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ABSTRACT: Insulin is commonly administered to diabetic patients sub-
cutaneously and has shown poor patient compliance. The problem lies with
the delivery of proteins and peptides to the body, for which oral, transdermal,
vaginal, rectal, and pulmonary routes have been explored for proteins like
insulin. Still, so far subcutaneous route has delivered the best results. This
results in fear of the patients due to the prick caused by the subcutaneous
delivery. To overcome these nuances, work has been carried out on
delivering insulin orally. Different molecules have been extensively studied
to deliver insulin orally. This review article covers the various materials
exploited for the delivery of peptides like insulin, viz. polymers,
nanoparticles, liposomes, and many more that have been evaluated as a
vehicle for the oral delivery of insulin. Polymers that are naturally obtained
like chitosan and its subsidiaries, alginates, y-PGA based materials, starch-
based nanoparticles, and manufactured polymers like PGLA, P(MAA-g-EG),
PLA, PEA Poly(alkyl cyanoacrylate) Nanoparticles, Solid Lipid
Nanoparticles, Targeted Nanoparticles and Gold Nanoparticles have been
discussed for a better understanding of oral delivery.

INTRODUCTION: Diabetes mellitus, a disease
associated with malfunctioning of the islet cells
present in the pancreas to produce a sufficient
amount of insulin or sometimes due to less
sensitivity of host cells to endogenous insulin,
differentiated as type | and type Il diabetes of
which type II causing less than 50% *, has emerged
as a major problem for healthy wellbeing over the
years and caused considerably high mortality.
Almost 30 years ago, therapeutic protein such as
insulin was used for the first time. Later, the
regulatory approval by USFDA in 1982 allowed
insulin as a major therapy for diabetes .
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However, the problem lies with the delivery of
proteins and peptides to the body though, for which
oral, transdermal, vaginal, rectal, and pulmonary
routes have been explored for proteins like insulin.
Still, so far subcutaneous route has delivered the
best results; nevertheless, at the same time is often
feared by the patient due to the prick associated
with the delivery. In this context, delivery of
insulin by oral route has gained importance. The -
cells of the pancreas release the insulin directly to
the hepatic portal vein and are carried to the liver,
the main organ of concern.

Most commonly preferred routes of administering
insulin, such as parenteral and nasal formulations
directly deliver the drug to systemic circulation to
bypass the first past metabolism causing a
pronounced  effect. However, the orally
administered insulin first reaches the liver and
peripheral tissue 3. The oral route is simpler and
economical and is the patient's first choice for its
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comfort. Many problems are also associated with
the effective availability of insulin to the body due
to the enzymatic degradation, low absorption, and
bioavailability. Thus, it is important to prevent its
enzymatic degradation to ensure its availability.
The human body is a delicate system equipped with
several mechanisms to deal with any foreign agent
introduced in the body by any route. A deeper
insight into molecular biology and biochemistry is
required for the application of proteins and peptides
for therapeutic usage.

Several approaches such as permeation enhancers,
enzyme inhibitors, enteric coatings and polymeric
carriers like hydrogels have been used to account
for oral administration. Hydrogels have gained
importance due to their remarkable properties, such
as the ability to retain a large amount of water,
excellent biocompatibility and their mechanical
properties, which suit the body. After their
discovery in the 1960s by which trele and Lim,
hydrogels were successfully used for contact
lenses. Due to their novel properties and structure,
these hydrogels can be tailored precisely for the
desired therapeutic delivery of the drug.

Insulin Absorption and GI Tract: The Gl tract is
a series of hollow organs joined in a long, twisting
tube from the mouth to the anus. The hollow organs
are the mouth, esophagus, stomach, small intestine,
large intestine and anus that make up the GI tract.
The liver, pancreas, and gallbladder are the solid
organs of the digestive system. These solid organs
do not play any significant role in oral delivery.
The proteins and peptides that are often used for
oral delivery have to face the following challenges

a. Proteins and peptides are denatured in the
acidic pH of the stomach or by digestive
enzymes and are therefore inactivated.
Theproteolytic enzymes present, such as pepsin
in the stomach and trypsin, a-chymotrypsin and
carboxypeptidase in the intestine, are major
concerns. Further, it has been found that a-
chymotrypsin alone degrades the protein as
high as 10 times in comparison to trypsin *.

b. The passage of drugs from the epithelial
membrane to the bloodstream is quite difficult
due to their poor permeability.
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All  the hollow organs such as the
mouth, esophagus, stomach, small intestine, large
intestine, and anus that make up the GI tract were
investigated for oral delivery. It was found that in
the small intestine, due to the presence of structures
such as microvilli, specialized cell micro vessels
have high absorption ability and are the best target
site to deliver the drug in a short time orally. M
cells in the small intestine are well known for their
transport activity and low lysosomal activity. They
can transport a foreign material such as a drug from
the intestine lumen to lamina propria, as shown in
Fig. 1.

The absorption power and potential of microvilli
and microvessels are so large that drugs can be
easily delivered to the bloodstream, systemic
absorption, or the diseased cells, as in diabetes.
Another part of the GI Tractis, the colon, which has
been investigated for oral delivery, was thought to
be advantageous as proteolysis activity of enzymes
is very low in this part. However, due to the
presence of bacteria, longtime systemic absorption
and the presence of fecal matter have not been able
to give good results and is therefore not considered
much important.

Hydrogels are hydrophilic polymers with three-
dimensional crosslinked networks. Peppas et al.
2000 °, have classified the hydrogels based on the
nature of the polymer, preparation method,
crosslinking reaction, physical structure, and
environmental stimuli.

They have high water or biological fluid retention
capacity while remaining insoluble. Hydrogels, by
their complexion properties, can remain stable in
uneven conditions of the stomach and protect the
drug from denaturation by acidic pH or digestive
enzymes.

They can thus facilitate the drug release in the
upper intestine with fewer enzymes, large surface
area, and neutral pH, resulting in more than 90%
absorption of nutrients.

Here they are de-complexed and, due to the ionic
repulsion in such an environment, increase in the
mesh size, thus swelling up the polymer at high pH
Fig. 1.
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FIG. 1: PHYSIOLOGY OF GI TRACT, COMPLEXION AND DECOMPLEXION OF HYDROGELS

Polymers such as chitosan, dextran, alginate
derivatives, and PGLA have been successful to a
large extent in countering the enzymatic
degradation and increasing the absorption of orally
administered insulin. Charge on hydrogel also
affected the swelling behavior; anionic hydrogel
network can swell in solutions at pH > pKa due to
repulsion of ions whereas cationic hydrogels swell
at pH < pKa as the cationic é)endant groups are
protonated at pH less than pKa °.

