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ABSTRACT 

Obesity-linked diabetes, driven by chronic inflammation, ectopic lipid deposition, and multi-organ insulin 
resistance, remains difficult to treat with conventional pharmacotherapy due to poor drug solubility, rapid 
degradation, off-target effects, and suboptimal exposure in key metabolic tissues. Smart nanocarriers engineered 
at the 1–200 nm scale with programmable composition, surface chemistry, and stimuli-responsiveness offer a 
way to concentrate antidiabetic payloads in adipose tissue, liver, skeletal muscle, pancreatic islets, and the gut 
while minimizing systemic toxicity. This review surveys design principles and translational considerations for 
polymeric, lipidic, inorganic, and biomimetic nanocarriers that deliver small molecules, peptides/proteins (e.g., 
insulin, GLP-1 agonists), and nucleic acids (siRNA/ASO/mRNA/CRISPR). We highlight active homing 

strategies (e.g., hepatocyte ASGPR–GalNAc, adipose-vasculature–targeting peptides, β-cell GLP-1R ligands, 
macrophage mannose/CD206), and “smart” release modalities triggered by glucose, pH, redox/ROS, enzymes, 
heat, ultrasound, or magnetic fields. We critically examine oral, transdermal microneedle, and subcutaneous 
depot routes and discuss pharmacokinetics, immunogenicity, scale-up, and regulatory quality attributes. Finally, 
we outline frontier opportunities for organelle-level targeting, multi-omic personalization, and combined 
metabolic–immune modulation together with practical roadblocks such as manufacturing reproducibility, in 
vivo heterogeneity of human adipose depots, and equitable access. Collectively, smart nanocarriers are poised to 
upgrade the therapeutic index of antidiabetic regimens in obesity, provided that material safety, targeting 
specificity, and manufacturability are addressed in human-centric studies. 
Keywords: targeted drug delivery; nanomedicine; obesity; type 2 diabetes; stimuli-responsive nanoparticles; 

GLP-1; insulin; GalNAc; adipose targeting; microneedles 

 
INTRODUCTION 

Obesity-linked diabetes, primarily type 2 diabetes mellitus (T2DM), has emerged as one of the most pressing 
global health challenges of the 21st century[1]. The condition represents the culmination of intricate metabolic, 
inflammatory, and endocrine derangements that progressively erode glucose homeostasis.[2, 3] Unlike type 1 

diabetes, where autoimmune destruction of pancreatic β-cells dominates the pathophysiology, obesity-linked 
diabetes originates in the dysfunctional expansion of adipose tissue[4]. Hypertrophied adipocytes, hypoxic 
stress, and inflammatory remodeling of fat depots generate a state of chronic low-grade inflammation, releasing 

pro-inflammatory cytokines such as TNF-α and IL-6 into circulation[5]. These factors amplify insulin 
resistance across metabolic tissues, including the liver, skeletal muscle, and adipose tissue itself, creating a 
vicious cycle of metabolic inflexibility. In parallel, mitochondrial stress and altered adipokine secretion (e.g., 
leptin resistance, decreased adiponectin) further destabilize systemic insulin sensitivity and nutrient 
utilization[6]. 
Clinically, therapeutic management of obesity-linked diabetes relies on pharmacological interventions that 
improve glycemia and reduce long-term complications. Standard agents include metformin, which reduces 

