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ABSTRACT 

Diabetes mellitus currently affects an estimated 635 million individuals worldwide. Insulin therapy remains the primary treatment 

option for patients with type 1 diabetes and those with type 2 diabetes who are unable to achieve adequate glycemic control. 

However, conventional subcutaneous insulin administration poses challenges to patient compliance and quality of life. In contrast, 

oral insulin offers a promising alternative by mimicking the physiological pathways of insulin secretion and hepatic metabolism, 

potentially reducing peripheral hyperinsulinemia and the risk of hypoglycemia. Despite this potential, physiological barriers to 

oral insulin remain, including enzymatic degradation in the gastrointestinal tract, limited epithelial permeability, and entrapment 

in the mucus layer. Accordingly, this review aims to synthesize recent advances in oral insulin formulation, with a particular 

focus on strategies to overcome these barriers, nanotechnology-based delivery systems, and their clinical applications. A 

comprehensive literature analysis was conducted, emphasizing nanocarrier platforms such as polymeric nanoparticles and metal-

organic frameworks. Complementary strategies, such as enteric coatings and absorption enhancers, were also examined for their 

roles in improving intestinal bioavailability and enabling controlled insulin release.  Early-phase preclinical and clinical data 

suggest that these systems can improve therapeutic outcomes and patient adherence. Various formulation approaches have 

demonstrated the ability to protect insulin from enzymatic degradation and enhance intestinal transport. Despite promising 

progress, significant challenges remain in long-term safety, scalable manufacturing, and regulatory approval. Future progress will 

require interdisciplinary innovations in materials science, biomanufacturing, and data-driven optimization, including artificial 

intelligence. Overall, nanotechnology-enabled oral insulin delivery represents a next-generation therapeutic strategy with 

significant potential to transform diabetes management and improve patients' quality of life. 
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INTRODUCTION 

Diabetes is a long-term metabolic disease that 
causes high blood sugar levels due to the body does 
not produce enough insulin, insulin does not 
function properly, or both  [1–3]. Insulin is a 
hormone produced by beta cells in the pancreas 
that maintains and facilitates cellular glucose 
uptake [4–6]. Type 1 diabetes (T1D) arises from the 
destruction of pancreatic beta cells, leading to 
insufficient insulin production and hyperglycemia. 
Type 2 diabetes (T2D), in contrast, occurs when the 
body becomes insulin-resistant, leading to impaired 
glycemic control  [7,8]. Individuals with T1D require 
daily insulin therapy, while those with T2D require 
insulin therapy if other treatments prove ineffective 
or cause significant side effects [5,9].  

It is estimated that 635 million people will have 
impaired glucose tolerance in 2024, and 488 million 
will have high fasting blood glucose levels. It is 
projected that diabetes-related problems will kill 
more than 3.4 million adults between the ages of 20 
and 79 [10]. Insulin is still the main treatment for 
T1D and severe T2D, even though many other drugs 
can help with diabetes. Subcutaneous injection is 
currently the most common method of 
administering insulin. This method of administering 
medication can be uncomfortable, compromising 
patient adherence [11–13].  

Oral insulin offers a physiologically 
advantageous pathway, mimicking endogenous 
insulin secretion by first passing through the liver 
via the portal vein  [14–16]. This hepatic first-pass 
effect is critical, as it can reduce peripheral 
hyperinsulinemia, improve hepatic glucose 
regulation, enhance cellular insulin sensitivity, and 
lower the risk of hypoglycemia compared with 
insulin injection [17–19]. These benefits underscore 
the potential of oral insulin to provide a more 
convenient and physiologically appropriate 
treatment. 

The main challenge with oral insulin is that it is 
a protein degraded by digestive enzymes and 
stomach acid [20,21]. Furthermore, insulin 
molecules are large, making them difficult to absorb 
through the intestinal lining, with less than 2% 
reaching the bloodstream [11,22]. Researchers 
have developed formulation strategies to overcome 
these barriers using polymer- and lipid-based 
nanoparticles, absorption and permeation 
enhancers, mucoadhesive systems, and enteric-
coated capsules. Each approach targets one or 
more barriers to oral insulin absorption. 

This review summarizes recent advances and 
remaining challenges in the development of oral 
insulin formulations, highlighting strategies to 

achieve enhanced stability, higher bioavailability, 
and practical clinical applications. 
 
Barriers to Oral Insulin  

Recent advances in nanotechnology have 
presented novel avenues to improve insulin 
absorption. Encapsulating insulin in nanoparticles 
protects it from gastric acid and enzymatic 
degradation. The formulations are designed to 
prolong residence time in the intestinal lumen, 
increase epithelial permeability, and facilitate 
translocation across the intestinal epithelium [23–
25]. 
 
Gastrointestinal Tract pH and Enzymatic 
Degradation  

The principal limitation of oral insulin delivery 
stems from its instability in the gastrointestinal 
tract (GIT). This instability is particularly in the 
highly acidic gastric environment (pH 1.2–3.0), 
where insulin undergoes denaturation, 
aggregation, and structural destabilization driven 
by acid-catalyzed hydrolysis. Extensive enzymatic 
degradation further compromises its bioavailability. 
Proteolytic enzymes such as pepsin in the stomach 
and trypsin and chymotrypsin in the small intestine 
rapidly cleave insulin, leading to near-complete 
degradation within minutes [25–31].  

A combination of physicochemical and 
biological barriers significantly reduces the amount 
of intact insulin available for absorption after oral 
administration. To address these challenges, pH 
modulators to regulate gastric acidity, enzyme 
inhibitors to limit proteolysis, and permeation-
enhancing agents to facilitate intestinal transport 
have been developed [32,33]. In addition, 
specialised delivery systems with enteric-coated 
formulations have been developed to protect 
insulin from gastric degradation and ensure 
targeted release within the intestinal lumen, such 
as Capsulin and ORMD-0801 [28]. 

 
Poor Epithelial Permeability 
The gastrointestinal tract is lined by a layer of 

epithelial cells comprising various functional cell 
types, including enterocytes, goblet cells, and M 
cells, and is protected by a dynamic mucus layer and 
glycocalyx, which inhibit the absorption of orally 
administered insulin. Also, enterocytes make up 
approximately 90% of the intestinal epithelium and 
are connected by tight junctions (TJs) that restrict 
the passage of most molecules larger than 500 Da 
[20,30,34].  

Insulin, a water-soluble peptide with a 
molecular weight of approximately 5.8 kDa, faces 
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substantial impediments to crossing this epithelial 
barrier [12, 26]. Its hydrophilic nature prevents 
substantial passive diffusion through the lipophilic 
epithelial cell membrane. Concurrently, its size 
exceeds the typical threshold for effective 
paracellular transport through the limited TJs [31, 
32, 34–36]. Although transcellular transport 
mechanisms, such as endocytosis (endocytosis is 
the process by which cells engulf molecules by 
wrapping their membranes around them to form 
internal vesicles) and receptor-mediated transport 
(Insulin binds to the Insulin Receptor (IR), causing a 
conformational change that triggers intracellular 
autophosphorylation) play a role in the absorption 
of protein drugs, the intrinsic properties of insulin 
and the protective function of the intestinal barrier 
limit the natural absorption of insulin [12,26,34–
36]. 

The intestinal lining is a delicate structure with 
small pores, and insulin molecules tend to clump 
together and are zwitterionic at normal body pH, 
reducing their ability to penetrate the epithelial 
barrier. Therefore, compounds that increase tight 
junction permeability in the intestinal epithelium 
are required. Examples include bile salts, trisodium 
citrate, EDTA, Labrasol, and polymeric substances 
such as chitosan. Chemical modifications of insulin, 
such as the synthesis of diacyl insulin derivatives, 
have been studied to improve its absorption while 
maintaining biological activity. However, the 
complex protein structure renders this approach 
technically challenging to scale up [37]. Cell-
penetrating peptides (CPPs) derived from the 
human immunodeficiency virus have been 
successfully used to enhance the transcellular 
transport of oral insulin formulations [20]. 

 
First-pass hepatic metabolism 

The pharmacokinetics of oral insulin are less 
predictable than traditional methods of insulin 
administration via subcutaneous injection, 
primarily due to at least half of the insulin 
undergoes hepatic metabolism [38,39]. Most 
studies show that a combination of metabolic 
degradation and limited intestinal absorption 
results in oral bioavailability of less than 2% [26,40–
42]. However, given that insulin does not readily 
enter the bloodstream, the clinical application of 
oral insulin is challenging. 

 
Mucosal clearance and variability in absorption 

Researchers have developed various strategies 
to improve absorption and overcome the physical 
and chemical barriers associated with oral insulin 
delivery. A significant biological challenge arises 
from the rapid turnover of the mucosal layer, a 

process maintained by constant mucus secretion 
and intestinal motility. As a result, insulin remains 
at the site of absorption for a limited period. 
Moreover, individual physiological differences, 
including gastric emptying rate, intestinal acidity, 
and gut microbiome composition, further 
complicate predictions of insulin absorption [26].  

 
Insulin Delivery Strategies  

Researchers have developed alternatives to 
subcutaneous insulin injections, including infusion, 
pen, inhalation, oral, and transdermal delivery 
methods [43–45]. Among these, continuous 
subcutaneous insulin infusion is commonly used for 
type 1 diabetes, particularly in the pediatric 
population, despite its higher cost and the need for 
comprehensive patient education [43]. Exubera is 
the first inhaled human insulin preparation 
approved for the treatment of type 1 and type 2 
diabetes in adults. However, this product was 
removed from the market because both patients 
and healthcare providers reported it demonstrated 
suboptimal efficacy [43,44].  

Oral insulin therapy more effectively stabilizes 
glycemic levels by passing through the liver via the 
portal vein before entering systemic circulation. 
This reduces hyperinsulinemia, increases cellular 
insulin sensitivity, and prevents hypoglycemia. 
These findings indicate that oral insulin can induce 
rapid effects and sustain stable blood glucose levels 
over time  [46,47]. 

Researchers have been investigating oral insulin 
since its discovery in 1923 to determine whether it 
could mitigate hypoglycemia and to observe the 
immune response to its injection [48–51]. Current 
efforts focus on developing innovative methods to 
deliver oral insulin that make it more stable and 
easier to absorb. Nanotechnology prevents insulin 
from degradation and facilitates its penetration into 
the mucous membrane. In addition, oral insulin 
formulations using ionic liquids significantly 
improve absorption, enabling the development of 
superior oral insulin preparations [46,52–54]. 
 
