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ABSTRACT

Obesity is a growing global epidemic, associated with diabetes, cardiovascular disease, cancer, and diminished
life expectancy. Pharmacological treatments are often limited by poor bioavailability, low target specificity, and
systemic toxicity. Nanotechnology offers innovative drug delivery solutions, improving solubility, stability,
biodistribution, and therapeutic precision. Nanocarriers including liposomes, polymeric nanoparticles,
dendrimers, micelles, and lipid-based systems have demonstrated potential for encapsulating anti-obesity drugs,
nutraceuticals, and genetic material. These advances can enhance efficacy while minimizing adverse effects. This
review explores the role of nanotechnology in obesity management, focusing on principles of design, recent
advances, clinical translation, challenges, and future perspectives. Nanomedicine holds promise to revolutionize
obesity therapy, though safety, manufacturing, and regulatory hurdles must be addressed.
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INTRODUCTION
Obesity has reached epidemic proportions, with more than one billion individuals worldwide classified as obese
according to the World Health Organization[ 1-87. The condition arises from an imbalance between caloric
intake and expenditure, compounded by genetic, behavioral, and environmental factors [47]. Beyond excessive
fat accumulation, obesity is a complex metabolic disorder that increases the risk of type 2 diabetes, cardiovascular
disease, hypertension, fatty liver disease, osteoarthritis, and certain cancers. Its prevalence continues to rise
across age groups, including children and adolescents, creating a major global health crisis with enormous
socloeconomic costs[5, 6.
Conventional interventions for obesity include lifestyle modification, pharmacotherapy, and bariatric surgery.
Although diet and exercise remain the first-line strategy, long-term adherence is poor 7. Bariatric surgery is
effective but invasive and costly, with associated risks of complications and nutritional deficiencies[6, 8, 97.
Pharmacological approaches are more accessible but remain limited by efficacy and safety concerns. Currently
available anti-obesity drugs, such as orlistat, liraglutide, and phentermine-topiramate, ofter only modest weight
reduction, and their long-term safety remains under scrutiny. Furthermore, promising bioactive molecules
derived from natural products, such as polyphenols, flavonoids, and alkaloids, often face barriers of poor
solubility, instability in the gastrointestinal tract, rapid metabolism, and poor bioavailability[10-137. These
shortcomings reduce their clinical applicability despite strong preclinical evidence of anti-obesity potential.
Nanotechnology introduces novel opportunities to overcome these challenges. Defined by the manipulation of
materials at the nanometer scale, nanotechnology provides unique physicochemical properties that can be
harnessed for biomedical applications. In drug delivery, nanocarriers can encapsulate therapeutic agents,
shielding them from degradation, enhancing solubility, and extending circulation times[7, 14—16].
Functionalization with targeting ligands or responsive polymers enables site-specific delivery and controlled
drug release. These innovations are particularly relevant for obesity management, where drugs often need to
act in metabolically active tissues such as adipose tissue, liver, or the central nervous system.
Nanocarriers including liposomes, polymeric nanoparticles, dendrimers, micelles, and lipid nanoparticles have
been successfully developed to improve the pharmacokinetics and biodistribution of drugs["17—-197. For example,
liposomes provide a biocompatible vesicular system capable of encapsulating both hydrophilic and lipophilic
molecules, while polymeric nanoparticles made from biodegradable polymers such as PLGA enable sustained
and controlled release. Micelles and solid lipid nanoparticles are effective in solubilizing poorly water-soluble
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drugs and increasing oral bioavailability. Dendrimers, with their highly branched structure, allow multiple drug
conjugations and precise size control, which are advantageous for targeted therapies.

In obesity research, these nanocarriers have been used to deliver natural bioactive molecules like resveratrol and
curcumin, enhancing their bioavailability and therapeutic impact. Other studies have encapsulated conventional
drugs such as orlistat to reduce gastrointestinal side effects and improve patient compliance[ 20—-227]. Lipid
nanoparticles, particularly those adapted from vaccine technologies, have been explored for gene-silencing
approaches using siRNA and miRNA, targeting pathways involved in adipogenesis and lipid metabolism. These
approaches highlight the potential of nanotechnology not only to improve existing therapies but also to enable
entirely new therapeutic modalities[25—257.

