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ABSTRACT 

Obesity profoundly alters insulin pharmacokinetics and pharmacodynamics through expanded and inflamed 
adipose depots, altered subcutaneous tissue architecture, and systemic low-grade inflammation, all of which 
complicate insulin replacement therapy. Nanoparticle (NP)-based delivery systems offer multiple tools to 
address these barriers: protection of insulin from degradation, controlled and targeted release, glucose-
responsive dosing, and alternative non-injectable routes (oral, inhaled, transdermal). This review summarizes 
how obesity changes insulin absorption and action, surveys NP platforms (lipid, polymeric, inorganic, hybrid) 
and administration routes, assesses glucose-responsive and adipose-targeting strategies, and examines 
preclinical and clinical progress. We highlight translational challenges safety, immunogenicity, scale-up, and 
regulatory pathways, and propose a roadmap for development that prioritizes patient acceptability, rigorous 
obesity-relevant models, and biomarker-driven clinical trials. Nanoparticle approaches show promise to improve 
glycaemic control and adherence in people with obesity-associated diabetes, but success will require coordinated 
advances in design, testing in obesity-specific physiologies, and early engagement with regulators. 
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INTRODUCTION 

Insulin replacement remains the cornerstone therapy for type 1 diabetes (T1D) and for many patients with 
insulin-requiring type 2 diabetes (T2D)[1, 2]. Its introduction transformed diabetes from a fatal disease to a 
manageable chronic condition, with tight glycemic control significantly reducing long-term complications such 
as retinopathy, nephropathy, neuropathy, and cardiovascular events. Despite these advances, effective insulin 
therapy faces numerous challenges, particularly in the context of the rising global prevalence of obesity[3]. 
Obesity, increasingly common in individuals with T2D and present in a growing subset of T1D patients, 
introduces both anatomical and physiological barriers that can profoundly alter insulin absorption, distribution, 
and action. For instance, increased subcutaneous adipose tissue thickness can slow and erratically distribute 
insulin, leading to unpredictable peak times and reduced efficacy[4, 5]. Additionally, obesity is associated with 
chronic low-grade inflammation, altered local lymphatic drainage, and modifications in enzymatic activity 
within adipose tissue. These changes collectively impair insulin pharmacokinetics and necessitate more intensive 
dosing regimens to achieve glycemic targets[6, 7]. 
The requirement for higher or more frequent insulin doses in obese patients can exacerbate treatment 
complexity, reduce adherence, and increase the risk of hypoglycemic episodes, particularly nocturnal 
hypoglycemia, which remains a major safety concern[8, 9]. Traditional strategies to optimize insulin delivery 
in obesity, such as altering injection sites or using concentrated insulin formulations, provide only partial 
solutions and do not fully address the underlying absorption variability. Consequently, there is a pressing need 
for advanced delivery systems capable of overcoming these anatomical and physiological hurdles while 
maintaining physiological insulin kinetics[10]. 
Nanoparticle (NP) technologies have emerged as a highly promising approach in this context, offering several 
unique advantages over conventional insulin formulations. Nanoparticles can encapsulate insulin and other 
peptide cargos, protecting them from enzymatic degradation and premature clearance[10, 11]. This 
encapsulation can be further engineered for controlled or stimulus-responsive release, allowing insulin to be 
delivered in a manner that more closely mimics endogenous pancreatic secretion in response to fluctuating 
glucose levels. Stimuli-responsive systems, for example, leverage glucose-sensitive polymers or enzyme-
triggered release mechanisms, enabling “smart” insulin delivery that adjusts dynamically to the patient’s 
glycemic status[12–14]. 
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Beyond pharmacokinetic optimization, nanoparticle platforms also open avenues for non-injectable insulin 
administration, which could improve patient adherence and quality of life. Oral, inhalable, or transdermal 
nanoparticle-based systems have demonstrated potential in preclinical studies to facilitate absorption through 
gastrointestinal, pulmonary, or dermal routes, overcoming the limitations of conventional subcutaneous 
injection[15]. By targeting insulin delivery to specific tissues or cellular compartments, nanoparticles can also 
enhance local efficacy, reduce systemic exposure, and potentially mitigate adverse effects associated with high-
dose insulin therapy[15–17]. 
Despite these promising developments, several translational gaps remain. Preclinical successes have yet to fully 