Nowadays, smart hydrogels sensitive to pH,
temperature, light electric, and magnetic fields are
called smart hydrogels. Drug delivery is a swelling-
dependent phenomenon, particularly for hydrogels.
An encapsulation study by Victor and Sharma
2002, for B-cyclodextrin insulin complex in PMAA
based hydrogels showed that lower crosslinking
increased the degree of swelling of hydrogels .
Temperature sensitivity, when related to pH can
produce twofold benefits. Zhang et al. 2012
synthesized several pH-dependent thermo sensitive
hydrogels using poly (N-isopropyl acrylamide)
(PNIPAAmM) and poly (methacrylic acid)(PMAA)
with biodegradable crosslinker such as acryloyl-
poly (e-caprolactone)-2-hydro-ethyl methacrylate,
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such smart hydrogels in varying amounts of
PNIPAAmM released 60% of insulin in the intestine
passing unmolested through Simulated Gastric
Fluid (SGF) ®. Oral insulin delivery shows lesser
results due to fast degradation in the stomach with
acidic pH. Insulin, a hydrophilic protein with a
relative molecular mass of 5800 Da, difficult to be
encapsulated, consists of 51 amino acids °.

It is composed of two polypeptide chains in
monomeric form, an A-chain of 21 amino acids and
a B-chain of30 amino acids. A and B chains are
joined together through two disulfide bonds.
Another feature of insulin is its structural variation
as it occurs as a monomer, dimer, tetramer, and
hexamer. At a 0.1mM concentration occurs as a
monomer, dimerizes in pH range 4-8, above 2mM
occurs as hexamer at pH 7 ° The structural
variation affects the rate of degradation; bile salts
increase the rate of degradation by six times to its
monomeric form **. The high molecular mass and
hydrophilic nature of insulin further decrease its
bioavailability and absorption through par cellular
and transcellular routes %, for which receptor-
mediated transcytosis mechanism has also been
investigated . Insulin also acts as a growth

3359



Chaudhary et al., IJPSR, 2022; Vol. 13(9): 3357-3374.

hormone, whose higher doses in the GI tract for
long use can cause cytokinetic changes. Insulin
doses ranging from 25 to 60 IU/Kg are highly
effective in oral formulations. The devices used for
oral delivery create hypoglycemic effects and
should not at the same time produce growth-related
issues.

In a study by Donovan et al. 1990, it was observed
that the bioavailability of drugs decreases as the
molecular mass increases above 700 Da **.
Developing a successful clinically approved drug
delivery system interplay factors such as size, drug
loading efficiency, encapsulation efficiency, zeta
E)Sotential, peptide bioactivity, and release Kinetics

It is quite certain that reducing particle size affected
the drug loading efficiency, influencing the insulin
absorption; smaller sized particles promoted rapid
burst release, and stronger bio-adhesiveness
induced high absorption through ileum *°. The Tran
swell model is the most common model used for
intestinal studies in which human epithelial
colorectal adenocarcinoma (caco-2 cells) are used,
caco-2 cells represent the main cell type in the
intestine. Caco-2 cell monolayer is monitored by
trans-epithelial electrical resistance (TEER) using a
chopstick electrode. TEER values range from
300Q/cm? to 1000 Q/cm? High TEER values
represent a tighter monolayer that reduces large
molecules' paracellular transport, while values

lower than 300Q/cm® indicate monolayer
disturbance or celltoxicity *'.
To account for all, insulin is loaded with

hydrophobic carriers such as distearyl- dimethyl-
ammonium bromide or soybean phospholipid. In
addition, different strategies, for example, intestinal
coatings ', protein inhibitors '° and penetration
enhancers 2 and cell penetrating poly peptides %
have been utilized. Nowadays, natural and
synthetic biodegradable hydrogels are preferred.
When insulin is administered orally, it first comes
across an acidic pH of 1.2-3.0 in the stomach and
pH of 6.5-7.5 in the small intestine. These abrupt
changes in pH make it difficult for insulin to
maintain its efficacy. To maintain the stability of
insulin, it is enteric coated with pH-sensitive
materials such as hydroxyl propyl methylcellulose
phthalate (HPMCP), poly (carboxylate), but such
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modifications decreased the insulin release to
15.87% in an acidic environment and at the same
time increasing the rate of release from 15 to
58.06% in the intestine '®. Another issue is to
prevent the hydrolysis of insulin by pepsin and
other proteases in Gl Tract, for which enzyme
inhibitors such as aprotinin have been used.

However, the use of enzyme inhibitors showed
adverse effects such as pancreatic hypertrophy,
impaired protein digestion, and hampered body
functions. When the loaded insulin reaches the
intestine, the intestinal mucus layer has to be
crossed to reach the intestinal epithelium; this
negatively charged layer is highly selective as it
allows nutrients, water, and small molecules but
not pathogens.

Usually, neutral molecules pass easily while
positively charged molecules are electrostatic ally
attracted and useful; therefore, chitosan, a
positively charged polymer, has been widely
studied.

Also, some weak negatively charged polymers like
poly (acrylic acid), poly (methacrylic acid),
carboxymethylcellulose, and sodium alginate have
also been studied to form hydrogen bonds through
carboxylic ends with oligosaccharide branches of
mucus. Farah Beneyttou et al 2021 developed
imine-linked-covalent organic framework (nCOF)
nanoparticles for oral delivery. These insulin-
loaded nCOF showed insulin protection in
digestive fluids and can be a promising candidate
for oral delivery .

In a recent study by Han X et al. 2020, zwitterionic
micelles for oral delivery these micelles could
deliver insulin orally without opening tight
junctions and reported >40% bioavailability %’.

Possible Routes for Delivery: Generally, there are
three courses for oral insulin assimilation as shown
in Fig. 2. In the first place, the thickly bunched M
cells were confined on Payer's patches .

Secondly, through the transcellular course, where
lipophilic particles are ingested through the cell
membrane of enterocytes, paracellular path ways
such as through the tight junctions (TJs) between
two enterocytes 2° and lastly by receptor-mediated
transcytosis.
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FIG. 2: THREE POSSIBLE ROUTES THROUGH THE INTESTINAL EPITHELIUM

Intestinal Lymphatic Route: The intestinal
lymphatic route for delivery of the drug is widely
used because it can bypass the first metabolism in
the liver, thereby increasing oral bioavailability *°.
The transport of drugs and peptides to lymphatic
vessels takes place on entering through Peyer’s
patches and then via M cells to lymphoid cells.
Lipophilic drugs are known to be transported via
the lymphatic system.