hepatic glucose production; thiazolidinediones, which enhance peripheral insulin sensitivity via PPARγ 
activation; and more recent classes such as SGLT2 inhibitors, DPP-4 inhibitors, and incretin-based therapies 
(GLP-1 receptor agonists)[7]. Despite demonstrated efficacy, these agents are limited by significant drawbacks. 
Metformin often causes gastrointestinal intolerance, while thiazolidinediones can induce fluid retention and 
increase cardiovascular risks. Peptide-based therapies such as GLP-1 analogs are effective but limited by poor 
oral bioavailability, requiring injections, and they do not achieve adequate exposure in all relevant tissues[8, 9]. 
Furthermore, many of these agents do not address the full spectrum of metabolic dysfunctions particularly the 
inflammatory, mitochondrial, and gut microbiome-related dimensions of obesity-linked diabetes. 
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To overcome these challenges, nanotechnology-based drug delivery systems are being actively investigated. 
Nanocarriers engineered nanoscale platforms capable of encapsulating and delivering therapeutic cargo hold 
several advantages over conventional formulations[10]. By leveraging principles of controlled biodistribution, 
surface functionalization, and stimuli-responsive release, nanocarriers can increase local drug concentrations at 
sites of metabolic dysfunction, thereby enhancing therapeutic efficacy. Importantly, they can reduce off-target 
exposure, minimizing systemic toxicity, and enable the delivery of agents previously considered “undeliverable,” 
such as peptides, biologics, or nucleic acids[11]. Moreover, smart nanocarriers can incorporate closed-loop 
control systems, releasing drugs only in response to specific stimuli (e.g., pH, reactive oxygen species, enzymatic 
activity), which aligns drug delivery with the dynamic pathophysiological states of the disease[12]. This review 
highlights the potential of smart nanocarriers as next-generation therapeutics in the management of obesity-
linked diabetes. Specifically, it focuses on strategies for tissue- and cell-specific targeting, as well as on-demand 
release mechanisms tailored to metabolic dysfunction. By integrating advances in nanomaterials science with a 
deep understanding of metabolic disease biology, these systems offer the promise of reshaping the therapeutic 
landscape. The ultimate goal is not only to achieve superior glycemic control but also to address the broader 
multi-organ dysfunction that underpins obesity-linked diabetes, thereby transforming disease management into 
a more precise, patient-tailored endeavor. 
2. Pathophysiological Targets in Obesity-Linked Diabetes 
Obesity-linked diabetes is characterized by the convergence of multiple pathological processes across diverse 
organ systems. Effective therapeutic strategies must therefore account for the multi-organ interplay that drives 
disease progression. Adipose tissue, liver, skeletal muscle, pancreatic islets, and the gut–microbiome axis 
represent the principal targets whose dysfunction culminates in impaired glucose metabolism and insulin 
resistance. In adipose tissue, the transition from healthy expansion to maladaptive hypertrophy marks the first 
step toward metabolic disease[13]. Enlarged adipocytes develop hypoxia and fibrosis, creating an inflammatory 
microenvironment dominated by M1-like macrophages. These macrophages, alongside stressed adipocytes, 

secrete TNF-α, IL-6, and free fatty acids, which enter circulation and impair insulin receptor signaling in 
peripheral tissues[14, 15]. Visceral adipose depots are particularly detrimental, as their direct drainage into the 
portal vein exposes the liver to concentrated inflammatory and lipolytic products, accelerating hepatic insulin 
resistance. 
The liver plays a central role in glucose regulation, and in obesity-linked diabetes, it becomes a site of profound 
metabolic disruption. Hepatic steatosis results from an imbalance between lipid uptake and disposal, leading to 

lipotoxic stress and mitochondrial dysfunction. Activation of stress kinases such as JNK and IKKβ suppresses 
insulin receptor signaling, causing inappropriate gluconeogenesis and fasting hyperglycemia[16]. This hepatic 
insulin resistance is a major contributor to elevated fasting plasma glucose levels observed in diabetes. Skeletal 
muscle, the largest glucose disposal organ in the body, suffers from reduced insulin-stimulated GLUT4 
translocation and impaired mitochondrial flexibility. These defects limit the muscle’s ability to clear glucose 
from the circulation after meals, contributing to postprandial hyperglycemia. Additionally, diminished oxidative 
capacity in muscle cells exacerbates lipid accumulation and metabolic inflexibility[17]. 

Pancreatic β-cells, initially compensatory in the face of insulin resistance, eventually succumb to chronic 

metabolic stress. Persistent hyperglycemia, lipotoxicity, and inflammatory signals promote β-cell 

dedifferentiation[18], apoptosis, and impaired insulin secretion. This decline in β-cell function transforms 
insulin resistance into overt diabetes, cementing disease progression. The gut and its resident microbiome 
further influence systemic metabolism. Obesity-induced gut barrier dysfunction increases circulating endotoxins 
(e.g., LPS), fueling systemic inflammation[18]. Dysbiosis alters bile acid signaling, short-chain fatty acid 
(SCFA) production, and incretin secretion (GLP-1 and GIP), disrupting glucose and lipid homeostasis. These 
gut-derived signals represent both a source of pathology and an opportunity for therapeutic modulation[19]. 
Given the distributed nature of these pathological processes, therapeutic delivery systems must be designed for 
multi-organ targeting. Moreover, disease states are dynamic, fluctuating with feeding, fasting, and circadian 
rhythms. An ideal therapeutic system would therefore be capable of responding to these metabolic cues-