Nanoparticles 

Oral insulin in tablet and capsule form does not 
effectively permeate the epithelial barrier. To 
address this difficulty, subsequent studies have 
concentrated on nanoparticle-based carriers 
[55,56]. Nanoparticles (NPs) are delivery systems 
that are between 1 and 100 nm in size and exhibit 
colloidal properties in water. NPs enhance stability, 
possess adaptable morphology, and facilitate the 
controlled release of large macromolecules in a 
regulated manner [57,58]. 
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Nanoparticles used to deliver insulin orally are 
often made from natural polymers such as chitosan 
(CS), alginate, starch, dextran, hyaluronic acid (HA), 
gelatin, zein, keratin, and transferrin; synthetic 
polymers such as polylactic acid (PLA), polylactic 
acid-co-glycolic acid (PLGA), polyalkyl cyanoacrylate 
(PACA), polycaprolactone (PCL), polyamide ester 
(PEA), polyvinyl alcohol (PVA), polyamino acids, and 
pluronics; and a number of synthetic porous 
polymers are used  [23,59–62]. Natural polymers 
are desirable because they are biocompatible, 
adhere to mucus, and degrade naturally. On the 
other hand, synthetic polymer carriers have 
structures and physicochemical properties that 
enable precise control. This makes it easier to 
modify drug release and how the drug behaves in 
the body. These synthetic porous polymers enable 
precise control of particle size, surface chemistry, 
and drug release rate [23]. 

Chitosan (CS), derived from chitin, forms 
nanoparticles that prevent insulin from breaking 
down in the stomach and help it reach the 
gastrointestinal tract (GIT) [41]. Chitosan and 
sodium tripolyphosphate (CS/STPP) in a 
microemulsion delivery system help stabilise insulin 
and make it more readily usable by the body. 
Stability testing showed that this formulation 
retained 53.076% of insulin in a pepsin environment 
and 62.982% in a trypsin environment after 60 
minutes. In vivo investigations showed that 
CS/STPP accelerated the onset of action and 
sustained the hypoglycemic effect in diabetic rats. 
The insulin/chitosan/sodium tripolyphosphate 
microemulsion (Ins/CS/STPP-ME) crossed the 
intestinal epithelium and entered the bloodstream 
via lymphatic transport [63]. CS has significant 
promise in the biomedical sector because it can 
degrade, is safe for living organisms, and can bind 
and release a variety of medicinal substances. 
Recent studies suggest that chitosan has the 
potential to revolutionize therapies across fields 
such as tissue engineering, cancer therapy, drug 
delivery, and diabetes management [11]. 

Alginate is a polysaccharide derived from brown 
algae and can be used to make an oral insulin 
delivery system. Because it is biocompatible and 
biodegradable, it offers enhanced biocompatibility 
by reducing the risk of immune reactions and 
toxicity. Alginate-based systems release insulin in a 
controlled way, as the body usually does, and 
prevent it from being broken down. Recent studies 
on the structural properties of alginate have 
enhanced the oral delivery of insulin [11]. Nonionic 
surfactants Labrasol ALF and Labrafil M 2125 CS 
were incorporated into alginate nanoparticles at 
0.10% (v/v) in various combinations to improve 

their oral absorption. For each composition, the 
encapsulation effectiveness was over 80%. The in 
vitro dissolution and enzymatic stability 
investigations showed that insulin was released at a 
higher pH. Simulated intestinal fluid (SIF) had 
broken down after 120 minutes; therefore, 66% of 
the insulin remained. These results indicate that 
this formulation may improve the oral 
bioavailability of insulin [64]. Researchers have 
recently been working on alginate-based insulin 
delivery systems to make alginate hydrogels 
stronger, make insulin release faster, and make 
systems that respond to glucose. The goal of these 
changes is to make insulin delivery more 
personalized and effective. Alginate is 
biocompatible and forms a hydrogel, enabling 
controlled insulin delivery. Although challenges 
remain in controlling release and stability, current 
research is making significant progress in 
addressing these issues. If successful, alginate-
based systems could revolutionise diabetes 
treatment, making it simpler, more effective, and 
less invasive [11]. 

Starch is a biopolymer containing amylose and 
amylopectin. Its low toxicity and biocompatibility 
make it safe for use in oral insulin preparations. Oral 
insulin preparations containing added flour form a 
hydrogel that allows insulin to adhere to the 
intestinal environment and be released in a 
controlled manner. The pH-sensitivity of modified 
carboxymethyl starch (CMS) demonstrated 
potential for oral insulin delivery, supported by 
equilibrium swelling studies in simulated gastric 
and intestinal fluids. Insulin was successfully 
entrapped, and its release profiles were assessed in 
both simulated environments [23,65].  

Dextran is a branched homopolysaccharide 
consisting of glucose molecules linked by α-1,6 
glycosidic bonds. It is mainly produced by 
Lactobacillus sp. from sucrose using the enzyme β-
glucan sucrase. Ordinary amylase enzymes cannot 
break down dextran; only a specific enzyme, 
dextranase, can do so, and it is found in the large 
intestine, liver, spleen, and kidneys. The use of 
dextran in oral insulin preparations protects insulin 
from chemical and enzymatic degradation in the 
digestive tract and enhances absorption by the 
intestinal epithelium, thereby increasing oral 
bioavailability. Commonly used dextran derivatives 
include dextran esters, dextran ethers, and dextran 
dialdehydes [23]. 

HA is a biocompatible, biodegradable material, 
making it suitable for oral insulin delivery. HA is 
abundant in biological tissues, which facilitates 
insulin distribution. The use of HA effectively 
controls insulin delivery; facilitates sustained and 
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pH-responsive insulin release throughout the 
gastrointestinal tract; improves insulin retention, 
absorption, and bioavailability; promotes cellular 
uptake through interaction with the CD44 receptor 
expressed on intestinal epithelial cells; enhances 
protective capacity against enzymatic degradation; 
improves physicochemical stability, and optimizes 
mucosal adhesion during gastrointestinal transit. 
However, HA-based nanoparticles face challenges 
due to limited understanding of the complexity of 
CD44 and its off-target effects. HA-based delivery 
platforms, including HA-coated chitosan 
nanoparticles, have been shown to improve the 
efficiency of insulin delivery [11]. 

Gelatin is a natural biopolymer that can be used 
as a carrier for oral insulin formulations because it 
is safe for the body and degrades naturally. Gelatin 
is a biopolymer that can be used in oral insulin 
formulations because it is safe for the body and 
biodegradable. Compared with other materials, 
gelatin can form nanoparticles or hydrogels that 
control insulin release and prevent its breakdown 
[11]. 

Zein is a natural protein derived from corn that 
is harmless and can be broken down naturally. That 
is why zein is a popular choice for both polymer 
nanoparticles and drugs. Research indicates that 
zein nanoparticles can facilitate oral insulin 
delivery, with a bioavailability of 4.2% to 10.2%. In 
type 1 diabetic mice, these zein nanoparticles 
demonstrated an insulin-loading efficacy of 74.6% 
[23]. 

Keratin is a structural protein found in mammals 
and birds. Studies show that keratin nanoparticles 
improve the efficiency of insulin coating and 
release. Further research is needed to confirm the 
effectiveness of keratin [23]. 

Transferrin (Tf) is an important protein that 
regulates iron absorption and transport. NPs 
modified with Tf have been reported to improve 
oral insulin delivery. However, Tf-coated polymeric 
nanoparticles often exhibit poor insulin release and 
low therapeutic bioavailability [23]. 

PLA is a synthetic polymer made of amphiphilic 
polymers. Its hydrophilic shell and hydrophobic 
core allow it to hold both hydrophilic and 
hydrophobic drugs. PLA-F127-PLA vesicles 
containing insulin markedly decreased blood 
glucose levels in diabetic mice within 4.5 hours after 
an oral administration of 50 IU/kg, with the effect 
lasting for up to 18.5 hours. Additionally, insulin-
loaded PLA-P85-PLA vesicles given at 200 IU/kg 
lowered glucose levels to a minimum after 2.5 
hours and kept them low for more than 14 hours 
[61]. 

PLGA is a synthetic biodegradable polymer that 
forms a film. The US Food and Drug Administration 
(FDA) has approved PLGA for use because it is non-
toxic, non-irritating, and non-immunogenic, and 
allowing drugs to be released over time. PLGA also 
shows good cellular uptake and maintains drug 
stability when combined with insulin nanoparticles 
[45]. PLGA nanoparticles with a slight negative 
surface charge exhibit weaker bioadhesive abilities 
than positively charged nanoparticles. Cationic 
modifications, such as chitosan coating, enhance 
the bioavailability of insulin-loaded PLGA 
nanoparticles by reducing initial burst release and 
improving mucosal adhesion, thereby increasing 
insulin bioavailability. Additionally, Concanavalin A 
was used as a targeting ligand for oral insulin 
formulations, significantly reducing blood glucose 
levels from about 260.17 to 196.33 mg/dL within 3 
hours, with sustained hypoglycemic effects lasting 
24 hours, unlike the effect of PLGA nanoparticles 
without the ligand [61]. 

PACA is a synthetic polymer utilized as a 
biocompatible and biodegradable nanoparticle for 
the oral administration of proteins and peptides. 
The success of PACA systems relies heavily on the 
type of microemulsion used in the formulation, as 
this directly affects how well the drug is trapped 
and released. When the structure changes, it 
becomes more difficult to formulate effectively 
because the nanoparticles lose stability, and it 
becomes harder to control drug release [59].  

Polycaprolactone (PCL) is a biodegradable 
polyester that can be used to create nanoparticles 
for delivering insulin orally. For example, aspart-
insulin in PCL/Eudragit RS nanoparticles can reduce 
plasma glucose levels by up to 52% in diabetic rats. 
The duration of action is 12 to 24 hours, significantly 
longer than the 6 to 8 hours observed with standard 
insulin. This enhancement is presumably 
attributable to improved absorption [61]. 

L-Lysine/L-Leucine based poly(ester amide) with 
bound COOH groups was synthesized for the 
preparation of oral insulin. This copolymer is made 
by solution polycondensation of three monomers. 
This allows insulin to be trapped in PEA 
microspheres via a solid-in-oil-in-oil technique with 
DMF and maize oil. Insulin release depends on pH, 
and hydrophobicity can be altered by adding 
leucine, thereby making the drug more stable and 
easier to absorb. In trials in diabetic rats, 
administering these microspheres orally lowered 
plasma glucose levels by 49.4% within 5 hours and 
maintained the reduction for 8 hours. Later, Arg-
PEA was added to produce blended microspheres, 
resulting in much better hypoglycemic effects [61]. 
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PVA is a polymer that is biodegradable and 
biocompatible. It is noted for its safety and stability 
at high temperatures. It has high mechanical 
strength and is easy to make, enabling it to be 
mixed with natural polymers to create new drug 
delivery systems (DDS) with improved properties. 
Crosslinked CS–PVA polymers have been used to 
develop nano-insulin-loaded hydrogels for 
noninvasive transdermal delivery, which exhibit 
robust thermal and physical properties. 
Additionally, the preparation of PVA nanoparticles 
(NPs) through solid o/w emulsion optimized for 
surfactants demonstrated good properties for 
insulin stabilization and protection, retaining insulin 
bioactivity and producing hypoglycemic effects in 
animal studies. PVA also serves as a stabilizing 
surfactant in the creation of NPs for oral insulin 
delivery [62]. Amino acids play a key role in shaping 
biological systems, and synthetic amino acid side-
chain polymers are now being used in biomedical 
fields due to their ease of production. In recent 
studies, researchers created different types of 
nanoparticles to improve oral insulin delivery. For 
example, CS/poly-g-glutamic acid nanoparticles, 
made by heating PGA acid with CS, lowered blood 
glucose for up to 10 hours and achieved 15.1% 
insulin bioavailability. TMC/gPGA nanoparticles 
have shown potential to help insulin move across 
the intestinal lining. Another approach used a 
gelatin enteric coating on CS-poly(g-glutamic acid) 
nanoparticles to prevent insulin from being 
degraded and to allow it to reach the small 
intestine. This caused blood sugar levels to drop 
slowly. In China, researchers developed 
multifunctional CS-based nanoparticles that were 

safe and effective for oral insulin delivery. In animal 
trials, they showed great effects in decreasing blood 
glucose levels [62]. 