Transcellular ~ Route:  The  transport  of
nanoparticles (NPs) through the transcellular
pathway depends on the size of the nanoparticles
and hydrophobicity. Transportation of particles
lower than 300 nm takes place by means of
enterocytes ! while particles higher than 500 nm
were effortlessly absorbed in jejuna Peyer patches
%2 Oral delivery of insulin loaded hyaluronic acid
(ILHA) NPs through the transcellular route was
investigated by Han et al., 2012 and reported a
reduction of 24% of plasma glucose levels in 2hrs
in diabetic rats by ILHA NPs (insulin loaded
hyaluronic acid nanoparticles) (50 1U/Kg) which
were further reduced by 32-39% in 3-8 h whereas
the group treated without HAloaded insulin showed
no change in the blood glucose levels *. In another
study, insulin-loaded dextran  nanoparticles
conjugation with Vitamin. Bj.derivatives showed
remarkable blood glucose reductions of 70% -75%,
lasting for as large as 54 h, reflecting anti-diabetic
effects in diabetic rats ** .

Paracellular Route: Hydrophilic molecules can
only pass through the paracellular route however,
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due to tight junctions, it becomes difficult for them
to pass, which can be eased if permeation
enhancers are used The opening of tight
junctions depends more or less on the concentration
of Ca®* ions; the opening of tight junctions takes
place due to the lowering of Ca* ion
concentrations, while permeability across tight
junctions increases by the addition of chelating
agents such as ethylene glycol tetraacetic acid *°
and diethyl enetriaminepenta acetic acid *.

Other polymers, including poly acrylic acid
derivatives and chitosan, act by reversibly opening
tight junctions and enhancing permeability 3%4.
Hydrogels based on poly (acrylic acid) and its
derivatives have the capacity to bind Ca®* and have
shown promising results for oral delivery of
insulin. The insulin-loaded poly (acrylic acid)
hydrogels have shown 10 times higher relative
bioavailability (6.59%) when administered orally in
comparison to free insulin administered orally (less
than 0.5%) ***°. However, opening tight junctions
also allows bacterial toxins to be transported, which
is a matter of big concern.

Receptor-Mediated Transcytosis: In a study by
Ziv and Bendyan et al. 2000 receptor-mediated
transcytosis was explored for insulin absorption *'.
For such transport, insulin was bonded to specific
receptors on the apical plasma membrane, passed
through deep invaginations of the lumen plasma
membrane, and then to enterocytes releasing
insulin into the interstitial spaces. The ligands such
as transferrin, lectins, Vitamin B12 etc., have been
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used for receptor-mediated transcytosis by binding
to respective receptors at the apical plasma
membrane. Such a mechanism is used in several
targeted NPs preparations *°,

Natural Polymers:

Chitosan: Chitosan (CS), a natural polysaccharide
commonly obtained from crustacean shells and
insects are derived from the deacetylation of chitin,

E-ISSN: 0975-8232; P-ISSN: 2320-5148

a biopolymer present in these crustacean shells and
insects. Glucosamine and N-acetyl-glucosamine are
the main contents of chitosan. It is biocompatible,
biodegradable, and protective in nature *2. Chitosan
is used for oral insulin delivery primarily due to its
ability to open tight junctions reversibly and its
mucoadhesive property ““*. The mechanism of
drug release is shown in Fig. 3.

Treatment with CS Nps ' Removal of CS NPS
I
CS-Shelled NPs <= : : pH<7.0
I
Mucus Layer -« :.‘ . :“:8‘.3.:14"1:‘ i ‘ :_'
!
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y-PGA : MACHS :
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Tight Junctions s, Endosome | , = |
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Enterocytes <— Dlsruptmn "'C":'f .M, . Reconstruction
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Liposomal
Degradanon
*. Systemic circulation }pH74

FIG. 3: SCHEMATIC ILLUSTRATION OF THE REVERSIBLE OPENING OF TIGHT JUNCTIONS BY CHITOSAN

(SUNG ET AL, 2012) %

In a study, the iron oxide NPs obtained by laser
ablation and encapsulated in chitosan showed a
remarkable decrease in blood glucose levels to as
low as 51% in diabetic rats when administered
orally *°. This may be taken as a breakthrough for
site targeted drug delivery which can be developed
due to the magnetic properties of NPs.

Chitosan Derivatives: Chitosan is mildly acidic
(pPKa = 6.5). Being insoluble in a neutral
environment, it starts losing its charge, thereby
causing loss of its ability to open tight junctions
mucoadhesive properties *’. Hence, its quaternized,
thiolated, or carboxylated derivatives have been
prepared to counter and have been evaluated for
oral delivery *®. Quaternized Chitosan (QC), due to
its ability to retain a positive charge in a neutral
environment, increased its residence time and
bioavailability *. In a study, QC showed stronger
electrostatic interaction with mucus to as large as
95% in comparison to chitosan which has shown
72% adhesion *°. However, a high positive charge
of QC causes toxicity to cell membranes. Chen et
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al. found that thiolated chitosan had more
mucoadhesive properties than unmodified CS.
Thiolatedtrimethylchitosan-cysteine ~ (TMC-Cys)
was prepared by forming disulfide bonds with
cysteine to improve the mucoadhesion and the
permeation capacities of thiolated polymers for
administering oral insulin resulting in increased
insulin absorption from 1.7 to 2.6 times through rat
intestine

Chitosan, when carboxylated, showed increased
water solubility due to negatively
chargedcarboxylate ions °?* and synthesized
carboxylated chitosan nanoparticles by grafting
poly(methyl methacrylate) which were investigated
for oral delivery of insulin at 25 1U/kg and found
9.7% pharmacological bioavailability with long-
lasting hypoglycaemic effect >*. Lauryl sulfated
chitosan (LSCS), an amphiphilic CS derivative,
was studied for oral delivery of insulin and showed
the non-toxic nature of LSCS with improved
mucoadhesivity of chitosan protection against
enzymatic degradation and the ability to open tight
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junction’s reversibly *°. Rekha, et al. modified CS
to incorporate both hydrophilic and hydrophobic
characters, balancing of charge being quite
important for insulin absorption in the Gl tract *°.

They prepared lauryl succinyl chitosan using
Sodium TPP as a crosslinker, and amino groups of
chitosan were covalently bonded to 2-dodecyl
succinic-1-yl anhydride (LSA). The hydrophobic
character of lauryl sulfate and the hydrophilic
nature of succinic anhydride improved the
mucoadhesive and permeability in comparison to
CS particles. Three different preparations with
varying amounts of free amino groups were
synthesized and loaded with insulin, prepared with
68% free amino group when administered in dose
60 1U/Kg reduced blood glucose level by 34% for a
period of 6 hr. In contrast, native insulin loaded CS
particles reduced BGL by 17% only.

