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ABSTRACT

Introduction: The conventional subcutaneous administration of insulin has been
associated with several limitations leading to poor patient compliance. The poor oral
bioavailability of insulin due to degradation by gastrointestinal enzymes and secretions
can be countered by the use of protective carriers such as solid lipid nanoparticles that
are capable of being taken up by the Peyer’'s patches. The aim of the investigation
was to design and investigate alginate coated solid lipid nanoparticles (SLN) of insulin
for oral administration. Materials and Methods: The SLN were prepared from glyceryl
behenate and glyceryl monostearate and coated with mucoadhesive polymer, sodium
alginate. The SLN were evaluated for size, shape, zeta potential, drug content, in vitro
release and ex vivo drug permeation through goat intestinal mucosa and Caco-2 cell
monolayer model. Results and Discussion: Transmission electron microscopy revealed
spherical particles of uniform size distribution. In vitro drug release using the reverse
dialysis method revealed that the alginate coating maintained the potency of insulin in
simulated Gl fluids and also provided sustained release. Absorption enhancement was
demonstrated in ex vivo permeation studies in the goat intestinal mucosal model as well
as in the Caco-2 cell monolayer model. The oral administration of alginate-coated insulin
SLN in streptozotocin induced diabetic rats resulted in a significant hypoglycemic effect
as compared to that of uncoated insulin-loaded SLN. The percentage glycemia at the end
of 10 h was statistically significant (p<0.05) to oral insulin and the hypoglycemic levels
reached were comparable to that of the conventional subcutaneous insulin. Conclusion:
Alginate coated SLN has the potential of improving the absorption of insulin through

intestinal mucosa and possibly its bioavailability.
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INTRODUCTION

Diabetes Mellitus is a metabolic disorder
in which there is an increase in blood
glucose level caused by impaired glucose
metabolism. It is followed by altered
carbohydrate, fat and protein metabolism.
There are mainly two types of diabetes
mellitus. Type 1 diabetes mellitus which
is caused by a decrease in insulin secretion
due to atrophy of pancreatic 3 cells. Thus
the patients suffering from Type 1 diabetes
require an exogenous supply of insulin for
their survival. Type 2 diabetes is caused

due to the resistance of peripheral cell
for the secretion of insulin. For few select
individuals and in the later stage of Type 2
diabetes, an exogenous supply of insulin
may be required.’

Insulin is commonly given through
the
subcutaneous administration of insulin has
several limitations such as local discomfort,
pain, allergic reactions,
associated with multiple injection and

hypoglycemia due to overdose. To overcome

subcutaneous route, however

inconvenience
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these problems several approaches for the novel drug
delivery of insulin was explored.”’

Among the various routes of administration of a drug
to the systemic circulation, the oral route is found
to be most convenient, safe and acceptable route
of administration. But insulin as a protein has poor
bioavailability due to degradation by enzymes in the
gasto-intestinal tract and poor penetration due to higher
molecular size and hydrophobicity. Thus it is necessary
to develop an oral delivery system that will protect
the drug from degradation till it is absorbed into the
systemic circulation.*

Several investigations report the use of carriers such as
polymeric nanoparticles, liposomes and a lipid-based
system were developed in an effort to increase the
bioavailability of insulin through oral administration
by protecting the incorporated drug from the effects
of enzymes and gastrointestinal fluids. Moreover, it
has been reported that nanoparticles of biodegradable
polymers show better control over the oral delivery
of proteins and peptides’ The main advantage
of nanoparticles is that they can pass through the
gastrointestinal (GI) tract and be taken up by M cells of
Peyer’s patches, a type of Lymphatic Island in the intestine
which is the main site through which nanoparticles get
absorbed when compared to microparticles.”

In fact studies have shown that nanoparticles can
temporarily and reversibly open the tight junctions
in Caco-2 cell monolayers, thus increasing their para
cellular permeability.®

Therefore there is a possibility that insulin entrapped
nanoparticles could reach the systemic circulation intact,
but the properties of the carrier could strongly influence
the degree of uptake. Solid lipid nanoparticles (SLN)
are submicron colloidal particles particle size ranging
from 50-1000 nm and are considered as suitable carriers
for both hydrophobic and hydrophilic drugs. Unlike
polymeric nanoparticles, they possess the advantages of
good tolerability, biodegradability and it can be produced
in industrial scale. They are also known to improve
the bioavailability, prolong their residence time and
modification in the bio distribution of protein drugs.”® It
has been reported that SLN can improve protein stability
by protecting against proteolytic degradation, as well as
provide sustained release of the incorporated molecules.
Several peptide drugs such as cyclosporine A, insulin,
calcitonin and somatostatin incorporated into SLN have
been investigated.’

