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Abstract

This work aimed to develop nanoemulsions coated with nanostarch for oral insulin delivery.
Uncoated nanoemulsions were generated by homogenizing water in oil in water (w/o/w)
repeated emulsions with castor oil as an emulsifier and span™-20 as a cosurfactant. The
nanoemulsions were prepared by an electrostatic self assembly cross linking technique,
yielding a bulk nanoemulsion dispersion containing nanostarch. The coated nanoemulsions
had a particle size of around 288+5.11 nm and insulin entrapment efficiency was
99.0%+0.5%. Transmission electron microscopy indicated that the synthesized nanostarch-
insulin  nanoemulsion was composed of spherical nanoparticles. Circular dichroism
spectroscopy revealed insulin's structural stability during preparative stress. An in-vitro
leakage examination demonstrated that the nanoemulsions remained intact in simulated
stomach fluids, phosphate buffer saline and intestinal juices. Normal and diabetic rats both
exhibited hypoglycemic symptoms. Furthermore, oral distribution of the coated
nanoemulsions had significantly longer hypoglycemic effects than subcutaneous (sc) insulin.
The CCK-8 test confirmed the nanostarch-insulin nanoemulsion's safety in human colon
adenocarcinoma (Caco-2) cells, and the apparent permeability (Papp) of insulin, nanostarch-
insulin, was measured. Confocal imaging was used in the colon to confirm enterocyte
endocytosis. Finally, the nanoemulsion containing nanostarch-insulin showed prospective
delivery system for oral delivery of insulin.

Key words: Oral Insulin, Nanostarch, Caco-2 cells, Nanoemulsion.

VOLUME 23 : ISSUE 02 (Feb) - 2024 Page No:97


mailto:khaleelnano@gmail.com

YMER || ISSN : 0044-0477 http://ymerdigital.com

1. Introduction

The oral distribution of proteins and peptides has attracted a lot of interest in recent years and
new breakthroughs in nanotechnology and biology have opened up new avenues for
accomplishing this goal. Among the various peptides and hydrophilic compounds, insulin is
the principal peptide for which many respected universities and pharmaceutical companies
across the world have aimed for oral delivery. Oral insulin delivery has several significant
benefits, including high patient compliance, convenience of administration, and improved
patient adherence to medication. More importantly, it is the only route of delivery that may
imitate physiological insulin production seen in non-diabetics [1], alleviating patients of
hyperinsulinemia and accompanying consequences such as nephropathy and neuropathy.
However, oral insulin delivery has two primary bottlenecks, the harsh and deteriorating
enzymatic environment of the gastrointestinal tract, which rapidly inactivates insulin, and the
mucosal barrier, which lowers insulin's oral bioavailability. Several approaches have been
used to bypass the enzyme barrier, with some producing promising results. However, no
major progress has been made in addressing the mucosal barrier, which is the primary reason
of oral insulin formulation failure. Many smart and difficult ways have been performed to
resolve the mucosal barrier, including the application of muco-adhesive nanoparticulate
system, muco-adhesive composites, nanoemulsions, double emulsions, chemical alteration of
insulin molecules such as acylation and PEGylation to change the hydrophobic/hydrophilic
balance of insulin, and the use of cell-penetrating peptides (CPPs) in both chemical and
physical conjugation co-administrations. This innovative research study describes a brilliant
combination of the most successful and modern approaches to overcoming both the
enzymatic state and the mucosal barrier [2]. To overcome the enzyme barrier, insulin was
encapsulated and maintained within the polymeric chains of a biodegradable, biocompatible,
and muco-adhesive polysaccharide similar to nanostarch, and the tight-junction-opening
features of nanostarch-insulin overcame the cell membrane barrier.

Many plants, including cereal grains, vegetables, tubers, and immature fruits, contain starch,
a type of storing carbohydrate [3]. Starch is a homopolysaccharide made up of amylase and
amylose chains. Amylose is a linear chain of D-glucose units joined by glycosidic a-1,4
bonds. Amylostarch is a branching structure of D-glucose units linked through a-1,4 and a-
1,6 linkages. Our research goals were to use the electrostatic self assembly cross linking
method to create an insulin-loaded nanostarch-based nanoemulsion with good physical
properties for oral delivery, as well as to assess how emulsion droplet size affects the
resultant nanoemulsion while probing insulin activity at each step of the process.
Nanoemulsions were described in terms of size distribution, surface charge, form, EE, and in-
vitro insulin release behaviour, with insulin activity assessed during and after each stage of
processing, either in-vitro or in-vivo. The goal of our study was to create a nanostarch-based
nanoemulsion for oral insulin administration as a model pharmaceutical. The primary
limitation of emulsion systems is thermodynamic instability, which can be solved by
adjusting parameters such as efficient emulsifiers. Emulsifiers affect the size distribution of
droplets, the zeta potential, optical and physical properties, encapsulation efficiency, and
stability. As a result, selecting the right emulsifier for creating optimized emulsions is critical.
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2. Materials & Methods
2.1 Materials
All analytical-grade chemicals were used in our research study. Starch low molecular weight,
Monobasic sodium phosphate, Dibasic sodium phosphate, Span™20, Glycerol, were
purchased from Sigma Aldrich. Castor oil was supplied by Sigma-Aldrich Mumbai. Insulin,
Biphasic isophane, (40 1.U/ml, 10 ml), [(Human Mixtard, Monocomponent Biosynthetic r-
DNA insulin obtained from Torrent Pharmaceuticals Ltd), (Novo Nordisk India Pvt Ltd)].
Caco-2 (human epithelial colorectal adenocarcinoma cell) was purchased from American
Type Culture Collection (ATCC) (Rockville, MD, USA). For all the experiments, milli-Q
deionized water was used. All other chemicals used were of Good and Analytical grade.
2.2 Preparation of Nanostarch
Nanostarch was prepared by acid hydrolysis of starch according to the method by [4], with
minor modification. Starch powders (50 g) were mixed with 500 mL of 3.16 M H>SO4
solution and placed at 40°C for 3 and 7 days under stirring at the speed of 200rpm. For the
Hydrochloric acid hydrolyzed starch, 20 grams starch powders were mixed with 400mL (2.2-
N HCI) hydrochloric acid solution at 40°C for 7 days with constantly stirring at the speed of
200 rpm. The suspensions were washed by successive centrifugations in milli-Q deionized
water until pH 7 was constant. The resultant suspensions were re-dispersed using Ultra
Turrax T20 (IKA) at 13,500 rpm for 3 minutes to avoid aggregates and stored at 4°C with
several drops of chloroform. The NS concentrations were determined by weighting freeze-
dried powders of the homogeneous dispersion of NS (10 ml) and expressed as weight
percentage relative to the volume of the water phase. The concentrations of H.SO4 and HCI-
hydrolyzed NS suspensions were 3.00% (w/v) and 2.00% (w/v) respectively. Different
concentrations of NS suspensions were derived by diluting the stock homogeneous dispersion
of NS.
2.3 Preparation of Nanostarch/Insulin-coated nanoemulsion
A two-step process was employed to prepare the o/w emulsion [5]. Briefly, the o/w primary
emulsion was formed by preparing 800 pL Insulin solution, 150 mg insulin dispersed in 10
mL phosphate buffer solution (PBS, 0.2 M) at pH 7.4 (USP 34) and added to 8 g of the oily
phase composed of castor oil as surfactant, span™-20 as cosurfactant with stirring for 15
minutes at 800 rpm. Insulin-loaded nanoemulsions were prepared through a modified
emulsification electrostatic self assembly technology. Then this primary emulsion was
dropped into above prepared nanostarch, at various concentrations ratios (1:1, 1:3, 3:3). The
so formed nanoemulsion after continuous stirring at 600 rpm for 15 minutes. This
optimization and optimized formed nanoemulsion ratio 3:3 was selected for the further
studies.

