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Abstract: Peptide drugs, an important class of biopharmaceuticals, have been studied and
applied in the field of diabetes treatment for decades. In recent years, with a deeper
understanding of the physiological mechanisms of diabetes, efforts by developers to improve
therapeutic efficacy have increased. Although oral administration is the most common mode
of drug delivery, many peptide drugs still need to be administered by injection due to their
unique chemical structures and biological properties. The paper aims to summarize the
research literature related to diabetes and analyze the major barriers to the development of
oral peptide drugs, such as the stability and low bioavailability of peptides in the GI tract, as
well as technological coping strategies to address these barriers, including novel delivery
systems and formulation optimization. In addition, it assesses the current progress in the
development of oral peptide drugs and their clinical applications, mainly with reference to
relevant literature from 2015 onwards. The results indicate that although some oral peptide
drugs have been approved, the possibility of their popularization is still relatively small in the
short term. Thus, future research should focus on overcoming the technical challenges of oral
drug delivery in order to enhance their clinical application potential and ultimately provide
patients with more convenient and effective treatment options.

Keywords: Oral Peptide Drug Delivery, Diabetes Treatment, Bioavailability, Nanoparticles,
Permeation Enhancers.

1. Introduction

Diabetes mellitus, a chronic metabolic disease characterized by an inability to effectively control
blood glucose levels, was first described in the 2nd century A.D. by Aretaeus of Cappadocia [1, 2].
Type 2 diabetes is the most common type, accounting for more than 90 per cent of diagnosed cases,
causing more than 1.5 million deaths each year, and is expected to affect more than one billion people
by 2050 [1, 3, 4]. The disease can damage the heart, eyes, kidneys, and nerves, eventually leading to
death [5]. The main feature of diabetes is a deficiency of insulin, a hormone secreted by pancreatic
B-cells that promotes cellular uptake of glucose [3, 6]. Despite the widespread use of insulin and its
analogues, as well as glucagon-like peptide-1 receptor agonists (GLP-1 receptor agonists), the
development of oral peptide drugs continues to present significant challenges. Increasing the dosage
of insulin is an accepted treatment for diabetes, and insulin and its analogues and glucagon-like
peptide-1 receptor agonists (GLP-1 receptor agonists) have become the most commonly used
medications for the treatment of diabetes [7]. And GLP-1 is a peptide hormone present in the body
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that promotes insulin secretion [8], which was discovered later than insulin, due to studies that
demonstrated that oral glucose promotes insulin release to a greater extent than intravenous glucose
[9] GLP-1 receptor agonists interact with the GLP-1 receptor, thereby activating GLP-1 secretion
[10]. Of the various insulin and analog preparations, all except Rybelsus are administered
intravenously or subcutaneously [7]. Indeed, not only peptides used for the treatment of diabetes, but
all peptides are difficult to design for oral administration [11]. Antidiabetic drugs make up the largest
proportion of peptide drugs and have the highest need for developing oral delivery [12]. Studies have
been trying various strategies to design oral peptide drugs such as lysine vasopressin intragastric
delivery, nanoparticles, microneedles, self-emulsifying delivery systems, peptide conjugates and
permeation enhancers among other technologies [12, 13]. Through an in-depth analysis of the existing
literature, the paper explores strategies for the development of oral peptide drugs, focusing on various
technologies such as nanoparticles, microneedles and permeation enhancers. In addition, the
effectiveness and feasibility of different approaches are explored and their potential application in
diabetes treatment is assessed. Therefore, the paper aims to investigate oral peptide drugs to meet the
urgent needs of diabetes treatment. Oral drug delivery is favoured due to its high patient compliance
and ease of production [14]. The successful development of oral peptide medications can improve
the patient experience with medications and significantly improve diabetes outcomes, thus reducing
the burden on society and the healthcare system.

