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Abstract 

Nanocarrier-based drug delivery systems have emerged as a promising strategy for improving 

the management of diabetes mellitus by addressing the limitations associated with 

conventional therapeutic approaches. Diabetes, a chronic metabolic disorder characterized by 

persistent hyperglycemia, requires long-term treatment strategies that often suffer from poor 

bioavailability, frequent dosing, systemic side effects, and low patient compliance. 

Nanotechnology offers innovative solutions through the development of advanced delivery 

platforms such as polymeric nanoparticles, liposomes, solid lipid nanoparticles, dendrimers, 

and nanoemulsions. These nanocarriers enhance drug stability, protect labile molecules like 

insulin from enzymatic degradation, and facilitate controlled and targeted drug delivery. In 

particular, nanocarrier systems enable alternative administration routes, including oral, nasal, 

and transdermal delivery, thereby improving patient adherence and therapeutic outcomes. 

Furthermore, the integration of smart and stimuli-responsive nanocarriers, including glucose-

responsive systems, allows for self-regulated drug release that closely mimics physiological 

insulin secretion. Despite significant progress in preclinical research, challenges related to 

safety, toxicity, large-scale manufacturing, and regulatory approval continue to hinder 

clinical translation. Ongoing advancements in nanomedicine, along with the incorporation of 

personalized therapy and artificial intelligence, are expected to further enhance the efficacy 

and precision of diabetes treatment. This review comprehensively highlights the role of 

nanocarriers in diabetes management, emphasizing their potential to overcome existing 

therapeutic barriers and improve long-term disease control. 

Keywords: Nanocarriers, Diabetes mellitus, Targeted drug delivery, Insulin delivery, 

Controlled release, Bioavailability enhancement. 

  



1. Introduction 

1.1 Diabetes Mellitus: An Overview 

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood 

glucose levels resulting from impaired insulin secretion, insulin resistance, or both. It is 

broadly classified into Type 1 diabetes mellitus (T1DM), which is caused by autoimmune 

destruction of pancreatic β-cells leading to absolute insulin deficiency, and Type 2 diabetes 

mellitus (T2DM), which is associated with insulin resistance and relative insulin deficiency 

[1]. The global prevalence of diabetes has increased significantly due to sedentary lifestyles, 

unhealthy dietary patterns, and aging populations. Persistent hyperglycemia in diabetes is 

linked with severe long-term complications, including microvascular complications such as 

retinopathy, nephropathy, and neuropathy, as well as macrovascular complications like 

cardiovascular diseases and stroke. Therefore, maintaining optimal glycemic control is 

essential to prevent disease progression and associated complications [2]. 

1.2 Limitations of Conventional Therapy 

Conventional diabetes management primarily relies on insulin injections and oral 

hypoglycemic agents such as metformin, sulfonylureas, and other classes of drugs. Although 

these therapies are effective in controlling blood glucose levels, they are associated with 

several limitations. Insulin therapy often requires frequent subcutaneous injections, which can 

lead to poor patient compliance and discomfort [3]. Many oral antidiabetic drugs suffer from 

low bioavailability, rapid metabolism, and non-specific distribution in the body. Additionally, 

these therapies may cause adverse effects such as hypoglycemia, gastrointestinal 

disturbances, and weight gain. Another major limitation is their inability to mimic the 

physiological pattern of insulin secretion, resulting in suboptimal glycemic control. These 

challenges highlight the need for improved drug delivery approaches that can enhance 

therapeutic efficiency and patient adherence [4]. 

1.3 Need for Targeted Drug Delivery 

Targeted drug delivery systems have gained considerable attention as they aim to deliver 

therapeutic agents directly to the site of action while minimizing systemic exposure. In the 

context of diabetes, targeted delivery is crucial for improving drug efficacy and reducing side 

effects [5]. Such systems can enhance the delivery of insulin and other antidiabetic agents to 

specific organs such as the liver, pancreas, or muscle tissues, where glucose metabolism is 

actively regulated. Moreover, targeted delivery can protect sensitive biomolecules like insulin 

from enzymatic degradation, particularly in non-invasive routes such as oral administration. 

By enabling controlled and sustained drug release, these systems can reduce dosing 

frequency and improve patient compliance. Overall, targeted drug delivery offers a promising 

strategy to overcome the shortcomings of conventional therapies [6]. 



1.4 Role of Nanocarriers in Diabetes Management 

Nanocarriers have emerged as advanced drug delivery platforms that can significantly 

improve the management of diabetes mellitus. These nanoscale systems, including polymeric 

nanoparticles, liposomes, micelles, dendrimers, and solid lipid nanoparticles, provide unique 

advantages due to their small size and modifiable surface properties [7]. Nanocarriers can 

encapsulate both hydrophilic and hydrophobic drugs, protecting them from degradation and 

enhancing their stability. They also facilitate improved drug absorption and bioavailability, 

particularly for peptide-based drugs like insulin. Furthermore, nanocarriers can be engineered 

for controlled and sustained drug release, thereby maintaining consistent therapeutic levels 

over extended periods. Surface functionalization enables targeted delivery to specific tissues 

or cells, reducing off-target effects. Recent developments have also introduced glucose-

responsive nanocarriers that release insulin in response to blood glucose levels, offering a 

more physiological approach to diabetes treatment [8]. 

1.5 Scope of the Review 

The present review focuses on the exploration of nanocarrier-based drug delivery systems as 

a novel approach for the improved management of diabetes mellitus. It aims to provide a 

detailed discussion of various nanocarrier systems, their design principles, mechanisms of 

drug delivery, and their therapeutic potential [9]. The review also highlights recent 

advancements in the field, including smart and stimuli-responsive nanocarriers, along with 

their preclinical and clinical evaluations. Additionally, challenges related to safety, 

scalability, regulatory approval, and clinical translation are addressed. By integrating current 

knowledge and research developments, this review seeks to offer insights into the future 

prospects of nanotechnology-driven strategies for more effective and patient-friendly diabetes 

management [10]. 