3. Determination of entrapment efficiency
Following the destruction of the coated nanoemulsion, the leakage ratio was used to calculate
the entrapment ratio (ER). Briefly, ImL of nanoemulsion was dissolved in 4mL of methanol
[6]. After vigorously mixing in 100 pL of HCI (pH 1.0), the pH reached 3.0, milli Q water
was added to make 10 mL and then thoroughly mixed. After spinning at 16000 g for 10
minutes, the clear supernatant was tested for insulin using HPLC.
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Permeation assays were performed in identical amounts of isotonic calcium chloride 204
mEg/L, pH 7.4 solutions to determine the influence of calcium binding on intestinal
permeability. At % hour, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7 hours, and 8
hours, an aliquot of 1 mL of medium was withdrawn from the receptor tube and replaced
with an equivalent volume of new medium. The insulin content of the samples was
determined with a previously reported HPLC technique. An analogous work on insulin
solution is currently being reviewed. The amount of insulin encapsulated in the nanoemulsion
was calculated as the difference between the total amount employed in the formulation and

the amount of free insulin left in the outer aqueous phase after centrifugation.
EE (%) — The total amount of Insulin —Amount of free Insulin in the Supernatant % 100

The total amount of Insulin added

4. Determination of insulin

Insulin levels were determined using a reversed-phase HPLC ultraviolet (UV) technique [7].
The HPLC system (1100 series, Agilent Technologies, Santa Clara, CA, USA) consisted of a
quaternary pump, a degasser, an auto-sampler, a column heater, and a tunable UV detector. A
C18 column Zorbax, 5 m, 4.6 mm 150 mm, Agilent, and a C18 pre-column 2 mm 20 minutes,
Alltech, were utilized for detection at 25°C. The mobile phase consisted of acetonitrile and
0.57% phosphoric acid solution adjusted to pH 2.25 with triethylamine in a volume ratio of
26:74. The detection wavelength was Amax 220 nm and the flow rate was set to 1.0 mL/min.

5. Characterization of coated and uncoated nanoemulsion
5.1 Size and zeta potential
The average particle size and size distribution of the nanoemulsions were assessed using
dynamic light scattering (DLS) on a NICOMP 380 DLS device (Santa Barbara, CA, USA).
Before measurement, the nanoemulsion was 500 times diluted in deionized water [8]. At
25°C, the zeta potential was determined using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). Samples were collected using foldable capillary cells equipped with gold
electrodes. Three measurements were obtained, and the software automatically determined
the number of runs for each. The data were provided as mean standard deviation (SD).
5.2 Physical stability of nanoemulsion
The stability of the produced nanoemulsions was assessed using the centrifugal acceleration
method. A 5 mL Eppendorf tube was filled with 4 mL of nanoemulsion, which was then spun
at 3000 g for 10 minutes in a desktop centrifuge (Anke TGL-16G, Shanghai). A 0.8 mL
sample of subnatant was softly and steadily pipetted from the tube's bottom. The samples
were then vortexed for 20 seconds before being transferred to a 50 mL volumetric flask and
diluted with milliQ water to achieve the necessary final volume. At Amax 500 nm, the
absorbance of diluted nanoemulsions was determined spectrophotometrically [9]. The
centrifugal stability constant (Ke) was derived using this method.

2o —4 + 100%
Ao

where Ap and A are the absorbance of the diluted nanoemulsion before and after
centrifugation, respectively.

ke =
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5.3 Transmission electron microscopy (TEM)

Transmission electron microscopy was utilized to investigate the morphologies of uncoated
and nanopectin-insulin nanoemulsions (coated). A drop of nanoemulsion was applied on 300-
mesh carbon-coated copper grids, and any excess water was wiped off with blotting paper
[10]. Before drying at room temperature, the stain was treated with a 60-second drop of 1%
phosphotungstic acid. The samples were tested at an acceleration voltage of 120 kV. The
pictures were collected at a final magnification of 12,000 times.