In another study by Elaysed et al., insulin-chitosan
was complexed with oleic acid, Plurololeique
(cosurfactant), and Labrasolsurfactant °’. This
composition showed a significant decrease in
glucose levels in diabetic rats for 24 h when a
501U/ Kg dose was administered orally. Ukai H, et
al. used Labrasol-related formulations for oral
delivery of these formulations Capyrol 90 was the
most effective additive, which showed improved
insulin absorption in the intestine via paracellular
route *%. Sharma D, et al. used oleic acid grafted
chitosan zinc —insulin complexes for long term
glycemic control *°.

In a recent study by Momoh, et al., oil-in-water
(o/w) emulsions were prepared using light liquid
paraffin as the oily phase and various combinations
of Tween® 80 and snail mucin powder. These
microemulsions were insulin-loaded and studied
for oral delivery, which showed a hypoglycemic
effect for as long as 16 h .

Alginate Derivatives: Alginate, the apoly-
anionicnatural polymer obtained from brown
seaweed, is composed of a-L-guluronic (G) and B-
D-mannuronic (M) acid residues linkedby(1—4)-
O-glycosidicbonds. The pKa values of the M and G
acid residues are 3.5 and 4.0, respectively.
Thevarying ratios of § -D-mannuronopyranosyl and
a -L-guluronopyranosyl units have always been
used widely for preparing microparticles .
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Alginate gels are formed by ionic crosslinking with
cations, primarily Ca?* ions, which further help in
the drug retention within the gel matrix °*%.
However, alginate beads often show low
encapsulation efficiency and rapid drug release due
to the large porosity of beads.

When chitosan and dextran sulfate is added to
alginates, the low encapsulation efficiency ca n be
improved . To this chitosan - dextran sulfate,

polyethylene glycol - albumin shell was
supplemented, which lowered the proteolytic
activity on insulin.  Such insulin loaded

nanoparticles lowered the glucose levels by as high
as 70%, which lasted for 24 h ®’. In another study,
multilayer nanoparticles of alginate and dextran
sulfate coated on poloxamer and calcium stabilized
by cthgosan and albumin were prepared by Woitiski
etal. ™.

These insulin-loaded nanoparticles reduced the
blood glucose levels by 40% lasting for over 24hrs
when administered orally to diabetic rats. In
another study by Li et al., chitosan, alginate, and
CaCl, were dispersed in the oily phase comprising
68.5% Labrafac CC, 25% Span'" 80, and 6.5%
phospholipid ®. The emulsion so obtained was
mixed into ag. solution of 3% Cremophor EL (a
castor oil derivative). The nanoparticles obtained
from the above composition were loaded with
insulin when administered orally decreased blood
glucose levels by 7.5-8.2%. Hebrard, et al.
prepared hydrogel microparticles using whey
protein and alginate "°.

Whey protein, a naturally obtained polymer with
good nutritional value, can exist in different
physical states such as foam, emulsion, and gel.
The study revealed that such insulin-loaded
alginate/ whey protein microparticles showed
resistance to enzymatic degradation and have as
high as 98% drug encapsulation efficiency ",

B-cyclodextrin  polymers were synthesized by
Huang et al.,, 2010 using epichlorohydrin and
choline chloride to enhance the association
efficiency of insulin °. These cationic polymers
were encapsulated into CS-alginate microspheres.
Further studies showed that these NPs with particle
sizes ranging from 146 to 338 nm effectively
protected insulin in the GI tract and have an
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association efficiency of 87%, such inclusion of -
cyclodextrin  with  CS-alginate  microspheres
increased the positive charge leading to an increase
in protection against enzymatic degradation and
absorption increase enhancing cumulative insulin
release by 40% in SIF (simulated intestinal fluid) in
comparison to pure CS-alginate microspheres
which showed 18% insulin release. Still, at the
same time, 40% insulin was also released in SGF
(simulated gastric fluid) ”.

Sevil, et al. synthesized alginate and gum
tragacanth (ALG-GT) hydrogel with or without
chitosan (CS) and conducted an insulin study in
SGF and SIF™. In SGF, the ALG-GT gel showed
no considerable insulin release protecting insulin
from burst release, whereas, in SIF, it showed 70%
cumulative release.

At pH6.8 (SIF), which is higher than the pKa of
alginate  (3.38-3.65) and GT(~3), both
polysaccharides behaved as strongly negatively
charged gel leading to steric and electrostatic
repulsion causing insulin release in SIF. ALT-GT
gel without CS with higher ratios of GT promoted
higher insulin release.

Further, ALT-GT gel with CS owing to its
advantage for paracellular transport, mucoadhesive
properties, positive charge, and abundant amino
groups, protected insulin from gastric degradation,
moreover, increasing GT ratios led to less firm
structure and weaker polymer-polymer interactions
in gel network facilitated insulin release in the
intestine through electrostatic interaction.

Zhou et al, prepared glucose-responsive
nanoparticles (GR-NPs) by self-assembly with NI-
CYS-ALG (nitroimidazole- L-cysteine — alginate
sodium) polymer, this amphiphilic polymer showed
less swelling at low pH causing low insulin release.
In the presence of GR-NPs insulin remained in SIF
was 75.30+6.78% while in SGF remained 84.95+
0.79% at 180 min, indicating insulin stability and
less enzymatic degradation showing promising
results for oral delivery ™.

Poly-y-glutamic Acid (y-PGA): Poly-y-glutamic
acid (y-PGA\) is a biodegradable, water-soluble, and
non-toxic polymer. Chitosan and poly-y-glutamic
acid (y-PGA) have been used to synthesize
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nanoparticles for oral delivery of insulin. Due to
the smaller size and higher loading efficiency in
comparison to purely CS nanoparticles "°. CS/y
PGA nanoparticles have shown resistance to gastric
acid owing to their pH-sensitive behavior but at the
same time released the drug in the small intestine at
a faster rate """,

Moreover, when CS/y PGA was covalently
conjugated with diethyl-enetriaminepentaacetic
acid(DPTA) to form CS/yPGA-DPTA system
residence time of orally administered insulin was
prolonged and prevented enzymolysis *'.

A crosslinked network of CS/y-PGA nanoparticles
was prepared by adding tripolyphosphate (TPP)
and MgSO,; and was compared with CS/y-PGA
nanoparticles;  these  CS/y-PGA-TPP-MgSO,
nanoparticles showed a larger retention of insulin.

Further, such a modification had an advantage as at
pH 2.5, and pH 7.0 release of insulin was reduced
significantly, and at the same time at pH 7.4 fast
release of insulin was observed. These all suggest
thatmore insulin is released when passed into the
mucus layer .