Pluronics, or poloxamers, are amphiphilic 
triblock polymers made up of blocks of 
polypropylene oxide on either side of blocks of 
polyethylene oxide. These granules break down 
naturally and change with temperature. They can 
gel and are grouped by their physical condition and 
molecular weight. The use of Pluronics has been 
shown to improve insulin absorption and maintain 
stable blood glucose levels. Pluronics' ability to gel 
under normal conditions allows for the formation of 
injectable gels for controlled drug release. This 
suggests that Pluronics could be used as a 
nanocarrier to improve insulin delivery [62]. 

Synthetic porous polymers (SPPs) are flexible 
materials that can be tailored to meet each 
patient's needs. Silica, porous coordination 
polymers (PCPs), metal-organic frameworks 
(MOFs), and porous organic polymers (POPs) are 
the four main forms of SPPs. One interesting use of 
POPs is to make anionic silica nanoparticles, which 
are intended to help the body absorb insulin more 
effectively in the gut. These nanoparticles have 
negatively charged surfaces, which make it harder 
for molecules to interact with one another. This 
increases intestinal permeability, allowing insulin to 
enter the body more quickly. Formulations 
containing the ionic liquids choline and geranylate 
have shown improved oral insulin delivery, 
resulting in a 45% drop in blood glucose levels and 
improved insulin absorption [23]. Figure 1 presents 
a review of the nanoparticles typically utilized in 
oral insulin formulations. 

 

Fig. 1. Overview of nanoparticle-based systems for oral insulin 

Gastric  
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Organic metal polymers, particularly coordination 
polymer carriers (PCPs), are promising nanomaterials 
because they degrade in the environment, thereby 
reducing their environmental impact. In 
nanomedicine, polymer carriers (PCPs) have been 
used for photodynamic therapy and oral insulin 
delivery. There are now around 20,000 metal-organic 
frameworks (MOFs). Different methods are used to 
make these frameworks, which have different 
structures, including IRMOFs, ZIFs, CPLs, MILs, and 
UiOs [23].  

Metal-organic frameworks (MOFs) may be useful 
as nanoparticles for oral insulin delivery, as they are 
highly porous, biocompatible, water-soluble, and 
readily degradable. MOFs can transport 
pharmaceuticals in ways that differ from those of 
other materials, either chemically or physically. MOF 
nanoparticles can shield proteins from the extreme 
environments of the stomach and intestines, hence 
enhancing their use in oral macromolecule delivery 
systems. Multiple investigations have demonstrated 
reductions in glucose levels and in the duration 
required to attain peak plasma insulin concentration. 
Also, glucose-responsive MOF microfluidics may hold 
up to 77% and 88% of insulin per unit weight. MOFs 
linked to transferrin had an oral hypoglycemic impact 
and an oral bioavailability of 29.6% [23]. 

Pore-organic frameworks (POFs) are microporous 
and mesoporous materials with high specific surface 
areas and well-defined pore structures, making them 
suitable for oral insulin formulations. Sodium N-[8-(2-
hydroxybenzoyl)aminocaprylate (SNAC) can enhance 
absorption, facilitating insulin transport across 
biological membranes. POFs comprise various classes 
of materials, including hypercrosslinked polymers 
(HCPs), polymers with intrinsic microporosity (PIMs), 
conjugated microporous polymers (CMPs), porous 
aromatic frameworks (PAFs), and covalent organic 
frameworks (COFs). Covalent organic frameworks 
(COFs) are crystalline, have adjustable pore 
dimensions, exhibit inherent regularity, and offer 
unlimited configurations, making them ideal carriers 
for controlled insulin loading and release [23].  

Covalent organic frameworks (COFs), such as 
imines, imides, hydrazones, and triazines, have 
potential as oral insulin delivery systems. In 2016, two 
nanoscale porous COFs loaded with anticancer drugs 
demonstrated high dispersion and effective drug 
release in laboratory tests. In 2018, a polymer-COF 
nanocomposite facilitated doxorubicin delivery and 
inhibited tumour growth. In 2021, a safe imine COF 
(TTA-DFP-nCOF) was developed for oral insulin 
delivery and demonstrated improved insulin loading, 
favourable biocompatibility, and enhanced 
bioavailability [23]. 

Nanotechnology-based drug delivery methods, 
including chitosan-polylactic-co-glycolic acid (PLGA) 
polymer nanoparticles, protect insulin from enzymatic 
degradation, promote better adherence to mucosal 
surfaces, and facilitate intercellular insulin movement 
[36,66,67]. Cells typically take up these nanocarriers 
via endocytosis, which is influenced by particle size, 
surface charge, and the balance between hydrophobic 
and hydrophilic properties. In general, these 
nanocarriers improve drug efficacy, reduce side 
effects, and make it easier for patients to adhere to 
their insulin therapy [56,68]. Figure 1 shows a list of 
nanoparticle materials that can be used to make oral 
insulin. A comparative analysis of nanoparticle-based 
oral insulin delivery systems is presented in Table 1. 
 
Absorption Enhancer and Mucoadhesive  

Absorption enhancers increase intestinal 
permeability, thereby facilitating the absorption of 
oral peptides. Common absorption enhancers include 
fatty acids, salts, bioadhesive polymers, and 
surfactants [36,69]. 

Fatty acids produced from triglyceride digestion 
increase intestinal permeability. Fatty acids produced 
from triglyceride digestion increase intestinal 
permeability. Capric acid was one of the first fatty 
acids used to enhance absorption, and the FDA has 
approved its use in oral insulin. A concentration of 1.5-
2% is safe and can increase insulin bioavailability. The 
mechanism of action of fatty acids is the activation of 
phospholipase C and the release of calcium with 
calmodulin-dependent actin filament contraction. 
These changes cause damage to the plasma 
membrane, facilitating insulin penetration [69]. 

SNAC, or Sodium N-[8-(2-hydroxybenzoyl) amino]-
caprylate, is an additive that enhances the oral 
absorption of large molecules. SNAC was used in 
Semaglutide tablets to help control blood sugar in 
2019. SNAC forms noncovalent complexes with 
peptides, increasing their fat solubility and helping 
them penetrate cell membranes, and forms stable 
complexes with insulin [69]. 

Mucosal adhesive (MA) formulations are designed 
to enhance adhesion and binding to the mucosal layer 
throughout the gastrointestinal tract, thereby 
improving insulin absorption. MA formulations exhibit 
positive charges that interact electrostatically with the 
negative charges of mucin glycoproteins. Factors 
affecting mucosal adhesion include particle size, 
surface charge distribution, and surface modification. 
PLA, PLGA, poly(sebacic acid) (PSA), and poly(acrylic 
acid) (PAA) facilitate interpenetration of polymer 
chains. This interpenetration improves stability. This 
review examines several methods for making MA 
formulations [70]. 
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Table 1. Comparison of nanoparticle-based systems for oral insulin 

Nanoparticle 

Material 
Modification/Formulation 

Stability (Acidic 

pH) 

Rationale for 

Modification 

Insulin 

Bioavailability 

Blood Glucose 

Reduction 
Ref. 

Chitosan/Sodium 

Tripolyphosphate 

(CS/STPP) 

Nanoparticle 

53.08% insulin 

retained in 

pepsin (60 

min) 

Protection from 

enzymatic degradation; 

enhanced 

mucoadhesion via 

positive charge 

Not explicitly 

reported 

Accelerated onset; 

sustained 

hypoglycemic 

effect 

[63] 

Alginate + Labrasol 

ALF/Labrafil M 

2125 CS 

Nonionic surfactant 

incorporation 

Excellent 

(enteric 

protection) 

Improved absorption; 

controlled release 

>80% encapsulation 

efficiency 
N/A [64] 

Carboxymethyl 

Starch (CMS) 
pH-sensitive hydrogels 

Good 

(equilibrium 

swelling 

studies) 

pH-responsive release; 

mucoadhesion 

Not explicitly 

reported 
N/A [23,65] 

Zein nanoparticles Unmodified zein NPs Moderate 

Biocompatible protein 

carrier; hydrophobic 

core for insulin loading 

4.2–10.2% 

bioavailability 
 [23] 

PLA-F127-PLA 

vesicles 

Amphiphilic block 

copolymer 

Good 

(controlled 

release) 

Hydrophilic 

shell/hydrophobic core 

for dual drug loading 

Not explicitly 

reported 

Decreased blood 

glucose within 4.5 

h (50 IU/kg); effect 

lasted 18.5 h 

[61] 

PLGA nanoparticles 

(chitosan-coated) Cationic modification with 

chitosan 
Excellent 

Reduced burst release; 

enhanced mucosal 

adhesion; improved 

bioavailability 

Not explicitly 

reported 

Improved glucose 

control 
[61] 

PCL/Eudragit RS Polymer blend 
Good (enteric 

coating) 

Prolonged insulin 

release; enhanced 

absorption 

Not explicitly 

reported 

52% reduction in 

plasma glucose; 

12–24 h duration 

[61] 

Poly(ester amide) 

(PEA-COOH) 

L-Lysine/L-Leucine-based; 

Arg-PEA blend 

pH-dependent 

release 

Tunable hydrophobicity; 

improved stability and 

absorption 

Not explicitly 

reported 

49.4% reduction 

within 5 h; 8 h 

duration 

[61] 

Zwitterionic 

micelles (PCB/DSPE) 

Zwitterionic surface 

coating 
Good 

Mucus penetration 

without tight junction 

opening 

42.6% oral 

bioavailability; 

43.4% 

pharmacological 

activity 

Superior to 

polysorbate 80 

(8.4% 

bioavailability) 

[69,70] 

Transferrin-MOF 

nanoparticles 

MOFs with transferrin 

ligand 

Good (MOF 

structure) 

Receptor-mediated 

transcytosis via 

transferrin receptors 

29.6% oral 

bioavailability 

Hypoglycemic 

effect confirmed 
[23,71] 

Thiolated Eudragit 

nanoparticles 
Thiomer modification Good 

Disulfide bond 

formation with mucin; 

prolonged mucosal 

retention 

7.33% vs. 2.65% 

(unmodified 

Eudragit) 

28% reduction 

over 12 h 
[69] 

Chitosan (CS) forms nanoparticles that enhance 
peptide absorption upon oral administration. Due 
to its intrinsic charge, CS exhibits increased 
adhesion to mucus and facilitates its interaction 
with proteins in cell membranes. Studies have 
shown that chitosan nanoparticles facilitate cell 
motility. These actions make it easier for orally 
administered peptides to be absorbed. Using these 
sticky properties, a mucoadhesive platform has 
been made. It increases the time insulin remains in 
the intestinal lining and enhances its absorption 
[69,70]. Several preclinical studies have shown 
promising results, but further work is needed to 
improve the bioavailability and controlled-release 

profiles of oral insulin formulations using chitosan-
based carriers [19]. 