SLN are notoriously known to show a low entrapment
efficiency for hydrophilic drugs including proteins, due
to the partitioning of the latter into the aqueous phase
during preparation.'” However, by suitable combination
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of lipids and surfactants it is possible to improve
hydrophilic drug loading efficiency of SLN."
Mucoadhesion of the nanoparticles to the intestinal
mucosa is an important requirement for promoting
uptake by the intestinal mucosal cells via an endocytosis
mechanism."? In the past decade, there have been several
investigations wherein chitosan nanoparticles or chitosan
coated nanoparticles have been used as carriers for
protein drugs for oral administration because of several
benefits such as capacity to enhance mucosa absorption
and good compatibility with the incorporated protein
drug; Besides, they are also biocompatible, biodegradable,
non-toxic and inexpensive."*'* It has also been reported
that the absorption-promoting effect of chitosan is due
to the improved mucoadhesion and temporary opening
of tight junctions in the mucosal cell membrane which
is responsible for the targeting of the drug and uptake
by the Peyet’s patches."*> However chitosan has certain
limitations. Since chitosan is pootly soluble in neutral
and alkaline pH, for GI applications, its mucoadhesion
and permeation enhancer properties are strongest in
the duodenal area.'® It has been reported that at higher
pH (6-6.5) chitosan has a tendency to precipitate and
therefore in the distal parts of the gastrointestinal tract,
chitosan may lose its mucoadhesive and permeation
enhancing property.'"'®

Sodium alginate is an anionic polymer with properties
similar to that of chitosan in terms of
biodegradation, low immunogenicity, mucoadhesiveness
and non-toxicity."” Mucoadhesive polysaccharides such
as chitosan and alginate are known to improve the
permeation of protein drugs through the intestinal
mucosa due to the absorption enhancing properties of
the former.® A variety of alginate carriers ranging from
beads to micro and nanoparticles for the oral delivery of

insulin have been investigated for sustained release while
21-23

very

protecting the drug from enzymatic degradation.
But, such approaches resulted in low encapsulation
efficiency due to the rapid release of hydrophilic
insulin into the cross linking medium. To counteract
this problem, many studies reported the use of the
formation of polyelectrolyte complex between chitosan
and alginate with B-cyclodextrin for entrapping the
drug?* Others have prepared microspheres of alginate
reinforced with chitosan and/or dextran sulphate
to minimize insulin release at gastric pH.” However
such methods were complicated with the need for pH
adjustment which affected encapsulation efficiency. We
have used alginate as a mucoadhesive coating around
the drug incorporated solid lipid matrix rather than
the particle itself. To the best of our knowledge, only
one study by Andreani T e al described the use of
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alginate coating of silica nanoparticles for oral insulin
delivery.” Unlike the biodegradable nature of solid lipid
nanoparticles, silica nanoparticles have the potential of
accumulating in the liver or spleen.”” In light of these
facts, we hypothesized that sodium alginate may be a
better alternative to chitosan as a coating polymer for
the insulin containing SLN, since its mucoadhesiveness
will be unaffected at the neutral to alkaline pH of
the intestine without compromising on its ability to
promote uptake by the intestinal epithelial cells. It has
been demonstrated by Borges ¢ a/. that sodium alginate-
coated nanoparticles were readily taken up by rat Peyer’s
patches.”” Moreover, the alginate coating would also
provide further protection to the entrapped insulin from
the degrading effects of acid and enzymes of the gastric
fluids.

MATERIALS AND METHODS

Materials

Human lyophilized insulin (100 mg per vial) was
procured from Sigma Aldrich, Mumbai. The SLN were
prepared from lipids such as Glycerol monostearate
(GMS) and Glyceryl behenate (GB). GMS was procured
from Lobo Chemie Pvt. Ltd, Mumbai while GB was
obtained from Himedia lab Pvt, Ltd and Mumbai. The
initial emulsions obtained were stabilized by the use of
surfactants such as Poloxamer 407 and Tween 80 which
were purchased from Yarrow Chem Products Pvt. Ltd.,
Mumbai. All other chemicals were of analytical grade
and obtained from Lobo Chemie Pvt I.td, Mumbai.

Methods

Preparation of SLN of insulin

SLN of human insulin were prepared using the modified
solvent emulsification-evaporation method. The lipid
was dissolved in the organic solvent in a glass test tube

by using a bath sonicator to form the oil phase. To avoid
solvent evaporation during handling, closed tubes were
used. The insulin was dissolved in hydrochloric acid
solution (0.1M) by slight shaking to form an internal
water phase. The internal water phase was added to an
oil phase and sonicated at 70% amplitude for 30 sec to
form w/o emulsion. To avoid solvent evaporation due
to increase in temperature during sonication, the beaker
was placed in an ice bath. This emulsion was then poured
into a beaker containing external aqueous phase with
the surfactant and sonicated at 70% amplitude for 30
sec. This resulted in the formation of a w/o/w emulsion.
The prepared emulsion was magnetically stirred at 300
rpm for the evaporation of the organic solvent, forming
the SLN dispersion.

