https://doi.org/10.59298/NIJSES/2026/72.1622

Inflammation-Responsive Nanomaterials for Controlled
Drug Release in Obesity-Related Chronic Inflammatory
States

Muhindo Edgar

Department of Pharmacy Kampala International University Uganda
Email: edgar.muhindo@studwc.kiu.ac.ug

ABSTRACT

Obesity is characterized by chronic low-grade inflammation that plays a central role in the development of
insulin resistance, type 2 diabetes, cardiovascular disease, and other components of metabolic syndrome. This
inflammatory milieu is driven largely by dysfunctional white adipose tissue, immune cell infiltration, and
sustained production of pro-inflammatory mediators. Conventional pharmacological interventions often fail to
adequately target inflamed tissues and are associated with systemic side effects, reduced efficacy, and poor
patient adherence. In this context, inflammation-responsive nanomaterials have emerged as a promising
strategy for controlled, site-specific drug delivery in obesity-related chronic inflammatory states. These smart
nanomaterials are engineered to respond to inflammatory cues such as acidic pH, elevated reactive oxygen
species, proteolytic enzymes, and inflammatory cytokines, enabling precise and on-demand drug release at
diseased sites. This review provides a comprehensive overview of the pathophysiological basis of obesity-
associated inflammation, principles of inflammation-responsive nanomaterial design, and key nanotechnological
platforms developed for controlled drug release. We discuss current preclinical evidence supporting their
therapeutic potential, address major translational challenges, and highlight future perspectives for integrating
inflammation-responsive nanomedicine into metabolic disease management. Harnessing inflammation-
triggered drug delivery systems may represent a paradigm shift toward safer, more effective, and personalized
therapies for obesity-related chronic inflammatory disorders.
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INTRODUCTION

Obesity has evolved into one of the most significant global health challenges of the twenty-first century,
affecting both developed and developing nations[1-57]. Beyond excessive fat accumulation, obesity is now
recognized as a chronic inflammatory disease characterized by sustained low-grade inflammation that underpins
its metabolic complications. This inflammatory state contributes directly to insulin resistance, type 2 diabetes
mellitus, cardiovascular disease, non-alcoholic fatty liver disease, and certain cancers. Central to this process is
dysfunctional white adipose tissue, which undergoes profound structural, cellular, and molecular changes during
obesity[6—87].

In healthy individuals, white adipose tissue serves as an energy reservoir and an endocrine organ that secretes
adipokines involved in metabolic homeostasis[97]. However, excessive caloric intake leads to adipocyte
hypertrophy, local hypoxia, endoplasmic reticulum stress, and adipocyte death. These events initiate immune
cell recruitment, particularly pro-inflammatory macrophages, which surround dead adipocytes to form crown-
like structures. The resulting adipose tissue microenvironment is enriched with inflammatory mediators such
as tumor necrosis factor-a, interleukin-6, monocyte chemoattractant protein-1, and reactive oxygen species.
These signals disrupt insulin signaling pathways locally and systemically, driving metabolic dysfunction[6, 107.
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Despite advances in pharmacotherapy for obesity and its complications, current treatments largely rely on
systemic drug administration. Such approaches often fail to achieve sufficient drug concentrations at inflamed
sites while increasing off-target exposure and adverse effects[117. Anti-inflammatory drugs, insulin sensitizers,
and lipid-lowering agents frequently exhibit limited efficacy due to poor tissue specificity, rapid clearance, or
dose-limiting toxicity. These limitations have intensified interest in innovative drug delivery systems capable
of selectively targeting inflamed tissues and releasing therapeutic agents in a controlled manner[12, 137.
Nanotechnology offers transformative opportunities to overcome these challenges. Nanomaterials can be
engineered with precise physicochemical properties that enhance drug solubility, stability, circulation time, and
tissue penetration. More importantly, recent advances have led to the development of “smart” or stimuli-
responsive nanomaterials that respond dynamically to pathological microenvironments[ 14—17]. In obesity-
related inflammation, local biochemical cues such as acidic pH, elevated reactive oxygen species, proteases, and
inflammatory enzymes provide exploitable triggers for targeted drug release.

Inflammation-responsive nanomaterials are designed to remain stable during systemic circulation but undergo
structural or chemical changes upon encountering inflammatory signals, thereby releasing their therapeutic
payload specifically at diseased sites[18—217]. This approach maximizes therapeutic efficacy while minimizing
systemic toxicity[10, 227. Such systems have been explored for delivering anti-inflammatory agents,
antioxidants, insulin sensitizers, nucleic acids, and biologics directly to inflamed adipose tissue and associated
organs. This review focuses on inflammation-responsive nanomaterials developed for controlled drug release in
obesity-related chronic inflammatory states. We first outline the molecular and cellular features of obesity-
associated inflammation that enable stimulus-responsive targeting. We then discuss design principles, major
classes of inflammation-responsive nanomaterials, and their therapeutic applications. Finally, we examine
current limitations and future directions for translating these technologies into clinical practice.