5.4 Conformational stability of insulin

The conformational stability of insulin was determined using circular dichroism (CD)
spectroscopy (Jasco J-810; Jasco Corp, Tokyo, Japan). The coated nanoemulsion of 1 mL
was destroyed by combining 4 mL of methanol and a pH 1.0 hydrochloric acid solution in 10
mL. After 10 minutes of centrifugation at 16,000 g, insulin was extracted from the
supernatant [11]. Following that, the insulin was separated using a Supelco ENVI-18 solid-
phase extraction column (Sigma-Aldrich). To summarize, the ENVI-18 column was activated
using methanol before being balanced with a solvent. The supernatant mixture (1mL) was
then plated. Impurities were removed with 3 mL of 40% aqueous methanol before eluting the
insulin with 30 mL of 60% aqueous methanol. To perform the circular dichroism test, a
hydrochloric acid solution was used to increase the insulin concentration to 30 pg/mL. At
20°C, spectra were obtained with a 0.5 nm step size, a maximum Amax range of 200-300 nm,
a band width of 3 nm, a scanning speed of 500 nm/min, and a reaction time of 0.25 seconds.
The Jasco w32 secondary structure estimate software version 1.0 was used to calculate
secondary structure content.

5.5 In-vitro drug release

The rate and extent of insulin release as a model drug were investigated in both simulated
intestinal fluid (SIF, pH 6.8, duodenum pH) and phosphate-buffered saline (PBS, pH 7.4,
colon pH) to assess the viability of the suggested delivery mechanism for peptide and protein
oral delivery [12]. To test the in-vitro release of insulin from carbohydrate-like nanostarch,
30 mg of lyophilized nanoemulsion was combined with 500 mL of SIF solution and shaken at
50 rpm. The temperature remained at 37°C+5°C. To achieve the sink condition, the releasing
medium was designed to be quite large. At specified intervals, 1 mL aliquots were drawn and
replaced with preheated blank media. For 20 minutes, the samples were centrifuged at 14,000
rpm. Instead of adding blank medium following aliquot withdrawal, the supernatant was
analysed for insulin concentration, and the sediment was dispersed in 1 mL blank media
before reintroducing it into the release medium because the insulin release from the
nanoemulsion's polymeric mesh did not finish within the first few hours, the remaining
insulin in the withdrawn nanoemulsion was also released. The insulin concentration in the
supernatant was determined using a previously described HPLC procedure. To further
understand the process of peptide release from the nanoparticulate drug delivery device, in-
vitro insulin release data was fitted to the Ritger-Peppas equation.

Me _eon

M_ —_ t

o)
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Mt and Moo denote cumulative insulin release at time (t) and infinite time, respectively. K is a
constant related to the device's structural and geometric properties, while 'n' is an exponent
reflecting the diffusion mechanism. The number of calculated values for 'n" was used to find
the release mechanism. If n = 0.45, the release mechanism is Fickian/case | diffusion, 0.45 <
n < 0.89, non-Fickian/anomalous transport; and n = 0.89, diffusion and zero-order (case II)
transport.

5.6 In-vitro cytotoxicity of nanoemulsions

Caco-2 cells grow under high glucose conditions. Dulbecco's modified Eagle medium has
10% foetal bovine serum, 1% v/v non-essential amino acids, 50 U/mL penicillin, and 50
pg/mL streptomycin. Caco-2 cells were cultivated as monolayers for 21 days [13]. Cells were
grown at 37°C in 5% COz in a culture medium that was changed every two days for the first
15 days and daily for the last week. Over a 24-hour period, the MTT test was used to assess
the cytotoxicity of a nanostarch-insulin nanoemulsion on Caco-2 cells. Caco-2 cells (1x10°
cells/well) were grown in 6-well plates for 24 hours before being covered with sterile glass
cover slips to allow for confocal microscopy imaging. At staggered time intervals, the cells
were treated with insulin-FITC and insulin-FITC loaded nanostarch-insulin nanoemulsion at
10 pg/mL concentrations. Cell monolayers were properly cleansed with PBS pH 7.4 before
being examined under a confocal microscope (CLSM, Carl Zeiss Microscopy GmbH,
Germany). Individually seeded Caco-2 cells were treated with the endocytic inhibitors
chlorpromazine HCI (5 pg/mL), nystatin (50 pg/mL), amiloride (13.3 pg/mL), and colchicine
(10 pM) for 1 hour at 37°C. Caco-2 cells were grown with heparinases (5U) to evaluate the
adsorptive absorption mechanism. Pretreatment of cells with a 1 mM folic acid solution
inhibited receptor-mediated endocytosis. The cells were subsequently incubated with a
nanostarch-insulin nanoemulsion containing 10 pg/mL insulin for four hours at 37°C.
Before being lysed with 0.1% Triton X-100, the cells were washed three times in cold PBS.
In the absence of inhibitors, the manufacturer recommended ELISA kit was utilised as a
control to determine intracellular insulin absorption.

5.7 Transepithelial electrical resistance (TEER) and insulin transport studies

Caco-2 cell lines were grown in transmembrane inserts with 0.4 pm pore size (Millipore) and
5x10° cell density per well. TEER investigations were carried out utilising a previously
disclosed methodology. The TEER of the cell monolayer was determined at defined time
intervals at 37°C using either plain nanostarch nanoemulsion or nanostarch-insulin loaded
nanoemulsion at a concentration of 10 mg/mL/well. According to some studies [14], aspart
insulin, a novel and short-acting analogue of human insulin, was also loaded at the same
concentration into either plain nanostarch or nanostarch-insulin loaded nanoemulsion. Aspart
insulin has a better ability to pass through the lumen epithelium due to its monomeric nature
and linear shape in aqueous medium. We examined human insulin and aspart insulin (Alpha
Diagnostic International) under identical settings and compared the results to see whether our
nanoparticulate approach outperformed aspart insulin. As a control, a simple solution
comprising both human and aspart insulin was injected into the cell layer's donor chamber.
For insulin transport studies, the donor chamber medium was replaced with new media
containing insulin-loaded plain nanostarch or nanostarch-insulin nanoemulsion (10mg/well).
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Aliquots from the receiver chamber were collected at predefined time intervals over a 4-hour
period, and the insulin content was measured using a proprietary ELISA kit that was specific
to and sensitive to both conventional human insulin and aspart insulin. The average results
for all instances assessed in triplicate were presented. The apparent permeability coefficient
(Papp) of insulin was calculated using the following equation. In this equation, dQ/dt indicates
the permeability rate, A is the filter membrane's surface area, and Co is the starting insulin
concentration in the apical chamber.