2. Pathophysiology of Diabetes Mellitus 

2.1 Type 1 Diabetes 

Type 1 diabetes mellitus (T1DM) is an autoimmune disorder characterized by the selective 

destruction of insulin-producing β-cells in the pancreatic islets of Langerhans. This process is 

primarily mediated by autoreactive T lymphocytes, which target β-cell antigens, leading to 

progressive cell loss and absolute insulin deficiency [11]. Genetic susceptibility, particularly 

involving human leukocyte antigen (HLA) genes, along with environmental triggers such as 

viral infections, are believed to contribute to disease onset. As β-cell mass declines, the body 

loses its ability to regulate blood glucose levels, resulting in persistent hyperglycemia. 

Patients with T1DM require lifelong exogenous insulin therapy to maintain metabolic 

homeostasis and prevent acute complications such as diabetic ketoacidosis [12]. 

 



2.2 Type 2 Diabetes 

Type 2 diabetes mellitus (T2DM) is a multifactorial metabolic disorder characterized by a 

combination of insulin resistance and relative insulin deficiency. Unlike T1DM, T2DM 

develops gradually and is strongly associated with genetic predisposition, obesity, sedentary 

lifestyle, and aging [13]. In the early stages, pancreatic β-cells compensate for insulin 

resistance by increasing insulin secretion; however, over time, this compensatory mechanism 

fails, leading to impaired glucose regulation. Chronic hyperglycemia further exacerbates 

metabolic disturbances, including dyslipidemia and inflammation. T2DM is the most 

prevalent form of diabetes and is often associated with comorbidities such as hypertension 

and cardiovascular disease [14]. 

2.3 Insulin Resistance 

Insulin resistance is a key pathological feature of Type 2 diabetes and refers to the reduced 

responsiveness of peripheral tissues primarily skeletal muscle, adipose tissue, and the liver to 

insulin. Under normal conditions, insulin facilitates glucose uptake in muscle and adipose 

tissues and suppresses hepatic glucose production [15]. However, in insulin-resistant states, 

these processes are impaired, leading to decreased glucose uptake and increased endogenous 

glucose production. Molecular mechanisms underlying insulin resistance include defects in 

insulin receptor signalling pathways, increased levels of free fatty acids, chronic low-grade 

inflammation, and oxidative stress. As a result, higher levels of insulin are required to 

achieve normal glucose homeostasis, placing additional stress on pancreatic β-cells [16]. 

2.4 β-Cell Dysfunction 

β-cell dysfunction plays a central role in the progression of both Type 1 and Type 2 diabetes. 

In T1DM, β-cell loss is primarily due to autoimmune destruction, whereas in T2DM, 

dysfunction results from chronic metabolic stress. Prolonged exposure to high glucose 

(glucotoxicity) and elevated free fatty acids (lipotoxicity) impairs β-cell function and reduces 

insulin secretion [17]. Additionally, oxidative stress, endoplasmic reticulum stress, and 

inflammatory cytokines contribute to β-cell apoptosis and decreased regenerative capacity. 

As β-cell function deteriorates, insulin secretion becomes insufficient to compensate for 

insulin resistance, leading to worsening hyperglycemia and disease progression [18]. 

2.5 Chronic Complications 

Chronic complications of diabetes arise from prolonged hyperglycemia and are a major cause 

of morbidity and mortality. These complications are broadly classified into microvascular and 

macrovascular disorders. Microvascular complications include diabetic retinopathy, 

nephropathy, and neuropathy, which result from damage to small blood vessels. 

Macrovascular complications involve large blood vessels and include cardiovascular diseases 

such as coronary artery disease, stroke, and peripheral arterial disease [19]. The underlying 

mechanisms involve advanced glycation end-products (AGEs), oxidative stress, 



inflammation, and endothelial dysfunction. Persistent hyperglycemia triggers these pathways, 

leading to structural and functional damage in various organs. Effective glycemic control and 

early intervention are essential to prevent or delay the onset of these complications [20]. 

3. Challenges in Conventional Antidiabetic Therapy 

Poor bioavailability remains one of the most critical limitations of conventional antidiabetic 

therapies, particularly for peptide- and protein-based drugs such as insulin, glucagon-like 

peptide-1 (GLP-1) analogs, and other biologics. When administered via the oral route, these 

macromolecules encounter multiple physiological barriers, including the acidic environment 

of the stomach, proteolytic enzymes in the gastrointestinal tract (such as pepsin, trypsin, and 

chymotrypsin), and the epithelial barrier of the intestinal mucosa [21]. These factors 

collectively lead to extensive degradation and minimal absorption of the active drug into 

systemic circulation. Additionally, even small-molecule oral antidiabetic drugs may exhibit 

poor solubility and permeability, resulting in variable absorption profiles. First-pass hepatic 

metabolism further reduces the fraction of the drug reaching systemic circulation in an active 

form [22]. Consequently, higher doses are often required to achieve therapeutic efficacy, 

which may increase interpatient variability and the risk of dose-related adverse effects. This 

inherent limitation significantly compromises treatment efficiency and highlights the urgent 

need for advanced delivery strategies that can enhance drug stability, permeability, and 

overall bioavailability [23]. 

Frequent dosing is another major drawback associated with conventional diabetes 

management strategies. Many antidiabetic agents, including insulin and certain oral 

hypoglycemic drugs, possess relatively short biological half-lives, necessitating multiple 

daily administrations to maintain effective glycemic control. In the case of insulin therapy, 

patients often require several subcutaneous injections per day, including basal and bolus 

doses, to mimic physiological insulin secretion. This complex dosing regimen not only 

increases the treatment burden but also introduces variability in drug absorption depending on 

the site and timing of injection [24]. Similarly, oral medications may require two or three 

doses per day to sustain therapeutic plasma concentrations. Such frequent dosing schedules 

can be inconvenient, especially for elderly patients or those with busy lifestyles, leading to 

missed doses or incorrect administration. Inconsistent dosing can result in fluctuations in 

blood glucose levels, increasing the risk of both hyperglycemia and hypoglycemia. Therefore, 

reducing dosing frequency through sustained and controlled drug delivery systems is a key 

objective in improving diabetes management [25]. 

