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Background: Insulin is the drug therapy for patients with insulin-dependent diabetes mellitus.
A number of attempts have been made in the past to overcome the problems associated with the
oral delivery of insulin, but with little success. Orally administered insulin has encountered with
many difficulties such as rapid degradation and poor intestinal absorption. The potential use of
D-o-tocopherol poly(ethylene glycol) 1000 succinate (TPGS)-emulsified poly(ethylene glycol)
(PEG)-capped poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) was investigated for
sustained delivery of insulin (IS).

Obijective: To investigate the efficacy of TPGS-emulsified PEG-capped PLGA NPs (TPPLG
NPs) as a potential drug carrier for the oral delivery of insulin.

Methods: A series of biodegradable low-molecular-weight PLGA (80/20 [PLG4] and 70/30
[PLG6]) copolymers were synthesized by melt polycondensation. The commercial insulin-loaded
TPGS-emulsified PEG-capped PLGA NPs (ISTPPLG NPs) were synthesized by water—oil—
water emulsion solvent evaporation method. The physical and chemical properties of PLGA
copolymers, particle size, zeta potential, and morphology of the NPs were examined. The in vivo
studies of ISTPPLG NPs were carried out in diabetic rats by oral administration.

Results: The maximum encapsulation efficiency of ISTPPLG6 NPs was 78.6%1.2%, and the
mean diameter of the NPs was 180120 nm. The serum glucose level was significantly (twofold)
decreased on treatment with ISTPPLG NPs, and there was a threefold decrease with insulin-
loaded PLGA (70/30) NPs when compared to that of free insulin-treated diabetic rats. The
results show that the oral administration of ISTPPLG6 NPs is an effective method of reducing
serum glucose level for a period of 24 hours. Histopathological studies reveal that ISTPPLG
NPs could restore the damage caused by streptozotocin in the liver, kidneys, and pancreas,
indicating its biocompatibility and regenerative effects.

Conclusion: ISTPPLG6 NPs can act as potential drug carriers for the oral delivery of
insulin.

Keywords: drug delivery, polymer nanoparticles, poly(ethylene glycol), tocopherol
poly(ethylene glycol) 1000 succinate, hypoglycemic effect, histopathology

Introduction

Diabetes, a metabolic and chronic disorder, can be defined as a loss of glycemic
control. Insulin is the drug therapy for patients with insulin-dependent diabetes mel-
litus (or type 1 diabetes),' and it is an important hormone for the regulation of blood
glucose level. Its aggregation and consequent precipitation has been a major barrier
to the development of long-term delivery.? Insulin shows poor physical and chemical
stability and relatively short plasma half-life. Low pH and protease hydrolysis are the
major limitations for intact insulin intestinal absorption and transport into systemic
circulation, which is further reduced by its larger molecular weight and hydrophilic
nature.’® The oral administration of insulin is a preferred route for patients on chronic
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treatment because it is a safe and more convenient method.
In order to improve the bioavailability of insulin, carriers
such as polymeric nanoparticles (NPs),’ liposomes,' and
lipids'' have been developed. Damgé et al'? first reported in
1988 that insulin-loaded poly(isobutylcyanoacrylate) NPs
had a long-term hypoglycemic effect in diabetic rats after
oral administration.

Microparticles/NPs of biodegradable polymers have
emerged as potential candidates for controlled and oral
delivery of protein and peptide drugs. The NPs have the
advantage to pass through the gastrointestinal (GI) tract
and to be taken by the M cells of Peyer’s patches, a type of
lymphatic island within the intestinal tract that represents
the major gateway through which NPs are absorbed, when
compared to microparticles.'® Poly(lactic-co-glycolic acid)
(PLGA) NPs have been extensively employed as a nanocar-
rier because of their ability to encapsulate and release drugs
in a controlled manner.'*!® Moreover, their biocompatibility,
biodegradability, and potential as transmucosal carrier have
been reported for both nasal and oral administrations.!”!8
Nevertheless, they have certain limitations such as selectiv-
ity in their interaction with mucosal surfaces. Poly(ethylene
glycol) (PEG) plays an important role in improving both the
stability of the colloidal systems in biological fluids and their
transport across different mucosal surfaces.'* This improve-
ment has been interpreted as a consequence of the stabiliza-
tion of NPs and their facilitated diffusion across the mucus.?
More importantly, the main advantages of D-a-tocopherol
poly(ethylene glycol) 1000 succinate (TPGS) are its high
encapsulation efficiency and high emulsification efficiency
(67 times higher than that of poly(vinyl alcohol)).?