Thiolated polymers, also known as thiomers, are 
mucoadhesive polymers with thiol-bearing side 
chains. Through thiol/disulfide exchange reactions 
and/or simple oxidation processes, disulfide bonds 
are formed between these polymers and the 
cysteine-rich subdomains of mucus glycoproteins 
that form the mucus gel layer. In contrast, lectin-
bound carriers interact with carbohydrate moieties 
on epithelial cells to promote transcytosis. Thiol 
polymers also impede mucociliary clearance. This, 
in turn, increases insulin bioavailability. 
Nevertheless, the long-term immunogenicity of  
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Table 2. Comparison of absorption enhancers for oral insulin 

Absorption Enhancer Class Mechanism of Action 

Reported 

Bioavailability 

Enhancement 

Clinical Status Ref. 

Sodium caprate (C10) 
Medium-chain 

fatty acid 

Increased permeation by opening epithelial 

tight junctions and increasing membrane 

fluidity in the intestine 

Significant 

improvement 

Approved for 

exipient; clinical 

trials ongoing 

[78] 

Sodium N-(4-

chlorosalicyloyl)-4-

aminobutyrate (4-CNAB) 

Salicylate 

derivative 

facilitate insulin absorption through the 

transcellular pathway 

Promising preclinical 

enhancement 

Eligen® 

technology; phase 

II/III 

[26] 

Chitosan 
Polymeric 

bioadhesive 

Electrostatic interaction between the positive 

charge of chitosan and the negative charge on 

the cell surface, which causes the opening of 

tight junctions between cells 

~10% 
Preclinical to early 

clinical 
[72] 

Thiolated polymers 

(thiomers) 

Polymeric 

mucoadhesive 

Opening tight junctions (connections between 

cells) in the epithelium 

Up to 7.33% 

bioavailability 
Preclinical [69] 

Labrasol (caprylocaproyl 

macrogol-8 glyceride) 
Surfactant opening tight junctions between epithelial cells 

>80% encapsulation 

efficiency in alginate 

systems 

Preclinical [64] 

lectins remains a significant concern. It requires 
further investigation [71–73]. Oral administration 
of insulin-loaded thiolated Eudragit nanoparticles in 
diabetic rats achieved a 7.33% insulin 
bioavailability, surpassing that of Eudragit 
nanoparticles at 2.65%. This method also resulted 
in a 28% decrease in blood glucose levels over 12 
hours [74]. A comparative analysis of absorption 
enhancers for oral insulin delivery is presented in 
Table 2. 
 
Permeation enhancers 

A primary challenge with oral insulin 
formulations is the inherent difficulty of insulin in 
penetrating mucus and the intestinal epithelium. 
The viscosity, negative charge, and hydrophobic 
properties of the mucus layer limit the entry of 
cationic and hydrophobic agents. Particle size also 
affects the ability to penetrate mucus. New studies 
aim to improve insulin absorption by using 
zwitterionic compounds, cell-penetrating peptides, 
and intestinal receptor ligands [75]. 

Penetrating compounds are intended to 
penetrate mucosal surfaces, and permeability 
enhancers can increase intestinal absorption by 
modulating the epithelial barrier. The most widely 
studied permeability enhancers include surfactants 
and bile salts, which disrupt tight junctions or alter 
membrane flexibility. Although effective in 
preclinical trials, their clinical usefulness is limited 
by side effects leading to intestinal irritation and 
cellular toxicity [76–78].  

A new method using zwitterionic materials such 
as 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE) and zwitterionic 
polycarboxybetaine (PCB). The use of these 

materials facilitates the efficient penetration of 
insulin across the mucosal barrier. The use of PCB 
has been shown to provide insulin bioavailability of 
27.0%. Changes in the surface charge of 
nanoparticles are employed to enhance oral insulin 
delivery [74,75]. In vivo testing in diabetic rats 
showed that orally delivered insulin via zwitterionic 
micelles achieved a bioavailability of 42.6% and 
pharmacological activity of 43.4%. In contrast, 
polysorbate 80 insulin capsules demonstrated 
significantly lower bioavailability (8.4%) and 
pharmacological activity (8.6%) [74,79]. 

Cell-penetrating peptides (CPPs), or protein 
transduction domains (PTDs), are short sequences 
of 4–30 amino acids that can traverse cell 
membranes with minimal toxicity. They facilitate 
the intracellular delivery of bioactive substances, 
including nucleic acids and small drugs, through 
various mechanisms. Modification of the 
formulation with cell-penetrating peptides (CPPs) 
significantly enhances insulin internalization and 
transport across the intestinal epithelium. Arginine, 
a critical residue in CPPs, has also been modified to 
increase permeability. Core-shell structured 
nanoparticles have been developed to enhance 
mucus penetration and cellular internalization. 
When coated with a layer of the hydrophilic 
copolymer N-(2-hydroxypropyl) methacrylamide, 
these nanoparticles exhibit 20 times higher 
absorption than free insulin. Advancements in CPP 
technology have been shown to enhance insulin 
absorption and delivery [80].  

 A common strategy in antibody engineering is 
to modify the Fc region, which facilitates enhanced 
binding of immunoglobulin G (IgG) across different 
pH environments and enhances its circulation 
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within the body. Modifications to material 
properties can enhance absorption. Albumin and 
transferrin can also function as ligands, binding to 
FcRs and aiding transport through the epithelium. 
Other ligands, such as folate, biotin, vitamin B12, 
and peptides, are used to functionalize materials 
and increase permeability through passive 
mechanisms by binding to specific transporters. In 
the presence of a carrier, insulin is facilitated into 
intestinal epithelial cells [74].  

 Hydrophilic-coated carriers are not only smaller 
in size but also have less contact with the mucosa. 
The presence of carriers allows insulin to penetrate 
more easily and then be transported across the 
epithelium. Among these materials, the hydrophilic 
properties, neutrality, and strong affinity for 
epithelial cells in PCBs position them as optimal 
candidates for enhancing insulin absorption [75]. 

The adverse effects of permeation enhancers 
that modulate tight junctions via paracellular 
transport include disruption of barrier integrity and 
a transient increase in the risk of autoimmune 
disorders. Conversely, cell-penetrating peptides 
with nonspecific mechanisms may facilitate the 
uptake of coexisting compounds. Consequently, 
safety evaluations of permeation enhancers must 
consider not only acute effects but also the 
consequences of chronic administration, as 
diabetes management requires lifelong therapy 
[81]. 

Permeation enhancers (PEs) such as sodium 
deoxycholate (SDC) and sodium caprate (C10) 
modulate the intestinal epithelial barrier and 
facilitate macromolecular absorption. SDC and C10 
induce increased claudin-2 expression in the 
intestinal epithelium. Increased claudin-2 
expression is associated with impaired epithelial 
barrier integrity and inflammatory processes in the 
gastrointestinal tract. In conditions such as 
inflammatory bowel disease, increased claudin-2 
levels contribute to increased paracellular 
permeability, which can exacerbate inflammation 
and facilitate luminal antigen translocation. 
Therefore, the PE-induced increase in claudin-2 can, 
in principle, be interpreted as an indicator of 
epithelial damage or an inflammatory response. 
Although SDC and C10 can transiently increase 
claudin-2 levels, studies of long-term 
administration of these agents show that changes 
in tight junction protein gene expression often 
return to normal after drug withdrawal. 
Furthermore, this suggests that SDC and C10-
induced epithelial disruption is transient and 
reversible. This reversibility is an important factor in 
assessing the overall safety profile of SDC and C10 
in oral drug administration, distinguishing transient 
functional changes from ongoing pathological 
damage [82].  

 

Table 3. Barriers and strategies to overcome them for oral insulin 

Barriers Strategies Examples of agent Ref. 

Biochemical 
pH 

 
Enzymes 

 
Enteric coating 

 
Protease inhibitors 

 
CODES, Capsulin, and ORMD-0801 

 
Soyabean trypsin inhibitor, camostat mesylate, duck and chicken 

ovomucoid, aprotinin, bacitracin, na-glycocholate, N-
acetylcysteine, sodium cholate, and chelating agent 

 
[28] 
 

[20,26,28] 
 

 
Physiological 

Mucus 
 
 
 
 

Cellular 

 
Mucoadhesive systems 

Mucus penetration 
systems 

 
 

Permeable enhancers 
Cell-penetrating 
peptides (CPPs) 

 
Absorption enhancers 

 
Chitosan, alginate, polyacrylic acid 

 
Virus-mimetic zwitterionic surface, hydrophilic polymers like PEG 

chains, pHPMA derivatives, and self-nanoemulsifying drug delivery 
systems 

 
Sodium caprate (C10), labrasol, salcaprozate sodium, acyl carnitine, 

penetratin, oligoarginine, transportan, and TAT 
 
 

EDTA, surfactants, fatty acids, ZOT, bile salts, surfactants, 
polyethylene glycol, trisodium citrate, labrasol, polymeric 

compounds, silica nanoparticles and FITC−DX4 

 
[28] 
 

[20,28,84] 
 

 
 

[28,84] 
 

 
 

[9,28,29,32] 

 
Physicochemical 

of insulin 

 
Peptide cyclization 
removes N and C 

termini from peptides 

 
Peptide cyclization using a disulfide bridge, the two cysteine 

residues form a disulfide bridge between their side chains, forming 
a cyclic peptide 

 
[33] 
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Oral capsules with enteric coating 
Enteric-coated oral capsules aim to prevent the 

release of active compounds in the digestive tract 
and dissolve in the small intestine. There are three 
main approaches in targeting oral drugs in the 
colon, namely: (1) utilizing the microflora in the 
colon environment and/or enzymes, with this 
anaerobic nature, which is a characteristic of the 
microflora, requiring enzymatic degradation of 
biodegradable polymers such as polysaccharides; 
(2) pH-dependent with a target pH of 5-8 using pH-
sensitive polymers; and (3) time-dependent 
preparations (3-4 hours) that delay drug release 
[83]. The insulin release profile is further modulated 
by gastrointestinal transit time, luminal pH, and 
fluid composition, all of which influence 
nanoparticle stability and insulin release. 
Researchers have enhanced the pharmacokinetic 
characteristics of oral insulin by using enteric-
coated nanoparticles, suggesting that oral insulin 
could be a viable option [84]. Table 3 presents the 
main problems with delivering insulin orally and the 
plans to address them. 
 