2. The Structures of Insulin and Glp-1 Receptor Agonists
2.1. The Structure and Function of Insulin and Its Analogues

Insulin is a polypeptide consisting of 51 amino acids with 2 chains, 30 amino acids form B chain and
21 form A chain, and the two chains are connected by disulfide bridges [6]. For human, insulin have
molecular mass with 5802 [6]. Also, Insulin is found in other mammals like pig or cow, and those
insulin have 51 amino acids and 2 chains like human, but with some different particular amino acids
[15]. Animals insulins can be also used in the early treatment of diabetes, and their effects of treatment
do not have obvious difference with those of human insulin [15]. At present, the most common insulin
drugs are analogues of human insulin [7]. And some amino acids are altered or additional functional
groups are attached to amino acids by genetic engineering of specific bacteria such as E. coli and
Saccharomyces cerevisiae [16,17]. By altering some amino acids, duration, stability or peak plasma
concentration canl be improved [16]. For example, insulin Aspart, a short acting insulin, which
replace the B28 amino acid proline with aspartic acid, has shorter time for absorbance and higher
peak concentration [18]. Similarly, some insulin analogues like Glargine can acting longer time than
human insulin, hence reduce the dosing frequency [16]. Figure 1 shows the common analogues of
insulin.
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Figure 1: Structures of Human Insulin and Analogue s[16]
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2.2. The Structural Feature of GLP-1 Receptor Agonists

GLP-1 consists of 30 or 31 amino acids in 1 chain [19]. In humans, GLP-1 consists of 31 amino acids
[20]. Despite the fact that a number of animals are capable of secreting GLP-1, only a limited number
of studies have concentrated on its structural composition and its effects on humans [21]. Similar to
insulin, the common GLP-1 diabetes mellitus drugs are GLP-1 analogues, professionally known as
GLP-1 receptor agonists [7]. As with insulin, changing some amino acids and adding some functional
groups to increase the potency or stability are the most common methods to make analogues [22].
For example, semaglutide, which changed 3 amino acids and attached with a C18 di-acid, can prolong
the duration of action and thus reduce the number of administrations compared to native human GLP-
1 [23, 24]. Figure 2 and Figure 3 show the structure of human GLP-1 and the GLP-1 analogue -
semaglutide.

Figure 2: Structure of Human GLP-1 [20]
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Figure 3: Structure of Semaglutide [23]

3.  The Challenges and Barriers of Oral Administration

Though oral delivery of drug is the most popular way of administering drug,but for insulin and GLP-
1 receptor, there are some barriers prevent the appearance of oral insulin or oral GLP-1 receptor
agonist [11,14]. Oral peptides usually require a stable and predictable environment to assess
absorption, distribution, metabolism, and excretion (ADME) in patients due to the peptides’ enzyme
sensitivity and PH [25, 26].
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3.1. Complex Environment of Gastrointestinal Tract

The internal environment of the gastrointestinal tract varies considerably for different patients and
can also be affected by behaviors such as eating or posture [11]. The PH value indicates the acidity
or alkalinity of a fluid [27]. False PH can lead the oral drug release the API in a wrong environment
hence cause the unexpected biological response of patients [28]. PH values of oral medications varied
significantly from 1.0 to 7.5 [29]. In addition, some diseases can also change the PH value of stomach
and small intestine, like cystic fibrosis can lower the PH of duodenum than 5.5 [11]. Moreover, a
study conducted by Tanya L. Russell et al. showed that patients had different PH values before and
after meals, and that for older adults, postprandial gastric and duodenal PH values take longer than
for younger adults to return to fasting state levels [30]. Though postures of patients are often
overlooked, but it indeed affect the ADME of drugs, for example, sitting, standing and recumbent
right can help the absorbance of oral drug [31].

3.2. Special Properties of Peptides

Compared with traditional small molecular drugs, biopharmaceuticals commonly have complex and
huge structures, which means that biopharmaceuticals like peptide need to overcome barriers than
small molecular drugs. In particular, peptides are highly unstable, and due to the complex and accurate
structures of biopharmaceuticals, any biodegradation, temperature, or light changes may lead to
changes in their structure, which can lead to incorrect folding or unfolding, thus resulting in incorrect
interactions or immune responses, and as a result, unexpected biological reactions can occur [32]. For
peptide, the presence of many enzymes in the gastrointestinal tract, such as pepsin, trypsin,
chymotrypsin, carboxypeptidase, pancreatic amylase, and pancreatic lipase, which catalyze peptide
degradation, implies that peptides must be well protected [33]. In addition, due to the larger structure
and higher molecular mass of biopharmaceuticals, membrane permeability is poorer than that of small
molecule drugs [34].