On the basis of results of particle size, Polydispersity
Index (PDI) and zeta potential, optimal formulations of
SLN were selected. They were coated with alginate by
mixing equal volumes of the insulin loaded nanoparticle
dispersion and a 1% w/v solution of sodium alginate in
phosphate buffer with constant agitation. After a stirring
period of 20 min the suspension was then centrifuged
for 10 min at 1600 rpm. The supernatant was discarded
and the SLN were re- suspended in 0.262 mM calcium
chloride in 50 mM HEPES buffer solution and further
agitated for another 10 min.*® The compositions of the
aqueous and oil phase used for various formulations is
shown in Table 1.

Evaluation of alginate coated SLN of insulin

Particle size and size distribution and Zeta potential
measurement

The particle size and polydispersity index of SLN’ as
well as the zeta potential was determined by dynamic
light scattering, using Zetasizer (Nano ZS Malvern,
UK). The nanoparticle dispersion was appropriately
diluted with ultra-purified water before measurement.

Table 1: Composition of various SLN formulations.

Product Internal aqueous Oil (lipid) phase* External aqueous phase
code phase

F1 Insulin (1mg) in 0.2 GMS (250mg) Poloxamer 407 (2%w/v;
ml of 0.1 M HCI in chloroform (2ml) 20ml)

F2 Insulin (1mg) in 0.2 GMS (250mg) in Tween 80 (2%w/v; 20ml)
ml of 0.1 M HCI chloroform (2ml)

F3 Insulin (1mg) in 0.2 GB (200mg) in Poloxamer 407 (2%w/v;
ml of 0.1 M HCI dichloromethane (2ml) 20ml)

F4 Insulin (1mg) in 0.2 GB (200mg) in Tween 80 (2%w/v; 20ml)
ml of 0.1 M HCI dichloromethane (2ml)

* GMS - glyceryl monostearate; GB — glyceryl behenate
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Transmission Electron Microscopy (TEM) of
coated SLN

Particle size analysis was also carried out by TEM (Jeol/
JEM 2100 High Resolution). A drop of the diluted
selected alginate coated SLN formulation was placed
on carbon-coated copper grids and dried under a lamp
before the microscopic images were recorded.

Insulin association efficiency

The association efficiency (AE) was determined by the
indirect method as reported by Fonte ez a/.* The amount
of insulin entrapped into SLN was calculated by the
difference between the total amount used to prepare
the SLN and the amount of insulin that remained in
the aqueous phase. The aqueous phase was separated by
centrifugation and filtration. The sample was centrifuged
at 4000 rpm for 1 hr. The separated supernatant was
diluted and passed through a 0.2 pm syringe filter. The
insulin concentration in the filtrate was determined by
HPLC-UV method. The equation used to determine
AE is given as follows:

Total amount of insulin —
Free insulin in filtrate
AE =

x 100 )
Total amount of insulin

The loading efficiency (LE) was determined from the
difference between the total amount of insulin initially
used to prepate the nanoparticles and the amount of
residual un-associated or free insulin after particle
separation as a percentage of total nanoparticle dry
mass. As described above for AE, the free insulin
present in the filtrate after separation of the SLN was
measured by HPLC-UV. The total dry weight of the
nanoparticles was determined. The residue remaining
after centrifugation was combined with the rinsing from
the syringe filter and the dispersion so obtained was
subjected to freeze drying. The LE was then calculated
using the formula below.”

Total amount of insulin —
Free insulin in filtrate

LE= x 100 ©)

Total weight of nanoparticles

In vitro release studies

Drug release studies were carried out by a small
modification of the reverse dialysis sac method reported
by Xu ez a/* The study was carried out under simulated
GI conditions in two steps. In the first step, 5 ml of the
SLN dispersion was mixed with sufficient simulated
gastric fluid (SGF) of pH 1.2 (2.0 g of sodium chloride,
3.2 g of pepsin in 7.0 ml of hydrochloric acid and water
to make 1000 ml) to produce 100 ml. This dispersion
was used as the external medium and therefore has

the opportunity to release the drug content under
maximum dilution and petfect sink conditions.” For the
purpose of sampling the drug released at predetermined
time intervals, two dialysis bags (Himedia, molecular
weight cut off: 12000-14000 Daltons; pore size: 2.4
nm) each containing 5 ml of SGI was immersed in the
external medium (placed in a 250 ml beaker) which was
maintained at 37°C and agitated by a magnetic stirrer
at 50 rpm. The immersed dialysis bags were previously
filled and equilibrated with the sink solution in the
external compartment. The two bags which were fitted
with glass tubes to provide for alternative sampling,
make it possible to allow equilibration prior to the next
sampling time. The released drug from the nanoparticles
is expected to diffuse through the dialysis membrane
into the internal compartments. The study was carried
out for 2 h to mimic the i vivo gastric conditions. In
the second step, the same procedure was repeated with
the exception that simulated intestinal fluid (SIF) or
phosphate buffer of pH 6.8 was used in the external
compartment and dialysis bags with a fresh sample
of 5 ml of the SLN dispersion. During the 6 h study,
aliquots of 500 ul removed from the dialysis bags were
filtered through syringe filters and analysed for drug
concentration using HPLC-UV. The permeation ability
of the drug in solution through the dialysis membrane
was also determined by repeating the study in SGF and
SIF with 5 ml of insulin solution in dilute acetic acid in
the external medium.