Preclinical and clinical advances 
Preclinical studies 

Preclinical research indicates the feasibility of 
oral insulin. In diabetic mouse models and non-
human primates (NHPs), it has been consistently 
shown that the bioavailability of orally 
administered insulin is significantly improved when 
combined with nanoparticle carriers, 
mucoadhesive polymers, and permeability 
enhancers. For example, sustained glucose-
lowering effects were achieved with chitosan-
coated nanoparticles in streptozotocin-induced 
diabetic mice, and marked increases in intestinal 
absorption and improved glycemic control were 
observed in a canine model using lipid-based 
nanocarriers. While there is variability in 
pharmacokinetics across platforms, these findings 
support enhanced oral insulin absorption by 
reducing enzymatic degradation and increasing 
systemic exposure [85–87]. 
 
Clinical candidates 

This section details studies on various oral 
insulin formulations. Biocon’s clinical trials involve 
IN-105, a modified insulin analog with improved 
solubility and stability. In contrast, the Emisphere 
formulation uses monosodium N-aminobutyrate to 
enhance absorption [26,28,33].   In a study of 20 
patients with type 2 diabetes, IN-105 reduced blood 
glucose levels across all tested doses. Higher doses 
resulted in six cases of hypoglycemia in five 
individuals, and increased triglyceride levels were a 

side effect. Preliminary studies have examined the 
effect of IN-105 on the absorption of metformin 
and sodium caprate, showing increased absorption 
of both. Additionally, IN-105 can be combined with 
metformin to maintain elevated postprandial 
insulin levels [26]. 

RMD-0801, developed by Oramed 
Pharmaceuticals, is a nanoparticle capsule 
encapsulating insulin. ORMD-0801 failed to meet its 
primary efficacy endpoint in a 26-week Phase 3 
clinical trial, despite positive results from Phase 1 
and Phase 2 trials. The Phase III trial of ORMD-0801 
failed to meet its primary efficacy endpoint, 
although the study results have not been published. 
In this double-blind study, participants were 
randomly assigned to three groups, each receiving 
ORMD-0801 8 mg once daily, twice daily, or a 
placebo for 26 weeks. Participants were expected 
to undergo a 26-week extension period, but the 
study was stopped based on the primary results at 
week 26. The primary efficacy endpoint was the 
mean change in A1C from baseline at week 26, 
while the secondary endpoint was the mean change 
in fasting glucose levels. ORMD-0801 8 was no 
better than the placebo at improving glycemic 
control. Consequently, the failure of the Phase 3 
clinical trial hampered the development and 
commercialization of oral insulin therapy [14,26]. 
Currently, ORMD-0801 is the most advanced oral 
insulin in clinical development and successfully 
reduced fasting plasma glucose and HbA1c levels 
(i.e., glycemic control) by a moderate but 
statistically significant amount in individuals with 
type 2 diabetes (T2D) [26,88–90].  

In a Phase I clinical study, NN1952 was shown to 
be safe in healthy volunteers with type 2 diabetes 
(T2D). Four treatments were administered: NN1952 
at a non-hypoglycemic dose, insulin aspart with 
glucose clamp, NN1952 15 minutes before meals, 
and oral placebo 15 minutes before meals. The 
14,400 nmol dose resulted in greater insulin 
exposure, with Cmax at 1.5 hours. Its bioefficacy 
was 0.7%. Meanwhile, no significant differences in 
postprandial blood glucose levels were observed 
between treatment groups in the prandial study 
[26]. 

I-338, a new oral basal insulin, has been tested 
in Phase I and Phase II clinical trials. The Phase I trial, 
sponsored by Novo Nordisk A/S, measured adverse 
events, and the Phase II trial examined the effect of 
I-338 on fasting plasma glucose concentration 
compared to SC insulin glargine. The study found no 
significant difference in mean glucose 
concentrations, except for a significant reduction in 
HbA1c [26]. 
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A study examined the PK/PD profile of Capsulin 
using an isoglycemic glucose clamp technique. 
Participants were divided into two groups: one 
received 150 U Capsulin twice daily, followed by 12 
U SC Actrapid, and the other received Actrapid at 
the same dose twice daily. To explore the in vivo 
pharmacodynamics of Capsulin, researchers varied 
the glucose infusion rate (GIR) and dextrose 
infusion rate. Actrapid showed increases in the 
maximum concentration (Cmax) and the area under 
the GIR curve (AUC), which correlate with Capsulin’s 
cellular activity [26]. 

Nobex Corporation evaluated the effectiveness 
of HIM-2 for postprandial glycemia in patients with 
T2D. Three dose levels were tested, and analysis 
revealed no statistically significant differences in 
glucose levels between groups [26]. 

Rani Therapeutics developed RaniPill™, a 
biocompatible, enteric-coated capsule that enables 
the insertion of sucrose-based microneedles into 
the small intestine for direct mucosal drug delivery. 
This results in approximately 70% bioavailability of 
octreotide. MIT and Novo Nordisk have developed 
a microneedle-based capsule device for GI insulin 
delivery with up to 80% bioavailability [91]. 

HDV is composed of natural phospholipids and 
vitamins, which are generally recognized as safe. 
HDV-I is a nanoparticle with very low toxicity, 
specifically targets hepatocytes, and is effective in 
animal models of diabetes. The results showed that 
HDV injected peripherally into hyperglycemic 
diabetic dogs efficiently delivered insulin to the liver 
and increased hepatic glucose uptake with a 
potency 100 times greater than that of the same 
dose of recombinant insulin [92].  

NOD Pharmaceuticals developed Nodlin™, an 
oral insulin consisting of insulin nanoparticles in a 
bioadhesive enteric capsule. Results of a Phase I 
study in 12 healthy volunteers reported a glucose 
reduction similar to that of subcutaneous Hagedorn 
neutral protamine insulin, with a bioavailability of 
37%, although with substantial variability (standard 
deviation [SD] of 90%) [20].  

HIM-2 (hexyl-insulin monoconjugate 2) is an 
experimental oral insulin formulation studied in 
phase I/II clinical trials for the treatment of type 1 
and type 2 diabetes. HIM-2, a treatment studied in 
a three-way, randomised, single-blind, placebo-
controlled crossover dose-escalation study by 
Nobex Corporation, aimed to assess its efficacy and 
safety in managing postprandial glucose levels in 
patients with T2DM. Subjects were divided into 
0.375, 0.5, and 1.0 mg/kg dose groups and received 
HIM-2, insulin, or placebo for three days. Results 
showed no significant differences in glucose 
parameters between the 0.375 mg/kg HIM-2 and 

placebo groups. However, HIM-2 at 0.5 and 1.0 
mg/kg demonstrated better control of plasma 
glucose than placebo. No serious adverse events 
occurred, and common side effects included 
headache and anemia [26,93].  

The biotech company Oshadi Drug 
Administration Ltd. advanced its Oshadi-Icp 
formulation into Phase II clinical trials 
(NCT01973920) for patients with Type 1 Diabetes 
(T1D). The formulation comprises enteric capsules 
containing insulin, proinsulin, and C-peptide, each 
associated with a silica nanoparticle core. Initial 
results indicate an effective reduction in plasma 
glucose levels and a good safety profile after 
multiple oral doses. Nevertheless, development has 
stalled pending evaluation of the clearance of silica 
nanoparticles from the body to prevent long-term 
accumulation. Additionally, the low bioavailability 
of oral insulin formulations necessitates high 
dosing, impacting the commercial viability of the 
treatment [74]. A summary of several oral insulin 
preparations currently under development is 
shown in Table 4. 

 
Semaglutide for Peptide Oral Delivery 

The FDA authorized Novo Nordisk's oral 
semaglutide (Rybelsus®) as the first oral peptide 
treatment. It also contains sodium N-[8-(2-
hydroxybenzoyl) amino]caprylate (SNAC), a 
permeability enhancer that facilitates the drug's 
absorption in the stomach and its attainment of 
therapeutic plasma levels. The positive outcomes 
from clinical trials and worldwide approval of oral 
semaglutide demonstrate the feasibility of oral 
administration for peptide medications. This 
supports the further development of oral insulin 
[94,95]. 

In general, the pharmacokinetics of oral vs. 
subcutaneous semaglutide are as follows: oral 
semaglutide is absorbed considerably more rapidly 
(Tmax ~1–1.75 hours) than subcutaneous injection 
(Tmax ~24–77 hours); oral bioavailability is very low 
(~0.8%), resulting in greater variability. However, 
once-daily dosing and a long half-life help maintain 
stable drug levels. Despite its low bioavailability, 
oral semaglutide improves blood glucose control 
and promotes weight loss, but it requires higher 
doses than injections. Renal and hepatic 
impairment, as well as gastrointestinal disease, do 
not significantly affect drug exposure. Body weight 
affects pharmacokinetics but does not require dose 
adjustment; unlike most oral medications, 
semaglutide is absorbed in the stomach, aided by 
SNAC, which increases permeability. Food reduces 
absorption; consequently, it is recommended to 
administer on an empty stomach. Semaglutide has  



 
 

M. Munirah et al/ Oral Insulin Delivery: Nanocarriers and Strategies 

 

 
 

  Nanomed J. 13: 1-, 2026                                                                                                                                                                                   13             

 
 

 

Table 4. Various oral insulin currently under development 

Name Form Company Ref 

IN-105 (Tregopil) Modified insulin, a recombinant human insulin with a 
short-chain amphiphilic oligomer, enhances oral 
hydrophobicity, protein stability, and enzymatic 

degradation resistance by reacting with methoxy tri-
ethylene glycol 

Biocon [26,28] 

ORMD-0801 The capsule utilized bile salts as a permeation enhancer 
and aprotinin as a protease inhibitor 

Oramed Pharmaceutics [28,34] 

NN1952 The formulation uses an oily suspension with a transient 
permeation enhancer to encapsulate insulin, facilitating 

its delivery through the gastrointestinal tract and 
lowering blood glucose levels. 

Novo Nordisk 
 

[26,34] 

I‑338 Oral insulin 338 (I338) is a long-acting, basal insulin 
analogue formulated in a tablet with sodium caprate for 

enhanced absorption 

Novo Nordisk 
 

[26] 

Eligen® 
 

Eligen® insulin formulations use monosodium N-(4-
chlorosalicyloyl)-4-aminobutyrate (4-CNAB) as a 

permeation enhancer, along with sodium N-[8-(2-
hydroxybenzoyl)amino] caprylate (SNAC) and other 
similar agents, to protect against degradation and 

facilitate hormone absorption through the intestinal 
wall. 