3.3. Cost Matters

While the majority of peptide drugs are not suitable for oral administration, the exception is
Rybelsus®, which is an oral semaglutide developed by Novo Nordisk. The bioavailability of
Rybelsus® is only 0.4-1%, which means that by the oral route, only a very small amount of the active
ingredient is able to enter the body's circulation under the oral route, resulting in less efficient drug
utilization. As a result, despite the convenience this drug offers for oral formulation, its production
cost is significantly higher than that of Ozempic®, another injectable semaglutide drug developed by
Novo Nordisk [35,36]. This cost difference is partly attributed to complex environmental factors in
the gastrointestinal tract, such as different pH values, enzymatic degradation and first-pass effects,
which all impair the absorption efficiency of orally administered drugs [37]. In order to compensate
for this absorption barrier, more Semaglutide needs to be added to the formulation of Rybelsus®,
resulting in a significant increase in the amount of API used. Although the cost of the formulation of
Rybelsus® (e.g., preparation and packaging) is lower than that of the injectable Ozempic®, the
overall cost is still higher than that of Ozempic® due to the large amount of API required, and this
disparity is even more pronounced in large-scale production [35]. Figure 4 provides a detailed
comparison of the differences in production costs between Rybelsus® and Ozempic®.
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Figure 4: Cost Difference between Rybelsus® and Ozempic® [35]

4. Potential Technologies for Oral Peptide Drugs

Although developing oral peptide drugs face several difficulties, there are still some technologies
which have potential to solve some problems.

4.1. Nanoparticles

Nanoparticles are particles with diameters between 1 nm and 100 nm, which can exhibit high stability
and a strong drug-carrying capacity for drug delivery [38]. Also, they are able to carry both
hydrophilic and hydrophobic substances, which makes them a preferred choice for the design of orally
administered peptides [39]. Transmembrane transport of nanoparticles in the gastrointestines relies
on four main mechanisms: transmembrane transport, receptor-mediated transport, carrier-mediated
transport, and M-cell transport. M-cells are located in the intestinal collecting lymph nodes and are
capable of absorbing nanoparticles and inducing an immune response [40]. Nanoparticles overcome
the barriers of enzymatic degradation and membrane permeability and possess greater specificity [40].
Wang et al. indicated that racemate-4 loaded with chitosan nanoparticles was better absorbed than
free racemate-4 in the kidneys of Madin-Darby dogs and the intestines of rats [41].

Depending on the material used for production, nanoparticles can be categorized into four main
types: lipid nanoparticles, polymer nanoparticles, mesoporous silica nanoparticles, and metal-organic
framework nanoparticles [36]. In particular, lipid nanoparticles have a hydrophobic outer shell and a
hydrophilic interior in which the drug is encapsulated. And the outer shell usually interacts with a
coating, such as phenylboronic acid (PBA) conjugated hyaluronic acid (HA-PBA) or chondroitin
sulfate-g-glycocholic acid (CSQG), in order to release the drug when it reaches a specific area [36].
However, the encapsulation of lipid nanoparticles is less efficient, more costly and less stable [36].
The encapsulation of application programming interfaces in lipid nanoparticles involves the use of
various lipids, including PEG lipids, which are hydrophobic, cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphocholine, which can boost efficiency, and ionizable lipids, which are hydrophilic,
as shown in Figure 5 [42].