2. Obesity-Related Chronic Inflammation: Molecular and Cellular Triggers

Chronic inflammation in obesity is a complex, multifactorial process driven by metabolic stress, immune
dysregulation, and tissue remodeling[237. Unlike acute inflammation, obesity-associated inflammation is
persistent, low-grade, and systemic, yet sufficient to disrupt metabolic homeostasis. White adipose tissue is the
primary site of inflammatory initiation, although secondary involvement of the liver, skeletal muscle, pancreas,
and vasculature amplifies disease progression[237].

Adipocyte hypertrophy is a key initiating factor. As adipocytes expand beyond their vascular supply, localized
hypoxia develops, activating hypoxia-inducible factor-l1a and promoting pro-inflammatory gene
expression[247]. Concurrently, lipid overload induces endoplasmic reticulum stress and mitochondrial
dysfunction, resulting in excessive production of reactive oxygen species. These oxidative signals act as danger-
associated molecular patterns that activate innate immune pathways[24].

Macrophage infiltration is a hallmark of inflamed adipose tissue. In lean individuals, adipose tissue macrophages
predominantly exhibit an anti-inflammatory M2 phenotype. Obesity shifts macrophage polarization toward the
pro-inflammatory M1 phenotype, characterized by elevated secretion of cytokines such as TNF-a, IL-6, and IL-
1B. These cytokines interfere with insulin receptor signaling through activation of stress kinases, including JNK
and IKKp, leading to insulin resistance[25—-277].

Other immune cells, including neutrophils, CD8* T cells, B cells, and mast cells, also contribute to the
inflammatory network[287. Proteolytic enzymes such as matrix metalloproteinases and cathepsins are
upregulated, facilitating extracellular matrix remodeling but also serving as biochemical markers of
inflammation. Additionally, the inflamed microenvironment becomes mildly acidic due to increased glycolytic
metabolism and impaired perfusion[287].

Collectively, elevated reactive oxygen species, acidic pH, inflammatory enzymes, and cytokines create a unique
pathological signature that distinguishes inflamed adipose tissue from healthy tissue. These molecular features
provide ideal triggers for inflammation-responsive nanomaterials, enabling selective drug release in obesity-
associated inflammatory sites.

3. Principles of Inflammation-Responsive Nanomaterial Design

Inflammation-responsive nanomaterials are engineered to sense and respond to specific pathological cues
present in inflamed tissues. Their design integrates materials science, pathophysiology, and pharmacology to
achieve spatiotemporal control over drug release[29-317. The fundamental principle is stability under
physiological conditions combined with rapid activation in inflammatory microenvironments.

One common strategy involves pH-responsive materials. Inflamed tissues often exhibit slightly acidic pH due
to hypoxia and increased anaerobic metabolism[‘327]. Nanocarriers incorporating acid-labile bonds or pH-
sensitive polymers undergo structural destabilization or bond cleavage under acidic conditions, triggering drug
release[327]. Reactive oxygen species-responsive nanomaterials exploit the elevated oxidative stress
characteristic of obesity-related inflammation. These systems incorporate ROS-cleavable linkages such as
thioketal or boronic ester bonds, which degrade in high-ROS environments, releasing encapsulated therapeutics
selectively at inflamed sites[327].

Enzyme-responsive nanomaterials are desighed to respond to proteases overexpressed during inflammation,
including matrix metalloproteinases and cathepsins[337. Peptide linkers cleavable by these enzymes enable
precise activation of drug release in inflamed adipose tissue.
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Cytokine-responsive systems represent an emerging approach, where nanomaterials are engineered to respond
indirectly to inflammatory signaling cascades. Surface modifications that interact with activated immune cells
can enhance uptake and intracellular release within macrophages[10, 34, 357.

Importantly, inflammation-responsive nanomaterials can be multifunctional, integrating multiple stimuli to
enhance specificity. Such combinatorial responsiveness improves selectivity and reduces unintended drug
leakage, making these systems particularly attractive for chronic diseases like obesity.