This study was aimed at investigating the effect of insulin-
loaded TPGS-emulsified PEG-capped PLGA NPs (ISTPPLG
NPs) in an in vivo model of diabetes. The study focuses on
developing biodegradable PLGA-based insulin-loaded NPs
to increase the bioavailability of insulin for its hypoglycemic
effects, so that the frequency of injection is minimized.

Methods
Synthesis of PLGA copolymers

PLGA was synthesized by direct melt polycondensation
method. About 0.08 M (80%) lactic acid (LA) (Merck,
Mumbai, India) and 0.02 M (20%) glycolic acid (GA) (Merck)
were uniformly mixed at a feed molar ratio of PLGA 80/20
(PLG4). The monomers were directly dehydrated for 2 hours
at 120°C (100 mmHg). Stannous octoate (Sn(Oct),) catalyst
was prepared with a slight modification of a reported proce-
dure in the literature.”” Sn(Oct), (0.1 wt%) was added to this

monomer mixture and then heated to 150°C at 30 mmHg for
10 hours. The copolymerization was carried out at 180°C
(5 mmHg) for 6 hours. The copolymer was soluble in chloro-
form (Fischer Scientific, Mumbai, India) at room temperature,
and it was sonicated for 10 minutes. The soluble copolymer
was precipitated by the addition of ice-cold diethyl ether
(Fischer Scientific). The product was dried in a vacuum desic-
cator and stored at 4°C. The same procedure was also followed
for the synthesis of PLGA 70/30 (PLG6) copolymer.

Preparation of ISTPPLG NPs

About 100 mg of PLGA copolymer (PLG4:PLGA 80/20) and
50 mg of TPGS (Sigma, Bangalore, India) were dissolved in 5
mL of acetone (Fischer Scientific). The solution was sonicated
for 60 seconds using a probe sonicator (Hielscher sonicator,
ultrasonic processor UP 100H, Berlin, Germany [100 W, 30
kHz, 0.8 cycle, 80% amplitude]), and it was stirred continu-
ously at 4°C. To this, 2 mL of Huminsulin (100 IU/mL, Eli-
Lilly, Haryana, India) was added while stirring the solution
and it was further sonicated for 60 seconds. The solution
was kept in an ice bath and it formed a water-in-oil (W/O)
emulsion. It was again sonicated for 180 seconds with 10 mL
of aqueous PEG 2000 (PEG 2K; 1% w/v, Sigma, India) solu-
tion to form a double emulsion (W/O/W), and it was stirred
continuously for 6 hours to remove the organic solvent. Then,
it was centrifuged (Remi high-speed centrifuge C-24, Remi
House, Mumbai, India) at 12,000 rpm (4°C) for 15 minutes
and the ISTPPLG4 NPs were formed (Figure 1). The residue
was freeze-dried (Christ Alpha 2—4 LSC freeze dryer, Martin
Christ Gefriertocknungsanlagen GmbH, Osterode am Harz,
Germany) for 12 hours, and the pellet obtained was stored at
4°C for further studies. The same protocol was also followed
for the synthesis of copolymer PLG6 (PLGA 70/30).

Determination of particle size

The particle size and the zeta potential were determined by
measuring the electrophoretic mobility of the NP with Zeta-
trac (Microtrac Inc., York, PA, USA). Samples were prepared
by diluting with milli-Q water, and all measurements were
carried out in triplicate.

Transmission electron microscopy
Transmission electron microscopic (TEM) images were
obtainedusingthe JEOL 100CX I TEM (Tokyo,Japan), 100k V.
The samples were suspended in phosphate buffer and a drop
of the colloidal solution was coated on a copper grid. The
samples were dried and kept under vacuum in a vacuum
desiccator before placing them on the specimen holder.

submit your manuscript

2208

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Novel PLGA-based nanoparticles

Probe

J |
TPGS |
sonicator

Sonication

(0.8 cycle,

80% amp,
1 min)

PLGA + acetone

PLGA
PEG

Insulin
TPGS

ISTPPLG NPs

Figure | Synthesis of insulin-loaded TPGS-emulsified PEG-capped PLGA nanoparticles.
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Abbreviations: PEG, poly(ethylene glycol); PLGA, poly(lactic-co-glycolic) acid; TPGS, tocopherol poly(ethylene glycol) 1000 succinate.