Starch-Based Nanoparticles: Starch is another
naturally obtained biodegradable polymer. Its gel
and film formation properties are well known
which can be exploited for oral delivery. Zhang et
al., prepared a pH-responsive copolymer
comprising starch nanoparticles as the backbone
with poly(L-glutamic acid)(PGA) as graft chains 5.

The grafted copolymer showed excellently pH-
responsive properties in a research study. The in-
vitro release experiment reflected insulin release
was much slower in gastric juice (pH 1.2) than in
intestinal fluid (pH 6.8).

In another study, an amphiphilic polymeric
derivative was prepared by using polyethylene
glycol (PEG) and hydrophobic starch acetate. Due
to their pH-sensitive nature, these nanoparticles
were able to open tight junctions and showed
improved mucoadhesivitity °.

Details of the different processes studied to
evaluate the availability of insulin are given in
Table 1.
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TABLE 1: PROCESSES TO IMPROVE THE BIOAVAILABILITY OF INSULIN

Processes Systems Advantages Disadvantages References
Insulin Modifications Distearyldiammonium Hydrophobicity of insulin is 85, 69
bromide, soybean improved
phospholipid
Permeation Enhancers Chelators such as Ca’* ion chelation helps in Threat due to 37
EGTADPTA opening TJs absorption of
bacterial toxins
Enteric coatings HPMCP Fast release in the 52,18
Sensitivity to pH intestine
Enzyme inhibition Trypsin, chymotrypsin Protection from GIT Hamper body 19
inhibitors degradation due to proteases functions
Bioadhesion Chitosan, Adhesion to mucus layer Limitation by 45
PMAA increases the mucus
retention layer

Synthetic Polymers: In previous sections, our
discussion was on naturally obtained biodegradable
polymers from different sources which were
modified in one way or other to get the desired
results, but from now on, we will focus on the
polymers which are prepared synthetically, whose
structure, physical and chemical properties can be
well controlled and are biodegradable; hence their
drug release properties could be tailored to our use.

PLGA (poly (lactic-co-glycolic acid):
PLGA, PLG, orpoly (lactic-co-glycolic acid) is
a copolymer that is used in several approved
therapeutic devices, owing to
their biodegradability and biocompatibility. PLGA
is synthesized through ring-opening copoly-
merization of two different monomers, the cyclic
dimers (1, 4-dioxane-2,5-diones) of glycolic
acid and lactic acid. Insulin is entrapped in PLGA
nanoparticles through hydrophobic interactions ,
which is otherwise quite complicated due to the
hydrophilicity of insulin. Yang et al. prepared
insulin-loaded = PLGA  nanoparticles  when
administered the particles orally to diabetic rats,
which showed a rapid decrease in blood glucose
levels in 24 h ®. In a study, it is seen that the
negative charge on the surface of PLGA
nanoparticles leads to weaker bioadhesive abilities
compared with positively charged nanoparticles
and was therefore subjected to cationic
modifications by chitosan coatings, which resulted
in improved bioavailability. These modified CS-
coated PLGA nanoparticles had an advantage over
PLGA nanoparticles as they reduced initial burst,
strong mucoadhesion, prolonged resistance time,
and increased insulin bioavailability . In another
study, Cui et al modified insulin in which
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dichloromethane, ethyl acetate 2% polymer (w/v)
was added to insulin phospholipid complex, which
was then added to 2% aqueous solution of
polyvinyl alcohol. To improve the hydrophobicity
soybean phospholipid was taken; such preparation
reduced 57.4% blood glucose levels in 8 h, which
lasted for12 hrswhen administered orally ®.

Hosseininasab et al., synthesized triblock
copolymer of PLGA-PEG by ring-opening
polymerization of L-lactide and glycolide in the
presence of PEG . Two different molecular
weights of PEG viz. PEG2000 and PEG 4000 were
used, the size of such insulin-loaded PGLA-PEG
NPs varied from 25-75 nm. The encapsulation
efficiency of unmodified PGLA-PEG NPs, PGLA-
PEG2000, and PGLA-PEG4000 was 69.5%, 73%
and 78%, respectively, showing an increase in EE
with the increase in molecular weight of PEG. The
PGLA-PEG copolymers released the insulin in the
intestine compared to PLGA-PEG hydrogels,
which released insulin in the stomach. Hence,
copolymer was able to protect insulin from
enzymatic degradation in the Gl tract.

Sheng et al.,, synthesized N-trimethyl chitosan
chloride (TMC) coated polylactide-co-glycoside
nanoparticles (TMC-PLGA NPs) and loaded them
with insulin to carry out the study for oral delivery
87 These insulin loaded Ins TMC-PGLA NPs were
prepared by double emulsion solvent evaporation
method with size (247.6 £ 7.2 nm ), zeta potential
(45.2 £ 4.6 mV), insulin loading capacity (7.8 £ 0.5
%) and encapsulation efficiency (47.0 £ 2.9%). Ins
TMC-PGLA NPs were able to partially protect the
insulin  from enzymatic degradation, mucus
penetration in mucus-secreting HT 29-MX cells
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was improved compared to unmodified PLGA NPs,
and permeation across caco-2 cells took place
owing to the opening of TJs. Ins TMC-PLGA NPs
showed a stronger hypoglycemic effect in diabetic
rats, indicating improved mucoadhesive properties
leading to 2-fold higher bioavailability in
comparison to unmodified PLGA NPs.

Wu et al., synthesized PLGA/HP55 nanoparticles
to investigate the oral delivery of insulin.
PLGA/HP55 NPs were prepared using a modified
multiple emulsion solvent evaporation methods
(MSME) ®. Nanoparticles prepared by multiple
emulsions were larger in size in comparison to
when prepared by the single emulsion method .
The encapsulation efficiency was up to 94%. When
administered orally to diabetic rats with dose 50
IU/Kg showed a fast decrease in blood glucose
level between 1h and 8h indicating better
absorption in the upper intestine.

PLA: Poly (lactic acid) (PLA) has been used by
Xiong et al., in which Pluronic/PLA copolymer
was prepared. Pluronic block copolymers, a
synthetic polymers have been approved by USFDA
as a food additive and pharmaceutical ingredient .
Due to their amphiphilic properties * % and
permeation, the presence of PEO blocks in these
polymers has shown a strong affinity to the small
intestine. PLA-F127-PLA have been investigated
for oral delivery, and these insulin-loaded vesicular
NPs have been studied for hypoglycemic effect on
diabetic rats.PLA units were attached to both ends
of the Pluronic copolymer.