dQ
Papp = Af—fco
5.8 Pharmacokinetics study
The animal procedure was authorised by the institution's ethical committee. Male albino
wistar rats, weighing 180g+10% and aged 2-3 months, were maintained in room temperature
plastic cages with a 12-hour light/dark cycle. They were given rat feed and unfettered access
to water. The CSLM method was utilized to imitate the intestinal absorption and localization
of an insulin-FITC solution and a nanostarch-insulin nanoemulsion with 10 pg/mL insulin.
Male albino rats were given a single intraperitoneal injection of 60 mg/kg streptozotocin to
induce diabetes. The diabetic rats in the study had blood glucose levels that exceeded 250
mg/dL. Thirty diabetic rats (n=6) were split into five groups. The glucose levels in rat blood
were measured using a colorimetric glucose assay kit (Cell Biolabs, Inc., USA). At various
time intervals, the percentage drop from the starting value was determined. The total drop in
blood glucose level (TD%) was estimated using the equation below [15].

AUEC;— AUEC
TDY% = ——=
AUEC,

where AUEC. represents the area beneath the curve after oral administration of PBS to
diabetic rats/control diabetic, and AUEC; represents the area beneath the curve after oral
administration of nanostarch-insulin nanoemulsion and insulin SC injection, respectively. In
groups 1 and 3, plasma insulin levels were determined with an ELISA, and the
pharmacokinetic parameters Cmax, Tmax, AUC, mean residence time (MRT), and relative
bioavailability (F%) were examined.

6. Statistical Data Analysis
The findings were presented as the mean and standard deviation. A one-way analysis of
variance was used to compare groups (SPSS 16.0, IBM Corp, Amonk, NY). A difference was
judged statistically significant when the P-value was less than 0.05.

7. Results & Discussions

7.1 Insulin Encapsulation efficiency

The insulin encapsulation efficiency was around 99.0% + 0.5%. The high level is due to the
pH influence of nanoemulsion components. Insulin's isoelectric point is approximately pH
5.3, but starch's pKa values range from 3.0 to 4.0. As a result, at a final pH of 4.0, strong
electrostatic self assembly attractions may occur, resulting in a high EE for the negatively
charged protein [16].
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Furthermore, calcium ions bind with nanostarch residues, generating electrostatic bridges
with insulin's negatively charged carboxylic acids, so enhancing the contact between the two.
The use of emulsifiers like castor oil and cosurfactants like span20 can also boost insulin
encapsulation efficiency due to the emulsifier's molecular steric stability.

7.2 Zeta potential

The electrostatic self assembly cross linking technology was used to produce a simple and
dependable nanostarch/insulin-coated nanoemulsion in a 3:3 ratio. Starch's surface net charge
remained positive at pH >4.0 ({-potential +19.80+1.60 mV). The {-potential is the electrical
potential at the hydrodynamic shear plane relative to the solvent. Our study utilized (-
potential to determine the charge state of polyelectrolytes at a specific working pH. Abodinar
et al., studied the conformation and chain flexibility of polyelectrolytes in dilute solution, as
well as their ionic strength dependency, using -potential measurements to determine ionic
strength [16]. The C(-potential parameter is not a substitute for potentiometric or
conductimetric research due to its sensitivity to polyelectrolyte structural and conformational
properties. At pH <4.0, starch's amphiphilic capacity reduces due to dissociation of various
groups in its structure. Any polymeric nanoparticulate delivery system intended for oral
peptide delivery, such as Insulin, must meet certain basic requirements, including appropriate
Insulin encapsulation, high drug encapsulation efficiency, and drug loading efficiency. As a
result, even when an appropriate and realistic amount of polymeric nanoemulsion is supplied
orally, low insulin EE precludes the nanoparticulate delivery method from achieving the
required therapeutic benefits. Submicron carriers have previously been used to demonstrate
insulin absorption across intestinal membranes. The impact of nanoemulsion size is obvious,
as larger particles are more likely to remain in the Peyer's patches, which are densely packed
with M-cells, resulting in slower activity. Smaller nanoemulsions, if properly charged, can
bypass the lymphatic system and enter the systemic circulation. M-cells prefer nanoemulsions
smaller than 1 um, namely 200 nm or less. As a result, the first step in our study was to
shrink the w/o/w emulsion droplets to nanoscale size. Calcium is required for strong intestinal
connections and membrane integrity. To recap, the nanoemulsion’'s potential to improve
mucosal transport is advantageous. Tight connections can also be opened to compensate for
cell shrinkage caused by nanostarch's increased ability to absorb water. The capacity of the
nanostarch-insulin nanoemulsion to tolerate gastrointestinal enzymatic breakdown is an
essential factor in determining oral insulin bioavailability. There was no significant difference
in particle size or zeta potential in the presence of pepsin, trypsin, or chymotrypsin (Graph 1),
and the nanostarch-insulin nanoemulsion preserved more than 82% of the entrapped /
encapsulated insulin in the three different biological enzymes. Under the same conditions,
more than 85% of naked insulin was destroyed. The capacity of the nanostarch-insulin
nanoemulsion to withstand extreme gastrointestinal conditions could be ascribed to
nanostarch carboxylic / amino groups that bind with Ca?"*, a known cofactor for enzyme
performance. Finally, there were no significant changes (p> 0.05) in EE%, particle size, or
zeta potential at different time intervals (Table 1) or after 6-month storage at 5°C, indicating
the insulin nanoemulsion's physical durability.
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Graph 1 Effect on entrapment efficiency