Emisphere Technologies, 
Inc 

[26] 

Capsulin The capsule is an enteric-coated form that contains a 
blend of solubilizer and permeation enhancer, 

specifically aromatic alcohols 

Diabetology 
 

[34] 

RaniPill™ 
 

RaniPill™, a biocompatible, enteric-coated capsule 
designed to insert sucrose-based microneedles into the 
small intestine, facilitating direct mucosal drug delivery. 

Rani Therapeutics [91] 
 
 

HDV-1 HDV-1, a formulation of liposomes with a diameter of 
less than 150 nm, is designed to selectively target the 

liver 

Diasome 
 

[20,34,69] 

Nodlin 
 

HIM-2 
 
 

Oshadi-Icp 
 

The bioadhesive enteric-coated capsule contains insulin 
nanoparticles to enhance retention and absorption in 

the GIT 
An insulin-oligomer conjugate formed by the covalent 

attachment of a low- molecular-weight amphiphilic 
polymer to the lysine moiety at position 29 of the β 

chain. 
Silica Nanoparticles: Enteric capsules containing insulin, 

proinsulin, and C-peptide non-covalently associated 
with a silica nanoparticle core and embedded in an oil 

phase 

NOD technology 
 

Nobex Corporation 
 
 

Oshadi Drug 
Administration Ltd. 

Rehovot, Israel 

[28] 
 

[26] 
 
 

[69] 

minimal clinically relevant drug interactions, 
although it may slightly alter the absorption of 
some drugs due to delayed gastric emptying [96]. 

The pooled analysis revealed that subcutaneous 
semaglutide achieved significantly greater 
reductions in HbA1c than oral semaglutide. For 
weight reduction, subcutaneous semaglutide was 
more effective, though the difference was not 
statistically significant. Patients receiving oral 
semaglutide had a significantly higher risk of 
discontinuing treatment due to adverse events. 
Both formulations demonstrated clinical benefit, 
but subcutaneous semaglutide provided superior 
glycemic control with fewer adverse events [97]. 

 
Challenges and Future Perspectives 

Research on oral insulin is progressing rapidly, 
but many obstacles remain before clinical 
implementation. Early research suggests that 

individuals respond differently to oral insulin, 
making it difficult to ensure the effectiveness of a 
universal treatmenty [11,98]. Gastrointestinal pH, 
enzyme levels, and gut bacterial composition 
collectively influence insulin absorption kinetics, 
thus impairing glycemic control [99]. Continued 
research and innovation are essential to provide 
more effective and convenient treatment options 
for patients with diabetes. 

Large-scale production and storage of oral 
insulin are also challenging, as variations in 
temperature, pH, and storage duration can 
compromise insulin stability. New approaches, such 
as the use of nanoparticles and encapsulation, add 
complexity to the manufacturing process and 
increase production costs [32,85]. Further research 
should simplify production techniques to improve 
scalability and consistency. Cost-effective 
nanoparticle-based technologies should be 
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optimized to reduce production costs. In addition, 
process optimization should focus on reducing 
material usage, processing time, and production steps 
to maintain therapeutic efficacy and ensure the 
commercial viability of nanoparticle-based delivery 
systems  [30]. 

Although oral insulin delivery systems have 
advanced, scaling up production for clinical use 
remains a challenge, limiting their real-world impact. 
To address this, researchers are turning to 
biomanufacturing technologies that can make 
production more efficient and cost-effective. For 
example, microfluidic devices allow for precise 
synthesis of nanoparticles and hydrogels, supporting 
large-scale, high-quality manufacturing. Automation 
in encapsulation processes also improves consistency 
and facilitates adherence to clinical standards. Using 
green chemistry principles in manufacturing can 
further reduce environmental impact and costs, 
thereby enhancing the sustainability and practical 
applicability of these systems. While challenges to 
scaling production and long-term safety remain, 
ongoing research suggests that these barriers can be 
overcome, thereby enabling more efficient and 
accessible diabetes care. Continued innovation in 
materials science and biomanufacturing could 
transform diabetes management, improving 
treatment effectiveness and quality of life [11]. To be 
successful, oral insulin must be high-quality and 
affordable, but high production costs continue to 
restrict its availability, especially in low- and middle-
income countries [66,100]. 

The Role of Artificial Intelligence (AI) in 
contributing to the enhancement of oral insulin 
development by accelerating and optimizing research 
precision. AI's role includes: AI can facilitate the design 
of optimized insulin molecules and nanoparticles by 
predicting stability, absorption, and biological activity, 
minimizing empirical experimentation;  AI with 
machine learning assists in identifying optimal 
combination of ingredients and processing conditions, 
improving efficiency and scalability; AI-based models 
can simulate the in vivo pharmacokinetics and 
pharmacodynamics of oral insulin, contributing to the 
optimization of dosing and reducing experimental 
work; AI can personalize insulin doses using patient 
data (e.g., glucose levels), but this is more complex for 
oral insulin due to slower and more variable 
absorption; AI can optimize clinical trial design and 
execution, and identify optimal responders; however, 
challenges remain, including data quality, model 
transparency, and regulatory approval [81]. 
 
CONCLUSION 

Oral insulin administration is an alternative to 
conventional injectable insulin, offering physiological 

advantages such as reduced peripheral 
hyperinsulinemia, and potentially improved patient 
compliance. Major barriers to oral insulin are 
enzymatic degradation, poor epithelial permeability, 
mucus entrapment, and high variability in absorption. 

Recent advances in nanotechnology demonstrate 
enhanced insulin stability and facilitate its transport 
across biological barriers. However, no single platform 
has yet emerged as universally optimal. Polymeric 
systems such as chitosan and PLGA offer robust 
mucoadhesion and safety profiles,while more 
advanced materials, such as MOFs and zwitterionic 
systems, demonstrate higher bioavailability but still 
face concerns about biocompatibility and long-term 
scalability. The hybrid systems, by integrating the 
advantages of different nanocarriers—such as 
providing an enteric coating to protect insulin. 

Despite promising preclinical results, translation 
into clinical success remains limited. The failure of 
ORMD-0801 in late-stage testing highlighted 
challenges associated with insufficient and variable 
bioavailability, high dose requirements, and 
inconsistent pharmacokinetics. 

Future progress will be based on mechanism-
based rational design and direct comparative 
evaluation of delivery systems. Standardized 
pharmacokinetic and pharmacodynamic data, along 
with well-designed clinical trials, are essential for 
identifying effective nanoparticles for oral insulin 
formulations. In this context, artificial intelligence and 
data-driven modeling offer potent tools for optimizing 
formulation design, predicting in vivo outcomes, and 
personalizing therapy, thereby reducing development 
time and failure rates. 

Although oral insulin is not yet in clinical use, 
advances in nanotechnology and computational 
approaches provide a realistic pathway to its clinical 
use. 
 
ACKNOWLEDGMENTS 

The authors would like to thank the RIIM LPDP 
Grant and BRIN for funding the research. The authors 
also thank Zian Nora Berliana and Ahmad Gibran M 
from the Department of Food Science and 
Biotechnology, Brawijaya University, for their 
assistance in completing the manuscript. 
 
ETHICAL APPROVAL 

This review article does not contain any studies 
performed by any author with human participants or 
animals. 
 
FUNDING  

This research was funded by RIIM LPDP Grand 
and BRIN, grant No. 9/III/HK/2022. 
 



 
 

M. Munirah et al/ Oral Insulin Delivery: Nanocarriers and Strategies 

 

 
 

  Nanomed J. 13: 1-, 2026                                                                                                                                                                                   15             

 
 

CONFLICTS OF INTEREST 
The authors declare there are no competing 

interests to declare. 
 
DECLARATION OF GENERATIVE AI TOOLS 

During the preparation of this work, the authors 
did not utilize any AI-assisted technologies. 
 
DATA AVAILABILITY 

All data are included in the published article and 
will also be available after publication. 

 
AUTHORS CONTRIBUTION 

MM and JIR wrote the initial manuscript; EM, 
LN, and RM edited the manuscript. DH created the 
design and illustrations and finalized the 
manuscript. All authors approved the final version. 
 
REFERENCES 
1. Chatziravdeli V, Lambrou GI, Samartzi A, Kotsalas N, 

Vlachou E, Komninos J, et al. A systematic review and 
meta-analysis of continuous subcutaneous insulin 
infusion vs multiple daily injections in type 2 diabetes. 
Med. 2023; 59(1): 141.  

2. Köprülü REP. How to create an experimental diabetes 
mellitus model? Pharmacia. 2023; 70(1): 105-111.  

3. Song J, Zhang Y, Chan SY, Du Z, Yan Y, Wang T, et al. 
Hydrogel-based flexible materials for diabetes 
diagnosis, treatment, and management. NPJ Flex 
Electron. 2021; 5(1): 26.  

4. Ojo OA, Ibrahim HS, Rotimi DE, Ogunlakin AD, Ojo AB. 
Diabetes mellitus: From molecular mechanism to 
pathophysiology and pharmacology. Med Nov 
Technol Devices. 2023; 19: 100247.  

5. Guerreiro LH, Da Silva D, Girard-Dias W, Mascarenhas 
CM, Miranda K, Sola-Penna M, et al. Macromolecular 
confinement of therapeutic protein in polymeric 
particles for controlled release: Insulin as a case 
study. Brazilian J Pharm Sci. 2017; 53(2): e16039.  

6. Seetharaman R. One hundred years since insulin 
discovery: An update on current and future 
perspectives for pharmacotherapy of diabetes 
mellitus. Br J Clin Pharmacol. 2022; 88(4): 1598-1612.  

7. Hardianto D, Martius E, Rostinawati T, Safarrida A, 
Royani JI, Assyifa F. Cloning and extracellular 
expression of glargine in Pichia pastoris. Hayati J 
Biosci. 2024; 31(2): 248-355.  

8. Rahman MS, Hossain KS, Das S, Kundu S, Adegoke EO, 
Rahman MA, et al. Role of insulin in health and 
disease: An update. Int J Mol Sci. 2021; 22(12): 6403.  

9. Lee SH, Back SY, Song JG, Han HK. Enhanced oral 
delivery of insulin via the colon-targeted 
nanocomposite system of organoclay/glycol 
chitosan/Eudragit®S100. J Nanobiotechnol. 2020; 
18(1): 104.  

10. IDF. Diabetes Atlas 11th Edition. Diabetes Atlas 11th 
Edition. 2025; 1-399.  

11. Ghazwani M, Hani U, Kyada A, Ballal S, Issa BS, 
Abosaoda MK, et al. Advancements in insulin 
delivery: The potential of natural polymers for 

improved diabetes management. Front Bioeng 
Biotechnol. 2025; 13: 1566743.  