The PLA-F127-PLA vesicles loaded with insulin,
when administered orally to diabetic mice with
doses 50 IU/Kg reduced blood glucose levels
within 4.5 h lasting for 23hrs by 70%. The release
of insulin is affected by the size, molecular weight,
block composition, and degradation rate ** (Arogoa
et al., 2000). The study on PLA-F127-29 by has
found that when loaded with insulin, these block
polymers showed the presence of insulin inside the
vesicular core and on the surface and, hence, can
produce a sustained hypoglycemic effect *. These
polymeric vesicles have an advantage over
liposomes and coated liposomes owing to their
smaller size and bilayer thickness which can be
varied by varying molecular weight®Synthesized
PLA and PLGA microparticles by w/o/w multiple
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emulsion solvent evaporation techniques were
loaded with 5% bovine insulin showed 75% and
80% encapsulation efficiency respectively at pH
7.4. The size of particles varied from 40-53um
having a spherical shape with porous surfaces.
Insulin being located on the surface showed an
initial burst.

P(MAA-g-EG): Polyethylene glycol, when grafted
on poly (methacrylic acid)(PMAA), is designated
as P(MAA-g-EG). These complex anionic pH-
sensitive hydrogels protected the drug from an
acidic stomach environment and hence released the
drug in the small intestine. In an acidic
environment of the stomach due to hydrogen
bonding between protons of carboxylic acid and the
oxygen of PEG, the P(MAA-g-EG) network
collapse as a result of complexation, thus protecting
the insulin from the harsh environment of the
stomach.

Further, as the pH increases above 4.8,
deprotonating results in ionization and electrostatic
repulsion, thus breaking of a complex polymer
leading to swelling of polymer favoring the drug
delivery as illustrated in Figure 2.P(MAA-g-EG)
based hydrogels showed high encapsulation
efficiency(> 90 %) and high absorption across the
intestinal mucosa. Peppas and Klier first reported
the pH-responsive nature of P (MAA-g-EG) and
investigated the polymer for oral drug delivery .

They observed no hydrogen bonding between PEG
tethers and carboxylic acid groups of the PMAA
backbone, thus promoting mucoadhesion, which
increased residence time and bioavailability.
Mucoadhesive and site-specific effects of P(MAA-
g-EG) hydrogels were further enhanced due to
carboxylic acid pendant groups inacidic pH bound
to Ca2+ ions. They resisted the enzymatic
degradation by trypsin, a Ca** dependent enzyme.
Kavimandan et al. synthesized insulin-transferrin
complex, consisting of two insulin molecules and
one transferrin molecule ¥, transferrin, a ligand
used for transport of iron and peptides absorption
%9 The complex conjugate showed resistance to
proteolytic degradation. The complex was joined to
P (MAA-g-EG) based hydrogels and investigated
using the caco-2 cell model, and the receptor-
mediated endocytotic pathway showed 22 times
increase in insulin permeability as well as the
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loosening of TJs, leading to increased paracellular
transport. The study further showed an increase in
transport by 14 times using insulin-transferrin
complex in comparison to P(MAA-g-EG) loaded
insulin. In another study on oral insulin delivery
MAA based hydrogels were prepared by Kim and
Peppas using photopolymerization %°; these pH-
responsive hydrogels were investigated for insulin
release at pH 2.2 and pH 6.4, found best results for
P(MAA-co-MEG) having MEG: MAA in the ratio
of 1:4 and P(MAA-g-EG) with PEG 200, showed 5
to 7% bioavailability '°. These hydrogels decreased
the Ca’* ion concentration, reducing enzymatic
degradation and opening TJs, leading to an increase
in permeability '°*,

Wood et al., 2008 tried to exploit the presence of
N-acetyl-d-glucosamine sialic acid, the group
found on intestinal M cells and normal absorptive
cells of the intestine that can bind to wheat germ
agglutin (WGA), a glycoprotein extracted from
Triticumvulgare, thus increasing the residence time
as well as absorption of insulin 2. Mucoadhesive
properties of P(MAA-g-EG) base hydrogels were
improved with WGA by 17%. WGA binds to caco-
2 cellsenterocytes as well as promoted receptor-
mediated endocytosis **

Carr et al., synthesized polymers based on Poly
(methacrylic acid-co-N-vinyl pyrollidone) P(MAA-
co-NVP) using methacrylic acid and N-vinyl
pyrrolidone as monomer, and EGDMA was used
for the crosslinking agent for oral delivery **. It
was found that no insulin was released in acidic pH
indicating more absorption in GI tract showed low
transport across caco-2 cells. Sajesh and Sharma,
2011 tried to improvise P(MAA-co-NVP) by
incorporating chitosan by ionic gelation technique.
However, the system failed to show effective

paracellular absorption *®,

Li et al.,, 2020 synthesized pH-sensitive sodium
carboxymethylcellulose and polymethyl acrylic
acid (CMC/PMAA) semi IPN hydrogel using N's
free-radical polymerization method, N- methylene-
bis-acrylamide (NNMBA) '®.  The average
diameter of CMC/PMAA hydrogel pores was
found to be 62.45+13.10 mm compared to PMAA
hydrogel, which has a pore diameter of
110.82+24.03. Theoretically, pore size should
increase on an increasing amount of CMC %",
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However, CMC/PMAA hydrogel showed a
decrease in pore size which may be due to
increased entanglement of CMC with PMAA. The
equilibrium swelling and swelling ratio (SR) were
found to be 70.02+4.37 and 60.54+0.99 g/g
respectively; drug loading capacity was determined
to be 26.4+0.01%. The insulin loaded CMC/PMAA
hydrogel was taken to release Kkinetics which
showed cumulative release at pH 1.2as
26.66+£2.67% and 46.14+3.62% at 2h and 14h,
respectively, whereas at pH 6.8 the cumulative
release was 57.47+4.88% and 85.86+6.00% at 2h
and 6h. The insulin-loaded CMC/PMAA hydrogel
(75 1U/Kg) showed a sustained decrease in blood
glucose level starting from 4h and continuing
tol2h. However, less reduction in blood glucose
level was observed at dose 50 1U/Kg.