Determination of drug loading efficiency
About 5 mg of insulin-loaded polymeric NPs (ISTPPLG4 NPs
and ISTPPLG6 NPs) was dissolved in 5 mL of acetone using
vortex for 15 minutes, and it was centrifuged at 12,000 rpm
(4°C) for 10 minutes. The amount of insulin present in
the supernatant was measured spectrophotometrically
(Perkin-Elmer, A35, Waltham, MA, USA) at 280 nm.

Drug loading Weight of insulin in polymeric nanoparticles

Weight of insulin in formulation

x100
efficiency (%)

In vivo studies

Male rats weighing 180-250 g were randomly divided into
five groups each consisting of eight animals. The animals
were identified by marking at different parts of the body.
The mean body weight variation did not exceed £20%. The
animals were maintained on standard rat feed supplied by
M/s. Tetragon Chemie Private Limited, Bangalore, India. All
animals were housed in cages with 12/12 hours light/dark
cycle. The animals were provided feed and water ad libi-
tum throughout the experimental period. The animals were

acclimatized for 1 week prior to the start of the experiment.
The animal experiments were carried out after prior
approval from the Institutional Animal Ethical Committee
(IAEC), MVC, Chennai, India. The blood glucose level was
assessed to rule out spontaneous diabetes in the rats before
administration of streptozotocin (STZ) (Sigma Chemicals
Co., St Louis, MO, USA) injection. Those animals showing
normal blood glucose levels of 50-70 mg/dL were selected
for the study.

Induction of diabetes mellitus

The animals were fasted overnight and a single intraperito-
neal injection of a freshly prepared solution of STZ (45 mg/kg
body weight) in 0.1 M cold citrate buffer (pH 4.5) was given
to induce diabetes. The animals were allowed access to 5%
glucose solution overnight, to prevent total hypoglycemia
induced by STZ by massive pancreatic insulin release. The
animals were considered as diabetic if their blood glucose
values were above 250 mg/dL on the third day (72 hours)
after STZ injection. The treatment was started on the fourth
day after STZ injection and that day was considered as the
first day of treatment.
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Experimental design

The animals were divided into five groups. Group 1 served
as normal control. Group 2 rats were diabetic control without
any treatment. Group 3 rats were treated with Huminsulin
at a dose of 20 [U/kg bodyweight. Group 4 rats were treated
with ISTPPLG4 NPs at a predetermined dose of 20 [U/kg
bodyweight. Group 5 rats were treated with ISTPPLG6 NPs
at a predetermined dose of 20 IU/kg bodyweight.

Biochemical assays

Blood samples for biochemical analysis were collected at
regular intervals during the experiment in a vacutainer with
coagulant activators, and the serum was separated by cen-
trifugation at 3,000 rpm for 15 minutes, for the analysis of
glucose, insulin (IRMA kit, Board of Radiation and Isotope
Technology, Mumbai, India), cholesterol, high-density
lipoprotein cholesterol, triacylglycerol, total protein, urea,
creatinine, aspartate aminotransferase (ALT), and alanine
aminotransferase (AST) as per the manufacturer’s protocol
described in the standard kits (Agappe Diagnostics Ltd.,
Ernakulam, Kerala, India), using CECIL CE 2021 UV spec-
trophotometer (Cecil, Cambridge, UK).

Histopathology

The collected tissues were embedded in paraffin after fix-
ing the tissues in 10% formalin. Serial sections were cut
and stained with hematoxylin and eosin. The sections were
examined under high-power microscope (200x) and photo-
micrographs were taken.

Statistical analysis

The results were expressed as mean * standard error. All
the data were analyzed by one-way analysis of variance
(ANOVA), followed by Duncan’s multiple range test.?®
A value of P<<0.05 was considered statistically significant.