Under controlled conditions, the carboxylate groups in starch were expected to interact
electrostatically with oppositely charged groups in insulin, resulting in the development of a
stable nanoemulsion by electrostatic self-assembly cross linking. The (-potential of the
nanoemulsion is proportional to the surface charge density values due to the electrostatic self-
assembly of nanostarch and insulin. The particle size measured was 288+5.11 nm (Fig.
la,1b), and the average Zeta potential () was +19.80+1.60 mV (Table 1). Encapsulation with
nanostarch-insulin nanoemulsion resulted in a considerable decrease in [17]. At gut pH, the
carboxyl groups on nanostarch may have carried a negative charge, enhancing its propensity
to chelate cations such as calcium and dissociating the starch structure's carboxylic groups a
crucial co-factor for proteolytic enzymes that limits their activity. Ca?* binding empathy has
also been shown to disrupt cellular actin and adherents, activate protein kinases, and thereby
open tight junctions. Transmission electron micrographs reveal that nanoemulsions are
smooth, with no cracks or pores (Fig. 1b). Finally, the insulin nanoemulsion's physical
stability was proven by the absence of significant changes (p> 0.05) in EE%, particle size,
and zeta potential throughout time and after 6-month storage at 5°C (Table 1).

7.3 Physical stability

Nanoemulsion bioavailability is mostly determined by particle size, dispersion, and physical
stability. In this investigation, we looked at how homogenization, sonication, insulin peptide
concentration, w/o/w ratio, and pH influenced particle size, polydispersity index (PI), and
physical stability of nanoemulsions [17].

7.4 Morphology of the coated nanoemulsion

The TEM picture had a size of approximately 288+5.11 nm, which fits dynamic light
scattering measurements of 250.0 nm (Polydispersion Index [PI] = 0.29) for uncoated
nanoemulsions and 200-400 nm (Pl = 0.211+0.014) for coated nanoemulsions. The uncoated
nanoemulsion droplets had a nearly round shape and a smooth profile (Fig 1a, 1b). However,
the nanoemulsion covering had a rough and uneven appearance [18]. This experience is
consistent with the accounts of others. The cross-linking of nanostarch and protein may have
altered surface tension, resulting in surface shrinkage and reduced particle size in
nanoemulsions.
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Table 1 Physico-chemical Characterization of insulin-nanostarch nanoemulsion

Parameter  Particle size (nm)  PDI Zeta potential Calcium binding
efficiency”
Result+ SD 288 +5.11 0.29 +19.80+1.60 mV 25.00 + 2.00

Results are mean of three replicates + standard deviation. “Data were presented as % to the
initial calcium concentration.

7.5 Conformational stability of insulin

Particle size and dispersion, as well as physical stability, are widely recognised as essential
factors influencing nanoemulsion bioavailability. In this study, we investigated how the oil-
to-water ratio and pH influenced particle size, polydispersity index (PDI), calcium binding
efficacy, and physical stability of nanoemulsion. High temperatures, mechanical
manipulation, and exposure to organic solvents can all degrade protein/peptide structure,
which is necessary for good therapeutic efficacy. As a result, when altering proteins or
peptides, conformational stability needs to be considered. Circular dichroism spectroscopy
evaluates protein and peptide secondary structures, including a-helix and B-fold, to assess
insulin effectiveness [19]. Circular dichroism is an example of dichroism. Figure 2 depicts
the spectroscopic spectra of insulin secondary structures.
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The spectra of insulin combined with nanoemulsion and coated nanoemulsion were identical
to those of insulin solution, with a peak valley of 209 nm and a shoulder of 225 nm. Insulin
secondary structures remained constant across samples (21-22% o-helix and 27%-29% B-
folds). This secondary structural investigation demonstrates that insulin's conformational
shape remained unchanged during the production of nanostarch-insulin coated
nanoemulsions.

Free insulin in solution
------- Free insulin mixed with emulsion
----- Insulin in coated nanoemulsion

—-30 —

T T T T 1
200 220 240 260 280
Wavelength (nm)

Figure 2 Circular dichroism spectrascopy of nanoemulsion

7.6 In-vitro release study

Graph 2 shows the in-vitro release curve of model peptide insulin from an optimised
nanoemulsion delivery device loaded with the embedded peptide during a post-loading
operation [20]. The release profile was assessed at SIF pH 6.8, SGF pH 1.2, and phosphate-
buffered saline pH 7.4. Both media demonstrated a spike of insulin release during the first 30
minutes, which thereafter decreased but remained constant over the next 24 hours. During the
burst release phase, almost 33%+6% of total insulin is released at pH 7.4, 20%+2.1% at pH
6.8, and 22%+2.3% at pH 1.2.
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Graph 3 Nanostarch-Insulin release profile from PBS pH 7.4, SIF pH6.8,
and SGF pHL1.2
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Graph 4 Insulin permeability in the rat gut and the influence of
several stomach enzymes