Ex vivo permeability studies using Caco-2 cell
monolayer model

Ex vivo permeability studies of the drug from SLN
were performed using Caco-2 cell monolayer model.
Caco-2 cells (passage 70-75) were cultured at 37°C in
an atmosphere of 5% CO2/95% air and 90% relative
humidityinDulbecco’s modified Eagle medium (DMEM)
supplemented with 1% penicillin—streptomycin, 2 mM
L-glutamine, 1% nonessential amino acids and 10%
heat-inactivated foetal bovine serum.*>*

The cultured cells were seeded on 24 well (Trans well)
plates in DMEM medium at a density of 10,000 cells/
well. Trans epithelial electrical resistance (TEER)
measurements were carried out to monitor the growth
and viability of the monolayer. After 20 days from initial
seeding, aliquots of 100 ul each of insulin solution and
SLN dispersions equivalent to 50 pg/ml are applied
to the apical side of the cells.” Then the permeation
study was cartied out for 3 h at 37°C. At the end of
the period, samples of the medium were removed from
the basolateral side and insulin content was analyzed by
HPLC-UV.
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Ex vivo permeation studies using intestinal
mucosa of goat®

Ex vivo permeation studies were also carried out using
the freshly excised intestinal mucosa of a goat obtained
from the slaughter house. The goat intestinal mucosa
which was trimmed off to remove any extraneous
tissue was rinsed with phosphate buffered saline (pH
6.8) to remove mucous and lumen contents. The tissue
was mounted between the donor and the receptor
compartment of a Franz diffusion cell with the mucosal
surface facing the donor compartment. Formulation
equivalent to 50 pg/ml of insulin was placed in the
donor compartment, while the receptor compartment
was filled with 25 ml of phosphate buffer pH 6.8 and
its temperature was maintained at 37°C. The content of
the receptor compartment was stirred using a magnetic
stirrer at 100 rpm. An aliquot of 2 ml was withdrawn
from the receptor compartment at suitable time intervals
and replaced with the same volume of fresh medium.
These samples were analyzed using HPLC-UV.

In vivo anti-diabetic studies using albino rats

The animal experiments were carried out in adherence to
the CPCSEA guidelines and after obtaining permission
from the Institution Animal Ethics Committee of the
NGSM Institute of Pharmaceutical Sciences. Male
albino rats of body weight, 200-250 g were housed in
controlled environmental conditions of temperature (22
* 2°C) and relative humidity (45-65%). The rats were
fed with standard diet feed and were provided fresh
water. Lighting was on standard 12 h on/12 h off cycle.
Total of six groups of animals was taken and treatment
was given as follows:

Group 1: Normal control, are treated with distilled
watet.

Group 2: Negative control without any treatment.
Group 3: Positive control with subcutaneous insulin
(2.510/kg)

Group 4: Oral insulin solution (20 IU/kg, in Phosphate
Buffered Saline). Group 5: Uncoated solid lipid
nanoparticles (25 IU/kg)

Group 6: Alginate coated solid lipid nanoparticles (25
1U/kg)

Diabetes was induced in Groups 2 - 6 as per the
method described. A single intra-peritoneal injection
of streptozotocin (10mg/ml in citrate buffer, pH 4.5)
at a concentration of 60 mg/kg of body weight was
administered to each rat. After 3 days, rats presented
fasted blood glucose levels above 250 mg/dL. These
animals were used and were fasted 12 h before the

experiment and remained fasted during the experiment.
But the animals had free access to water.
Respective treatments were given to Groups 3 - 6. Blood
samples were collected from the tail vein after needle
puncture. The blood glucose level was measured using a
glucometer. The samples were collected at different time
intervals for a period of 12 h and the results obtained
were statistically evaluated by one-way analysis of
variance (ANOVA). The significant difference (p<0.05)
between the groups were compared using post-hoc test
(Scheffe). All statistical analysis was performed using
the Statistical Package for the Social Sciences (SPSS)
software.”* Plasma glucose levels were plotted as
percentage of base line glucose levels against time.
The pharmacological availability (PA) of the formulations
administered to the animals was also determined to
establish the efficacy of the alginate coated SLN. Taking
into consideration that subcutaneous insulin would
produce 100 % bioavailability, the PA was determined
from the area above the plasma glucose curve (AAC)
below the 100% cut-off line using the trapezoidal
method and applying the following formula.*

AAC__ / Dose

AAC, / Dose “«

al

)

RESULTS AND DISCUSSION

We have coated the optimized SLN formulations with
sodium alginate by ionotropic gelation in calcium chloride
solution so as to provide mucoadhesive characteristics to
the particles. The anionic nature of the alginate coating
will also increase the charge density on the surface of the
SLN thereby giving better physicochemical stability and
improve the mucoadhesive properties of the polymer.”’
This is essential since, the mucoadhesiveness provided
by this coating prolongs the drug residence time in
gastrointestinal mucosal tissues, including at the Peyer’s
patches.