Results
The biocompatible low-molecular-weight PLGA copolymers
were synthesized by melt polycondensation of the monomer

lactic acid and GA using Sn(Oct), as the catalyst. The
polymer composition and molecular weight were obtained
by nuclear magnetic resonance and gel permeation chroma-
tography techniques. The calculated copolymer ratio from
nuclear magnetic resonance is 78/22 (PLG4) and 68/32
(PLG6) (Table 1). The average molecular weight (Mw) of
PLG4 and PLG6 copolymers was found to be 15,400 and
11,000 Da, respectively (Table 1).

The mean diameter of ISTPPLG4 NPs and ISTPPLG6 NPs
was found to be 180 and 120 nm, respectively, by the dynamic light
scattering (DLS) method (Table 1). The ISTPPLG4 NPs exhibit
alarger average diameter when compared to that of ISTPPLG6
NPs (Figure 2). The zeta potential of ISTPPLG4 NPsis—2.90mV,
whereas that of ISTPPLG6 NPs is —6.59 mV. TEM photomi-
crographs (Figure 3) show that ISTPPLG NPs have a smooth
spherical surface and relatively uniform size distribution. The
size of the NPs is below 200 nm, which is further confirmed
by particle size analysis. The loading efficiency of ISTP-
PLG4 and ISTPPLG6 NPs is 62.3%%1.1% and 78.6%%1.2%,
respectively.

In vitro release study of ISTPPLG NPs

The in vitro release profile of the insulin-loaded ISTP-
PLG NPs was observed at 37°C in phosphate-buffered
saline medium. The quantity of insulin released was fol-
lowed spectrophotometrically at 280 nm. The release of
insulin was observed in both the drug-loaded polymeric
NPs (ISTPPLG4 NPs and ISTPPLG6 NPs) up to 36 hours
(Figure 4).

Effect of ISTPPLG NPs on serum glucose
and insulin levels in STZ-induced

diabetic rats

The hypoglycemic effect of orally delivered insulin-loaded
polymeric NPs (ISTPPLG NPs) was evaluated at 20 IU/kg
dose in diabetic rats. The schematic representation of
insulin released from the ISTPPLG NPs at different time
intervals is shown in Figure 5. Blood glucose and serum
insulin levels were compared to those of orally delivered

Table | Characteristics of PLGA copolymer and their insulin-loaded nanoparticles

PLGA polymer

Nanoparticles

Sample Polymer Molecular Sample Particle Zeta potential Drug loading
code ratio® weight® (Da) code size (nm) (mV) efficiency (%)
PLG4 78/22 15,400 ISTPPLG4 180+20 —2.90+0.3 62.3%1.1
PLG6 68/32 11,000 ISTPPLG6 120+20 —6.59+0.2 78.6x1.2

Notes: Data presented as mean + standard deviation (n=3). *Calculated by nuclear magnetic resonance spectroscopy.Calculated by gel permeation chromatography.
Abbreviations: PLGA, poly(lactic-co-glycolic) acid; ISTPPLG4 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped
poly(lactic-co-glycolic acid) (78/22) nanoparticles; ISTPPLG6 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped

poly(lactic-co-glycolic acid) (68/32) nanoparticles.
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Abbreviations: ISTPPLG4 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (78/22)
nanoparticles; ISTPPLG6 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (68/32)

nanoparticles.

free form of insulin at the same dose in diabetic rats. The
changes observed in the blood glucose level versus time
profiles are reproduced in Figure 6A. The blood glucose
level was suppressed during the oral administration of
ISTPPLG NPs when compared to that of diabetic control.
The free insulin maintains the glucose level up to 3 hours
and increases rapidly and then returns to the original level.
More interestingly, the blood glucose concentration under-
goes a maximum decrease at the 24th hour (P<<0.05) for
ISTPPLG6 NPs and at the 6th hour (P<<0.05) for ISTP-
PLG4 NPs. Following this, the blood glucose concentra-
tion increases rapidly and returns to the original level
after 12th and 24th hours, respectively, for ISTPPLG4 and
ISTPPLG6 NPs. The results indicate that insulin absorp-
tion through the intestinal membrane was enhanced by the

