and neurodegenerative disease models[49]. Their structural 
precision and versatility make them an exciting frontier in the nanodelivery of complex herbal therapeutics. 
Nanoemulsions: Nanoemulsions are kinetically stable, colloidal dispersions consisting of oil and water phases 

stabilized by surfactants, with droplet sizes typically ranging from 20 to 200 nm.[50, 51] They possess a high 
surface area and 7avourable7ion capacity, making them highly effective in improving the bioavailability of poorly 
water-soluble herbal antioxidants. Nanoemulsions are particularly advantageous for oral and topical delivery 
due to their ease of formulation and enhanced absorption properties. Their small droplet size facilitates 
gastrointestinal uptake and rapid onset of action, which is critical in managing metabolic complications. For 
example, quercetin nanoemulsions[51] have demonstrated significantly improved oral bioavailability and have 
been shown to reduce fasting blood glucose levels in diabetic models. The incorporation of antioxidants into 
nanoemulsions helps protect them from enzymatic degradation and facilitates targeted delivery to specific 
tissues. These systems also allow for easy functionalization and incorporation of additional therapeutic agents 
or adjuvants. Furthermore, nanoemulsions exhibit favorable rheological properties, making them suitable for 
diverse administration routes including transdermal patches, sprays, and injectables[50]. Their scalability and 
cost-effective production make nanoemulsions a practical solution for commercial applications in herbal 
medicine. As a result, nanoemulsions are emerging as a powerful tool in enhancing the therapeutic outcomes of 
natural antioxidants in metabolic diseases. 

Targeting Strategies in Nanodelivery Systems 

Effective targeting strategies are central to maximizing the therapeutic efficacy of nanodelivery systems while 
minimizing off-target effects. In metabolic disorders such as obesity and diabetes, targeted delivery of 
antioxidants can enhance therapeutic outcomes by concentrating active compounds at disease-relevant sites such 
as adipose tissue, liver, and pancreas. Three major targeting strategies are employed: passive, active, and stimuli-
responsive targeting. 
Passive Targeting: Passive targeting exploits the enhanced permeability and retention (EPR) effect, a 
phenomenon where nanoparticles preferentially accumulate in inflamed or diseased tissues due to leaky 
vasculature and poor lymphatic drainage[52]. This is particularly relevant in obesity and associated 
complications, where tissues like visceral fat and the liver exhibit increased vascular permeability. Passive 
targeting allows nanoparticles loaded with antioxidants to concentrate at these sites, enhancing local therapeutic 
action without requiring surface modifications[53]. However, the effectiveness of this approach depends on 
disease progression and vascular characteristics. 
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Active Targeting: Active targeting involves modifying the nanoparticle surface with ligands that can bind to 
specific receptors overexpressed in target tissues. For instance, integrins and leptin receptors are often 
upregulated in adipose tissue, while asialoglycoprotein receptors are abundant in hepatocytes [54]. Pancreatic 

β-cells express GLP-1 receptors, making them viable targets in diabetes therapy. By attaching appropriate 
ligands such as peptides, antibodies, or folate, nanoparticles can achieve site-specific delivery, enhance cellular 
uptake, and reduce systemic toxicity. This strategy is particularly promising for delivering herbal antioxidants 
that modulate inflammation and oxidative stress in metabolic tissues[55]. 
Stimuli-Responsive Targeting: Stimuli-responsive or “smart” targeting systems are engineered to release 
their payload in response to specific biological cues at the disease site[56, 57]. These stimuli can be internal—
such as acidic pH in inflamed tissues, elevated redox potential, or specific enzymes—or external, including 
temperature and magnetic fields. This approach ensures that drug release occurs only under precise conditions, 
enhancing treatment precision and minimizing side effects. For example, pH-responsive nanoparticles can 
release antioxidants preferentially in the acidic microenvironment of inflamed adipose tissue, enhancing local 
anti-inflammatory action[58]. These smart systems represent a significant advancement in personalized 
medicine and have broad implications for the efficient delivery of herbal therapeutics in complex metabolic 
disorders. 