Particle size, PDI and zeta potential measurement

The particle size of the uncoated SLN of GB was
significantly greater than those of GMS. The use of the
two surfactants poloxamer 407 and tween 80 did not
really make much of a difference to the patticle sizes
for each lipid. The increase in particle size could be due
to the fact that the increase in hydrophobic chain length
of lipid of GB when compared to GMS could have a
role to play.*

Ideally, particle size below 500 nm enhances the
absorption through intestinal mucosa.** Therefore
SLN prepared using GMS was selected for the coating
with alginate. Interestingly after coating, the choice of
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the surfactant did make a difference to the final particle
size. Coated SLN formulation F5 using Poloxamer 407
as surfactant were significantly smaller than those of F6
with Tween 80. This was probably due to the increased
deposition of alginate on the SLN surface in the case of
F6 brought about by the poorer solubilizing capacity of
Tween 80 on sodium alginate as compared to Poloxamer
4074

The lower value of zeta potential is normal for particles
containing non-ionic surfactants like Tween 80 and
Poloxamer 407. After alginate coating, the surface
charges reverted to a negative value. This shows
the deposition of negatively charged alginate on the
surface of SLN.** The values of zeta potential of all
formulations are within the stability range of + 25 meV.
With the exception of F3 and F4, the PDI of all
formulations were found to be less than 0.3 indicating a
narrow size distribution.

Transmission Electron Microscopy (TEM) of
coated SLN

The TEM Images (Figure 1) of F1 and F5 confirm that
the coated and uncoated SLN were spherical in shape
and indicated a uniform size distribution. The average
size of particles in the micrograph for I1 was found
to be 217 £ 4 nm and that of F5 was 305 £ 2 nm.”
Obviously the larger size of 5 would be the result of
coating,

Drug association efficiency and drug loading
capacity

The data for association efficiency (AE) and loading
efficiency (LE) is given in Table 2. The association
efficiency reflects the fraction of the total insulin that
is actually entrapped in the lipid. The composition of
the lipids can influence both association efficiency and
drug loading efficiency. Since hydrophilic drugs such as

A , B

Figure 1: Transmission Electron Microscopic image of F1 (A)
and F5 (B).
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insulin tend to get expelled from the lipid matrix during
the solidification of the SLN, drug loading can be a
problem."

We have found that the choice of the lipid and surfactant
can make a difference to both AE and LE. Some of
the factors that determine the drug loading capacity of
SLNSs are the solubility of drug in lipid phase and the
chemical or physical structure of solid lipid matrix.*
GMS is a good emulsifier and a suitable combination
with a surfactant such as Tween 80 or Poloxamer 407
can improve the AE and LE for hydrophilic drug,
insulin by enhancing solubilization in the lipid matrix.
Another factor that may be considered is the molecular
size and chain length that may affect the polarity of the
lipid. The greater chain length of GB makes it more
hydrophobic and hence amount of insulin entrapped
was significantly reduced. Therefore, the SLN made from
GMS when combined with similar surfactants produced
greater AE and LE. It was also observed that when
Poloxamer 407 was used as the surfactant, there was a
substantial increase in drug entrapment as compared to
the SLN formulations prepared with Tween 80, because
of the greater solubilizing properties of the former.
On the basis of this observation, F1 was considered as
optimal for subsequent coating with alginate. Between the
two coated formulations, F5 and F6, the former was
considered optimal in terms of not only AE and LE but
also particle size and PDI and therefore was subjected
further to drug release studies.

In vitro drug release studies

In vitro release of insulin from the solid lipid nano-
particles of F1 and F5 was investigated in simulated
GI fluids. This evaluation is crucial for predicting drug
release behavior in the GI tract after oral administration.
The method selected for the study is the reverse dialysis
sac technique, which enables physical separation of the
SLN from the sampling compartment by the usage of
a dialysis membrane and allows for ease of sampling
at periodic intervals. Moreover, the introduction of the
SLN into the external release medium which is agitated
ensures not only direct contact with the simulated GI
fluids but also provides the sink conditions necessaty for
continuous diffusion of the drug into the dialysis bag.*
Thus there is a greater degree of predictability in drug
release due to closer simulation of 7z vivo conditions.
The release rate of the drug and its appearance in the
dissolution medium within the dialysis bag depends on
the partitioning the drug between the lipid phase and the
external aqueous environment followed by diffusion of
the drug across the membrane.”
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This study has been carried out in two stages, whereby
in the first stage, the SLN dispersion was introduced into
(SGF) in the external release compartment and samples
were taken from the dialysis bag also containing the same
medium. Since it was not possible to replace the medium
with SIF for the second step, the entire study was repeated
in a second assembly where the SLN formulation was
added to SIF in the external compartment. The drug
release profiles of insulin from the formulations, in SGF
and SIF, are shown in Figures 2 and 3 respectively.