50 kV x25.0 k

200 m

Figure 3 TEM micrographs of (A) ISTPPLG4 NPs and (B) ISTPPLG6 NPs.

encapsulation of insulin in TPPLG NPs. The decrease in
glucose levels was significantly higher in diabetic rats that
received insulin-encapsulated NPs than in rats that received
free insulin. The absorption of insulin was investigated by
measuring the serum insulin concentration. The changes in
serum insulin level with respect to time in the diabetic rats
are shown in Figure 6B. The serum insulin concentration
increases dramatically after the administration of ISTP-
PLG NPs. The ISTPPLG6 NPs-administered rats exhibit a
maximum insulin value close to 6 uIU/dL within 12 hours
(¢,,)» which is significantly higher when compared to that of
other groups. However, ISTPPLG4 NPs-administered rats
show a maximum insulin value close to 5 ulU/dL within
6 hours (¢ ), which is significantly higher than that of the
free insulin group.

50 kV x25.0 k 200 nm

Abbreviations: ISTPPLG4 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (78/22)
nanoparticles; ISTPPLG6 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (68/32)

nanoparticles; TEM, transmission electron microscope.
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Figure 4 In vitro release profile of ISTPPLG NPs.

Abbreviation: ISTPPLG NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000
succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolicacid) nanoparticles;
ISTPPLG4 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate emulsified
poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) 78/22 nanoparticles; ISTPPLG6
NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate emulsified
poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) 68/32 nanoparticles.

Effect of ISTPPLG NPs on lipid profiles
and status of biochemical markers (urea,
creatinine, AST, and ALT) in STZ-induced

diabetic rats

The serum triacylglycerol and serum cholesterol levels were
significantly reduced on treatment with ISTPPLG4 and
ISTPPLG6 NPs when compared to those of diabetic rats
and insulin-treated diabetic rats at the 24th hour. The levels
of serum urea, creatinine, AST, and ALT were significantly

¥

Insulin

0

reduced on treatment with ISTPPLG4 and ISTPPLG6 NPs
when compared to those of diabetic and insulin-treated dia-
betic rats at the 24th hour (Table 2).

Effect of ISTPPLG NPs on
histopathological changes of liver, kidney,

and pancreas in STZ-induced diabetic rats

The histopathological studies were carried out 12 hours after
the oral administration of ISTPPLG NPs. Liver sections of
diabetic control rats showed marked microscopical changes
such as hydropic degeneration of hepatocytes and dilata-
tion of sinusoids when compared to that of normal control
rats. The treatment with ISTPPLG6 NPs diminished the
intensity of degeneration and dilatation of sinusoids. The
microscopic examination of diabetic control rats (kidney)
showed marked changes such as tubular epithelial cell
degeneration and cystic dilatation of tubules. The treatment
with ISTPPLG6 NPs reduced the intensity of degeneration
and cystic dilatation of tubules. The pancreatic sections of
diabetic control and insulin-treated and ISTPPLG6 NPs-
treated diabetic groups showed marked microscopical
changes such as atrophy and reduction in the number of
islet cells (Figure 7).

Discussion

The low-molecular-weight PLG4 (15,400 Da) and PLG6
(11,000 Da) were synthesized by melt polycondensation
method, and their molecular weights were determined by gel

/Wistar rat (male)
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.
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Figure 5 Schematic illustration of insulin release from insulin-loaded TPGS-emulsified PEG-capped PLGA nanoparticles.
Abbreviations: PEG, poly(ethylene glycol); PLGA, poly(lactic-co-glycolic) acid; TPGS, tocopherol poly(ethylene glycol) 1000 succinate.
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Figure 6 Effect of ISTPPLG NPs on serum glucose and insulin levels in STZ-induced diabetic rats. (A) Variation of blood glucose level with time (20 1U/kg). (B) Variation of
serum insulin level with time (20 1U/kg).

Note: Data show the mean + SD (n=8).