Systemic side effects represent a significant concern in conventional antidiabetic therapy due 

to the non-specific distribution of drugs throughout the body. Since most traditional drug 

delivery approaches lack targeting capability, therapeutic agents act not only at the intended 

site but also on non-target tissues, leading to undesirable effects [26]. Hypoglycemia is one of 

the most serious and common adverse effects, particularly associated with insulin and insulin 

secretagogues such as sulfonylureas. Gastrointestinal disturbances, including nausea, 

vomiting, diarrhea, and abdominal discomfort, are frequently observed with drugs like 



metformin and GLP-1 receptor agonists. Additionally, certain classes of drugs, such as 

thiazolidinediones, are linked with weight gain, fluid retention, and increased risk of heart 

failure. Long-term use of some antidiabetic medications may also contribute to hepatic or 

renal complications. These side effects can negatively impact patient quality of life and may 

necessitate dose adjustments or discontinuation of therapy. The inability to precisely control 

drug distribution and release underscores the need for targeted delivery systems that can 

minimize systemic exposure and enhance therapeutic specificity [26]. 

Low patient compliance is a multifactorial challenge that significantly affects the success of 

conventional antidiabetic therapy. The chronic nature of diabetes requires lifelong 

management, often involving complex treatment regimens that include multiple medications, 

frequent dosing, and regular monitoring of blood glucose levels. Insulin therapy, in particular, 

poses challenges due to the need for repeated injections, which can cause pain, discomfort, 

and psychological distress, including needle phobia [27]. Furthermore, strict adherence to 

dietary restrictions, physical activity recommendations, and medication schedules can be 

difficult to maintain over extended periods. Socioeconomic factors, lack of patient education, 

and limited access to healthcare resources may further contribute to poor adherence. Fear of 

adverse effects such as hypoglycemia also discourages patients from following prescribed 

regimens consistently. As a result, suboptimal compliance leads to poor glycemic control, 

increasing the risk of disease progression and complications. Improving patient-friendly drug 

delivery systems, such as non-invasive and long-acting formulations, is essential to enhance 

adherence and overall therapeutic outcomes [28]. 

Drug degradation is a critical issue, particularly for biologically derived antidiabetic agents 

such as insulin, peptides, and protein-based therapeutics. These molecules are inherently 

unstable and highly susceptible to physical, chemical, and enzymatic degradation. In the 

gastrointestinal tract, enzymatic activity rapidly breaks down peptide drugs, rendering them 

inactive before they can be absorbed [29]. Even during storage and handling, factors such as 

temperature fluctuations, exposure to light, oxidation, and pH variations can compromise 

drug stability. For example, insulin formulations require strict storage conditions to maintain 

their structural integrity and biological activity. Additionally, aggregation or denaturation of 

protein-based drugs can reduce efficacy and potentially trigger immunogenic responses. 

Conventional delivery systems often fail to provide adequate protection against these 

degradative processes, leading to reduced therapeutic effectiveness and shorter shelf life. 

Therefore, there is a pressing need for advanced drug delivery approaches, such as 

encapsulation within protective carriers, to enhance drug stability, prolong activity, and 

ensure consistent therapeutic performance [30]. 

4. Nanocarrier-Based Drug Delivery Systems 

Nanocarriers are nanoscale drug delivery systems typically ranging in size from 1 to 1000 

nm, designed to transport therapeutic agents to specific sites in the body in a controlled and 

efficient manner. These carriers are engineered using a variety of materials, including 

polymers, lipids, and surfactants, and can encapsulate, adsorb, or conjugate drugs within their 



structure [31]. The unique physicochemical properties of nanocarriers, such as high surface 

area-to-volume ratio, tunable surface characteristics, and the ability to cross biological 

barriers, make them highly suitable for drug delivery applications. In the context of diabetes, 

nanocarriers play a crucial role in improving the stability and delivery of sensitive 

biomolecules like insulin, enhancing their therapeutic efficacy while minimizing degradation 

and systemic loss [32]. 

4.2 Advantages of Nanotechnology in Diabetes 

Nanotechnology offers numerous advantages in the management of diabetes mellitus by 

addressing the limitations associated with conventional therapies. One of the key benefits is 

the protection of labile drugs, such as insulin and peptide-based therapeutics, from enzymatic 

degradation in biological environments [33]. Nanocarriers can enhance drug solubility and 

bioavailability, allowing for more efficient absorption and reduced dosing requirements. 

Additionally, these systems enable controlled and sustained drug release, maintaining stable 

blood glucose levels over extended periods and reducing the frequency of administration. 

Surface modification of nanocarriers allows for targeted delivery to specific tissues or cells, 

thereby improving therapeutic precision and minimizing off-target effects [34]. Furthermore, 

nanotechnology facilitates the development of non-invasive delivery routes, such as oral, 

nasal, and transdermal systems, which significantly improve patient compliance. Emerging 

smart nanocarriers, including glucose-responsive systems, can further revolutionize diabetes 

treatment by enabling self-regulated drug release in response to physiological conditions [35]. 

4.3 Mechanism of Targeted Delivery 

The mechanism of targeted drug delivery using nanocarriers involves both passive and active 

targeting strategies. Passive targeting primarily relies on the physicochemical properties of 

nanocarriers, such as size, shape, and surface charge, which influence their distribution and 

accumulation in specific tissues. In certain pathological conditions, enhanced permeability 

and retention (EPR) effects allow nanocarriers to preferentially accumulate in target tissues 

[36]. Active targeting, on the other hand, involves the functionalization of nanocarrier 

surfaces with specific ligands such as antibodies, peptides, or small molecules that can 

recognize and bind to receptors expressed on target cells. In diabetes management, such 

targeting strategies can be used to direct drugs toward pancreatic β-cells, liver cells, or 

insulin-sensitive tissues. Upon reaching the target site, nanocarriers can release their payload 

in a controlled manner through diffusion, degradation, or stimuli-responsive mechanisms 

such as pH, enzymes, or glucose levels. This precise delivery enhances therapeutic efficacy 

while reducing systemic exposure and side effects [37]. 