The release profiles in SGF show that the amounts
of insulin released from F5 were negligible compared
to that from F1. This was to be expected since the
alginate coating is poorly soluble in acidic pH due to
the protonation of the pendant carboxylic moieties and
thereby provides a protective barrier to the entrapped
drug in the SLN matrix.”” In the absence of such a
restrictive barrier in the uncoated SN formulation, F1,
an initial burst release of insulin in the first 30 min of
the study was followed by a slow and sustained release
that reached a maximum of just about 15 % at the end
of two hours. The burst release could be attributed
to a small percentage of the hydrophilic drug being
expelled from the lipid matrix as it crystallizes during the
formation of the SLN. However, as mentioned eatliet,

the alginate coating in F5 helps to contain this abrupt
initial release of insulin. In contrast, the permeation of
insulin from solution was rapid and attained a maximum
of 89% within 2 h.

In SIF, insulin permeation from solution was observed to
progressively decrease with time and the maximum drug
permeated at 2.5 h was only 70%. This decrease could be
attributed to the poorer solubility of insulin in alkaline
media, as a result of which there could be some degree of
precipitation. The precipitated insulin would have been
retained by the dialysis membrane and could probably
account for the remaining unreleased drug, This problem
of precipitation would have been substantially lesser
from the SLN formulation because of the protection
provided by the lipid matrix of the F1 and F5 and the
alginate coating of F5.

Both F1 and F5 produced sustained release of insulin
throughout 6 h with the former showing a significantly
higher release. The initial burst effect is evident from
the uncoated SLN, whereas in F5, the presence of the
alginate coating prevented a similar occurrence in the
latter. Although the insulin AE is almost the same for
F1 and F5, the slower release profile from the latter
is due to the resistance offered by the gelled alginate
coating to the diffusion of the drug for at least up to 4

Table 2: Data for particle size, PDI, zeta potential, AE and LE for all formulations.

Product Particle size PDI Zeta potential AE (%)* LE (%)*
code (nm) (mV)
F1 2371 0.301 -9.82 46.24 £ 0.21 17.19 + 1.36
F2 301.5 0.376 -4.28 33.22+0.12 10.06 £ 2.15
F3 866 0.631 -5.85 40.48 +0.18 12.32 +0.74
F4 803.8 0.534 -13.4 26.16 £ 0.17 9.35+2.83
F5 323.8 0.253 719 4713 +£0.12 18.43 £ 3.22
F 6 1068 0.205 5.22 31.33+£0.17 9.81+£1.97
*Average of 3 measurements with standard deviation
AE —Association Efficiency; LE — Loading Efficiency
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Figure 2: In vitro release profiles of insulin from SLN and
solution in simulated gastric fluid (SGF).

Indian Journal of Pharmaceutical Education and Research | Vol 55 | Issue 2 | Apr-Jun, 2021

Figure 3: In vitro release profiles of insulin from SLN and
solution in simulated intestinal fluid (SIF).
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h. After that, the gradual dissolution or erosion of the
alginate coating at the intestinal pH would produce a
surge in drug release to be almost the same as that of
F1. It can be seen that the release of insulin from both
coated and the uncoated SLN is substantially enhanced
in SIF as compared to SGE F1 showed only 15.36 %
release after 2 h in SGF whereas, in SIF, the release
was 45.65 %. The reduction in drug release from F1
in the gastric fluid means that insulin released from
SLN was probably degraded by the proteolytic enzyme,
pepsin and the acid. Studies show that insulin degrades
immediately in the presence of pepsin.”’ However, in
our investigation, the proteolytic degradation of insulin
was not immediate, which could be attributed to the
slow release of insulin from the lipid matrix in both
F1 and F5 and therefore, less exposure. Moreover, the
additional protection offered by the alginate coating
in F5 may further protect the drug from deactivation.
This study, therefore, confirms the importance of the
alginate coating in maintaining the potency of orally
administered insulin.