PCL: Poly (e-caprolactone)is a biodegradable
polyester with a low melting point prepared byring-
opening polymerization of e-caprolactone using
a catalyst such as stannous octoate & others.
Polymeric nanoparticles were prepared using
biodegradable poly (e-caprolactone) and non-
biodegradable poly cationic acrylic polymer
(Eudragit RS) and were used for regular insulin
delivery as well as part-loaded insulin delivery. It
was observed that part-loaded PCL/ Eudragit-RS
nanoparticles on oral administration to diabetic rats
with a dose 50 1U/Kg led to a reduction of plasma
glucose levels by 52%, lasting for 8h after
administration ®. Moreover, when compared to
orally administering regular insulin-loaded PCL/
Eudragit-RS which showed 6-8 h hypoglycemic
effect, part-loaded PCL nanoparticles showed a
hypoglycaemic effect for 12-24 h '®. This may be
attributed to intestinal mucosa absorbed monomeric
as part-insulin more rapidly than regular human
insulin 1,

PEA: Poly (ester amide) sare biodegradable
synthetic polymers. L-Lysine/L-Leucine based poly
(ester amide) containing pendent -COOH groups
were synthesized by He et al, by solution
polycondensation of three monomers and
investigated for oral delivery of insulin. PEA
microspheres were used to encapsulate insulin,
leucine components on adjustment showed
improved absorption of insulin. These PEA
microspheres were insulin loaded and administered
orally to streptozotocin-induced diabetic rats with a
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dose of 60 IU/Kg showed reduction of plasma
glucose levels by 49.4% within 5 h of
administration and lasted for 8 h . In another
study, Arginine-based PEA (Arg-PEA)
microspheres were used which further improved
the reduction in plasma glucose levels **°.

Poly (alkylcyanoacrylate) Nanoparticles: Poly
(isobutylcyanoacrylate), PIBCA, a tissue glue has
been investigated for oral delivery of insulin due to
its stability and biodegradability. Damage et al.,
prepared insulin nanoparticles by polymerizing
PIBCA ™. These NPs showed a sustained
reduction of blood glucose level after 2 h. The
effect of encapsulated polymeric PIBCA NPs
showed more site-dependent hypoglycemia in GIT,
ileum showing the max absorption. PIBCA, a
polymeric colloidal particle with less than 300 nm
diameter, has an oily core (Miglyol 812) with
poloxamer 188 as a surfactant. These insulin loaded
NPs were studied for oral administration to diabetic
rats, which showed a reduction of blood glucose
level from 2 h after administration lasting for as
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long as 13 days. The study also indicated that the
effect was more pronounced due to oil and
surfactant agents protecting the insulin from
proteolytic enzymes, while suspension in water did
not show any effect ™.

Insulin-poly-butylcyanoacrylate nanoparticle (IPN)
dispersed in soybean oil containing Tween-20 0.5%
(v/v) and vitamin E 5% (v/v) (size 67 nm) and poly
butylcyanoacrylate containing 0.5% (v/v) Tween20
(size 78 nm), these two formulations were prepared
by Houet al which showed reduced blood glucose
level when administered orally (50 1U/kg) to
diabetic rats % In poly (alkyl cyanoacrylate)
nanoparticles composed of isopropyl myristate,
caprylocaproyl macrogol glycerides, poly-glyceryl
oleate, and insulin of size 200-400nm were
dispersed and prepared by Graf et al.; this
formulation showed reduced blood glucose levels
for as Iong; as 36 h when administered orally (100
IU/kg) ™°. Details of the different hydrogels
studied are given in Table 2.

TABLE 2: TYPES OF HYDROGEL SYSTEMS AND THEIR DELIVERY SITES

Formulation Type Site Ref
A. Intestinal Delivery Systems
Anionic P(MAA-g-EG) Synthetic Small Intestine 96
Alginate derivatives Natural Small Intestine and 62, 63, 65,
Colon 66
Hyaluronic acid Natural Small Intestine 27
Based
Cationic Chitosan derivatives Natural Small Intestine 48, 54, 55, 51
Amphiphilic P(MAA-g-EG) Synthetic Colon 96
B. Intracellular Delivery Systems
Cationic Chitosan derivatives Natural Cytosol 48, 54,
55, 51
CS-coated PLGA Synthetic Cytosol 8
PEA Synthetic Small Intestine 31
Solid Lipid Nanoparticles (SLN): Nanoparticles the protection of insulin from enzymatic

of solid lipids of the colloidal range were first
investigated in 1990 and were used in several
formulations since then successfully. The biggest
advantage of such SLNs as drug carriers lies in
their reduced toxicity owing to lipid components,
which further showed protection from proteolytic
enzymatic degradation in GIT . In another
preparation, lectin-modified SLNs were prepared
by Zhang et al. These NPs were further modified
with wheat germ agglutinin-N-glutaryl-phospha-
tidylethanolamine (WGA) and encapsulated with
insulin; the advantage of such modifications being
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degradation in GIT. These formulations showed a
hypoglycaemic effect in rats when administered
orally. The pharmacological bioavailability
following oral administration of insulin-SLNs and
WGA modified insulin-SLNs was 4.46% and
6.08%, respectively . Witepsol 85E solid lipid
nanoparticles (SLNs) coated with chitosan were
prepared by Fonteet et al. for encapsulation of
insulin **®. The diameters of SLNs and chitosan-
SLNs were 243 + 10 nm and 470 = 32 nm,
respectively. When these CS coated insulin SLNs
were administered orally to diabetic rats showed
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reduced blood glucose levels for 24 h. In another
study, solid nanoparticles containing octadecyl
alcohol, cetylpalmitate, stearic acid,
glycerylmonostearate, glycerylpalmitostearate,
glyceryltripalmitate, and glycerylbehenate were
prepared by Yang et al. These SLNs showed
reduced blood glucose levels when administered
orally (50 1U/kg) up to 24 h ***. In a recent study,
solid lipid nanoparticles with endosomal escape
peptides were prepared byXu et al. These SLNs
were loaded with insulin and administered orally
(50 1U/kg), which showed a hypoglycemic effect in

EE]Se first 3 h by 35% but reduced to 20% after 12 h

Targeted Insulin Nanoparticles: A nanoparticle
complex of insulin preloaded dodecylamine-graft-
y-polyglutamic acid micelles were crosslinked with
N-trimethyl chitosan chloride (TMC) modified
with a CSKSSDYQC peptide (goblet cell targeting
peptide) by Jin Y et al., such a modification
improved the affinity towards epithelium. These
novel complex insulin-loaded NPs showed long-
lasting reduced BGL in diabetic rats when
administered orally **°. In another study by Pridgen
et al., PLA-PEG was synthesized using ring-
opening polymerization with a free terminal
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maleimide group (PLA-PEG-MAL) to conjugate
the Fc portion of 1gG and nanoparticles were
prepared. These NPs were targeted to neonatal Fc
receptor (FcRn) can regulate the transport of 19G
antibodies through the epithelium **. When
administered orally (1.1 1U/kg) to wild-type mice,
these insulin loaded NPs showed a prolonged
hypoglycemic effect with a mean absorption
efficiency of 13.4 % per hr compared to non-
targeted NPs (1.2% per hr).