translate into clinically approved therapies, partly due to challenges in large-scale manufacturing, long-term 
stability, immunogenicity, and regulatory hurdles[18]. Additionally, understanding nanoparticle behavior in 
complex human physiology, particularly in the setting of obesity-related tissue alterations, remains incomplete. 
Critical questions include how nanoparticle size, surface chemistry, and targeting ligands affect biodistribution, 
uptake, and clearance in obese versus lean individuals, as well as the long-term safety of repeated or chronic 
administration[19]. 
This review synthesizes the current state of nanoparticle-based insulin delivery, highlighting both technological 
advances and remaining barriers. By examining innovations in nanoparticle design, controlled release 
mechanisms, and alternative administration routes, it frames the critical translational gaps that must be 
addressed to move these therapies from bench to bedside. Ultimately, nanoparticle-based systems offer a 
promising strategy to overcome the anatomical and physiological challenges posed by obesity, optimize insulin 
pharmacokinetics, and improve glycemic control in patients with diabetes. 
2. Pathophysiological barriers in obesity that affect insulin therapy 
Obesity profoundly alters the structural and functional characteristics of subcutaneous adipose tissue, creating 
significant challenges for insulin therapy[4, 16, 20]. One prominent feature is increased subcutaneous adipose 
thickness, which changes the anatomical landscape into which insulin is injected. In individuals with substantial 
fat accumulation, the distance between the skin surface and the underlying capillary network is greater, altering 
the diffusion gradient that governs insulin absorption[21–23]. This increased diffusion distance slows the 
transit of insulin from the depot into the circulation, leading to delayed onset of action and reduced peak 
concentrations. Additionally, obese adipose tissue often exhibits altered cellular composition, with 
hypertrophied adipocytes, expanded extracellular matrix, and variable regional perfusion. These structural 
modifications can blunt insulin uptake into both capillaries and lymphatics, reducing the efficiency and 
predictability of conventional subcutaneous insulin delivery. As a result, standard injection techniques that are 
effective in lean individuals may become inconsistent in obese patients, necessitating careful consideration of 
injection depth, site rotation, and potential use of alternative delivery technologies[24, 25]. 
Beyond structural changes, chronic low-grade inflammation and disrupted microvascular networks within obese 
adipose tissue further compromise insulin pharmacokinetics. Obesity-associated adipose depots secrete pro-
inflammatory cytokines and chemokines that recruit immune cells and perpetuate tissue inflammation[26, 27]. 
This inflammatory milieu promotes interstitial fibrosis, endothelial dysfunction, and capillary rarefaction, 
collectively reducing effective tissue perfusion. Impaired microcirculation hinders the dispersion of insulin from 
the injection site and limits its access to the capillary endothelium for systemic uptake[28]. Furthermore, the 
inflammatory environment can alter local enzymatic activity and interstitial fluid dynamics, creating additional 
barriers to predictable insulin absorption. Together, these factors contribute to heightened variability in insulin 
action between patients and even within the same patient across different injection sites or over time, 
complicating glycaemic management and increasing the risk of hypo- or hyperglycaemic episodes[29]. 
Systemic metabolic alterations in obesity introduce yet another layer of complexity in insulin therapy. Elevated 
circulating free fatty acids, ectopic lipid accumulation in liver and muscle, and dysregulated adipokine signaling 
collectively interfere with insulin receptor function and downstream signaling pathways[30]. These metabolic 
disturbances not only attenuate insulin sensitivity but also influence insulin clearance, modifying both the 
duration and intensity of exogenously administered insulin. Consequently, standard dosing regimens may 
become insufficient or unpredictable, requiring frequent titration and careful monitoring[30]. The combination 
of altered tissue architecture, compromised microcirculation, and systemic metabolic derangements highlights 
the need for innovative insulin delivery strategies in obesity. Emerging approaches, such as depot-modifying 
formulations, nanoparticle carriers, and alternative administration routes, aim to normalize absorption kinetics 
or bypass local tissue limitations, ultimately reducing inter- and intra-patient variability and improving overall 
glycaemic control in this high-risk population[31–33]. 
3. Nanoparticle platforms for insulin delivery 