Polymeric nanoparticles are one of the most extensively studied nanocarrier systems for drug 

delivery applications. They are typically prepared using biodegradable and biocompatible 

polymers such as poly (lactic-co-glycolic acid) (PLGA), chitosan, and alginate. These 

nanoparticles can encapsulate drugs within their matrix or adsorb them onto their surface, 

providing protection against degradation and enabling controlled drug release [38]. In 



diabetes management, polymeric nanoparticles are particularly useful for oral insulin 

delivery, as they can enhance mucosal adhesion and facilitate transport across intestinal 

barriers. Additionally, their surface can be modified with targeting ligands to improve site-

specific delivery. Their versatility, stability, and ability to provide sustained release make 

them highly promising for long-term glycaemic control [39]. 

Liposomes are spherical vesicular systems composed of one or more phospholipid bilayers 

surrounding an aqueous core. Due to their amphiphilic nature, liposomes can encapsulate 

both hydrophilic drugs (in the aqueous core) and hydrophobic drugs (within the lipid bilayer). 

This dual-loading capability makes them highly versatile drug delivery systems [40]. In 

diabetes treatment, liposomes have been explored for insulin delivery through various routes, 

including oral, transdermal, and pulmonary administration. They provide protection against 

enzymatic degradation and can be engineered for controlled release. Furthermore, surface 

modification with polyethylene glycol (PEGylation) or targeting ligands enhances their 

circulation time and targeting efficiency. However, challenges such as stability, leakage, and 

large-scale production need to be addressed for widespread clinical application [41]. 

Solid lipid nanoparticles (SLNs) are composed of solid lipids that remain in a solid state at 

both room and body temperatures, stabilized by surfactants. These carriers combine the 

advantages of traditional lipid-based systems with improved stability and controlled drug 

release properties [42]. SLNs provide protection for encapsulated drugs against chemical and 

enzymatic degradation and enhance bioavailability. In diabetes management, SLNs have 

shown potential for delivering insulin and oral hypoglycemic agents with improved stability 

and sustained release profiles. Their biocompatibility and low toxicity make them attractive 

candidates; however, limitations such as limited drug loading capacity and potential drug 

expulsion during storage need to be considered [43]. 

Nanostructured lipid carriers (NLCs) are an advanced generation of lipid nanoparticles that 

consist of a mixture of solid and liquid lipids, resulting in a less ordered lipid matrix. This 

structural modification overcomes the limitations of SLNs by improving drug loading 

capacity and reducing drug expulsion during storage. NLCs provide enhanced stability, 

controlled release, and better bioavailability of encapsulated drugs. In the context of diabetes, 

NLCs have been investigated for oral and transdermal delivery of insulin and other 

antidiabetic agents. Their ability to incorporate higher drug quantities and maintain long-term 

stability makes them a promising platform for sustained and targeted drug delivery [44]. 

Dendrimers are highly branched, tree-like polymeric nanostructures with a well-defined 

architecture consisting of a core, repeating branches and terminal functional groups. Their 

unique structure provides a high degree of surface functionality, allowing multiple drug 

molecules to be attached or encapsulated simultaneously [42]. Dendrimers exhibit excellent 

solubility, controlled size, and the ability to precisely tailor their surface properties for 

targeted delivery. In diabetes management, dendrimers have been explored for enhancing the 

delivery of insulin and oral antidiabetic drugs. Their multivalency enables the attachment of 



targeting ligands, improving specificity toward particular tissues or cells. However, concerns 

regarding cytotoxicity and biocompatibility need to be carefully addressed [45]. 

Nanoemulsions are thermodynamically stable or metastable colloidal systems consisting of 

nanosized droplets of one liquid dispersed within another immiscible liquid, typically oil-in-

water or water-in-oil systems, stabilized by surfactants. Their small droplet size enhances 

drug solubility, absorption, and bioavailability. In diabetes treatment, nanoemulsions have 

been widely investigated for improving the oral delivery of poorly soluble antidiabetic drugs 

and for enhancing the stability of insulin formulations. They also facilitate alternative routes 

of administration, including transdermal and nasal delivery. Nanoemulsions offer advantages 

such as ease of preparation, high drug loading capacity, and improved pharmacokinetic 

profiles. However, issues related to long-term stability and surfactant toxicity must be 

considered during formulation development [46]. 

 

Table 1: Types of Nanocarriers Used in Diabetes Drug Delivery and Their Advantages 

Sr. 

No. 

Nanocarrier Drug Used Advantages Reference 

1 Polymeric 

nanoparticles 

Insulin Enhanced stability, controlled 

release, improved oral 

bioavailability 

[47] 

2 Polymeric 

nanoparticles 

Metformin Sustained release, reduced dosing 

frequency 

[48] 

3 Liposomes Insulin Protection from enzymatic 

degradation, biocompatibility 

[49] 

4 Liposomes GLP-1 

analogs 

Improved circulation time, 

targeted delivery 

[50] 

5 Solid lipid 

nanoparticles 

Insulin Enhanced stability, controlled 

release, low toxicity 

[51] 

6 Solid lipid 

nanoparticles 

Glibenclamide Improved bioavailability, reduced 

side effects 

[52] 

7 Nanostructured lipid 

carriers 

Insulin High drug loading, improved 

stability, sustained release 

[53] 

8 Nanostructured lipid 

carriers 

Pioglitazone Enhanced permeability, reduced 

systemic toxicity 

[54] 