Abbreviations: Cont, control; IS, insulin; ISTPPLG4 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-
co-glycolic acid) (78/22) nanoparticles; ISTPPLG6 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-
glycolic acid) (68/32) nanoparticles; SD, standard deviation; Diab cont, diabetic control.

permeation chromatography. The PLGA copolymers have
been extensively employed as a carrier for oral delivery of
insulin.? In this study, the NPs have been synthesized by
emulsion-solvent evaporation method. In this formulation, an
aqueous insulin solution is emulsified into an organic solvent
such as methylene chloride containing PLGA to form a W/O
emulsion. The formation of a primary W/O emulsion is con-
sidered as the main cause for protein inactivation and aggre-
gation.® PEG has been employed as a capping agent to avoid
these problems. PEG interacts with insulin via a hydrophobic
interaction while, on the other hand, PEG establishes a large
number of hydrogen bonds with water. The unique nature of
PEG enhances the stability of the protein and maintains an
aqueous layer that retains the water molecules necessary for
the biological function of the protein. TPGS is a good emulsi-
fier and enhances the solubility and bioavailability. The mean
diameter of the particle size is reduced significantly from
180 to 120 nm when the content of GA in the copolymers

Table 2 Biochemical parameters of ITPPLG NPs

was increased from 20% to 30%. The experimental conditions
such as sonication time, sonication frequency, centrifuga-
tion time, and speed have been optimized in such a way to
get almost similar-sized NPs in repeated trials. The particle
diameter <500 nm is desirable to increase the contact with the
intestinal mucosa and to facilitate insulin permeation through
the intestinal tract.’! In this study, zeta potential values indi-
cate that the stability of the NPs stored in lyophilized state
is more than that of the colloidal form, suggesting that the
particles should be stored in a lyophilized state. Abdelwahed
et al*? have reported that NP formulations stored in a col-
loidal state cause more stability problems than those stored
in the dry form. However, the insulin loading efficiency
also decreases from 78% to 64%. It is known that when the
hydrophilic content (GA) increases, the hydrophilic drug
(insulin) loading efficiency also increases. The TEM study
shows the spherical nature of the particles with an average
size of <200 nm.

Groups Total protein  Triacyl glycerol  Cholesterol Urea Creatinine  AST ALT
(g/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (VL) (U/L)
Normal control 7.29+0.23 122.58+18.97 69.77+2.91 37.88+2.22 0.62+0.03 60.61+3.98 23.61+1.48
Diabetic control 6.4310.08" 513.10+44.3 110.69+1.56 61.37+2.09* 2.54+0.05* 170+2.37 74.29+1.57*
Diabetic control +insulin ~ 6.61£0.06° 501.94+23.39* 108.23£1.47**  62.06£1.72* 2.394+0.05* 164.41+4.20°  75.01%1.73*
ISTPPLG4 NPs 6.87+0.04 300.67+21.05°< 88.18+1.98 55.8+1.55 1.6940.10°< 135.81£842  59.37+£3.97
ISTPPLG6 NPs 7.05+0.10 286.69+17.70*< 76.84+1.00* 42.19£1.34¢  1.04+0.14 103.87£6.37  46.26+2.29

Notes: Data presented as mean * standard deviation (n=8). Significance level, P<<0.05. *Significant compared with control. ®Significant compared with diabetic control.
<Significant compared with insulin-treated diabetic rats. Significant compared with ISTPPLG4 NPs.

Abbreviations: ISTPPLG4 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (78/22)
nanoparticles; ISTPPLG6 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (68/32)

nanoparticles; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 7 Effect of ISTPPLG6 NPs on histopathological changes of the liver, kidney, and pancreas.
Abbreviation: ISTPPLG6 NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic acid) (68/32)

nanoparticles.

Insulin hypoglycemic effect
The schematic illustration of the oral administration of
insulin-loaded polymeric NPs (ISTPPLG NPs) and the release
of insulin from the ISTPPLG NPs is shown in Figure 5.
Insulin, when administered orally, undergoes degradation in
the stomach due to gastric enzymes.* Therefore, insulin should
be enveloped in a matrix-like system to protect it from gastric
enzymes. This can be achieved by encapsulating the insulin
molecules in ISTPPLG matrix. The PEG coating protects the
insulin from the gastric enzymes. Due to the mucoadhesive
property and solubility of PEG, and its capability to prevent
protein aggregation, the formulation remained concentrated
in the small intestine for a longer period, resulting in slower
absorption and longer availability in the bloodstream. PEG
serves as a nanosphere stabilizer to improve the half-life of
the insulin and increases the residence time along the intestine.
Tobio et al** have reported that coating ~160 nm PLA NPs with
PEG imparts additional protection against enzyme-induced
aggregation and degradation in simulated GI fluids in vitro.
The increase in the insulin loading efficiency could be
due to the decrease in particle size and the increase of the
hydrophilicity of the polymeric NPs with higher TPGS
content. Ruan et al* have described that the involvement of
either low (2%) or high (10%) concentrations of TPGS as
additive in fabricating HAS-loaded PLGA and PELA NPs
had decreased the encapsulation efficiency around 25%,