Nanoparticles provide modular platforms to stabilize insulin and tune its biodistribution. Major classes: 
3.1 Lipid-based NPs (liposomes, solid lipid NPs, LNPs): Lipid-based nanoparticles, including liposomes, 

solid lipid nanoparticles (SLNs), and lipid nanoparticles (LNPs), provide versatile platforms for insulin 
delivery[17, 34]. They protect insulin from enzymatic degradation, allowing it to remain active during transit 
through harsh biological environments such as the gastrointestinal tract or pulmonary mucosa[34]. These 
carriers can be surface-modified with targeting ligands, mucoadhesive polymers, or stealth coatings to enhance 
tissue specificity and absorption. LNP technology, greatly advanced through mRNA vaccine development, 
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allows rapid optimization of size, lipid composition, and encapsulation efficiency, facilitating scalable 
manufacturing of peptide and protein therapeutics while maintaining stability, bioavailability, and controlled 
release kinetics[35]. 
3.2 Polymeric NPs (PLGA, chitosan, alginate, dextran derivatives): Polymeric nanoparticles, made from 

biodegradable polymers such as PLGA, chitosan, alginate, and dextran derivatives, offer sustained release, 
protection from enzymatic degradation, and tunable pharmacokinetics[36–38]. Their chemical structures can 
be modified to enhance mucoadhesion, reduce enzymatic breakdown, or impart glucose-responsive release 
through functional groups such as phenylboronic acid. Enteric coatings protect insulin from stomach acid, 
allowing absorption in the small intestine. Polymers also enable stimuli-responsive systems that release insulin 
in response to pH changes or glucose fluctuations, improving glycemic control[37, 39, 40]. The versatility of 
polymeric carriers makes them highly adaptable for oral, nasal, or injectable delivery while supporting long-
term safety and efficacy studies. 
3.3 Inorganic and hybrid NPs (silica, gold hybrids): Inorganic nanoparticles, such as silica, gold, and their 
hybrid systems, provide robust cores for insulin delivery with precise control over particle size, shape, and 
stability[41]. These cores can be coated with organic polymers or biocompatible shells to improve safety, 
circulation time, and responsiveness to biological stimuli. Functionalization allows pH-sensitive or glucose-
responsive insulin release, while optical or electronic properties enable integration with biosensing technologies 
for real-time monitoring of glucose levels[41]. Hybrid inorganic-organic NPs thus combine mechanical stability 
with functional versatility, supporting controlled release, targeted delivery, and theranostic applications, 
bridging therapeutic administration with advanced diagnostics in diabetes management. 
3.4 Peptide- and protein-based nanocarriers: Peptide- and protein-based nanocarriers utilize self-assembling 
peptides, albumin, gelatin, or other protein matrices to encapsulate insulin in highly biocompatible systems[42]. 
These carriers minimize immunogenicity while offering controlled release through enzymatic degradation or 
stimuli-responsive triggers. Peptide sequences can be designed to improve mucosal adhesion, cellular uptake, or 
glucose-responsive behavior, enhancing therapeutic precision[43]. Albumin- or gelatin-based nanoparticles 
provide structural integrity and facilitate systemic circulation, while preserving bioactivity of encapsulated 
insulin. Systematic reviews highlight their potential for oral, nasal, and injectable delivery but caution that 
comprehensive long-term safety, immunogenicity, and pharmacokinetic studies remain limited, underscoring 
the need for further translational research[43]. 
4. Routes of administration and why they matter in obesity 
4.1 Subcutaneous (improved injectable formulations & depot NPs): Nanoparticle-based subcutaneous 
insulin formulations allow modulation of release kinetics to better match physiological needs. By adjusting 
particle size, surface chemistry, and excipient composition, rapid-acting insulin can be converted into depot 
forms that provide extended release, or into faster-absorbing formulations that reduce post-prandial 
hyperglycemia[44]. Such NP depots protect insulin from local enzymatic degradation and maintain structural 
stability. However, in obesity, increased subcutaneous adipose thickness and altered tissue composition can 
modify absorption and depot behavior. Therefore, preclinical testing in obesity-relevant models is crucial to 
ensure predictable pharmacokinetics and to optimize NP design for effective insulin delivery under these altered 
anatomical conditions[45]. 
4.2 Oral delivery: Oral insulin offers the advantage of mimicking physiological portal insulin delivery, 