During optimisation testing, we discovered that nanoemulsions with specific polysaccharide
and emulsifier-cosurfactant concentrations had the maximum loading efficiency, release
behaviour, and total release extent. Graph 3 demonstrates that insulin release from the
optimised nanoemulsion was nearly complete after 24 hours, with 86% of the implanted
insulin released in phosphate-buffered saline pH 7.4 at this point. Burst and total insulin
release were lower in SIF pH 6.8, 1.2, and phosphate-buffered medium, with 20%+2.1%
burst release and 78%+6.5% total release in SIF pH 6.8 and 1.2, respectively. At pH 6.8,
several of nanostarch's primary carboxy groups may still be protonated, retaining cationic
charges [21], attracting negatively charged insulin and delaying release. At pH 7.4, this
formulation demonstrated extremely high burst and total release. Graph 4 shows the influence
of various stomach enzymes on ex-vivo insulin permeability in the rat gut. Because of its
amphiphilic properties, the polysaccharide in this formulation is water soluble at all pH
levels. Aside from normal solubility, the polysaccharide's cationic charge may have been lost
at this pH, preventing it from binding to and retaining negatively charged insulin. This rapid
peptide release from the nanoemulsion’'s polymeric mesh is beneficial for peptides with short
half-lives, such as insulin, because it enables the delivery mechanism to maintain therapeutic
advantages. Another study discovered that the mechanism of drug release from erodible,
hydrophilic polymer matrices is a complex process involving a number of factors, including
water penetration into the polymeric matrix, solubilization / erosion of the polymeric
formulation, polymer swelling, and drug dissolution from the enlarged matrix. Drug release
from polymeric formulations with swelling properties is usually non-Fickian / anomalous;
but, for large molecules like peptides and proteins, the situation can change, especially when
ionic charges interact between the carrier polymer and the enclosed moiety. To explore the
release mechanism of insulin as an ionic charge peptide from the synthesised and produced
nanoemulsion, the parameter "n" for the Ritger-Peppas equation was calculated. The
optimised formulation resulted in a correlation coefficient of 0.8213 (R >0.99), confirming
that the release data fits the empirical equation. The "n" release exponent varied from 0.86 to
0.89, indicating non-Fickian or anomalous transport (0.45<n<0.89).

7.7 Transepithelial electrical resistance (TEER) and insulin transport studies

MTT cytotoxicity tests revealed that both uncoated nanostarch and coated/encapsulated
nanostarch-insulin had no effect on Caco-2 cell lines in-vitro. The particles had nearly 100%
cell viability as compared to the control media.
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Graph 5 shows that after 2 hours of exposure to Caco-2 cells with either uncoated or
coated/encapsulated nanostarch-insulin at a dose of 10 mg/mL/well, there was a significant
reduction in TEER of ~86 and 41%, respectively, compared to the initial values of
coated/encapsulated and uncoated nanostarch. TEER values were significantly lower in the
presence of both native coated and uncoated nanoemulsions, regardless of whether the
embedded peptide was regular human insulin or aspart insulin, but there was no significant
difference in the presence of a simple solution of regular human insulin or aspart insulin. The
presence of nanstarch nanoemulsion reduces TEER, a well-established scientific fact
validated by several investigations. Our findings, however, revealed a considerable and
dramatic difference in TEER reduction between uncoated and coated nanostarch
nanoemulsions. Graph 3 demonstrates that the TEER reduction in the presence of coated
encapsulated nanostarch-insulin was more than double that of the uncoated nanostarch
nanoemulsion.
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F 40 == Solution of aspart insulin

20 ﬁ/ (1.6mg/ml)
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Graph 5 Outcome of diverse formulations on TEER

The concentration of insulin in transwell receptor chamber samples was determined with an
ELISA kit developed for conventional human insulin and aspart insulin. Calculating the
cumulative transferred insulin in the receiver chamber and comparing it to the initial
concentration of insulin in the donor chamber revealed that insulin translocation across the
cell monolayer was ~0% for simple solutions of ordinary or aspart insulin. The yield of
standard nanostarch nanoemulsion loaded with typical human insulin is around 6%, while
aspart insulin yields 6.5%. Coated nanostarch-insulin nanoemulsion loaded with standard
human insulin yields around 19%, whereas aspart insulin delivers approximately 17.8%. This
is the highest level of insulin translocation from the donor side of Caco-2 cells seen in cell
culture research thus far. Graph 3 depicts the aggregate transit of different insulins. Our
findings, as well as release testing, demonstrate that the nanoparticulate nanoemulsion system
and its unique properties, rather than the type of insulin, impact how much insulin is
delivered across the cell monolayer. Our results contradict another study's suggestion that
aspart insulin is easier to inject orally due to its monomeric nature. Another fascinating
finding in this study is that inhibiting insulin translocation by extracting insulin-containing
samples from the receiver chamber and incubating them in fresh micro tubs for 24 hours
raises the concentration of assayable insulin over time.
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Graph 6 Collective transported formulation of insulin

Our findings are consistent with in-vitro release investigations, which indicate that insulin
release is essentially complete after 24 hours (Graph 6). As a result, it is assumed that a
greater proportion of insulin is translocated via nanoemulsion translocation, that numerous
embedded insulin molecules are translocated from the apical to the basolateral chamber with
each nanoemulsion translocation, and that insulin release from nanostarch-insulin coated
nanoemulsion will persist. As previously stated, this prefabricated nanoparticulate
nanoemulsion system may be simply loaded with a huge number of peptides, proteins,
nucleotides, and other big and hydrophilic molecules in a simple and modest post-loading
process because of nanoparticulate properties such as muco-adhesion and tight-junction
opening properties of nanostarch, as well as direct and energy-independent [22], penetration
potential of nanostarch-insulin, the embedded peptide will be translocated after the
nanostarch-insulin coated nanoemulsion is exposed to biological barriers. The effect of
nanoemulsion size is clear, as larger particles are more likely to reside in Peyer's patches,
which are densely packed with M-cells and so have slower activity. Smaller nanoemulsions
can cross the lymphatic route and enter the systemic circulation if properly charged. The
findings indicate that this delivery approach was meticulously devised, taking use of the
incredible tight-junction opening and unique cell penetration potentials of cell penetrating
peptides. This nanoemulsion nanoparticulate system appears to have considerable potential
for noninvasive administration of peptides, proteins, vaccines, and nucleotides, as well as
drug delivery to the blood-brain barrier and distribution of diagnostic and contrast media
from blood-brain barrier compartments.