However, while preclinical evidence is encouraging, translation into clinical practice remains limited. Key
challenges include ensuring long-term safety, avoiding off-target effects, developing cost-effective large-scale
manufacturing processes, and navigating complex regulatory landscapes[26, 277]. Moreover, obesity is a
multifactorial disease, and effective treatment may require personalized approaches integrating nanomedicine
with genetic profiling, microbiome modulation, and precision nutrition. This review explores the role of
nanotechnology in obesity management, structured into five sections. Section 2 outlines the principles and types
of nanocarriers applied in obesity research. Section 8 summarizes recent advances and applications in preclinical
and clinical studies. Section 4 highlights translational challenges, including safety, biodistribution, and
regulation. Section 5 discusses clinical perspectives and integration with existing therapies. Section 6 presents
future directions, emphasizing precision medicine and interdisciplinary collaboration. Together, these sections
provide a comprehensive overview of nanotechnology-driven drug delivery systems for obesity and their
potential to transform therapeutic outcomes.

2. Principles of Nanotechnology in Drug Delivery

The application of nanotechnology in drug delivery is based on improving the pharmacokinetics and
pharmacodynamics of therapeutic agents. In obesity, drugs and bioactive compounds often face problems such
as low water solubility, poor intestinal absorption, rapid metabolism, and systemic side effects[14, 28, 297].
Nanocarriers are designed to overcome these barriers by altering the way drugs are transported and released in
the body. By encapsulating molecules within nanoscale systems, it is possible to protect them from degradation,
extend circulation time, and deliver them more effectively to target tissues. Liposomes are among the earliest
and most widely studied nanocarriers. Composed of phospholipid bilayers, they can encapsulate both hydrophilic
and lipophilic drugs, making them versatile. Their surface can be modified with ligands such as antibodies or
peptides to achieve active targeting of tissues like adipose depots or the hypothalamus, which are central to
obesity regulation. Polymeric nanoparticles, usually made of biodegradable materials such as polylactic acid
(PLA) or poly(lactic-co-glycolic acid) (PLGA), allow for controlled release and enhanced stability. This is
especially useful for compounds like resveratrol or curcumin, whose bioactivity is otherwise compromised by
rapid degradation[ 30-327].

Dendrimers represent another category of nanocarriers characterized by highly branched three-dimensional
structures[33—357. Their large surface area allows multiple drug molecules or targeting moieties to be attached
simultaneously. This property makes dendrimers suitable for multimodal therapy, where a single carrier could
deliver both appetite-suppressing drugs and anti-inflammatory molecules. Micelles and solid lipid nanoparticles
are also used widely to improve the solubility of poorly water-soluble molecules[25, 27, 367]. They have shown
success in enhancing the oral absorption of natural anti-obesity agents, which often fail to reach therapeutic
levels in plasma when administered in conventional formulations.

A promising innovation is stimuli-responsive nanocarriers, which release their therapeutic load in response to
specific physiological triggers such as pH, enzymes, or temperature changes. For obesity, these could be
designed to release drugs selectively in adipose tissues or in the gastrointestinal tract during digestion, thereby
reducing unwanted systemic exposure[ 37, 387. Surface functionalization also enables nanocarriers to recognize
cell-specific receptors, such as those found on adipocytes, facilitating more precise delivery. Together, these
principles demonstrate how nanotechnology modifies drug delivery in obesity management. By enhancing
solubility, stability, targeting, and controlled release, nanocarriers provide a foundation for more effective
pharmacological strategies against obesity.