Ex vivo permeation studies using Caco-2 cell
monolayer model

The absorption or permeation of drug as SLN can be
studied in the Caco-2 cell monolayer model. The effect
of the alginate coating on insulin permeation was also
considered by comparing with results from the uncoated
form as well. The results obtained are shown in Figure 4.
It is evident from the results that the presence of
the alginate coating makes a difference to the extent
of insulin permeation through the monolayer. The
percentage of insulin permeated from the solution
was almost negligible considering that a hydrophilic
macromolecular drug would not be able to permeate
through the lipid cell membrane by passive diffusion
unless a para cellular pathway is available. However, the
para cellular pathway for the transport of hydrophilic
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Figure 4: Drug permeation through Caco-2 cell monolayer at
the end of 3 h.

molecules does not exist in the Caco-2 cell monolayer
model.>* In any case, the degradation of insulin i vive
by acids and enzymes would have produced a similar
result, without the lipid matrix of the SLN to protect it
from such effects. It is also possible that the lipophilic
characteristics imparted by the lipid matrix of the SLN
to the hydrophilic drug may enable the latter to be
absorbed by the Trans cellular pathway. The alginate
coating on SLN in F5 produces the necessary muco-
adhesion for the improved permeation or uptake into
the cells as compared to the uncoated SLN. Although
the Caco-2 cell monolayer may not be considered
as a replica of the intestinal mucosa in terms of cell
differentiation and presence of mucus secreting cells,
it is however a reliable model of intestinal epithelial
cells suitable for the study of drug transport through
intestinal mucosa.”” Therefore this study confirms the
ability of alginate coated SLN to penetrate through the
GI mucosa.

Ex vivo permeation studies using intestinal
mucosa of goat

The ex vivo permeation studies was carried out for the
insulin solution, the optimized formulation of uncoated
SLN and alginate coated SLN for a period of 6 hr using
freshly excised goat intestinal mucosa.

There was a substantial increase in insulin permeation
from the alginate coated SLN as compared to the
uncoated formulation or insulin solution. The fact that
the insulin in solution form barely permeated the mucosa
shows that a water soluble macromolecule would find
it extremely difficult to permeate a lipoidal biological
barrier. The superior permeation of the alginate coated
SLN could be attributed to its mucoadhesive properties.
The alginate coating has a strong ability to form hydrogen
bonds with the mucin layer of the mucosa which ensures
better membrane contact and therefore permeation of
the nanoparticles.”” It was also observed from Figure
5, that the alginate coating of the nanoparticles helped
to prevent the burst release that was observed with the
uncoated particles.

However, both the coated and uncoated formulations
provided a sustained release of insulin over the observed
period of 6 h. The slow release of insulin from the
SLNs would be due to the combined mechanisms of
water permeation through the lipid matrix followed by
leaching out of the drug by diffusion through swollen
gelled alginate layer as well as the slow erosion of the
lipid matrix and the alginate coating.

In vivo anti-diabetic studies in albino rats
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The in vivo studies were carried out in male albino rats as
described eatlier and the minimum glucose concentration
(%o initial) was determined. The blood glucose profiles in
terms of percentage glycemia produced in the different
groups of rats during the study is shown in Figure 6.

In the positive control group that received SC insulin,
there was an immediate fall in blood glucose levels and at
the end of 8 h, a significant reduction in blood glucose
levels was observed when compared to negative control,
normal control or oral insulin groups (p<<0.005). The
groups that received oral insulin solution produced an
initial increase in blood glucose levels more than the
negative control group in the first 2 h. This could be
attributed to the stress-induced hyperglycemia as a result
of the process of oral administration.”® Ultimately, the
levels declined gradually and may not be necessarily
due to any absorption of insulin. On the other hand,

Percentage Drug permeated

Time (h)
~—@—F1 =—&—F5 =—@—Insulinsolution

Figure 5: Percentage drug permeated profiles of insulin
through intestinal mucosa of goat.
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Figure 6: Percentage Glycemia in albino rats after
administration of formulations.

SC — subcutaneous.

The values represent the mean = SEM for groups of 6
rats each. * P<0.005 when compared to negative control,
normal control and oral insulin groups. © P<0.05 when
compared to oral insulin group. “# P<0.05 when
compared to oral insulin and to F1 groups.

the group that received uncoated SLN (I'1) and coated
SLN (F5) showed a fall in blood glucose which was not
sudden as compared to positive control or subcutaneous
insulin, rather more gradually, probably due to sustained
release of insulin. The percentage glycemia produced
at the end of 12 h in both groups was statistically
significant as compared to the oral insulin ($<0.05)
group. Although the hypoglycemic levels produced by
the groups that received F1 and F5 were similar initially,
after the third hour, the group that received the latter
showed a significant (p<<0.05) fall in blood glucose levels
below that of the group that received the former. By
the end of 10 h, these levels were almost comparable
with that produced by subcutaneous insulin in the
second hour before the concentrations start climbing;
As was expected, the hypoglycemia produced by the
subcutaneous insulin, sufficient to bring the glucose
levels to normal was attained in the second hour, but
was not maintained beyond this time. The maximum
decrease in blood glucose levels (88 %) in case of F1
were produced in the sixth hour whereas the group
that received F5 continued to show further decreasing
levels upto the 10" hout. The results showed that the
hypoglycemic effect was more sustained when SLN
were coated with alginate than otherwise thereby
confirming the role of alginate in improving the
absorption of insulin. This means that SLN and
especially alginate coated SLN has the potential of
improving the absorption of insulin through intestinal
mucosa and therefore its bioavailability by presumably
protecting the drug from enzyme degradation and
enhancing intestinal permeability.”"**