4. Types of Inflammation-Responsive Nanomaterials for Controlled Drug Release

Several classes of nanomaterials have been developed and optimized for inflammation-triggered drug delivery
in obesity-related disorders, reflecting the complex and multifactorial nature of obesity-associated
inflammation[367]. Among these platforms, polymeric nanoparticles are the most extensively studied due to
their versatility, biodegradability, and capacity for precise physicochemical tuning. Biocompatible polymers such
as poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG)-based copolymers, and poly(B-amino esters)
can be readily functionalized with stimulus-sensitive moieties that respond to inflammatory cues such as acidic
pH, elevated enzyme activity, or increased reactive oxygen species (ROS) levels[37, 387. These features allow
controlled and site-specific drug release within inflamed adipose tissue, enhancing therapeutic efticacy while
reducing systemic exposure.

Lipid-based nanocarriers, including liposomes and nanostructured lipid carriers, offer distinct advantages such
as excellent biocompatibility, biomimetic properties, and high drug-loading capacity for both hydrophilic and
hydrophobic agents[39—417]. Their structural similarity to biological membranes facilitates cellular uptake and
minimizes immunogenicity. The incorporation of oxidation-sensitive lipids into these carriers enables ROS-
triggered membrane destabilization, resulting in selective payload release at sites of oxidative stress commonly
observed in obese adipose tissue.

Inorganic nanomaterials, such as mesoporous silica nanoparticles and cerium oxide nanoparticles, provide
superior structural stability and unique functional properties. Mesoporous silica nanoparticles offer high surface
area and tunable pore sizes, allowing efficient drug encapsulation and controlled release[427. Cerium oxide
nanoparticles, in particular, possess intrinsic antioxidant activity through redox cycling, enabling them to
simultaneously serve as drug carriers and modulators of oxidative stress[427.

Additionally, hydrogel-based nanocomposites represent an emerging platform for sustained and inflammation-
responsive drug delivery[487]. These systems release therapeutic agents through controlled network
degradation in response to inflammatory stimuli. Increasingly, hybrid nanocarrier systems that integrate
polymeric, lipid, and inorganic components are being explored to achieve synergistic responsiveness, enhanced
stability, and multifunctionality, thereby advancing the therapeutic potential of nanomedicine in obesity-related
disorders[437.

5. Therapeutic Applications in Obesity-Related Chronic Inflammatory States

Inflammation-responsive nanomaterials have emerged as a versatile and highly promising platform for the
targeted delivery of diverse therapeutic agents in the management of obesity and its associated metabolic
complications[44]. Obesity is characterized by chronic low-grade inflammation within adipose tissue, driven by
immune cell infiltration, oxidative stress, and dysregulated cytokine signaling. By exploiting these pathological
features, inflammation-responsive nanocarriers enable site-specific drug release, thereby enhancing therapeutic
efficacy while minimizing oft-target effects[24, 257.

A wide range of anti-inflammatory agents has been investigated using nanotechnology-based delivery systems.
Conventional anti-inflammatory drugs, including corticosteroids, non-steroidal anti-inflammatory drugs
(NSAIDs), and cytokine inhibitors, often exhibit limited clinical utility due to systemic immunosuppression and
adverse side effects when administered chronically[45]. Inflammation-responsive nanomaterials allow these
agents to be released selectively within inflamed adipose tissue, reducing systemic exposure and improving
safety profiles. This localized delivery approach has been shown to attenuate pro-inflammatory cytokine
production, suppress immune cell infiltration, and improve adipose tissue homeostasis in preclinical obesity
models[457].

Oxidative stress, a key contributor to insulin resistance and metabolic dysfunction in obesity, represents another
important therapeutic target. Reactive oxygen species (ROS)-responsive nanocarriers have been developed to
deliver antioxidants directly to sites of excessive oxidative stress. By releasing antioxidant compounds in
response to elevated ROS levels, these nanomaterials effectively neutralize free radicals, reduce lipid
peroxidation, and restore redox balance[[46—497. This targeted mitigation of oxidative stress has been associated
with improved insulin signaling, enhanced glucose uptake, and reduced inflammatory signaling in adipocytes
and peripheral tissues.