delivering agents selectively to inflamed adipose depots, steatotic livers, insulin-resistant muscle, or stressed β-
cells as needed[20]. This underscores the importance of smart, stimuli-responsive nanocarriers that can adapt 
delivery in a state-dependent manner, matching pharmacology with the evolving metabolic landscape. 
3. Why Nanocarriers? Key Design Principles 
Nanocarriers offer a unique opportunity to improve therapeutic outcomes in obesity-linked diabetes by 
overcoming barriers inherent to conventional pharmacology. Their design requires careful consideration of 
physicochemical, biological, and manufacturing principles, each of which influences performance, safety, and 
clinical translation [21]. The size and shape of nanocarriers strongly dictate their biodistribution and 
pharmacokinetics. Particles between 20-150 nm strike a balance between evading renal clearance and 
penetrating target tissues. Shape also matters: rod- and disc-shaped particles display improved margination and 
vascular interactions, while spherical particles are simpler to synthesize and scale. Thus, geometry must be 
tuned to match therapeutic goals [22]. Surface chemistry governs circulation time and immune interactions. 
Polyethylene glycol (PEG) has long been used to extend half-life, but repeated administration can elicit anti-
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PEG antibodies, compromising efficacy. Alternatives such as zwitterionic polymers or polysaccharides like 
hyaluronic acid offer stealth properties with lower immunogenic risk. Additionally, surface ligands can confer 

tissue specificity, such as peptides that bind adipose vasculature or antibodies that recognize β-cell markers 
[23]. 
Cargo compatibility is another cornerstone of design. Hydrophobic drugs require encapsulation within lipid 
bilayers or polymeric matrices, whereas hydrophilic biologics like peptides and proteins are better suited to 
aqueous cores. Nucleic acids demand cationic or amphiphilic domains to enable condensation and protection. 
Multi-functional carriers can even co-encapsulate small molecules and biologics for combination therapy [24]. 
Stability and release properties are determined by the carrier matrix and linkers. Biodegradable polymers like 
PLGA, polypeptides, and lipid-based systems provide tunable degradation rates. Stimuli-responsive linkers 
(hydrazone for pH sensitivity, thioketal for ROS sensitivity, or iminoboronate for sugar responsiveness) allow 
precise control over release kinetics, aligning drug availability with local pathophysiological conditions. 
Biological interactions pose additional challenges[25]. In vivo, nanocarriers rapidly adsorb a protein corona, 
which alters biodistribution and cellular uptake. Opsonization and clearance by the mononuclear phagocyte 
system (MPS) remain significant barriers, often sequestering particles in the liver and spleen. Heterogeneity 
within disease depots—such as fibrotic versus inflamed adipose tissue—also influences delivery efficiency, 
necessitating adaptive design [26]. 
Finally, manufacturability is critical for translation from bench to bedside. Reproducible particle size with low 
polydispersity (PDI < 0.2) ensures consistent performance. High encapsulation efficiency minimizes waste of 
costly biologics. Sterility must be maintained through either sterile filtration or terminal sterilization without 
compromising cargo stability. Long-term stability, both chemical and physical, is necessary for clinical 
deployment[27]. Taken together, these design principles emphasize that nanocarriers are not merely passive 
carriers but programmable therapeutic platforms. By fine-tuning their size, surface, cargo, stability, and 
manufacturability, researchers can engineer delivery systems that address the multifactorial pathophysiology of 
obesity-linked diabetes [28]. Smart nanocarriers embody the shift from “drug-centered” to “system-centered” 
pharmacology, where success hinges not only on the molecule but also on how and where it is delivered. 
4. Classes of Smart Nanocarriers 
4.1 Polymeric Nanoparticles and Micelles 