9 Dendrimers Insulin Targeted delivery, high drug 

loading capacity 

[55] 

10 Dendrimers Metformin Improved solubility, controlled 

drug release 

[56] 

11 Nanoemulsions Insulin Improved absorption, non-invasive 

delivery 

[57] 

12 Nanoemulsions Glipizide Enhanced solubility, increased 

bioavailability 

[58] 



13 Polymeric micelles Repaglinide Improved solubility, prolonged 

circulation 

[59] 

14 Chitosan 

nanoparticles 

Insulin Mucoadhesion, enhanced 

intestinal absorption 

[60] 

15 Gold nanoparticles Insulin Targeted delivery, improved 

cellular uptake 

[61] 

 

5. Nanocarriers for Insulin Delivery 

Oral delivery of insulin has long been considered a highly desirable alternative to 

conventional subcutaneous injections due to its non-invasive nature and improved patient 

compliance. However, the oral route presents significant challenges, including enzymatic 

degradation in the gastrointestinal tract and poor permeability across the intestinal epithelium. 

Nanocarrier-based systems have emerged as promising solutions to overcome these barriers 

[62]. Polymeric nanoparticles, liposomes, and lipid-based carriers can encapsulate insulin, 

protecting it from acidic pH and proteolytic enzymes. Additionally, surface modifications 

using mucoadhesive polymers such as chitosan enhance residence time in the intestinal 

mucosa and promote paracellular transport. Some advanced systems incorporate permeation 

enhancers or enzyme inhibitors to further improve absorption. These strategies enable 

improved bioavailability and facilitate insulin transport into systemic circulation, mimicking 

the physiological pathway of endogenous insulin via the portal vein to the liver [63]. 

Nasal delivery of insulin offers a non-invasive and rapid route for systemic drug absorption 

due to the highly vascularized nasal mucosa and avoidance of first-pass metabolism. 

Nanocarriers play a crucial role in enhancing the efficiency of this delivery route by 

improving drug stability and residence time within the nasal cavity. Formulations such as 

nanoemulsions, polymeric nanoparticles, and liposomes can encapsulate insulin and protect it 

from enzymatic degradation present in nasal secretions [64]. Mucoadhesive nanocarriers 

further enhance contact with the nasal epithelium, facilitating improved absorption. 

Additionally, nanosystems can transiently open tight junctions between epithelial cells, 

allowing for enhanced paracellular transport of insulin. Despite these advantages, challenges 

such as limited dosing volume, mucociliary clearance, and potential nasal irritation must be 

carefully addressed to optimize therapeutic outcomes [65]. 

Transdermal delivery of insulin represents another attractive non-invasive approach, aiming 

to deliver insulin across the skin into systemic circulation. However, the stratum corneum, the 

outermost layer of the skin, acts as a significant barrier to the penetration of large molecules 

like insulin. Nanocarriers such as lipid nanoparticles, nanoemulsions, and polymeric 

nanoparticles have been investigated to enhance skin permeability [66]. These systems can 

facilitate drug transport through hair follicles, sweat glands, or disrupted skin layers. 

Advanced approaches, including microneedle-assisted nanocarrier delivery and 

iontophoresis, further improve transdermal insulin absorption. Nanocarriers can also provide 

controlled and sustained release, maintaining stable blood glucose levels over extended 



periods. This method significantly reduces the need for injections and enhances patient 

comfort, although challenges related to skin irritation and variable permeability remain [67]. 

Injectable nanoformulations represent an advancement over conventional insulin injections 

by improving pharmacokinetics and reducing dosing frequency. Nanocarriers such as 

polymeric nanoparticles, liposomes, and solid lipid nanoparticles can be administered via 

subcutaneous or intravenous routes to provide sustained and controlled release of insulin 

[68]. These formulations protect insulin from rapid degradation and clearance, thereby 

prolonging its circulation time and maintaining consistent therapeutic levels. Additionally, 

surface-modified nanocarriers can enhance tissue targeting and reduce variability in 

absorption. Long-acting nanoformulations are particularly beneficial in reducing the 

frequency of injections, thereby improving patient compliance. Furthermore, these systems 

can be designed to mimic physiological insulin release patterns more closely than traditional 

formulations, leading to better glycemic control [69]. 

Glucose-responsive nanocarrier systems represent a significant advancement toward 

achieving self-regulated insulin delivery, often referred to as “smart” drug delivery. These 

systems are designed to release insulin in response to changes in blood glucose levels, 

thereby closely mimicking the natural function of pancreatic β-cells. Various mechanisms 

have been explored, including glucose oxidase-based systems, phenylboronic acid-based 

sensors, and enzyme-triggered release systems [70]. In these formulations, nanocarriers 

remain stable under normoglycemic conditions but undergo structural or chemical changes in 

hyperglycemic states, triggering insulin release. This approach minimizes the risk of 

hypoglycemia and eliminates the need for frequent monitoring and dosing adjustments. 

Although still largely in the experimental stage, glucose-responsive nanocarriers hold 

immense potential for revolutionizing diabetes management by providing automated and 

precise glycemic control [71]. 

6. Nanocarriers for Oral Antidiabetic Drugs 

6.1 Metformin 

Metformin is the first-line oral antidiabetic drug widely used for the management of Type 2 

diabetes mellitus due to its efficacy in reducing hepatic glucose production and improving 

insulin sensitivity. However, its conventional formulation is associated with limitations such 

as incomplete absorption, gastrointestinal side effects, and the need for frequent dosing due to 

its relatively short half-life. Nanocarrier-based delivery systems, including polymeric 

nanoparticles, liposomes, and solid lipid nanoparticles, have been investigated to overcome 

these challenges [72]. Encapsulation of metformin within nanocarriers enhances its 

bioavailability by improving intestinal permeability and protecting it from premature 

degradation. Additionally, these systems enable controlled and sustained drug release, which 

helps maintain consistent plasma drug levels and reduces dosing frequency. Targeted delivery 

approaches may further improve therapeutic efficacy while minimizing gastrointestinal 

irritation, thereby enhancing patient tolerance and compliance [73]. 