238



Proceedings of the 3rd International Conference on Modern Medicine and Global Health
DOI: 10.54254/2753-8818/68/2025.20300

m%f" =
S\

= .
# PEG-lipid i Charged ionizable lipid
§ Cholesterol {{ Neutral ionizable lipid
f! bspc

Figure 5: Structural Examples of Lipid Nanoparticles [42]

According to Figure 6, polymeric nanoparticles are classified as nanocapsules and nanospheres,
and the main difference between the two is the way in which the drug is encapsulated: in nanocapsules
the drug is in the center, while in nanospheres the drug is located on the surface [43]. Chitosan (CS)
is one of the commonly used materials that modulates biodegradability and charge density and opens
tight junctions between intestinal epithelial cells to increase drug permeability [36,44]. Synthetic
polymers such as pHPMA exhibit high permeability and Shan et al. showed that PHPMA
nanoparticles released drug in mucus with a 20-fold higher uptake rate than free insulin and were
effective in lowering blood glucose in diabetic rats [45]. Despite the high encapsulation efficiency of
nanopolymers, about 70%, these polymers tend to degrade after administration, which may lead to
the release of the drug at an unintended site [36].
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Figure 6: Types and Structures of Polymer Nanoparticles [43]

Mesoporous silica nanoparticles (MSN) are inorganic nanoparticles with high stability and
biocompatibility, as shown in Figure 7. Drugs are loaded in the pores of MSNs, which usually need
to be modified with organic materials to overcome gastrointestinal barriers [36,46]. It was found that
chitosan and polylactic acid-co-polyethylene glycol modified MSNs are pH sensitive, have stronger
interactions with intestinal cells, and are more permeable [47]. In addition, MSNs have high
encapsulation efficiency, but require organic modification and are not biodegradable [36].
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Figure 7: structure and mechanism of MSN [46]

Metal-organic frameworks (MOFs) are porous materials with homogeneous crystal structures that
regulate pore size and functionality by altering the organic ligands and metal units [36]. Zhou et al.
showed that iron-based MOF nanoparticles modified with sodium dodecyl sulfate (SDS) showed
increased permeability and stability in acidic environments, and compared to the injection of free
insulin, the plasma levels of insulin in diabetic rats were were higher [48]. MOFs, as an emerging
technology, need to be further investigated [36].

4.2. Microneedle Devices

The basic principle of microneedle devices is the release of drugs at the target site by the puncture of
a microneedle, and rationally designed peptides are effective against the gastrointestinal environment
[12]. Abramson et al. developed an intraluminal unfolding microneedle injector, which is a
swallowable capsule. The drug is released when the pH is = 5.5 (usually in the intestinal
environment). The microneedle was able to penetrate the intestinal cell membrane and release the
drug directly into the bloodstream. Experimental results showed that in a porcine model, the method
resulted in more than 10% insulin uptake over 4 hours as compared to conventional subcutaneous
injections. In addition, microneedle materials are biodegradable and are usually manufactured using
polymers such as polyvinyl alcohol (PVA) [49,50].

4.3. Self-Emulsifying Drug Delivery Systems

Self-emulsifying drug delivery systems (SEDDS) consist of drug, oil, surfactant and co-surfactant
that form tiny emulsions in the gastrointestinal tract [51]. These emulsions are absorbed via the
lymphatic route and are effective in avoiding first-pass effects and degradation caused by proteases
[51]. In SEDDS, drugs are usually dissolved in oil, but for peptides, special design is required due to
their high hydrophilicity and protein properties [52]. One approach is ion pairing, for example, insulin
can be complexed with amphiphilic surfactants such as dialkyldimethylammonium bromide or soy
phosphatidylcholine to enhance its lipid solubility [53]. Another strategy is double emulsification
(SDEDDS), where Qi et al. developed an oil-in-water-based self-double emulsification drug delivery
system capable of sequestering the hydrophilic peptide drug pidomod in the internal aqueous phase
[54]. Experimental results showed a 2.56-fold increase in drug uptake in SDEDDS, and it was stable
for 6 months at 25°C [54]. To protect the drug from lipase, enteric coating can be designed to prevent
the drug from being degraded by lipase in the stomach. In the intestine, some excipients (e.g., Tween
80, sodium dodecyl sulfate, and dodecyltrimethylammonium bromide) are able to inhibit lipase
activity [52]. In addition, excipients such as Cremophor RH 40 and glyceryl triacetate improve drug
permeability [55].