compared to that of NPs without any additives. Insulin is
physically and uniformly dispersed in the TPPLG matrix, and
these NPs degrade into biologically acceptable compounds
by hydrolysis, thus delivering the insulin to the target site.
The bulk erosion process occurs in the PLGA matrix where
the release rate is controlled by the surface area. The polymer
is degraded into lactic acids and GAs, which are eventually
reduced to carbon dioxide and water by Krebs cycle. The
released insulin exhibits prolonged hypoglycemic effect.
These approaches substantiate the potential use of TPPLG
NPs in oral administration of insulin, thereby bypassing the
enzymatic degradation in the stomach.

The hypoglycemic effect of oral administration of
ISTPPLG NPs was able to maintain the glucose level over
a longer time than with the free insulin. Improved pharma-
cological effect of insulin-loaded NPs, compared to that of
oral administration of free insulin, indicated that the NPs
facilitated insulin absorption by potentially increasing the
residence time of insulin at the intestinal mucosa and inter-
nalization through the enterocytes.’® In general, the inter-
nalization of <500 nm particles in the intestinal cells and
the uptake by Peyer’s patches of particles <1 um indicate
that the absorption of insulin can be enhanced by the oral
route. The efficacy of ISTPPLG NPs in reducing the blood
glucose levels in diabetic rats in the present investigation
is comparable to the hypoglycemic effect observed during
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the oral delivery of insulin using PLGA-Hp55 (hypromel-
lose phthalate 55) NPs,* chitosan-coated PLGA NPs,* and
sodium deoxycholate complex-loaded PLGA NPs.** The
ISTPPLG NPs were found to be effective in lowering the
blood glucose level at the dose of 20 IU/kg (Figure 6A). The
hypoglycemic effect appeared to be maximum in the 6th
hour for ISTPPLG4 NPs, but a controlled maximum level
was observed in the 12-24th hour for ISTPPLG6 NPs. In
the present investigation, ISTPPLG6 NPs showed a more
significant hypoglycemic effect when compared to that of
ISTPPLG4 NPs.

The serum insulin level was significantly (twofold)
increased on treatment with ISTPPLG4 NPs, and there was
a threefold increase with ISTPPLG6 NPs when compared
to that in free insulin-treated diabetic rats. The ISTPPLG6
NPs have a higher GA content when compared to that of
ISTPPG4 NPs and hence exhibit a higher loading efficiency.
The reason for the effective and prolonged hypoglycemic
effect of ISTPPLG6 NPs is their ability to protect insulin from
the enzymatic degradation in the GI tract and their particle
size (120220 nm), which is favorable for the insulin absorp-
tion in the intestine. The presence of PEG on the surface of
ISTPPLG NPs could impart high permeation characteristic
to the cell membrane of the intestine due to its amphiphilic
property. Wu et al* have described that Hp55 (hydroxypro-
pyl methylcellulose phthalate)-coated capsule containing
insulin-loaded PLGA/RS (Eudragit® RS, Evonik Industries,
Essen, Germany) NPs when administered orally showed a
prolonged hypoglycemic effect in STZ-induced diabetic rat
model. Similarly, Kumar et al** have investigated the use
of insulin-loaded PLGA NPs for oral administration in the
treatment of diabetes mellitus and found that the formulation
was effective in reducing the blood glucose level in STZ-
induced diabetic rats. The in vitro release was also observed
in a controlled manner (Figure 4) in both the cases, while in
the former (ISTPPLG4 NPs) the release rate was faster when
compared to that in the latter ISTPPLG6 NPs). The insulin
release was completed in 30 hours in the case of ISTPPLG4
NPs, while it took 36 hours for ISTPPLG6 NPs. A similar
trend was also observed in in vivo studies.