Polymeric nanoparticles and micelles represent one of the most versatile classes of nanocarriers for antidiabetic 
therapy, largely due to the diversity of polymers available and the tunability of their properties[29, 30]. 
Commonly used polymers include poly (lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), polycaprolactone 
(PCL), and amphiphilic PEG-block copolymers, which form micelles that self-assemble in aqueous 
environments. Natural polymers such as polypeptides, chitosan, and hyaluronan add further biocompatibility 
and targeting potential[31, 32]. These materials enable precise control over drug release rates, ranging from 
rapid burst release to extended, multi-day profiles, depending on polymer composition and degradation kinetics. 
Moreover, they can be engineered with stimuli-responsiveness, making them sensitive to local cues such as 
enzymatic activity, pH variations, or reactive oxygen species (ROS), which are elevated in inflamed adipose or 
diabetic liver tissues[25, 33]. Such “smart” carriers ensure that therapeutic molecules are delivered primarily in 
diseased microenvironments, minimizing off-target effects. Specific use cases highlight their value: metformin 
prodrugs encapsulated in PLGA nanoparticles allow sustained release, overcoming its short half-life and 
gastrointestinal intolerance [34, 35]. Similarly, thiazolidinedione (TZD) drugs, notorious for fluid retention 
and systemic side effects, can be encapsulated in adipose-targeting micelles, concentrating activity in fat depots 
while sparing other tissues [36]. Polymeric carriers are also highly effective for nucleic acid delivery; siRNAs 
targeting negative regulators of insulin signaling, such as protein tyrosine phosphatase 1B (PTP1B) or 
lipogenesis driver SREBP-1c, can be shielded from degradation and delivered efficiently [37]. This combination 
of modular chemistry, biocompatibility, and multifunctionality makes polymeric nanoparticles and micelles 
indispensable in advancing precision therapy for metabolic diseases. 
4.2 Lipid-Based Systems 

Lipid-based nanocarriers, including liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers 
(NLCs), and lipid nanoparticles (LNPs), are among the most clinically validated platforms for drug delivery [22, 
38]. Their biocompatibility, similarity to cellular membranes, and ability to encapsulate both hydrophilic and 
hydrophobic molecules make them highly attractive for antidiabetic applications. Liposomes, consisting of 
phospholipid bilayers, can encapsulate peptides such as GLP-1 analogs and exendin-4, protecting them from 
enzymatic degradation and prolonging their systemic half-life. SLNs and NLCs offer improved stability 
compared to traditional liposomes and can sustain drug release by embedding drugs within a lipid matrix [39–
41]. Notably, LNPs have revolutionized nucleic acid delivery, as demonstrated by mRNA vaccines, and this 
success is now being extended to siRNA and antisense oligonucleotide (ASO) therapies targeting metabolic 
pathways in the liver. Liver-directed delivery can be further refined through ligand modifications, such as 
incorporating N-acetylgalactosamine (GalNAc) to exploit the asialoglycoprotein receptor (ASGPR) on 
hepatocytes, or by leveraging apolipoprotein exchange mechanisms to enrich hepatic uptake[42]. This makes 
LNPs especially powerful for silencing genes involved in lipogenesis or gluconeogenesis. Additionally, bile-salt-
modified liposomes are being explored for oral formulations, enabling transit across the gastrointestinal mucus 
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barrier and improving bioavailability of peptide drugs. Such advances address one of the most significant 
challenges in diabetes therapy-developing oral or minimally invasive delivery systems for peptide hormones 
[43]. Overall, lipid-based systems combine clinical familiarity with cutting-edge adaptability, supporting both 
established therapies like insulin analogs and next-generation nucleic acid approaches for metabolic disease. 
4.3 Inorganic and Hybrid Nanocarriers 