7.8 In-vitro cytotoxicity assessment

Cell viability was above 90% at doses similar to 10 pg/mL insulin (Fig. 3a-3f). Higher insulin
nanoemulsion concentrations dramatically reduced cell viability (p<0.05), potentially due to
higher nanostarch content. In general, the nanoemulsion's moderate positive charge value
improves its safety [23]. In following tests, a nanostarch-insulin nanoemulsion containing
insulin at a concentration of 10 pg/mL was used.
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Figure 3 Images of Light microscope as Caco-2 exposure to (a) insulin-FITC for 5 hr,
nanostarch-insulin for 1,2,3,4 and 5 hours

7.9 In-vitro Caco-2 cellular uptake

Caco-2 cells produced no fluorescence after 5 hours of insulin-FITC incubation (Figs. 3a-3f).
Insulin's high molecular weight prevents cellular internalisation [24]. In contrast, CLSM
micrographs of a nanostarch-insulin nanoemulsion revealed a high number of green
fluorescent spherical particles, indicating insulin cellular internalisation. Furthermore, the
intensity of the fluorescent dye increases with incubation time.

7.10 Tracking the nanostarch-insulin nanoemulsion cellular uptake pathway

Figure 4a-4c shows the outcomes of this experiment nanostarch decreased insulin absorption
in Caco-2 cells (p<0.05), indicating that the nanostarch-insulin nanoemulsion enhances
insulin internalisation [25]. To determine the mechanism of nanoparticle uptake, Caco-2 cells
were pre-treated with chlorpromazine, nystatin, amiloride, and colchicine, which caused
clathrin-mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis, and
microtubular-mediated endocytosis, respectively. Except for chlorpromazine, all inhibitors
significantly reduced cellular internalisation of insulin nanoparticles (p>0.05), indicating that
insulin-Nanostarch nanoemulsion does not require clathrin-mediated endocytosis for
transport. Nystatin, on the other hand, is a cholesterol-binding agent that prevents sag
formation and thus caveolae-mediated endocytosis. Previous research has revealed that
caveolae-mediated endocytosis entails detaching caveolae from the plasma membrane in
order to transport nanocargo to caveosomes while avoiding the degradative lysosomal route.
Amiloride also inhibits macropinocytosis by blocking Na*/H* exchange in the plasma
membrane, which is required for the process. Colchicine suppresses microtubule
polymerization by binding irreversibly to tubulin, which reduces microtubule-mediated
endocytosis. Microtubules, in general, form a cytoplasmic network that aids in endocytic
vesicle trafficking. The presence of heparan sulphate proteoglycans results in a negatively
charged cell membrane. Heparinases are enzymes that hydrolyze different proteoglycans
found on cell membranes, thereby mitigating their detrimental effects. Enzyme pre-treatment
of Caco-2 cells reduced insulin cellular internalisation by 80% due to a decrease in
electrostatic contact between the less negative cell membrane and the cationic nanoparticles.
Finally, by targeting Vitamin B receptors, the particles are supplied by non-destructive
caveolae-mediated endocytosis.
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(a) (b) (c)
Figure 4 Confocal (CS) of rat intestinal mucosa and orally (a) insulin-FITC
(b), and (c) nanostarch-insulin-FITC
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Graph 7 The effect of various endocytosis inhibitors on Caco-2 cellular insulin uptake
after incubation with a nanostarch-insulin nanoemulsion
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Table 2 Pharmacodynamics of oral nanostarch-insulin, sc insulin delivery
Groups Initial plasma glucose conc. mg/dL)£SE Pharmacodynamics parameters + SE

Cmin Tmin AUECO0.. Total decrease in p.glu
(%)

(mg/dL) (hr) (mg h/dL)
Group 1 received

oral nanostarch-Insulin® 259.83+5.32 118.66+8.38 6hr 1690.11+3.47  32.41+2.74
Group 3 received
insulin sc injection™  255.83+4.98 91.33+4.24 4hr 1814.59+3.24  27.45+2.55

Table 3 Pharmacokinetics - after oral nanostarch-insulin treatment, sc insulin
Groups Pharmacodynamics parameters + SE

Crmax (LIU/ML) Tmax (h) AUCO-, (UIU h/mL) MRT (h) Relative bioavailability

Group 1 oral

nanostarch-Insulin®31.04+1.11 6hr  502.67+15.74 13.28+1.02 17.04%+1.34
Group 3 received

insulin sc injection™ 43.91+2.06 4hr  294.61+19.67 8.10+0.32 100

Results are the mean of six replicate+SE. “Insulin dose 50 1U/Kg. “~“Insulin dose 5 1U/Kg.

7.11 Intestinal uptake

The rat intestinal mucosa demonstrated no histological alterations following oral
administration of the nanostarch-insulin nanoemulsion, confirming histocompatibility. There
was no fluorescence in any section of the colon after taking insulin-FITC solution orally
(Figs. 4a,b,c). This could be because insulin degrades rapidly in the gastrointestinal tract and
cannot get through intestinal walls. In contrast, fluorescence was observed throughout the
digestive tract. A nanostarch-insulin nanoemulsion, as previously shown, may protect insulin
against enzymatic breakdown in the gastrointestinal system. Surprisingly, the nanoemulsion
was discovered deep within the submucosa, muscular tissues, and the mucosal surface.
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The electrostatic interaction between the positively charged nanoemulsion and the negatively
charged cell membrane caused the nanoemulsion to adhere to the mucosa. Additionally, a
nanostarch-insulin nanoemulsion was found in the Peyer patches. Previous research found
that nanoemulsion internalisation in Peyer's patches was predominantly accomplished
through adsorptive endocytosis. The ultimate features of nanostarch, such as mucoadhesion
and penetration augmentation through the opening of cellular tight junctions, enable the
nanoemulsion to enter the intestinal wall. These findings showed that the paracellular
pathway involved both transcellular and receptor-mediated endocytosis [26]. These findings
are compatible with the results of the cellular absorption process.