12. Alai MS, Lin WJ, Pingale SS. Application of polymeric 
nanoparticles and micelles in insulin oral delivery. J 
Food Drug Anal. 2015; 23(3): 351-358.  

13. Vinarov Z, Abdallah M, Agundez JAG, Allegaert K, 
Basit AW, Braeckmans M, et al. Impact of 
gastrointestinal tract variability on oral drug 
absorption and pharmacokinetics: An UNGAP review. 
Eur J Pharm Sci. 2021; 162: 105812.  

14. Zhang E, Zhu H, Song B, Shi Y, Cao Z. Recent advances 
in oral insulin delivery technologies. J Control 
Release. 2024; 366: 221-230.  

15. Abdel-Moneim A, Ramadan H. Novel strategies to 
oral delivery of insulin: Current progress of 
nanocarriers for diabetes management. Drug Dev 
Res. 2022; 83(2): 301-316.  

16. Hunt NJ, Lockwood GP, Heffernan SJ, Daymond J, Ngu 
M, Narayanan RK, et al. Oral nanotherapeutic 
formulation of insulin with reduced episodes of 
hypoglycaemia. Nat Nanotechnol. 2024; 19(4): 534-
544.  

17. Limenh LW. A review on oral novel delivery systems 
of insulin through the novel delivery system 
formulations: A review. SAGE Open Med. 2024; 12: 
20503121231225319.  

18. Gedawy A, Martinez J, Al-Salami H, Dass CR. Oral 
insulin delivery: existing barriers and current counter-
strategies. J Pharm Pharmacol. 2018; 70(2): 197-213.  

19. Alfatama M, Choukaife H, Alkhatib H, Rahal O Al. A 
comprehensive review of oral chitosan drug delivery 
systems: Applications for oral insulin delivery. 
Nanotechnol Rev. 2024; 13(1): 20230205.  

20. Han Y, Spicer J, Huang Y, Bunt C, Liu M, Wen J. 
Advancements in oral insulin: A century of research 
and the emergence of targeted nanoparticle 
strategies. Eur J Lipid Sci Technol. 2024; 126(7): 
2300271. 

21. Bahman F, Taurin S, Altayeb D, Taha S, Bakhiet M, 
Greish K. Oral insulin delivery using poly (Styrene co-
Maleic acid) micelles in a diabetic mouse model. 
Pharmaceutics. 2020; 12(11):  1026.  

22. Wang ZD, Tian X, Wang Y, Wang JJ, Ye SQ, Huang YQ, 
et al. The expression and prognostic value of 
transporter 1, ATP binding cassette subfamily B 
member in clear cell renal cell cancer with 
experimental validation. Front Oncol. 2022; 12: 
1013790.  

23. Wang Y, Li H, Rasool A, Wang H, Manzoor R, Zhang G. 
Polymeric nanoparticles (PNPs) for oral delivery of 
insulin. J Nanobiotechnol. 2024; 22(1): 1.  

24. Baral KC, Choi KY. Barriers and strategies for oral 
peptide and protein therapeutics delivery: Update on 
clinical advances. Pharmaceutics. 2025; 17(4): 397.  

25. Chen G. Advances in the oral delivery of protein and 
peptide drugs. Pharmaceutics. 2025; 17(5): 616.  

26. Low CY, Gan WL, Lai SJ, Tam RSM, Tan JF, Dietl S, et 
al. Critical updates on oral insulin drug delivery 
systems for type 2 diabetes mellitus. J 
Nanobiotechnol. 2025; 23(1): 16.  



 

 M. Munirah et al/ Oral Insulin Delivery: Nanocarriers and Strategies 

 
 

16                                                                                                                                                                                     Nanomed J. 13: 1-, 2026  

 
 

27. Bhavani MS, Saravanan R. Beyond Syringes and Pills: 
Advances in drug delivery systems for diabetes. Int J 
Drug Deliv Technol. 2023; 13(3): 1069-1077.  

28. Jiao Q, Huang Y, He J, Xu Y. Advances in oral 
biomacromolecule therapies for metabolic diseases. 
Pharmaceutics. Pharmaceutics. 2025; 17(2): 238.  

29. Hua S. Advances in oral drug delivery for regional 
targeting in the gastrointestinal tract-influence of 
physiological, pathophysiological and pharmaceutical 
factors. Front Pharmacol. 2020; 11: 524.  

30. Wang X, Wang K, Fang Y, Zhang Y, Yi L, Li X, et al. 
Materials today bio strategies for overcoming 
multiple barriers of oral administration of protein and 
peptide therapeutics. Mater Today Bio. 2026; 37: 
102763.  

31. Zhang Y, Liu R, Feng Q, Li H, Li Y, Liu X. Insulin-loaded 
soybean trypsin inhibitor-chitosan nanoparticles: 
preparation, characterization, and protective effect 
evaluation. Polymers. 2023; 15(12): 2648.  

32. Drucker DJ. Advances in oral peptide therapeutics. 
Nat Rev Drug Discov. 2020; 19(4): 277-289.  

33. Brayden DJ, Hill TA, Fairlie DP, Maher S, Mrsny RJ. 
Systemic delivery of peptides by the oral route: 
Formulation and medicinal chemistry approaches.  
Adv Drug Deliv Rev. 2020; 157: 2-36.  

34. Haddadzadegan S, Dorkoosh F, Bernkop-Schnürch A. 
Oral delivery of therapeutic peptides and proteins: 
Technology landscape of lipid-based nanocarriers. 
Adv Drug Deliv Rev. 2022; 182: 114097.  

35. Shafiq S, Siddiq M, Iqbal F, Kousar K, Anjum S, Ahmad 
T. A novel approach to insulin delivery via oral route: 
Milk fat globule membrane derived liposomes as a 
delivery vehicle. Saudi J Biol Sci. 2024; 31(3): 103945.  

36. Nabi-Afjadi M, Ostadhadi S, Liaghat M, Pasupulla AP, 
Masoumi S, Aziziyan F, et al. Revolutionizing type 1 
diabetes management: Exploring oral insulin and 
adjunctive treatments. Biomed Pharmacother. 2024; 
176: 116808.  

37. Brown TD, Whitehead KA, Mitragotri S. Materials for 
oral delivery of proteins and peptides. Nat Rev Mater. 
2020; 5(2): 127-148.  

38. Najjar SM, Perdomo G. Hepatic insulin clearance: 
mechanism and physiology. Physiol. 2019; 34(3): 198-
215. 

39. Najjar SM, Caprio S, Gastaldelli A. Insulin clearance in 
health and disease. Annu Rev Physiol. 2023; 85: 363-
381.  

40. Goo YT, Lee S, Choi JY, Kim MS, Sin GH, Hong SH, et al. 
Enhanced oral absorption of insulin: hydrophobic ion 
pairing and a self-microemulsifying drug delivery 
system using a D-optimal mixture design. Drug Deliv. 
2022; 29(1): 2831-2845. 

41. Devarakonda A, Gude S, Abburi SK, Maddineni S. 
Polymeric nanoparticles: Revolutionizing oral insulin 
delivery for enhanced diabetes management. 
Translat Regulat Sci. 2025; 7(2): 103-111.  

42. Seyam S, Nordin NA, Alfatama M. Recent progress of 
chitosan and chitosan derivatives-based 
nanoparticles: Pharmaceutical perspectives of oral 
insulin delivery. Pharmaceuticals. 2020; 13(10): 307.  

43. Meneghini L. New insulin preparations: A primer for 
the clinician.  Cleve Clin J Med. 2016; 83(5 Suppl 1): 
S27-S33.  

44. Chaudhury A, Duvoor C, Reddy Dendi VS, Kraleti S, 
Chada A, Ravilla R, et al. Clinical review of antidiabetic 
drugs: implications for type 2 diabetes mellitus 
management. Front Endocrinol. 2017; 8: 6.  

45. Wang M, Wang C, Ren S, Pan J, Wang Y, Shen Y, et al. 
Versatile oral insulin delivery nanosystems: from 
materials to nanostructures. Inter J Mol Sci. 2022; 
23(6): 3362.  

46. Zhang X, Chen G, Zhang H, Shang L, Zhao Y. 
Bioinspired oral delivery devices. Nat Rev Bioeng. 
2023; 1(3): 208-225.  

47. Banerjee A, Ibsen K, Brown T, Chen R, Agatemor C, 
Mitragotri S. Ionic liquids for oral insulin delivery. 
Proc Natl Acad Sci. 2018; 115(28): 7296-7301.  

48. Li J, Qiang H, Yang W, Xu Y, Feng T, Cai H, et al. Oral 
insulin delivery by epithelium microenvironment-
adaptive nanoparticles. J Control Release. 2022; 
341(100): 31-43.  

49. Li Y, Zhang W, Zhao R, Zhang X. Advances in oral 
peptide drug nanoparticles for diabetes mellitus 
treatment. Bioact Mater. 2022; 15: 392-408.  

50. Hubálek F, Refsgaard HHF, Gram-Nielsen S, Madsen 
P, Nishimura E, Münzel M, et al. Molecular 
engineering of safe and efficacious oral basal insulin. 
Nat Commun. 2020; 11(1):  3746.  

51. Harrison DGA. Insulin in alcoholic solution by the 
mouth. Br Med J. 1923;2(3286): 1204-1205.  

52. Sharma G, Sharma AR, Nam JS, Doss GPC, Lee SS, 
Chakraborty C. Nanoparticle based insulin delivery 
system: The next generation efficient therapy for 
Type 1 diabetes. J Nanobiotechnol. 2015; 13(1): 74.  

53. Taylan GO, Illanes-Bordomás C, Guven O, Erkan E, 
Erünsal SÇ, Oztop MH, et al. Core-shell aerogel design 
for enhanced oral insulin delivery. Int J Pharm. 2025; 
669: 125038.  

54. Ramadan H, Moustafa N, Ahmed RR, El-Shahawy 
AAG, Eldin ZE, Al-Jameel SS, et al. Therapeutic effect 
of oral insulin-chitosan nanobeads pectin-dextrin 
shell on streptozotocin-diabetic male albino rats. 
Heliyon. 2024; 10(15): e35636.  

55. Song M, Wang H, Chen K, Zhang S, Yu L, Elshazly EH, 
et al. Oral insulin delivery by carboxymethyl-β-
cyclodextrin-grafted chitosan nanoparticles for 
improving diabetic treatment. Artif Cells Nanomed 
Biotechnol. 2018; 46(sup3): S774-S782.  

56. Salarkia E, Mehdipoor M, Molaakbari E, Khosravi A, 
Sazegar MR, Salari Z, et al. Exploring mesoporous 
silica nanoparticles as oral insulin carriers: In-silico 
and in vivo evaluation. Heliyon. 2023; 9(10): e20430.  