3. Advances in Nanotechnology for Obesity

Preclinical research has revealed significant advances in the application of nanocarriers for obesity management.
Natural bioactive compounds such as polyphenols, flavonoids, and alkaloids are widely studied for their anti-
obesity effects 397]. However, their therapeutic potential is often limited by instability in the gastrointestinal
tract and low systemic absorption. Encapsulation into nanoparticles has transformed these molecules into more
effective agents. For instance, curcumin-loaded polymeric nanoparticles exhibit enhanced bioavailability,
prolonged circulation, and improved anti-adipogenic effects compared to free curcumin. Similarly, resveratrol-
loaded nanoparticles accumulate more effectively in adipose tissue and lead to greater reductions in fat mass in
animal studies[407]. Conventional drugs have also been reformulated using nanotechnology. Orlistat, a
pancreatic lipase inhibitor, is well known for its gastrointestinal side effects, which reduce compliance.
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Encapsulation in solid lipid nanoparticles has been shown to reduce these adverse effects while maintaining
therapeutic efficacy. Appetite-suppressing drugs, which act in the central nervous system, have been delivered
using nanocarriers capable of crossing the blood—brain barrier, overcoming one of the major limitations of
conventional formulations[417].

Another promising development is the use of nanotechnology for nucleic acid delivery. Small interfering RNA
(siRNA) and microRNA (miRNA) therapies can target genes directly involved in adipogenesis, lipid metabolism,
or energy expenditure. Lipid nanoparticles already proven successful in mRNA vaccine delivery have been
repurposed in obesity research for gene-silencing strategies[42]. Animal models treated with such therapies
demonstrate significant weight loss and metabolic improvements, suggesting a new frontier for nanomedicine
in obesity. Multi-drug delivery is also an emerging approach. Nanocarriers can co-encapsulate different
molecules, such as an appetite suppressant and an anti-inflammatory agent, providing synergistic effects[427.
This is particularly relevant for obesity, which involves multiple pathological mechanisms including
inflammation, insulin resistance, and altered lipid metabolism. By targeting more than one pathway
simultaneously, nanotechnology could offer more effective interventions than single-agent therapies.

Although most of these studies are preclinical, they demonstrate the versatility and power of nanocarriers to
improve drug performance. The advances made so far provide a strong foundation for translating
nanotechnology-based obesity therapies into clinical practice, though significant challenges remain.

4. Translational Challenges

Despite promising preclinical data, translating nanotechnology-based therapies into clinical practice for obesity
faces numerous obstacles. One of the foremost concerns is safety. Nanoparticles, depending on their size, charge,
and composition, can accumulate in non-target organs such as the liver, spleen, or kidneys, potentially causing
long-term toxicity. The immune system may recognize nanoparticles as foreign, leading to rapid clearance or
unintended inflammatory responses[437]. These risks must be carefully evaluated through long-term
toxicological studies before clinical application.

Another significant barrier is manufacturing. Producing nanocarriers with consistent size, drug loading, and
release profiles on an industrial scale is technically demanding and costly. Even small variations can affect
performance, making reproducibility a major issue. Regulatory agencies require stringent quality control and
detailed characterization of nanomedicines, which adds to the complexity of clinical translation[447. Regulatory
hurdles are also pronounced because nanocarriers often act both as drug and device. As such, they are subject to
hybrid evaluation criteria, requiring data not only on pharmacokinetics and efficacy but also on material
biocompatibility, stability, and long-term safety. This increases the time and cost required for approval. For
obesity-specific therapies, where long-term use is likely, safety requirements are especially rigorous.

Obesity itself poses unique challenges. It is a multifactorial disease influenced by genetics, environment,
microbiota, and lifestyle [457]. As such, therapeutic responses to nanomedicine may vary widely between
patients. A formulation effective in one subgroup may not produce the same outcomes in others. This variability
complicates clinical trial design and necessitates a more personalized approach[447. Economic considerations
cannot be overlooked. The high cost of nanomedicine development and manufacturing may limit accessibility,
particularly in low-resource settings where obesity prevalence is also high. Unless cost-effectiveness is
demonstrated, widespread adoption of nanotechnology-based therapies will remain limited.

Addressing these translational challenges requires multidisciplinary collaboration. Advances in scalable
manufacturing, harmonization of regulatory frameworks, and incorporation of patient stratification strategies
will be key to moving nanotechnology-driven obesity therapies closer to the clinic.