6.2 Sulfonylureas 

Sulfonylureas, such as glibenclamide and glipizide, are commonly prescribed insulin 

secretagogues that stimulate pancreatic β-cells to release insulin. Despite their effectiveness, 

they are associated with risks such as hypoglycemia, weight gain, and variable 

pharmacokinetics. Nanocarrier-based formulations have been explored to improve the 

therapeutic profile of sulfonylureas by enhancing drug solubility, stability, and targeted 

delivery. Lipid-based nanocarriers, including solid lipid nanoparticles and nanoemulsions, 

can increase the dissolution rate of poorly water-soluble sulfonylureas, thereby improving 

their bioavailability. Controlled release from nanocarriers helps maintain stable drug 

concentrations, reducing the risk of sudden hypoglycemic episodes. Furthermore, targeted 

delivery systems can potentially direct the drug toward pancreatic tissues, improving efficacy 

while minimizing systemic exposure and associated side effects [74]. 

6.3 GLP-1 Analogs 

Glucagon-like peptide-1 (GLP-1) analogs are an important class of antidiabetic agents that 

enhance glucose-dependent insulin secretion, suppress glucagon release, and slow gastric 

emptying. However, these peptide-based drugs are highly susceptible to enzymatic 

degradation in the gastrointestinal tract, limiting their oral bioavailability and necessitating 

parenteral administration. Nanocarrier systems offer a promising strategy to enable oral 

delivery of GLP-1 analogs [75]. Polymeric nanoparticles, liposomes, and dendrimers can 

encapsulate these peptides, protecting them from enzymatic degradation and facilitating their 

transport across the intestinal epithelium. Surface modification with mucoadhesive and 

permeation-enhancing agents further improves absorption. Additionally, nanocarriers can 

provide sustained release profiles, prolonging the pharmacological action of GLP-1 analogs 

and reducing dosing frequency. These advancements have the potential to significantly 

improve patient compliance and expand the clinical utility of GLP-1–based therapies [72]. 

6.4 DPP-4 Inhibitors 

Dipeptidyl peptidase-4 (DPP-4) inhibitors, such as sitagliptin and vildagliptin, function by 

preventing the degradation of incretin hormones, thereby enhancing insulin secretion and 

reducing blood glucose levels. Although these drugs generally exhibit good oral 

bioavailability, they may still face challenges such as rapid clearance and the need for 

consistent plasma levels to maintain efficacy [76]. Nanocarrier-based delivery systems can 

further optimize the pharmacokinetic and pharmacodynamic profiles of DPP-4 inhibitors. 

Encapsulation within nanoparticles or lipid-based carriers allows for sustained and controlled 

drug release, ensuring prolonged therapeutic action and reduced dosing frequency. 

Additionally, nanocarriers can facilitate targeted delivery to specific tissues, potentially 

improving drug efficiency and minimizing off-target effects. Such approaches can enhance 

the overall effectiveness of DPP-4 inhibitors in long-term diabetes management [77]. 



6.5 Herbal Antidiabetic Compounds 

Herbal antidiabetic compounds, derived from natural sources such as plants, have gained 

significant attention due to their potential therapeutic benefits and lower side effect profiles. 

Bioactive compounds such as curcumin, berberine, quercetin, and resveratrol exhibit 

antidiabetic properties through mechanisms including antioxidant activity, improved insulin 

sensitivity, and modulation of glucose metabolism. However, many of these compounds 

suffer from poor solubility, low stability, and limited bioavailability, which restrict their 

clinical application [78]. Nanocarrier-based systems provide an effective platform to 

overcome these limitations by enhancing solubility, protecting against degradation, and 

improving absorption. Polymeric nanoparticles, nanoemulsions, and lipid-based carriers have 

been successfully used to deliver herbal compounds with improved pharmacokinetic profiles. 

Additionally, controlled and targeted delivery of these bioactives can enhance their 

therapeutic efficacy while reducing required doses. The integration of nanotechnology with 

herbal medicine represents a promising approach for the development of safer and more 

effective antidiabetic therapies [79]. 

7. Targeted and Smart Nanocarriers in Diabetes 

Glucose-responsive nanoparticles represent a highly advanced and intelligent approach in 

diabetes therapy, designed to mimic the physiological function of pancreatic β-cells by 

releasing insulin in response to elevated blood glucose levels. These systems are typically 

engineered using glucose-sensitive components such as glucose oxidase, phenylboronic acid 

derivatives, or concanavalin A, which can detect fluctuations in glucose concentration [7]. 

Upon exposure to hyperglycaemic conditions, biochemical or structural changes occur within 

the nanocarrier, triggering the controlled release of insulin. For instance, glucose oxidase-

based systems convert glucose into gluconic acid, leading to a local pH change that 

destabilizes the carrier and releases the drug. This self-regulated mechanism helps maintain 

normoglycemia while minimizing the risk of hypoglycemia, a common complication of 

conventional insulin therapy. Such smart systems reduce the need for frequent monitoring 

and dosing adjustments, thereby improving patient convenience and therapeutic precision, 

although challenges related to long-term stability and biocompatibility remain under 

investigation [80]. 

Stimuli-responsive nanocarriers, also known as “smart” delivery systems, are designed to 

release therapeutic agents in response to specific internal or external stimuli. These stimuli 

may include pH variations, temperature changes, enzymatic activity, redox conditions, or 

external triggers such as magnetic fields and ultrasound. In the context of diabetes, pH- and 

enzyme-responsive systems are particularly relevant due to the metabolic changes associated 

with hyperglycemia. For example, pH-sensitive nanocarriers can release insulin in response 

to the acidic microenvironment generated by glucose metabolism [81]. Similarly, enzyme-

responsive systems can be activated by enzymes that are upregulated in diabetic conditions. 

