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Abstract 
Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia, 
necessitating lifelong management. Traditional insulin therapy relies on subcutaneous 
injections, which are associated with patient discomfort, poor compliance, and risk of 
infections. Oral insulin delivery has emerged as a promising alternative, offering a 
non-invasive, patient-friendly approach. This review comprehensively explores the 
development, challenges, and advancements in oral insulin delivery systems. We 
discuss various strategies, including nanoparticle-based carriers, liposomes, and 
hydrogels, as well as the physiological barriers to oral insulin absorption. The article 
also highlights recent clinical trials, technological innovations, and future directions 
for oral insulin formulations. By addressing the limitations and potential of oral 
insulin, this review aims to provide a comprehensive understanding of its role in 
diabetes management.
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Introduction 

Diabetes mellitus (DM) is a global health crisis affecting over 463 million people worldwide, with projections estimating a rise 

to 700 million by 2045. Insulin therapy remains the cornerstone of treatment for type 1 diabetes and advanced type 2 diabetes. 

However, the conventional route of insulin administration—subcutaneous injections—poses significant challenges, including 

pain, needle phobia, and the risk of hypoglycemia. These limitations have spurred research into alternative delivery methods, 

with oral insulin emerging as a highly desirable option. 

Oral insulin delivery mimics the physiological pathway of endogenous insulin secretion, offering improved patient compliance 

and reduced side effects. Despite its potential, the development of oral insulin has been hindered by numerous challenges, 

including enzymatic degradation, poor absorption, and the harsh acidic environment of the stomach. This article provides an in-

depth analysis of the materials, methods, and technologies employed to overcome these barriers, along with a discussion of 

recent advancements and future prospects. 

 

Materials and Methods 

1. Physiological Barriers to Oral Insulin Delivery 

▪ Enzymatic Degradation: Insulin is susceptible to proteolytic enzymes in the gastrointestinal (GI) tract, such as pepsin and 

trypsin. 

▪ Acidic Environment: The low pH of the stomach can denature insulin, rendering it inactive. 

▪ Mucosal Barrier: The intestinal epithelium limits the absorption of large molecules like insulin. 

▪ First-Pass Metabolism: Insulin absorbed through the GI tract undergoes hepatic metabolism, reducing its bioavailability. 

 

2. Strategies for Oral Insulin Delivery 

▪ Nanoparticle-Based Carriers: Polymeric nanoparticles, solid lipid nanoparticles, and inorganic nanoparticles have been 

explored to protect insulin from degradation and enhance absorption. 

▪ Liposomes: These phospholipid-based vesicles encapsulate insulin, providing protection and facilitating transport across 

the intestinal mucosa. 

▪ Hydrogels: pH-sensitive hydrogels release insulin in a controlled manner, targeting specific regions of the GI tract. 

▪ Microneedle Patches: Oral patches with dissolvable microneedles deliver insulin directly to the buccal mucosa. 

▪ Chemical Modifications: Insulin analogs with enhanced stability and absorption properties are being developed. 
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3. Experimental Models 

• In Vitro Studies: Cell culture models (e.g., Caco-2 

cells) are used to evaluate permeability and cytotoxicity. 

• In Vivo Studies: Animal models (e.g., diabetic rats) are 

employed to assess bioavailability, pharmacokinetics, 

and pharmacodynamics. 

• Clinical Trials: Human studies are conducted to 

evaluate safety, efficacy, and patient acceptability. 

 

4. Analytical Techniques 

• High-Performance Liquid Chromatography 

(HPLC): Quantifies insulin concentration in biological 

samples. 

• Confocal Microscopy: Visualizes the uptake and 

distribution of fluorescently labeled insulin carriers. 

• Enzyme-Linked Immunosorbent Assay (ELISA): 

Measures insulin levels and immune response. 

 

Results 

1. Nanoparticle-Based Systems 

• Polymeric nanoparticles (e.g., chitosan, PLGA) 

demonstrated improved insulin stability and 

bioavailability. 

• Solid lipid nanoparticles showed sustained release 

profiles and enhanced mucosal adhesion. 

• Inorganic nanoparticles (e.g., silica) exhibited high 

loading capacity and controlled release. 

 

2. Liposomes 

• Liposomal formulations protected insulin from 

enzymatic degradation and improved absorption. 

• Surface modifications (e.g., PEGylation) enhanced 

circulation time and targeting efficiency. 

 

3. Hydrogels 

• pH-sensitive hydrogels released insulin in the intestinal 

environment, avoiding gastric degradation. 

• Thermo-responsive hydrogels provided on-demand 

insulin release. 

 

4. Clinical Trials 

• Phase I and II trials of oral insulin formulations (e.g., 

Oramed’s ORMD-0801) showed promising results in 

terms of safety and efficacy. 

• Patient-reported outcomes indicated high acceptability 

and preference for oral insulin over injections. 

 

5. Challenges and Limitations 

• Low bioavailability (1-2%) remains a significant hurdle. 

• Variability in absorption due to individual differences in 

GI physiology. 

• High production costs and regulatory hurdles. 

 

Discussion 

Oral insulin delivery represents a paradigm shift in diabetes 

management, offering a non-invasive and patient-centric 

approach. The development of advanced drug delivery 

systems, such as nanoparticles and liposomes, has addressed 

many of the physiological barriers to oral insulin absorption. 

However, challenges related to bioavailability, scalability, 

and regulatory approval persist. 

The integration of nanotechnology with biomaterials has 

opened new avenues for optimizing insulin delivery. For 

instance, surface-modified nanoparticles can target specific 

regions of the GI tract, while smart hydrogels enable 

controlled release in response to physiological stimuli. 

Additionally, the use of insulin analogs with enhanced 

stability and absorption properties holds promise for 

improving therapeutic outcomes. 

Clinical trials have demonstrated the feasibility of oral 

insulin, with several formulations progressing to late-stage 

development. However, long-term studies are needed to 

evaluate the safety and efficacy of these formulations in 

diverse patient populations. Furthermore, cost-effective 

manufacturing processes must be developed to ensure 

widespread accessibility. 

 

Conclusion 

Oral insulin delivery has the potential to revolutionize 

diabetes therapy by providing a convenient, non-invasive 

alternative to injections. While significant progress has been 

made in overcoming the physiological and technological 

barriers, further research is needed to optimize 

bioavailability, ensure scalability, and meet regulatory 

requirements. Collaborative efforts between researchers, 

clinicians, and industry stakeholders are essential to bring 

oral insulin from the laboratory to the clinic. With continued 

innovation and investment, oral insulin could become a 

cornerstone of diabetes management, improving the quality 

of life for millions of patients worldwide. 
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