improving glycemic control and patient adherence. Nanoparticle systems aim to protect insulin from 
degradation by gastric acid and pancreatic enzymes, facilitate epithelial transcytosis, and enable controlled 
release into the portal circulation[46]. Strategies include enteric coatings, enzyme inhibitors, mucoadhesive 
polymers, and receptor- or ligand-mediated transcytosis. Preclinical studies demonstrate promising 
bioavailability improvements, while early clinical trials highlight safety and partial efficacy[47]. Nevertheless, 
challenges remain in achieving consistent absorption, protecting peptide integrity, and scaling production. 
Translation to routine clinical use requires further optimization of NP design, targeting, and stability under 
variable gastrointestinal conditions. 
4.3 Inhaled delivery: Pulmonary insulin delivery leverages the large alveolar surface area and thin capillary 
barriers to achieve rapid systemic absorption. Modern inhaled formulations, including Technosphere/Afrezza 
and novel nanoparticle aerosols, have demonstrated faster post-prandial glucose control compared with 
subcutaneous injections in certain studies[48]. Nanoparticle engineering allows optimization of particle size, 
surface properties, and aerosol stability to enhance deep lung deposition and avoid aggregation. Safety remains 
critical, including avoidance of pulmonary inflammation and long-term tolerance issues. Obesity-associated 
changes in lung mechanics, airway diameter, and ventilation-perfusion patterns may influence deposition and 
absorption, emphasizing the need for careful formulation design and evaluation in obese patient 
populations[49]. 
4.4 Transdermal and microneedle patches: Transdermal and microneedle-based patches offer minimally 

invasive insulin delivery with potential for controlled and glucose-responsive release. Nanoparticle-loaded 
hydrogels, polymer matrices, and phenylboronic acid (PBA)-functionalized systems have demonstrated glucose-
triggered insulin release in preclinical studies[50]. By bypassing the subcutaneous tissue, these platforms avoid 
challenges associated with altered adipose thickness, fibrosis, and local perfusion seen in obesity. Microneedles 
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can penetrate dermal layers with rich capillary networks, ensuring effective systemic uptake[51]. Additionally, 
nanocarrier incorporation enhances insulin stability, release kinetics, and responsiveness. While early results 
are promising, clinical translation requires optimization for dose consistency, patch adhesion, biocompatibility, 
and long-term safety in diverse patient populations[52]. 
5. Glucose-responsive (‘smart’) nanoparticle systems 

A core objective in advanced insulin delivery systems is to tightly couple insulin release to ambient glucose 
concentrations, thereby minimizing the risk of hypoglycemia and reducing the frequency of dosing compared 
with conventional regimens. Several innovative approaches are being explored to achieve this glucose-
responsiveness[53]. One strategy involves enzymatic systems, most commonly using glucose oxidase, which 
converts glucose into gluconic acid and hydrogen peroxide, triggering local pH or oxidative changes that in 
turn modulate insulin release. Another approach leverages phenylboronic acid (PBA) or lectin-based chemistries 
that reversibly bind glucose, enabling insulin release in proportion to extracellular glucose levels. Synthetic 
nanosugars and polymer-based conformational switches offer an alternative by undergoing structural 
transformations upon glucose binding, releasing insulin in a controlled, reversible manner[54]. Additionally, 
hybrid systems are being developed that integrate both sensing and release modules, combining enzymatic, 
chemical, or mechanical triggers to achieve more precise and tunable insulin delivery. Preclinical studies have 
demonstrated rapid, reversible, and repeatable glucose-triggered insulin release in vitro and in animal models, 
highlighting the potential of these technologies. However, significant challenges remain, particularly in scaling 
these systems for human use, ensuring consistent sensitivity across physiological glucose ranges, maintaining 
long-term biocompatibility, and preventing immune or inflammatory responses[55]. Overcoming these hurdles 
is essential for translating glucose-responsive insulin into clinical practice. 
6. Addressing obesity-specific delivery challenges with nanoparticle design 
Particle size and depot behavior: Smaller particles may diffuse more readily from injection sites in fibrotic 