7.12 In-vivo pharmacodynamics and pharmacokinetic studies

The plasma % glucose reduction following oral administration of insulin solution and plain
nanostarch-insulin nanoemulsion was comparable to that after oral PBS, showing that there
was no hypoglycemic effect (Graphs 7,8,&9). As previously indicated, oral administration of
insulin solution is sensitive to stomach enzymatic harshness, resulting in decreased intestinal
absorption. In comparison to the control group, insulin-Nanostarch nanoemulsion and insulin
subcutaneous injection dramatically lowered plasma glucose levels (p<0.05). Subcutaneous
insulin infusion caused a significant decline in plasma glucose levels until 4 hours after
hypoglycemia shock, when they returned to normal within 12 hours. After 6 hours (Tmin) of
oral administration of insulin-nanostarch nanoemulsion, plasma glucose levels dramatically
fell from 259.83+5.32 to 118.66+8.38 mg/dL (Cmin) (p <0.05) and recovered to normal within
24 hours. These findings support the nanoemulsion’s delayed and long-lasting hypoglycemic
effect. The AUEC-oo after oral treatment with nanostarch-insulin nanoemulsion was
1690.11+3.47 mg/dL, resulting in a total reduction in plasma glucose levels of 32.41+2.74%,
compared to 27.45+2.55% with subcutaneous injection (Table 2). Subcutaneous insulin
injection significantly increased blood insulin concentrations to a maximum (Cmax) Of
43.90+2.06 plU/mL after 4 hours (Tmax), indicating optimal hypoglycemic activity (Fig. 5B,
Table 3). Following that, serum insulin levels plummeted dramatically. In contrast, insulin-
Nanostarch nanoemulsion absorption was slower, with a Tmax 0f 6 hours, although blood
insulin levels remained high for 24 hours (Fig. 5B). Rats given nanostarch-insulin
nanoemulsion had a calculated AUCO0.., of 502.67+15.74 plU h/mL, indicating a
17.04+1.34% relative bioavailability (Table 3). Finally, the MRT of oral nanostarch-insulin
nanoemulsion was substantially greater than that of subcutaneous insulin injection.
Improving insulin intestinal permeability is an easy way to boost oral insulin bioavailability
[27-30]. The increased cellular and intestinal absorption, as well as biological activity, of the
generated nanoemulsion can be attributed to the nanoemulsion size and final component
qualities. Nanoemulsions are suitable for mucosal uptake due to their small size. Improving
nanoemulsion absorption in the gastrointestinal tract by targeting the colon's many vitamin
B> and folate receptors. The biodegradable nanostarch-insulin nanoemulsion interacts
electrostatically with negatively charged cell membranes, allowing nanocargo into the cell
[31-33]. Mucoadhesive characteristics are also connected to nanostarch's hydroxyl groups
through hydrogen bonding and the hydrophobic contact between mucin and nanostarch [34-
40].
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Two frequently mentioned strategies include physical entanglement of polymer and mucus
glycoproteins and increased hydration of OH-carrying matrices for faster diffusion across the
intestinal mucosal layer. These connections aided nanoemulsion transcellular and paracellular
internalisation [41-48].

8. Conclusion

The current work investigated the feasibility of creating an oral insulin formulation that
combines the advantages of nanoencapsulation with lipid emulsion. Protein-stabilized
nanoemulsions were found to be significantly more stable than surfactant, emulsifier, and
cosurfactant-stabilised nanoemulsions. The emulsification / electrostatic self assembly cross
linking technology were greatly improved to address the method's drawbacks, such as high
size dispersion in the microscale and low recovery yield. These results demonstrated that
employing ultrasonication to reduce the size of emulsion droplets and so make nanoscale
particles was an efficient strategy. This procedure was improved by introducing the
cosurfactant span 20. As a result, the previous discovery was likely due to enhanced protein
surface potential. The process was simple and did not use any organic chemicals. In
simulated stomach, intestinal, and PBS media, a nanostarch-insulin nanoemulsion effectively
sustained insulin. Furthermore, gravity separation resistance and biocompatibility in
nanostarch-insulin stabilised nanoemulsions were enhanced. Protein concentration, pH, and
homogenization pressure all affect particle size, stability, transmission electron microscopy,
morphology, and zeta potential. As a result, we believe that by combining insulin with
proteins as a drug delivery model and castor oil as a surfactant, we can develop
biocompatible and biodegradable nanoemulsion systems that can replace present surfactants.
This functional nanoemulsion for oral delivery combines peptides, nucleotides, and
hydrophilic large molecules. The CD-tested secondary structure of insulin demonstrated that
it maintained biological activity during the encapsulation procedure. This electrostatic self-
assembled optimised w/o/w nanoemulsion can enter monolayer Caco-2 cells through both
paracellular and intracellular channels. Our preliminary cell culture results, as well as the ex
Vvivo research, are quite promising. The TEER of nanoemulsion encapsulated with insulin is
significantly lower than that of nanostarch, showing substantial tight-junction opening
properties for this newly synthesised peptide-conjugated derivative of nanostarch. The coated
nanoemulsion reduced glucose levels in diabetic mice by up to 61% and 51%, respectively,
compared to their basal glucose levels at insulin dosages of 25 and 50 1U/kg, while insulin
bioavailability was 8.19% and 7.84%, indicating good insulin intestinal absorption. These
findings suggest that a nanostarch-insulin coated nanoemulsion could be developed as an oral
therapeutic protein delivery system. In contrast, the biological activity of released insulin
from nanoparticles after subcutaneous injection into diabetic male albino wistar rats
demonstrated that insulin function was sustained. Insulin entrapped in nanoemulsion
demonstrated a smaller and less severe decline than insulin released from nanoemulsion due
to its interaction with polysaccharides. This optimised methodology, which used mild insulin
encapsulation conditions and simple procedures, enabled the development of nanostarch-
based insulin-loaded nanoemulsions with insulin activity retention in the nanometric range,
which will have important applications in the pharmaceutical field in the future.
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