Table 1: Advantages of Nanodelivery over Conventional Systems 

Conventional Herbal Form Nanodelivery System 

Low oral bioavailability Enhanced absorption and cellular uptake 

Rapid degradation Protection from enzymatic metabolism 

Poor targeting Site-specific delivery 

Need for high doses Dose sparing with controlled release 

 
Challenges and Future Perspectives 

Safety and Toxicity: Despite the promising therapeutic potential of nanomedicine, concerns regarding the 
safety and toxicity of nanomaterials remain a major barrier to clinical translation. Certain nanoparticles can 
induce cytotoxic effects, provoke oxidative stress, and elicit undesired immune responses depending on their 
size, shape, surface chemistry, and composition. These interactions can lead to inflammation, genotoxicity, or 
organ-specific toxicity, especially in the liver, spleen, and kidneys. Moreover, the long-term effects of chronic 
exposure to nanomaterials are not fully understood, necessitating extensive preclinical and clinical toxicological 
studies. Biodegradability and clearance mechanisms of nanoparticles must be clearly defined to avoid 
bioaccumulation. Standardized protocols for toxicity testing are still lacking, complicating cross-study 
comparisons and regulatory approval. Therefore, comprehensive safety evaluations—including in vitro and in 
vivo assays—are crucial to mitigate risks and ensure biocompatibility before widespread clinical application. 
Addressing these concerns is essential to foster public trust and facilitate regulatory acceptance of 
nanotherapeutics. 
Manufacturing and Scalability: The large-scale manufacturing and commercial scalability of nanomedicines 
pose considerable challenges, often limiting their transition from bench to bedside. Producing 
nanopharmaceuticals in a reproducible, cost-effective, and Good Manufacturing Practice (GMP)-compliant 
manner requires advanced infrastructure and stringent quality control. Variability in physicochemical properties 
such as particle size, charge, and encapsulation efficiency can significantly affect therapeutic outcomes, making 
batch-to-batch consistency critical. Moreover, many nanoparticle formulations involve complex synthesis 
processes, including multi-step purification, that may not be easily upscaled without compromising product 
integrity or functionality. The high cost of raw materials and specialized equipment also contributes to limited 
accessibility. For herbal-derived or natural product-based nanomedicines, ensuring consistency in plant extract 
composition adds another layer of complexity. To overcome these challenges, innovative approaches in process 
optimization, automation, and in-line monitoring are needed. Collaborations between academic researchers, 
industry, and regulatory bodies can help establish standardized protocols for scalable and economically viable 
nanomedicine production. 
Regulatory Hurdles: Nanopharmaceuticals face significant regulatory hurdles due to the complexity of their 
structures and mechanisms of action. Regulatory frameworks have not fully caught up with the rapid 
advancements in nanotechnology, leading to inconsistencies in how different agencies assess safety, efficacy, and 
quality. For herbal-derived nanomedicines, these challenges are compounded by variability in the source 
materials and a lack of standardized characterization techniques. Unlike conventional drugs, nanomedicines may 
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require new testing paradigms to evaluate their pharmacokinetics, biodistribution, and toxicity profiles 
accurately. Furthermore, differences in classification—whether a product is considered a drug, biologic, or 
device—can influence the regulatory pathway and approval timelines. Comprehensive guidance documents are 
still evolving, which may lead to delays in development and commercialization. Harmonization of international 
regulations and development of nanotechnology-specific criteria for risk assessment, labeling, and post-market 
surveillance are essential to streamline approval processes and foster innovation in nanotherapeutic 
development, especially for complex formulations derived from natural sources. 
Personalized Therapy: Personalized nanomedicine holds the promise of enhancing therapeutic efficacy and 

minimizing adverse effects by tailoring treatments to an individual’s genetic and metabolic profile. Integration 
with omics technologies—such as genomics, proteomics, and metabolomics—enables the identification of 
biomarkers that predict disease susceptibility, drug response, and potential toxicity. These insights can guide 
the design of customized nanocarriers for targeted drug delivery, improving precision and clinical outcomes. 
However, implementing personalized therapy poses technical and logistical challenges. High-throughput data 
generation and analysis require sophisticated bioinformatics tools and interdisciplinary collaboration. 
Additionally, ethical concerns related to genetic data privacy and equitable access must be addressed. 
Standardization of data interpretation and integration with clinical workflows is also necessary to ensure 
scalability. Despite these hurdles, advances in nanotechnology and systems biology offer a synergistic platform 
for developing individualized therapeutic regimens, paving the way for a more proactive and patient-centric 
approach to treating complex diseases like metabolic disorders and cancers. 
Integration with Digital Health: The convergence of nanomedicine with digital health technologies offers 

unprecedented opportunities for real-time disease monitoring, early diagnosis, and adaptive therapy, particularly 
in managing chronic metabolic disorders. Wearable sensors embedded with nanoscale components can detect 
physiological parameters such as glucose levels, heart rate, and metabolic markers with high sensitivity and 
accuracy. Coupled with artificial intelligence (AI) and machine learning algorithms, these devices can analyze 
vast amounts of data to provide predictive insights and personalized treatment recommendations. This 
integration allows for dynamic dosing, remote patient monitoring, and timely intervention, enhancing patient 
adherence and outcomes. However, challenges such as data security, device interoperability, regulatory 
approval, and user compliance need to be addressed. Furthermore, the development of multifunctional 
nanoplatforms capable of both therapeutic delivery and diagnostics (theranostics) remains in its early stages. 
Bridging nanomedicine with digital health requires multidisciplinary collaboration, robust infrastructure, and 
patient education to realize its full potential in precision medicine. 

CONCLUSION 
Targeted nanodelivery of herbal antioxidants represents a transformative approach to managing obesity and 
T2DM by enhancing the therapeutic performance of bioactive compounds and addressing underlying oxidative 
and inflammatory pathologies. Future research should focus on clinical validation, personalized nanomedicine 
strategies, and overcoming translational barriers to ensure these innovative therapies reach the populations 
most in need. 
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