The PA determined from the plasma glucose levels
of all treatment groups using the respective AAC and
doses gives an important insight as to whether the oral
administration of insulin via alginate coated SLN can be
considered as a suitable alternative to the conventional
subcutaneous insulin. The PA from both F1 and F5 were
significantly greater (p<<0.05) than that of the oral insulin
with the SLN formulations giving an AAC of 62 and
252.5 respectively as compared to -200.5 of the latter.
Figure 7 gives a visual comparison of the differences in
the PAproduced by the SLN formulations and oralinsulin
solution in the treated rats. The PA from F1 and F5 were
3.86 % and 15.7 % respectively and -15.6 % from oral
insulin. This observation further confirms that the lipid
matrix of the SLN and the alginate coating were indeed
responsible for improving the bioavailability of insulin
after oral administration by virtue of its mucoadhesive
and permeation properties besides providing protection
to the drug from the proteolytic effects of the GI fluids.
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Figure 7: Comparison of Pharmacological Availability of
insulin in albino rats after administration of formulations.

The values represent the mean = SEM for groups of 6
rats each. a - P<0.005 when compared to oral insulin,
F1 and F5; b - P<0.05 when compared to oral insulin;
¢ — P<0.05 when compared to F1.

CONCLUSION

Designing a successful formulation for the oral
administration of Insulin can be a significant
breakthrough in the management of diabetes.
The oral administration of alginate- coated solid
lipid nanoparticles of insulin could offer a suitable
and practical alternative to
concerning improving patient compliance without the
disadvantages of the latter. This study shows that it is
possible to design sodium alginate coated particles, in
the Nano size range, with better intestinal permeation
and having controlled release properties. The oral
administration of alginate-coated insulin SLN to
diabetic rats resulted in significant hypoglycemic effect
as compared to that obtained after the administration
of uncoated insulin- loaded SLN. We can expect the
solid matrix of SLN to partially protect insulin against
chemical degradation in the GI tract while the alginate
coating contributed to higher intestinal absorption
of insulin. Although this investigation has revealed
some significant findings, there is certainly room for
improvement especially with respect to the insulin
association efficiency and loading efficiency. However,
irrespective of the AE or LE, the success of this approach
as an alternative to subcutaneous insulin will ultimately
depend on the ability of the carrier to protect the drug
from the hostile GI environment and carrying it across
the mucosal barrier intact.

subcutaneous insulin
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Analysis of Variance; SPSS: Statistical Package for the
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SUMMARY

Alginate coated, insulin-loaded solid lipid nanoparticles
(SLN) for oral administration were developed and
investigated for physical properties, in vitro release,
ex vivo permeation through Caco-2-cell monolayer and
goat intestinal mucosa and in vivo efficacy in controlling
blood glucose levels in streptozotocin induced diabetic
rats. The SLN were prepared from glyceryl behenate
(GB) and glyceryl monostearate (GMS) and coated with
mucoadhesive polymer, sodium alginate. The particle
size of the uncoated SLN of GB was significantly greater
than those of GMS. Scanning electron microscopy and
transmission electron microscopy revealed spherical
particles of uniform size distribution. When Poloxamer
407 was used as the surfactant, there was a substantial
increase in drug entrapment as compared to the SLN
formulations prepared with Tween 80. The in vitro
release of insulin at the end of 6 h using the reverse
dialysis sac technique, was considerably enhanced in
simulated intestinal fluid as compared to simulated
gastric fluid from both coated and the uncoated
SLN. Ex vivo permeability studies through Caco-2
cell monolayer and goat’s intestinal mucosa revealed
a substantial increase in insulin permeation from the
alginate coated SLN as compared to the uncoated
formulation or insulin solution. The oral administration
of alginate-coated insulin SLN to streptozotocin induced
diabetic rats resulted in a significant hypoglycemic
effect (P<0.05) when compared to the groups that
received uncoated insulin-loaded SLN or the oral insulin
solution. The hypoglycemic levels reached with coated
SLN were comparable to that of the conventional
subcutaneous insulin at the end of a 12 h study. The
Pharmacological Availability (PA) from both coated
and uncoated formulations were significantly greater
(p<0.05) than that of the oral insulin. This means
that SLN and especially alginate coated SLN has the
potential of improving the absorption of insulin through
intestinal mucosa and therefore its bioavailability.
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