4.4. Peptide Conjugation

Peptide conjugation is the process of linking peptides with other compounds to boost their intrinsic
properties, including stability, acidity and basicity. Peptides are usually conjugated in two ways,
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pegylated and lipidated [12]. Tregopil was a developing ultra-rapid oral insulin that composed of the
an insulin analogue which conjugate with alkylated polyethylene glycol [12]. This conjugation
increase the water solubility and the resistance to enzymes [12]. Anh et al also conducted a research
related to another type of conjugation, which is exendin-4 conjugated with low molecular weight
chitosan, this conjugation can be cleaved red in vivo, in rats test, this conjugate peptide shows 6.4%
bioavailability and effects of lower plasma glucose [56].

4.5. Permeation Enhancers

Compared with other technologies, two of the approved oral peptide drugs employ osmotic enhancers,
Rybelsus® and Mycapssa® for the treatment of type 2 diabetes mellitus and acromegaly. Rybelsus
utilizes sodium salt hexanedioate (SNAC) as an osmotic enhancer, whereas Mycapssa may use
sodium caprylate (C8) [57].

Rybelsus is a white tablet designed to release the drug in the stomach. Clinical trials have
demonstrated that when Rybelsus tablets are dissolved in the stomach, SNAC not only raises the local
pH and reduces pepsin activity, thereby protecting the API semaglutide from enzymatic degradation,
but also prevents its oligomerization [24,58,59]. When SNAC interacts with the lipid membranes of
gastric epithelial cells, it fluidizes these membranes and facilitates the transcellular transport of the
API into the bloodstream [24]. Mycapssa is a liquid capsule designed to release drugs in the gut with
an enteric coating [57,60]. However, the half-life of the API octreotide in the intestinal fluid is only
6.8 minutes, thus requiring protective measures [61]. Since the enzyme is inactive in the oil phase,
the drug was designed as a capsule encapsulated in an oily suspension [60]. While C8 may play a
major role in enhancing permeability, the only known information is that TPE extends the tight
junctions (TJs) of the small intestine, thereby facilitating the absorption of the API [57,62].

4.6. Combinations

In the technology of oral delivery of peptides, it is common to combine different technologies in the
same drug. For example, chitosan can be used as a material for polymeric nanoparticles and as a
permeation enhancer. It has been shown that chitosan and its derivatives are able to reduce the
transepithelial electrical resistance (TEER) values and that free chitosan is superior to nanoparticles
in promoting insulin permeation [63]. Chitosan's biocompatibility and enhanced penetration are its
advantages in polymeric nanoparticle applications [64]. Qinna et al. showed that low molecular
weight chitosan (LMWC) of different molecular weights and degrees of deacetylation were effective
in lowering blood glucose levels in rats [65]. Rybelsus® is another example of binding technology.
By adding a C18 lipoic acid chain to the peptide, the affinity with human serum albumin (HSA) is
enhanced, thereby extending the drug half-life [66]. HSA is a plasma protein secreted by the human
liver in the highest amount with an average half-life of 19 days. HSA have outstanding ability of
binding with drugs and metal ions like Cu**, Ni**, Ca?*, Zn?" and bilirubin, and also can increase the
solubility of long chain fatty acid [67]. In Rybelsus® totally, apart from attaching C18 fatty di-acid to
increase the half-life, permeation enhancer SNAC is also formulated.

5. Conclusion

Though oral delivery of peptide has many potential advantages like easy to take and administer, easy
to manufacture, large-scale oral delivery of peptide drugs is not practical due to biological barriers,
such as complex environments and the susceptible nature of peptides, as well as cost. Moreover, some
technologies like nanoparticles, microneedle, SEDDS, peptide conjugation and permeation enhancer
are developing to overcome the biological barriers of oral delivery peptide, and there are successful
cases like Rybelsus®. However, due to the low bioavailability of orally administered peptides,
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manufacturers may not be inclined to promote, expand and invest in the research and production of
orally administered peptides unless the cost of production of the API can be covered by the lower
cost of the formulation.
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