57. Benyettou F, Kaddour N, Prakasam T, Das G, Sharma 
SK, Thomas SA, et al. In vivo oral insulin delivery via 
covalent organic frameworks. Chem Sci. 2021; 12(17): 
6037-6047.  

58. Zizzari AT, Pliatsika D, Gall FM, Fischer T, Riedl R. New 
perspectives in oral peptide delivery. Drug Discov 
Today. 2021; 26(4): 1097-1105.  

59. Graf A, Rades T, Hook SM. Oral insulin delivery using 
nanoparticles based on microemulsions with 



 
 

M. Munirah et al/ Oral Insulin Delivery: Nanocarriers and Strategies 

 

 
 

  Nanomed J. 13: 1-, 2026                                                                                                                                                                                   17             

 
 

different structure-types: Optimisation and in vivo 
evaluation. Eur J Pharm Sci. 2009; 37(1): 53-61.  

60. Ezike TC, Okpala US, Onoja UL, Nwike CP, Ezeako EC, 
Okpara OJ, et al. Advances in drug delivery systems, 
challenges and future directions. Heliyon. 2023; 9(6): 
e17488.  

61. Luo YY, Xiong XY, Tian Y, et al. A review of 
biodegradable polymeric systems for oral insulin 
delivery. Drug Deliv. 2016; 23: 1883-1891.  

62. Mansoor S, Kondiah PPD, Choonara YE, Pillay V. 
Polymer-based nanoparticle strategies for insulin 
delivery. Polymers. 2019; 11(9): 1380. 

63. Zhong Z, Wang F, Gong X, Hu C, Chen G, Chen Z. 
Chitosan/sodium tripolyphosphate microemulsion 
enhanced oral insulin delivery via intestinal lymphoid. 
Macromol Biosci. 2025; 25(4): 2400520.  

64. Bácskay I, Papp B, Pártos P, Budai I, Pető Á, Fehér P, 
et al. Formulation and evaluation of insulin-loaded 
sodium-alginate microparticles for oral 
administration. Pharmaceutics. 2023; 16(1): 46.  

65. Mahkam M. Starch-based polymeric carriers for oral 
insulin delivery. J Biomed Mater Res A. 2010; 92(4): 
1392-1397.  

66. Caturano A, Nilo R, Nilo D, Russo V, Santonastaso E, 
Galiero R, et al. Advances in Nanomedicine for 
Precision Insulin Delivery. Pharmaceuticals. 2024; 
17(7): 945. 

67. Nicze M, Borówka M, Dec A, Niemiec A, Bułdak Ł, 
Okopień B. The current and promising oral delivery 
methods for protein- and peptide-based drugs. Int J 
Mol Sci. 2024; 25(2): 815.  

68. Cui Z, Cui S, Qin L, An Y, Zhang X, Guan J, et al. 
Comparison of virus-capsid mimicking biologic-shell 
based versus polymeric-shell nanoparticles for 
enhanced oral insulin delivery. Asian J Pharm Sci. 
2023; 18(5): 100848.  

69. Fontana G, Innamorati G, Giacomello L. Nanoparticle-
based oral insulin delivery: Challenges, advances, and 
future directions. Pharmaceutics. 2025; 17(12): 1563.  

70. Han X, Lu Y, Xie J, Zhang E, Zhu H, Du H, et al. 
Zwitterionic micelles efficiently deliver oral insulin 
without opening tight junctions. Nat Nanotechnol. 
2020; 15(7): 605-614. 

71. Zou JJ, Wei G, Xiong C, et al. Efficient oral insulin 
delivery enabled by transferrin-coated acid-resistant 
metal-organic framework nanoparticles. Sci Adv. 
2022; 8(8): eabm4677.  

72. Ding B, Zhu Z, Guo C, Li J, Gan Y, Yu M. Oral peptide 
therapeutics for diabetes treatment: State-of-the-art 
and future perspectives. Acta Pharm Sin B. 2024; 
14(5): 2006-2025.  

73. Paul S, Bhuyan S, Balasoupramanien DD, Palaniappan 
A. Muco-adhesive and muco-penetrative 
formulations for the oral delivery of insulin. ACS 
Omega. 2024; 9(23): 24121-24141.  

74. Bernkop-Schnürch A. Thiomers: A new generation of 
mucoadhesive polymers. Adv Drug Deliv Rev. 2005; 
57(11): 1569-1582.  

75. Grabovac V, Guggi D, Bernkop-Schnürch A. 
Comparison of the mucoadhesive properties of 
various polymers. Adv Drug Deliv Rev. 2005; 57(11): 
1713-1723.  

76. Homayun B, Lin X, Choi HJ. Challenges and recent 
progress in oral drug delivery systems for 
biopharmaceuticals. Pharmaceutics. 2019; 11(3): 
129. 

77. Ji K, Yao Y, Wei X, Liu W, Zhang J, Liu Y, et al. Material 
design for oral insulin delivery. Med-X. 2023; 1(1): 7. 

78. Maher S, Mrsny RJ, Brayden DJ. Intestinal permeation 
enhancers for oral peptide delivery. Adv Drug Deliv 
Rev. 2016; 106: 277-319.  

79. Maher S, Leonard TW, Jacobsen J, Brayden DJ. Safety 
and efficacy of sodium caprate in promoting oral drug 
absorption: from in vitro to the clinic. Adv Drug Deliv 
Rev. 2009; 61(15): 1427-1449.  

80. Wang Y, Song W, Wang T, Sheng Y, Xue S, Dang Y, et 
al. Nanoparticles with cell-penetrating peptides for 
oral delivery: A case for oral delivery of insulin. Int J 
Nanomedicine. 2025; 20: 14283-14312.  

81. Zheng Y, Fang X, Gao J. Re-engineering insulin for oral 
delivery: Structural modifications, advanced 
formulation strategies, and future directions. Drug 
Deliv. 2026; 33(1): 2624192.  

82. Fein KC, Doerfler R, Gleeson JP, Melamed JR, Cochran 
K, Lamson NG, et al. Long-term daily oral 
administration of intestinal permeation enhancers is 
safe and effective in mice. Bioeng Transl Med. 2022; 
8(1): e10342.  

83. Watts P, Smith A. TARGITTM technology: Coated 
starch capsules for site-specific drug delivery into the 
lower gastrointestinal tract. Expert Opin Drug Deliv. 
2005; 2(1): 159-167.  

84. Lou J, Duan H, Qin Q, Teng Z, Gan F, Zhou X, et al. 
Advances in oral drug delivery systems: Challenges 
and opportunities. Pharmaceutics. 2023; 15(2): 484.  

85. Fonte P, Araújo F, Reis S, Sarmento B. Oral insulin 
delivery: How far are we? J Diabetes Sci Technol. 
2013; 7(2): 520-531.  

86. Sonaje K, Chen YJ, Chen HL, Wey SP, Juang JH, Nguyen 
HN, et al. Enteric-coated capsules filled with freeze-
dried chitosan/poly(γ-glutamic acid) nanoparticles 
for oral insulin delivery. Biomaterials. 2010; 31(12): 
3384-3394.  

87. Yang Y, Chen S, Liu Y, Huang Y, Cheong KL, Teng B, et 
al. Long-term treatment of polysaccharides-based 
hydrogel microparticles as oral insulin delivery in 
streptozotocin-induced type 2 diabetic mice. Biomed 
Pharmacother. 2021; 133: 110941.  

88. Eldor R, Arbit E, Corcos A, Kidron M. Glucose-reducing 
effect of the ORMD-0801 oral insulin preparation in 
patients with uncontrolled type 1 diabetes: A pilot 
study. PLoS One. 2013; 8(4): e59524.  

89. Eldor R, Francis BH, Fleming A, Neutel J, Homer K, 
Kidron M, et al. Oral insulin (ORMD-0801) in type 2 
diabetes mellitus: A dose-finding 12-week 
randomized placebo-controlled study. Diabetes Obes 
Metab. 2023; 25(4): 943-952.  

90. Ishay Y, Neutel J, Kolben Y, Gelman R, Arbib OS, Lopez 
O, et al. Oral insulin alleviates liver fibrosis and 
reduces liver steatosis in patients with metabolic 
dysfunction-associated steatohepatitis and type 2 
diabetes: Results of phase II randomized, placebo-
controlled feasibility clinical trial. Gastro Hep Adv. 
2024; 3(3): 417-425.  



 

 M. Munirah et al/ Oral Insulin Delivery: Nanocarriers and Strategies 

 
 

18                                                                                                                                                                                     Nanomed J. 13: 1-, 2026  

 
 

91. Brayden DJ. The centenary of the discovery of insulin: 
An update on the quest for oral delivery. Front Drug 
Deliv. 2021; 1: 726675.  

92. Geho WB, Geho HC, Lau JR, Gana TJ. Hepatic-directed 
vesicle insulin: A review of formulation development 
and preclinical evaluation. J Diabetes Sci Technol. 
2009; 3(6): 1451-1459.  

93. Clement S, Still JG, Kosutic G, McAllister RG. Oral 
insulin product hexyl-insulin monoconjugate 2 
(HIM2) in type 1 diabetes mellitus: The glucose 
stabilization effects of HIM2. Diabetes Technol Ther. 
2002; 4(4): 459-466.  

94. Lau J, Bloch P, Schäffer L, Pettersson I, Spetzler J, 
Kofoed J, et al. Discovery of the once-weekly 
glucagon-like peptide-1 (GLP-1) analogue 
semaglutide. J Med Chem. 2015; 58(18): 7370-7380.  

95. Zinman B, Aroda VR, Buse JB, Cariou B, Harris SB, Hoff 
ST, et al. Efficacy, safety, and tolerability of oral 
semaglutide versus placebo added to insulin with or 
without metformin in patients with type 2 diabetes: 

The Pioneer 8 trial. Diabetes Care. 2019; 42(12): 
2262-2271.  

96. Yang X, Yang Y. Clinical pharmacokinetics of 
semaglutide : A systematic review. Drug Des Devel 
Ther. 2024; 18: 2555-2570.  

97. Karedath J, Nall S, Kaur M, Lokhandwala A, Aqel YH. 
Comparative effectiveness and safety of oral versus 
subcutaneous semaglutide in type 2 diabetes 
mellitus: A systematic review and meta-analysis. 
Cureus. 2025; 17(4): e82497.  

98. Balasubramaniyam S, Rathinam T, Srinivasan M, 
Jayarani S. Nanocarrier-based insulin delivery: A leap 
towards a needle-free future. Nano Trans Med. 2025; 
4: 100093.  

99. Peng H, Wang J, Chen J, Peng Y, Wang X, Chen Y, et al. 
Challenges and opportunities in delivering oral 
peptides and proteins. Expert Opin Drug Deliv. 2023; 
20(10): 1349-1369.  

100. Owens DR, Zinman B, Bolli G. Alternative routes of 
insulin delivery. Diabet Med. 2003; 20(11): 886-898. 

 

  