External stimuli-responsive systems, such as magnetically guided nanoparticles, offer 

additional control over drug localization and release. These systems enable precise 



spatiotemporal control of drug delivery, enhancing therapeutic efficacy while reducing 

systemic exposure and side effects. However, the complexity of their design and the need for 

precise triggering mechanisms pose challenges for clinical translation [82]. 

Ligand-targeted nanocarrier systems are designed to achieve site-specific drug delivery by 

functionalizing the surface of nanoparticles with ligands that can selectively bind to receptors 

expressed on target cells or tissues [83]. In diabetes management, this approach can be 

utilized to direct therapeutic agents toward insulin-sensitive tissues such as the liver, skeletal 

muscle, or adipose tissue, as well as pancreatic β-cells. Common targeting ligands include 

antibodies, peptides, aptamers, and small molecules such as folic acid or transferrin [84]. 

Upon binding to specific receptors, the nanocarriers are internalized via receptor-mediated 

endocytosis, allowing efficient intracellular drug delivery. This targeted approach enhances 

drug accumulation at the desired site while minimizing off-target distribution and systemic 

side effects. Additionally, ligand-targeted systems can improve the efficacy of lower drug 

doses, thereby reducing toxicity. Despite their promising potential, issues such as ligand 

stability, immunogenicity, and large-scale manufacturing remain important considerations 

[85]. 

Controlled release nanocarrier systems are designed to deliver drugs at a predetermined rate 

over an extended period, maintaining therapeutic drug concentrations within the desired 

range. These systems are particularly beneficial in diabetes management, where maintaining 

stable blood glucose levels is critical [86]. Nanocarriers such as polymeric nanoparticles, 

lipid-based systems, and hydrogels can be engineered to release drugs through mechanisms 

such as diffusion, degradation, or swelling. By providing sustained drug release, these 

systems reduce the need for frequent dosing and minimize fluctuations in plasma drug levels, 

thereby lowering the risk of hypoglycemia and hyperglycemia. Advanced controlled release 

systems can also be integrated with stimuli-responsive or targeting features, enabling more 

precise and personalized therapy. Overall, controlled release nanocarriers contribute to 

improved therapeutic outcomes, enhanced patient compliance, and better long-term 

management of diabetes [87]. 



 

 

Figure 1: Mechanism of nanocarrier based targeted drug delivery in diabetes mellitus 

8. Safety, Toxicity and Regulatory Considerations 

Biocompatibility is a fundamental requirement for the successful application of nanocarrier-

based drug delivery systems in diabetes management. It refers to the ability of a material to 

perform its intended function without eliciting any undesirable local or systemic effects in the 

body. Nanocarriers intended for clinical use must be composed of materials that are non-

toxic, non-immunogenic, and biodegradable into safe byproducts [88]. Commonly used 

materials such as poly(lactic-co-glycolic acid) (PLGA), chitosan, lipids, and albumin have 

demonstrated favorable biocompatibility profiles. Surface properties, particle size, charge, 

and hydrophobicity significantly influence the interaction of nanocarriers with biological 

systems, including cellular uptake, circulation time, and immune recognition. Poorly 

designed nanocarriers may trigger immune responses, protein adsorption (opsonization), or 

rapid clearance by the reticuloendothelial system. Therefore, careful optimization of 

physicochemical characteristics and thorough in vitro and in vivo evaluations are essential to 

ensure safe and effective clinical application [89]. 



Despite their promising advantages, nanocarriers may pose potential toxicity risks that must 

be carefully evaluated. Toxicity can arise from the core material, surface coatings, 

degradation products, or residual solvents used during formulation. Nanoparticles may induce 

oxidative stress, inflammation, or cellular damage depending on their size, shape, and 

composition. For instance, certain inorganic nanoparticles, such as metallic or carbon-based 

systems, have been associated with cytotoxicity and accumulation in vital organs like the 

liver, kidneys, and lungs [90]. Additionally, long-term exposure to nanoparticles may lead to 

unforeseen chronic effects, including immunogenicity or genotoxicity. The small size of 

nanocarriers allows them to cross biological barriers, including the blood–brain barrier, 

raising concerns about unintended distribution and toxicity. Dose-dependent toxicity and 

accumulation with repeated administration are also critical considerations, particularly in 

chronic diseases like diabetes that require long-term treatment. Comprehensive toxicological 

studies, including acute, sub-chronic, and chronic evaluations, are therefore necessary to 

establish safety profiles [91]. 

The regulatory approval of nanocarrier-based drug delivery systems presents significant 

challenges due to their complex nature and lack of standardized evaluation frameworks. 

Regulatory agencies such as the US Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) require extensive data on the safety, efficacy, quality, and 

manufacturing consistency of nanomedicines [92]. However, conventional regulatory 

guidelines are often not fully applicable to nanoscale systems, as their behavior can differ 

significantly from traditional formulations. Critical issues include characterization of particle 

size distribution, surface properties, drug loading efficiency, and release kinetics. 

Additionally, reproducibility and scalability of manufacturing processes remain major 

concerns. The absence of universally accepted standards for nanotoxicology and quality 

control further complicates the approval process. Regulatory authorities are increasingly 

working toward developing specific guidelines for nanomedicines, but harmonization across 

regions is still evolving. Addressing these challenges is essential to facilitate the translation of 

nanocarrier-based therapies from research to clinical practice [93]. 

The clinical translation of nanocarrier-based systems for diabetes management is still in its 

early stages, although significant progress has been made in recent years. Several 

nanoformulations, particularly for insulin delivery, have advanced to preclinical and early-

phase clinical trials, demonstrating improved pharmacokinetics, enhanced bioavailability, and 

better patient compliance compared to conventional therapies [94]. Oral insulin formulations 

utilizing nanoparticles and lipid-based carriers are among the most actively investigated 

approaches. Similarly, glucose-responsive and stimuli-sensitive systems are being explored 

for their potential to provide automated and precise glycemic control. However, only a 

limited number of nanocarrier-based antidiabetic formulations have reached advanced 

clinical trial phases or regulatory approval, largely due to safety concerns, manufacturing 

challenges, and regulatory complexities. Continued research, long-term clinical studies, and 

improved understanding of nanocarrier behavior in humans are necessary to accelerate their 

clinical adoption and establish their role in routine diabetes management [95].  