5. Clinical Perspectives

Although nanotechnology-driven therapies for obesity are not yet in widespread clinical use, lessons can be
drawn from other fields where nanomedicine has already been successfully applied. Liposomal doxorubicin and
lipid nanoparticle-based mRNA vaccines demonstrate that nanotechnology can be both safe and effective in
humans. These successes offer a roadmap for adapting similar strategies to obesity[467].

In clinical research, only a few nanotechnology-based formulations targeting obesity are in early trial stages.
For example, nano-encapsulated orlistat and curcumin formulations have shown improved tolerability and
bioavailability in human pilot studies. However, robust large-scale clinical trials are lacking, and more evidence
is needed to confirm their therapeutic benefits in diverse patient populations. Integration with existing therapies
provides another pathway forward[477]. Nanocarriers could be used to enhance the effectiveness of GLP-1
receptor agonists, which are now widely prescribed for obesity and type 2 diabetes. Similarly, nanoparticle
formulations could be combined with bariatric surgery or structured lifestyle interventions to maximize long-
term outcomes while minimizing drug dosage and side effects.

Personalized medicine approaches are also relevant in clinical contexts[47]. With advances in genomics and
metabolomics, it is increasingly possible to stratify patients based on biological markers [487]. Nanocarriers
designed for precision delivery could complement such personalized strategies, ensuring that therapies are
tailored to individual patient profiles. Despite the promise, the clinical outlook remains cautious[47].
Regulatory agencies emphasize the need for long-term safety data, particularly since obesity therapies are
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intended for chronic use. Public acceptance is another factor, as concerns about nanoparticles in food and

medicine remain prevalent. Transparent communication and education will be essential to gain trust and

facilitate adoption.

Overall, clinical perspectives on nanotechnology in obesity management are optimistic but tempered by the

recognition that significant validation through trials, safety studies, and cost-effectiveness analyses is still

required.

6. Future Directions

The future of nanotechnology in obesity management lies in its integration with precision medicine and

emerging technologies. Artificial intelligence and machine learning are increasingly being applied to

nanoparticle design, enabling predictive modeling of pharmacokinetics, biodistribution, and therapeutic efficacy.

This computational approach accelerates the optimization of formulations, reducing reliance on trial-and-error

experimentation.

Stimuli-responsive systems are another frontier. Carriers that release drugs in response to pH changes,

enzymatic activity, or metabolic cues can ensure localized delivery and reduce systemic exposure. Such

innovations could allow drugs to be released specifically in adipose tissues or during digestion, maximizing

effectiveness while reducing side effects. Hybrid systems capable of carrying multiple drugs or combining

pharmacological and genetic therapies in a single carrier may further enhance outcomes.

Personalized nanomedicine will play a major role in future obesity therapies. By integrating patient-specific

genomic, proteomic, and metabolomic data, it will be possible to design nanocarriers tailored to individual

biological profiles. This could allow stratification of patients into subgroups that benefit most from specific

nanoformulations, improving therapeutic outcomes and cost-effectiveness.

Another promising avenue is the delivery of microbiome-modulating agents using nanotechnology. Since gut

microbiota plays a critical role in obesity, nanoparticles could be employed to deliver probiotics, prebiotics, or

microbiota-targeted drugs directly to the gut in a controlled manner. This represents a novel strategy for

addressing obesity at its microbial root.

Finally, collaboration across disciplines will be essential. Nanotechnologists, clinicians, nutritionists, and

policymakers must work together to address technical, clinical, and regulatory challenges. Global harmonization

of regulatory standards and continued investment in nanomedicine research will help accelerate translation from

laboratory to clinic.

If these efforts succeed, nanotechnology has the potential to revolutionize obesity management, transforming it

from a largely symptomatic approach to a precise, targeted, and personalized therapeutic field.

CONCLUSION

Nanotechnology-driven drug delivery systems offer innovative solutions to the long-standing challenges of

obesity management. By improving drug solubility, stability, and specificity, nanocarriers enhance the

therapeutic potential of conventional drugs and natural bioactives. Although translation remains limited by

safety, regulatory, and economic challenges, the integration of nanotechnology with precision medicine and

advanced computational tools holds great promise for the future.
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