Inorganic nanocarriers, such as mesoporous silica nanoparticles (MSNs), gold nanoparticles, and iron oxide 
nanostructures, bring unique advantages to metabolic disease therapeutics, particularly through their structural 
precision and multifunctionality [44]. MSNs, with their exceptionally high surface area and tunable pore sizes, 
can encapsulate a variety of molecules ranging from small drugs to biomacromolecules, allowing for controlled 
and sustained release. Gold nanoparticles are prized for their ability to act as photothermal agents, enabling 
externally triggered drug release under near-infrared (NIR) light, as well as for their surface chemistry, which 
facilitates ligand conjugation and nucleic acid delivery [45]. Iron oxide nanoparticles, on the other hand, offer 
magnetic responsiveness, enabling both targeted accumulation via magnetic guidance and imaging applications 
for theranostics. These inorganic systems, therefore, integrate therapy with diagnosis, advancing precision 
medicine in diabetes and obesity-related complications. However, significant challenges persist [46]. Many 
inorganic materials exhibit long-term persistence in the body and can accumulate in the reticuloendothelial 
system (RES), raising concerns about chronic toxicity. To address this, hybrid designs have emerged, combining 
inorganic cores with biodegradable or polymeric coatings that enhance clearance and biocompatibility[47]. 
Organosilica nanoparticles, for example, degrade more readily than conventional MSNs, while polymer-coated 
gold or iron oxide nanoparticles reduce immunogenicity and improve stability in circulation. Such hybrid 
systems balance functionality with safety, providing platforms that can deliver antidiabetic drugs or siRNA 
while allowing real-time imaging and external control[48]. Ultimately, while inorganic nanocarriers remain 
less clinically advanced than polymeric or lipid systems, their potential for multifunctional integration makes 
them valuable candidates for specialized metabolic interventions. 
4.4 Biomimetic Platforms 
Biomimetic nanocarriers, particularly exosomes and cell-membrane-coated nanoparticles, represent a cutting-
edge strategy for enhancing drug delivery in diabetes and obesity-related disorders[30]. Exosomes are 
naturally secreted extracellular vesicles that mediate intercellular communication and inherently carry proteins, 
lipids, and nucleic acids. They possess innate tropism toward specific cell types, enabling selective targeting of 
tissues such as liver, adipose depots, and pancreatic islets[49]. Additionally, their endogenous origin allows 
them to evade rapid clearance by the immune system, prolonging circulation and improving therapeutic index. 
Similarly, nanoparticles cloaked with natural cell membranes derived from red blood cells, immune cells, or even 
adipocytes inherit the parent cell’s surface markers, providing immune evasion, homing properties, and reduced 
nonspecific uptake[50]. These biomimetic strategies offer significant promise for delivering both conventional 
drugs and emerging payloads such as siRNA or CRISPR components, potentially enabling highly precise 
modulation of metabolic pathways. However, there are notable challenges that must be addressed before 
translation to the clinic. Exosomes are inherently heterogeneous, with variable cargo and targeting properties 
depending on their cellular origin, making standardization difficult[51]. Large-scale production and purification 
also remain technically challenging, hindering reproducibility. For membrane-coated nanoparticles, while the 
approach provides modularity and flexibility, regulatory frameworks for hybrid biologic–synthetic systems are 
still under development, adding another barrier. Nevertheless, the unique ability of biomimetic nanocarriers to 
combine natural biology with synthetic engineering positions them as a transformative platform for next-
generation antidiabetic therapeutics, especially in scenarios where immune evasion and precision targeting are 
essential. 
5. Targeting Strategies for Metabolic Organs 
5.1 Passive vs. Active Targeting 

Nanocarrier-based therapies for metabolic disorders rely heavily on strategies that determine where drugs 
accumulate in the body. Passive targeting leverages inherent physiological changes in obesity and diabetes, such 
as vascular inflammation, increased capillary permeability, and altered extracellular matrix composition in 
visceral adipose tissue and fatty liver[52]. While these changes are less pronounced than the enhanced 
permeability and retention (EPR) effect seen in tumors, they still provide opportunities for nanoparticles to 
preferentially accumulate in metabolically active tissues. For example, nanoparticles in the size range of 50–200 
nm can penetrate inflamed adipose depots and hepatocytes to some degree, allowing a baseline level of 
enrichment without additional modifications[53]. However, this approach alone often results in limited 
specificity and significant off-target distribution. Active targeting addresses this limitation by decorating 
nanocarriers with ligands that engage receptor-mediated uptake pathways. These ligands include small 
molecules, peptides, sugars, and antibodies that bind selectively to receptors expressed on hepatocytes, 

adipocytes, β-cells, or immune cells involved in metaflammation. For instance, GalNAc ligands enable highly 
efficient uptake into hepatocytes via the asialoglycoprotein receptor, a strategy already validated in siRNA 
therapies[53]. Similarly, adipose-homing peptides and GLP-1 receptor-targeting ligands can direct 
nanoparticles to fat depots and pancreatic islets, respectively. By combining passive and active targeting, 
nanocarriers achieve dual benefits: leveraging vascular abnormalities to enter diseased tissue while using 
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receptor-specific interactions for precision uptake[54]. This hybrid strategy is particularly critical in metabolic 
diseases, where affected organs are diffuse and systemic, requiring highly discriminative delivery to minimize 
side effects. In practice, successful targeting strategies often integrate both approaches, ensuring robust 
accumulation in metabolic hubs while reducing systemic exposure and toxicity. 
5.2 Organ/Tissue-Specific Hubs 