9. Future Perspectives 

Smart nanomedicine represents the next generation of nanocarrier-based drug delivery 

systems, integrating sensing, targeting, and controlled release functionalities into a single 

platform. In diabetes management, smart nanocarriers are being designed to respond 

dynamically to physiological cues such as blood glucose levels, pH variations, or enzymatic 

activity, thereby enabling real-time, self-regulated drug delivery [96]. These systems aim to 

closely mimic the natural function of pancreatic β-cells by releasing insulin only when 

required, reducing the risk of hypoglycemia and improving overall glycemic control. 

Advances in materials science, such as the development of multifunctional polymers and 

hybrid nanostructures, are further enhancing the capabilities of these systems. Additionally, 

integration with wearable devices and biosensors may allow continuous monitoring and 

automated drug release, paving the way for closed-loop therapeutic systems. Although still 

largely in the experimental stage, smart nanomedicine holds immense potential to 

revolutionize diabetes treatment by offering more precise, efficient, and patient-friendly 

solutions [97]. 

Personalized therapy is emerging as a key paradigm in modern healthcare, focusing on 

tailoring treatment strategies to individual patient characteristics, including genetic profile, 

disease progression, lifestyle, and metabolic response. Nanocarrier-based drug delivery 

systems can play a significant role in enabling personalized diabetes management by 

allowing customization of drug type, dose, and release profile [98]. For instance, nanocarriers 

can be engineered to deliver drugs at specific rates or target particular tissues based on 

patient-specific needs. Advances in genomics, proteomics, and metabolomics are providing 

deeper insights into the heterogeneity of diabetes, enabling the development of individualized 

treatment approaches. Furthermore, patient-specific factors such as age, comorbidities, and 

drug tolerance can be incorporated into nanocarrier design to optimize therapeutic outcomes. 

Personalized nanomedicine has the potential to improve treatment efficacy, minimize adverse 

effects, and enhance patient adherence, ultimately leading to better long-term disease 

management [99]. 

The integration of artificial intelligence (AI) with nanocarrier-based drug delivery systems is 

opening new avenues for innovation in diabetes therapy. AI and machine learning algorithms 

can be utilized to optimize nanocarrier design by predicting drug–carrier interactions, 

stability, release kinetics, and targeting efficiency. These computational tools can 

significantly accelerate the development process by reducing reliance on trial-and-error 

experimentation. In addition, AI-driven data analysis can help in identifying patterns in 

patient responses, enabling more accurate prediction of therapeutic outcomes and facilitating 

personalized treatment strategies. AI can also be integrated with smart nanocarriers and 

biosensors to develop intelligent drug delivery systems capable of real-time decision-making, 

such as adjusting insulin release based on continuous glucose monitoring data. This 

convergence of nanotechnology and digital health has the potential to create highly efficient, 

adaptive, and autonomous therapeutic systems for diabetes management [100]. 



Despite significant advancements in nanocarrier-based drug delivery systems, their successful 

clinical translation remains a major challenge. Bridging the gap between laboratory research 

and clinical application requires overcoming several barriers, including large-scale 

manufacturing, reproducibility, regulatory approval, and long-term safety evaluation. 

Ensuring batch-to-batch consistency and cost-effective production is essential for commercial 

viability [101]. Additionally, extensive preclinical and clinical studies are needed to establish 

the safety, efficacy, and pharmacokinetic profiles of nanocarrier systems in humans. 

Regulatory frameworks for nanomedicines are still evolving, and clear guidelines are 

required to streamline the approval process. Collaboration between researchers, clinicians, 

industry stakeholders, and regulatory authorities is crucial to address these challenges. With 

continued advancements and interdisciplinary efforts, nanocarrier-based therapies have the 

potential to transition from experimental concepts to clinically approved solutions, 

significantly improving the management of diabetes mellitus in the future [102]. 

10. Conclusion 

Nanocarrier-based drug delivery systems represent a significant advancement in the 

management of diabetes mellitus by effectively addressing the limitations of conventional 

therapeutic approaches. Traditional treatments, including insulin injections and oral 

hypoglycemic agents, are often associated with challenges such as poor bioavailability, 

frequent dosing, systemic side effects, and low patient compliance. The application of 

nanotechnology has enabled the development of innovative delivery platforms capable of 

enhancing drug stability, improving absorption, and facilitating controlled and targeted 

release of antidiabetic agents. Various nanocarrier systems, including polymeric 

nanoparticles, liposomes, solid lipid nanoparticles, nanostructured lipid carriers, dendrimers, 

and nanoemulsions, have demonstrated considerable potential in improving therapeutic 

outcomes. These systems not only protect sensitive biomolecules like insulin from 

degradation but also allow for alternative, non-invasive routes of administration such as oral, 

nasal, and transdermal delivery. Moreover, the emergence of smart and stimuli-responsive 

nanocarriers, particularly glucose-responsive systems, offers a promising approach toward 

achieving self-regulated and physiologically relevant drug delivery. Despite these 

advancements, several challenges remain, including concerns related to safety, toxicity, 

scalability, and regulatory approval. The transition of nanocarrier-based systems from 

laboratory research to clinical practice requires extensive preclinical and clinical evaluation, 

along with standardized regulatory frameworks. Nanocarrier-based drug delivery systems 

hold immense potential to revolutionize diabetes management by improving therapeutic 

efficacy, enhancing patient compliance, and enabling personalized treatment strategies. 

Continued research, technological innovation, and interdisciplinary collaboration will be 

essential to fully realize their clinical potential and establish them as a cornerstone in the 

future treatment of diabetes mellitus. 
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