Nanoparticle-mediated delivery has also been applied to insulin sensitizers, such as thiazolidinediones, which
are widely used to improve insulin sensitivity but are often limited by adverse cardiovascular effects[507.
Encapsulation within inflammation-responsive nanocarriers enhances drug accumulation in adipose tissue,
allowing lower therapeutic doses to achieve comparable or superior metabolic benefits. This targeted approach
not only improves insulin responsiveness but also reduces systemic drug exposure, thereby minimizing the risk
of cardiovascular complications[507].
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Beyond small-molecule therapeutics, gene-based interventions have gained increasing attention. Small
interfering RNA (siRNA) and other nucleic acid-based therapies targeting key inflammatory mediators, such as
TNF-qa, IL-6, and NF-kB signaling components, have demonstrated promising results when delivered via
enzyme-responsive or pH-sensitive nanocarriers[517]. These delivery systems protect genetic payloads from
degradation and ensure controlled release within inflamed tissues, leading to efficient gene silencing and
sustained anti-inflammatory effects.
Additionally, macrophage-targeted nanomedicine represents a novel and impactful strategy in obesity
management. Adipose tissue macrophages play a central role in sustaining inflammation by adopting a pro-
inflammatory (M1) phenotype. Nanoparticles designed to selectively target macrophages can modulate immune
polarization, promoting a shift toward the anti-inflammatory (M2) phenotype[517]. This immune
reprogramming reduces cytokine secretion, improves adipocyte function, and contributes to systemic metabolic
improvements.
Collectively, these inflammation-responsive nanotherapeutic strategies have demonstrated significant
improvements in metabolic parameters, including insulin sensitivity, lipid metabolism, and inflammatory
burden, across multiple preclinical obesity models. While further clinical validation is required, these findings
underscore the substantial potential of nanotechnology-driven precision therapies in addressing the complex
inflammatory landscape of obesity.
6. Challenges and Translational Limitations
Despite the encouraging progress observed in nanotechnology-based and inflammation-targeted therapeutic
strategies, several critical barriers continue to hinder their successful translation from bench to bedside. One of
the most significant challenges relates to long-term biocompatibility and safety[527. While many nanomaterials
demonstrate favorable short-term efficacy and tolerability in experimental models, their long-term behavior
within biological systems remains insufficiently understood. Nanoparticle accumulation in vital organs such as
the liver, spleen, kidneys, and lungs raises concerns regarding chronic toxicity, immunogenicity, and unintended
inflammatory responses[537]. These issues are particularly pronounced in the context of chronic inflammatory
diseases, obesity-related disorders, and metabolic syndromes, where prolonged or lifelong treatment may be
required.
Another major limitation is the inter-individual variability in inflammatory and metabolic profiles. Inflammation
is a highly dynamic and patient-specific process influenced by genetics, epigenetic regulation, lifestyle factors,
microbiome composition, and comorbid conditions[537. This heterogeneity complicates the prediction of
therapeutic responsiveness and may result in variable efficacy or adverse outcomes across patient populations.
As a result, nanotherapeutic interventions that show promise in controlled preclinical settings may fail to
achieve consistent outcomes in broader clinical contexts.
From a translational standpoint, manufacturing and scalability pose additional obstacles. The production of
nanomaterials with precise physicochemical properties—such as particle size, surface charge, morphology, and
drug-loading efficiency—requires sophisticated techniques that are often difficult to scale without
compromising quality. Batch-to-batch variability remains a persistent issue, affecting reproducibility, stability,
and therapeutic performance[547. These manufacturing challenges are closely linked to regulatory hurdles, as
stringent quality control and standardization are essential for approval by regulatory agencies. Currently, the
lack of universally accepted regulatory guidelines specific to nanomedicine further complicates the approval
process and delays clinical implementation[ 54.].
Furthermore, despite a growing body of experimental data, most available evidence remains largely preclinical.
Findings are predominantly derived from in vitro assays and animal models, which do not fully replicate the
complexity of human inflammatory diseases. Differences in immune system function, metabolism, and disease
progression between animal models and humans limit the direct translatability of these results[557].
Consequently, there is a pressing need for well-designed, large-scale clinical trials to rigorously evaluate long-
term safety, pharmacokinetics, biodistribution, and therapeutic efficacy in human populations.
Addressing these multifaceted challenges will require interdisciplinary collaboration among material scientists,
clinicians, pharmacologists, toxicologists, and regulatory experts. The development of standardized evaluation
frameworks for safety, efficacy, and quality control is essential to ensure consistency across studies and facilitate
regulatory approval. Additionally, integrating personalized medicine approaches, such as patient stratification
based on inflammatory biomarkers and genetic profiles, may enhance therapeutic precision and improve clinical
outcomes. Through coordinated efforts and systematic validation, the full clinical potential of these advanced
therapeutic strategies can be more effectively realized.

CONCLUSION
Inflammation-responsive nanomaterials represent a powerful and innovative strategy for controlled drug release
in obesity-related chronic inflammatory states. By exploiting the unique biochemical features of inflamed tissues,
these smart nanocarriers enable precise, site-specific therapy while minimizing systemic toxicity. Advances in
material design, multi-stimuli responsiveness, and immune targeting have demonstrated significant therapeutic
potential in preclinical models of obesity and metabolic disease. However, successful clinical translation will
depend on addressing safety, scalability, and regulatory challenges. With continued technological refinement
and rigorous clinical validation, inflammation-responsive nanomedicine may redefine the management of
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obesity-associated inflammation and its metabolic consequences, paving the way toward more effective and
personalized therapeutic interventions.
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