The complexity of diabetes and obesity demands organ- and tissue-specific delivery approaches that align with 
the unique biology of each metabolic hub. The liver is a central regulator of glucose and lipid metabolism, making 
it an ideal target for RNA-based therapeutics. GalNAc-conjugated ligands are widely used to bind the 
asialoglycoprotein receptor on hepatocytes, enabling uptake of siRNA or antisense oligonucleotides designed to 
silence genes driving lipogenesis (e.g., SREBP-1c) or gluconeogenesis (e.g., G6PC)[55]. In adipose tissue, 
delivery is complicated by poor vascularization and depot expansion, but adipose-homing peptides such as those 
targeting prohibitin, as well as RGD motifs that bind angiogenic vasculature, enhance nanoparticle retention in 
fat depots. Hyaluronan can also direct nanoparticles to CD44 receptors on stromal cells and macrophages, 

enabling local modulation of inflammation[56]. Pancreatic β-cells are another critical focus; GLP-1 receptor-

binding ligands derived from exendin or sulfonylurea-receptor motifs facilitate entry into islets. Since β-cells 
are tightly packed, particle size must remain below ~80 nm to allow efficient penetration. Immune cells play 
pivotal roles in metaflammation, and mannose-decorated nanoparticles exploit CD206 receptors on 
macrophages to selectively deliver anti-inflammatory payloads. Kupffer cells in the liver, accessible via 
scavenger receptor ligands, are another immunological gateway for modulating inflammation in nonalcoholic 
fatty liver disease (NAFLD) contexts[57]. Targeting skeletal muscle remains challenging, but transferrin and 
integrin-binding ligands have shown potential to increase uptake by myocytes, which could be harnessed for 
improving insulin sensitivity. Finally, the gut epithelium represents a novel frontier, with lectin-based targeting 
(UEA-I), vitamin B12/folate pathways, and mucoadhesive polymers such as chitosan enabling transport across 
mucus and M cells[58]. Collectively, these tissue-specific strategies illustrate how tailored targeting can unlock 
therapeutic efficacy across multiple interconnected organs in metabolic disease. 
6.1 Glucose-Responsive Systems 

Glucose-responsive nanocarriers represent a pioneering step toward achieving “closed-loop” insulin delivery, 

mimicking the physiological role of pancreatic β-cells. One of the most widely explored enzymatic approaches 
involves glucose oxidase (GOx), which catalyzes the conversion of glucose into gluconic acid[59]. This reaction 
lowers the local pH and triggers the breakdown of acid-sensitive matrices, resulting in on-demand insulin 
release. Such systems hold promise for achieving tighter glycemic control without continuous patient 
intervention. Another approach relies on chemical responsiveness, specifically phenylboronic acid (PBA), which 
binds reversibly to diol-containing molecules[60]. When glucose competes with PBA-crosslinked micelles or 
hydrogels, the network disassembles, releasing encapsulated insulin or other therapeutics. Lectin-based designs, 
most notably using concanavalin A, were among the earliest glucose-responsive concepts[60]. These exploit 
carbohydrate–protein interactions to modulate drug release but have fallen out of favor due to immunogenicity 
concerns. Despite this, newer biocompatible lectin-mimicking systems are under exploration. The key advantage 
of glucose-responsive carriers is their potential to create dynamic drug release proportional to real-time glucose 
fluctuations, reducing both hypoglycemia risk and patient burden. Integration with microneedle patches or 
implantable depots enhances their practicality, providing minimally invasive platforms for day-to-day diabetes 
management[61]. While clinical translation remains at an early stage, ongoing progress in polymer chemistry 
and biosensor integration suggests that glucose-responsive systems could one day transform diabetes care into 
a fully automated, patient-friendly process. 
6.2 pH-, ROS-, and Enzyme-Responsive 
Beyond glucose sensitivity, nanocarriers can exploit pathological hallmarks of diabetic tissues such as altered 
pH, oxidative stress, and elevated enzymatic activity. pH-responsive systems often employ enteric coatings that 
bypass stomach acid to enable oral peptide delivery[62]. Within target tissues, mildly acidic environments such 
as inflamed adipose tissue or fatty liver accelerate drug release from pH-labile linkers, ensuring localized 
therapy. Reactive oxygen species (ROS)-responsive designs are particularly valuable in obesity-driven 
inflammation, where elevated ROS levels degrade thioketal or boronic ester linkers, releasing drugs specifically 
in diseased microenvironments[63]. Enzyme-responsive systems provide an even finer level of specificity. 
Matrix metalloproteinases (MMPs), upregulated in adipose remodeling, lipases abundant in liver tissue, and 
glycosidases active in inflamed macrophages can all trigger cleavage of engineered linkers, liberating payloads 
directly at sites of pathology[63]. This strategy minimizes systemic toxicity by ensuring therapeutic activation 
only where disease-associated enzymes are present. By integrating these cues, nanocarriers effectively “sense” 
metabolic tissue states and tailor release accordingly. Such approaches are particularly advantageous for drugs 
with narrow therapeutic windows, including insulin sensitizers and RNA-based agents, where inappropriate 
systemic exposure could cause harm. Together, these stimuli-responsive platforms exemplify how nanomedicine 
can achieve spatiotemporally precise therapy by aligning drug release with microenvironmental pathology[64]. 
6.3 Externally Triggered Systems 