adipose; larger depots prolong release designs should consider altered interstitial matrix and lymphatic 
clearance in obese tissue[56]. 
Targeting alternatives: For obese patients with impaired subcutaneous uptake, non-subcutaneous routes (oral, 
inhaled, intradermal microneedles) can be prioritized. For subcutaneous strategies, co-formulation with 
vasodilatory or matrix-modifying agents (carefully evaluated for safety) may normalize uptake[57]. 
Inflammation and immunogenicity: Chronic adipose inflammation raises concern for NP clearance and 
immune recognition; “stealth” coatings (PEGylation, zwitterions, ‘self’ peptides) and minimal 
immunostimulatory components should be prioritized.)[58] 
7. Safety, toxicity and regulatory considerations 
Acute and chronic toxicity: NP constituents (materials, surfactants, stabilizers) must be evaluated for 
pulmonary, gastrointestinal, dermal, and systemic toxicity in long-term studies. Chronic exposure in daily 
dosing brings unique immunogenicity and accumulation concerns.  
Immunogenicity & complement activation: Surface chemistries can activate complement or trigger anti-
carrier antibodies, altering PK and safety profiles. Preclinical immunotoxicology should reflect repeated dosing 
in obesity-relevant models. 
Manufacturing & quality control: Reproducible particle size distribution, encapsulation efficiency, endotoxin 
control, and sterilization are critical. Regulatory pathways for peptide–nanoparticle combination products 
require early dialogue with authorities to define comparators and endpoints. Recent regulatory attention to 
nanomedicines and lessons from LNP vaccines can guide scale-up.) 
9. Challenges and knowledge gaps 

i. Obesity-specific models are scarce. Most preclinical testing uses lean models; obesity alters 
pharmacology and must be represented in PK/PD and safety studies. 

ii. Long-term safety and biodegradation data. Chronic daily exposure requires rigorous accumulation 
and metabolite studies. 

iii. Inter-individual PK variability. Heterogeneity in adipose distribution and inflammation across 
patients necessitates stratified clinical trial designs and biomarker end points. 

iv. Patient acceptability & adherence. Non-injectable options offer greater acceptance, but device 

complexity and cost can limit uptake. Economic analyses early in development help prioritize viable 
pathways. 

v. Regulatory clarity for combination devices. Insulin-NP products are combination biologic-device 

products; harmonized regulatory guidance would accelerate translation. 
10. Future directions and roadmap for translation 
Effective development of insulin delivery systems for obesity-associated diabetes requires early integration of 
obesity-specific physiology into design and testing. Preclinical studies should incorporate obese animal models 
and human adipose tissue explants to capture the altered pharmacokinetics and tissue interactions characteristic 
of obesity[59]. Prioritizing glucose-responsive, self-regulated systems is critical, as these can adapt insulin 
release to ambient glucose levels, thereby reducing hypoglycaemia risk, which is particularly pronounced in 
obese populations. Incorporating hybrid approaches that synergize nanoparticle depots or transdermal patches 
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with closed-loop sensing and algorithmic insulin titration may further enhance glycaemic control, offering 
robust and adaptive solutions[60–62]. Early engagement with regulatory bodies and demonstration of 
manufacturing at scale are equally essential, with frameworks such as quality by design (QbD) ensuring 
reproducibility and safety. Lessons from lipid nanoparticle (LNP) and mRNA manufacturing can inform scalable 
production and facilitate smoother translational pathways. 
Clinical trials should reflect these complexities by stratifying participants according to BMI and adipose 
distribution, ensuring that pharmacokinetic and pharmacodynamic endpoints are assessed with relevant 
biomarkers, such as insulin appearance in portal versus systemic circulation. Inclusion of patient-reported 
outcomes evaluating convenience, adherence, and quality of life is essential for holistic assessment. Collectively, 
these strategies integrating obesity physiology, self-regulated release, hybrid technologies, scalable 
manufacturing, and innovative clinical trial design will improve the efficacy, safety, and real-world applicability 
of next-generation insulin delivery systems for patients with obesity-driven diabetes. 

CONCLUSION 

Nanoparticle-based insulin delivery offers multiple strategies to overcome obstacles imposed by obesity 
protecting insulin, tuning release kinetics, enabling non-injectable routes, and building glucose-responsive 
behavior. Translation has accelerated, particularly in inhaled platforms and smart materials, but realizing 
clinical benefit in obesity-associated diabetes will require a focused program: obesity-aware preclinical models, 
detailed safety studies for chronic use, early manufacturing demonstrations, and trials designed to address 
heterogeneity in adipose biology. If these gaps are addressed, NP technologies could meaningfully improve 
glycaemic control, reduce hypoglycaemia, and increase treatment adherence for people living with obesity-
associated diabetes. 
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