Insulin-loaded Gold Nanoparticles: Insulin-
loaded gold nanoparticles have been prepared using
a reducing agent such as sodium borohydride by
Joshi HM et al. and administered orally to diabetic
rats showing a reduction in blood glucose levels by
18% after 3 h of delivery **.. In another preparation
by Joshi H M et al., chitosan was used as a
reducing agent to prepare insulin-loaded
nanoparticles and was administered orally
(501U/Kg) to diabetic rats. These NPs showed a
hypoglycemic effect after 2 h by 30% after
administration. The advantage of using chitosan
was that it promoted penetration of the mucosal
layer by NPs % Nanoparticles used for oral
delivery of insulin are illustrated in Table 3.

TABLE 3: TYPES OF NANOPARTICLES USED IN ORAL DELIVERY OF INSULIN

Polymer Size(nm) Animal Dose References

1. Chitosan 250-400 Diabetic rats 21 IU/Kg [63]
Chitosan Derivatives
A. Quaternized Chitosan ~265.4 e e [49]
B. Thiolated trimethyl chitosan +trimethyl chitosan-cysteine 100-200 Diabetic rats 50 IU/Kg [51]
(TMC-Cys)
C. Carboxylated chitosan + methyl methacrylate 251 to 319 Diabeticrats  15-100 IU/Kg [52], [54],
[53]
D. Lauryl sulfated chitosan Diabetic rats 451U/ 100 mg [55]
E. Chitosan + Oleic acid + Plurol oleique + Labrasol 108 Diabetic rats 50 IU/Kg [57]
F. Alginate + Chitosan 748 Diabetic rats ~ 25-100 IU/Kg [62]
G. Chitosan + Dextran sulfate 527 Diabetic rats  50-100 1U/Kg [64], [65],
[66]
H. Chitosan + TPP (pentasodium tripolyphosphate) + 250 — 400 Diabetic rats 7-21 IU/Kg [68]
Poloxamer 188
I. Chitosan + y-PGA ~200 Diabetic rats 30 1U/Kg [76]
J. Chitosan + Alginate + Calcium chloride + Labrafac CC + 488 Diabetic rats 25-50 1U/Kg [69]
Phospholipid+ Span 80 + Cremorphor EL
2. PEGylated starch acetate 32 Diabetic rats 1.3+0.1 [82]
1U/mg
SYNTHETIC POLYMERS

1. PGLA Poly(lactic-co-glycolic acid) >200 Diabetic rats 30mg/Kg [84]
A. Chitosan-PGLA 135 Diabetic Rats 15 IU/Kg [8]
B. PLGA + Phospholipid + PVA 104-428 Diabetic rats 20 IU/Kg [85]
2. Polylactic acid (PLA-F127-PLA) 56 Diabetic mice 50 IU/Kg [90]
3. P(MAA-g-EG) P(MAA-g-PEG) 200 nm at Diabetic rats 50 1U/Kg [96]
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4. Poly(e-caprolactone) PCL
A. PCL and Eudragit® RS
B. Aspart-PCL and Eudragit® RS
5. PEA Poly (ester amide)
L-Lysine/L-Leucine-based poly (ester amide)

6. Dextran
A. Dextran + Vit. B 12

B. Dextran + Alginate + Chitosan + PEG + BSA

C. Dextran + Alginate + Poloxamer + Chitosan + BS
7. Polyalkylcyanoacrylate
Poly(isobutylcyanoacrylate) PIBC
A. PIBCA
B. PIBCA + Poloxamer188(Surfactant) + Miglyol
C. PIBCA + Tween 20
D. PIBCA + Tween 20 + Soyabean oil + vitamin E
E. PIBCA +lsopropyl myristate + caprylocaproyl macrogol
glycerides + polyglyceryl oleate
8. Solid Lipid Nanoparticles (SLNSs)
A. Lecithin + stearic acid + poloxamer + wheat germ
agglutinin-N-glutamyl-phosphatidylethanolamine
B. Witepsol 85E
C. Witepsol 85E + Chitosan
D. Cetyl palmitate-based solid lipid nanoparticle (SLN)
E. Solid lipid nanoparticles with endosomal escape peptide
9. Targeted insulin Nanoparticles
A. N-trimethyl chitosan chloride + CSKSSDYQC peptide
B. PLA-PEG + human polyclonal 1gG Fc

10. Gold nanoparticles
A. Chitosan — reduced gold nanoparticles

pH 2.0 2um

at pH 6.0
331 Diabetic rats  25-100 IU/Kg [109]
700 Diabetic rats 50 1U/Kg [108]
STZ induced 60 IU/Kg [31]

Diabetic rats
150-300 STZ induced 20 1U/Kg [34]
Diabetic rats
>1842 (90 Diabetic rats 25-100 [67]
%) >812 (50 1U/Kg
%)
396 Diabetic rats 50 IU/Kg [68]
300 Diabetic rats 100 IU/Kg [111]
145 Diabetic rats 100 IU/Kg [111]
78 Diabetic rats 50 IU/KG [112]
67 Diabetic rats 50 IU/Kg [112]
200 — 400 Diabetic rats 100 1U/Kg [113]
75.3 Diabetic rats 50 1U/Kg [115]
233 — 253 Diabetic rats 25 1U/Kg [116]
470 + 32 Diabetic rats 25 1U/Kg [116]
350 Diabetic rats 50 IU/Kg [117]
150 - 160 Diabetic rats 50 IU/Kg [120]
342 Diabetic rats 50 IU/Kg [119]
63 Wild type 1.1 IU/Kg [120]
mice

35 Diabetic rats 50 IU/Kg [122]
10-50 Diabetic rats 50 IU/Kg [122]

CONCLUSION: Diabetes mellitus has become
one of the common concerns in recent years, and to
tackle such an issue, oral delivery of insulin has
become the need of the hour. Although many
studies have been carried out to improve the drug's
loading efficiency and stability, desired results
have not been met. Biodegradable hydrogels have
been studied as excellent carriers for drug, protein,
and peptide delivery due to their ability to get
modified by hydrophilic/nydrophobic balance,
which allows them to control and defer or speed up
the drug transport. Hydrogels are especially
significant as transporters for oral conveyance
because they can be delivered anionic, cationic, or
amphiphilic by fitting copolymerization measures
with ionic parts to suit the uneven conditions of the
Gl Tract. Albeit this joining of ionic moieties
prompts  naturally  delicate  designs, and
accordingly, there are various unanswered inquiries
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concerning the utilization of hydrogels as oral
delivery vehicles that have to be answered.
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