Externally triggered drug release platforms add another layer of control to nanocarrier-based therapy, enabling 
on-demand activation by patients or clinicians. Thermal-responsive systems utilize temperature-sensitive 
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polymers that undergo phase transitions when heated, releasing their payload[65]. This can be paired with 
localized hyperthermia or external heating patches. Ultrasound provides a non-invasive trigger that induces 
cavitation or mechanical disruption of nanocarriers, accelerating drug release with high spatial precision. 
Magnetic nanoparticles offer the dual advantage of guidance and triggering, as alternating magnetic fields 
generate localized heating, promoting both drug release and targeted deposition in specific organs such as the 
liver[66]. Photothermal systems, particularly gold nanostructures activated by near-infrared (NIR) light, can 
similarly achieve localized release with millimeter-scale precision[67, 68]. These methods are especially suitable 
for depot-stored drugs placed subcutaneously or for catheter-assisted delivery to deeper tissues like the liver. A 
major advantage of externally triggered systems is their ability to synchronize therapy with fluctuating disease 
states or clinical interventions, providing flexibility and personalization[69]. However, practical limitations 
such as device availability, tissue penetration depth, and patient compliance must be addressed before widespread 
adoption. Nevertheless, the integration of external triggers with responsive nanocarriers illustrates the future 
potential for precision, patient-controlled drug delivery in metabolic disease. 
7.1 Small-Molecule Antidiabetics 

Nanocarrier systems are increasingly applied to enhance the pharmacokinetics and tolerability of small-molecule 
antidiabetic drugs. Metformin, the cornerstone therapy for type 2 diabetes, suffers from poor gastrointestinal 
absorption and dose-limiting GI intolerance[70]. Encapsulation within polymeric nanoparticles or micelles 
allows controlled release, reducing peak concentrations that cause side effects, while enabling once-daily or even 
targeted hepatic delivery to maximize efficacy at its site of action. Thiazolidinediones (TZDs), such as 

pioglitazone, activate PPARγ and improve insulin sensitivity but cause undesirable weight gain and fluid 
retention. By encapsulating TZDs in adipose-targeted nanoparticles, drug action can be restricted to fat depots, 
minimizing systemic exposure and adverse effects[71]. Similarly, SGLT2 inhibitors and DPP-4 inhibitors, both 
widely prescribed oral drugs, benefit from nanocarrier-based solubility enhancement[71]. Formulations that 
smooth drug absorption and prolong release can reduce glycemic variability and extend dosing intervals. Such 
improvements not only increase efficacy but also enhance adherence by lowering pill burden. Collectively, 
nanoparticle-based delivery reinvents established small molecules, extending their therapeutic life cycle and 
making them more patient-friendly. 
7.2 Peptides and Proteins 

Peptide- and protein-based drugs play a central role in diabetes therapy, but their fragility and short half-lives 
limit their utility. Insulin remains the most critical therapeutic, and nanocarrier innovations aim to eliminate 
the need for multiple daily injections[72]. Glucose-responsive microneedle patches and oral nanoparticles 
equipped with protease shields and permeation enhancers exemplify next-generation insulin delivery systems, 
providing noninvasive and self-regulating options. Depot hydrogels and injectable gels further enable sustained 
basal insulin release, reducing injection frequency. Beyond insulin, incretin-based therapies such as GLP-1, GIP, 
and amylin analogs are being revolutionized by nanocarriers that protect against proteolysis and improve 
systemic exposure[73]. Lipid and polymeric nanoparticles facilitate lymphatic uptake and enhance 
bioavailability, while combination delivery systems co-encapsulating GLP-1 analogs with small molecules like 
metformin provide synergistic glucose-lowering effects. By improving stability, extending half-life, and enabling 
noninvasive administration, nanocarriers are redefining how peptide drugs are integrated into long-term 
diabetes care[74]. 
7.3 Nucleic Acids and Gene Editing 

Nanocarriers are indispensable for enabling nucleic acid therapeutics in diabetes, as naked siRNA, antisense 
oligonucleotides (ASOs), or mRNA are rapidly degraded and poorly internalized. Lipid nanoparticles (LNPs) 
and polymeric carriers provide protection and facilitate cellular uptake, allowing targeted silencing of genes 
central to glucose and lipid metabolism[75]. For example, siRNAs directed against SREBP-1c (lipogenesis) or 
G6PC (gluconeogenesis) can improve metabolic balance, while inhibition of PTP1B enhances insulin signaling. 
Beyond gene silencing, mRNA and CRISPR-based payloads are being explored for regenerative approaches, 

such as restoring β-cell function or reprogramming other pancreatic cells to produce insulin. These cutting-
edge strategies demand strict biodistribution control to minimize off-target editing and immune activation, 
making nanocarriers essential[76]. Although still experimental, the promise of gene editing in diabetes 
underscores the need for sophisticated delivery platforms capable of balancing efficacy, safety, and precision. 
7.4 Natural Products and Microbiome-Modulating Agents 

Nanocarriers also open new avenues for natural products and microbiome-targeted therapies, which are 
increasingly recognized as modulators of metabolic health. Compounds such as berberine, curcumin, and 
resveratrol exhibit antidiabetic properties but suffer from poor solubility and rapid clearance[77]. Encapsulation 
into polymeric or lipid nanocarriers enhances solubility, improves intestinal retention, and allows localized 
activity in the gut, where many of their beneficial effects—such as modulation of bile acid signaling and short-
chain fatty acid (SCFA) pathways—are most relevant[78]. Similarly, microbiome-targeted therapies including 
prebiotics, probiotics, and bile acid modulators benefit from colon-targeted delivery systems. pH-sensitive 
nanoparticles and enteric-coated capsules can protect these agents until they reach the colon, where they can 
reshape microbiota composition, enhance incretin release, and improve insulin sensitivity[79]. By enabling 
localized activity and reducing systemic side effects, nanocarriers make it feasible to harness natural compounds 
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and microbiome modulators as adjunctive therapies for diabetes. This emerging area exemplifies how 
nanomedicine bridges conventional pharmacology with systems-level metabolic regulation. 
8. Future Directions and Open Questions 
Organelle-level precision: Mitochondria-targeted antioxidants or UCP1 modulation for adipose browning 

without off-target thermogenesis. 
Combinatorial payloads: Co-delivery (e.g., GLP-1 analog + amylin; siRNA + small molecule) with staggered 

release profiles. 
Personalized targeting: Imaging-guided ligand selection based on a patient’s hepatic fat fraction, depot 
distribution, and immune phenotype. 
Adaptive/logic gating: AND/OR Boolean release requiring both high glucose and inflammatory ROS to 

prevent hypoglycemia. 
Microbiome-aware delivery: Gut-retentive carriers that shape bile acid signaling and incretin tone with 

minimal systemic exposure. 
Equity by design: Materials and processes that are scalable and affordable in low- and middle-income settings, 
where diabetes burden is rising fastest. 

CONCLUSION 

Smart nanocarriers can transform antidiabetic therapy in obesity by targeting the right tissues at the right time 
with the right payloads. Success will depend on marrying biological insight (tissue-specific receptors, 
pathophysiologic triggers) with manufacturable, safe, and user-friendly delivery formats. With careful attention 
to targeting fidelity, release control, and clinical practicality, these systems can substantially improve glycemic 
control and metabolic health while reducing treatment burden and side effects. 
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