Effect of ISTPPLG NPs on lipid profiles
and status of biochemical markers

in diabetic rats

A significant increase in serum triacylglycerol and total
cholesterol levels was observed in diabetic rats, which is
consistent with the earlier studies.*! The administration of

ISTPPLG NPs significantly reduced the serum triacylglycerol
and total cholesterol levels at the 24th hour, which indicates
the antihyperlipidemic effect of insulin. The administration
of ISTPPLG NPs to diabetic rats resulted in the reduction of
cholesterol and triacylglycerol levels at the 24th hour. This
may be attributed to the increased glucose utilization and
decreased mobilization of fatty acid from fat depots, which
corrects the hypertriacylglycerol and cholesterol levels.

The increase in serum urea concentration in diabetic rats
may be due to the depletion of serum protein, increase in the
rate of circulating amino acids, and deamination in the liver
that eventually elevate urea levels. It may also be due to renal
dysfunction.** The administration of ISTPPLG NPs was found
to decrease the serum urea level. Creatinine is formed from
creatine phosphate by nonenzymatic degradation in the muscle
tissue. The alteration in the creatinine levels is taken as the indi-
cation of abnormal glomerular functions, and these changes
are correlated with the nephrotoxic effects of diabetes.*

The ALT activity was increased by threefold in untreated
diabetic rats when compared to that in normal rats. The
aminotransferases such as ALT and AST are intracellular
enzymes which have leaked into the circulation and serve as
amolecular marker of tissue injury, particularly hepatocytes.
During diabetes, the activities of the aminotransferases are
elevated.* The administration of ISTPPLG NPs produced
a significant decrease in serum ALT activity, which was
comparable to that of normal control.

Effect of ISTPPLG NPs on
histopathological changes of liver, kidney,

and pancreas in STZ-induced diabetic rats
The treatment with ISTPPLG NPs diminished the intensity
of degeneration and dilatation of sinusoids, which indicates
that ISTPPLG NPs reduce the damage in the liver tissue of
diabetic rats. The kidney of diabetic control rats showed
marked changes such as tubular epithelial cell degeneration
and cystic dilatation of tubules, which are suggestive of
diabetic nephropathy because of altered lipid, protein, and
carbohydrate metabolisms. These findings are in accordance
with the results of Tedong et al.*

The treatment of ISTPPLG NPs reduced the intensity of
degeneration and cystic dilatation of tubules, thereby slowing
down the rate of degeneration due to diabetic complication.
The pancreatic sections of diabetic and ISTPPLG NPs-treated
rats showed atrophy of the islets of Langerhans because of
the interaction of STZ on the islet cells, which is similar to
the findings of Bolkent et al.*
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NPs transport across the cells

The absorption of orally administered ISTPPLG NPs depends
on the successful passage of the NPs through several barriers
to drug delivery. The NPs can pass either between or through
the cells, depending on their physicochemical properties. The
mechanisms proposed for the transport of NPs through the
intestinal epithelium are 1) paracellular transport, 2) passive
transcytosis or receptor-mediated transcytosis, 3) trans-
port via M cells of Peyer’s patches, and 4) endocytosis by
enterocytes.*’ The larger-sized polymeric NPs (>5 nm) may
not pass through the tight junction. In order to overcome
this problem, enhancers such as PEG and TPGS which
reversibly open the tight junction are incorporated in the
insulin-encapsulated PLGA. The larger-sized particles can

Transcellular Paracellular

pathway

y Tlght unction
3 Adherens
junction
Desmosomes

also undergo degradation, resulting in the release of insulin
while they pass through transcellular as well as paracellular
pathways (Figure 8).

Conclusion

In this study, low-molecular-weight PLGA copolymers
with PEG as a capping agent and TPGS as an emulsifier
were synthesized and employed as a carrier for insulin
drug delivery. ISTPPLG NPs were prepared for the first
time by the emulsion-solvent evaporation method. The
NPs with the size of <200 nm are spherical in nature and
exhibit a loading efficiency of =78%. PLGA NPs emulsi-
fied with TPGS and capped with PEG prevent enzyme-
induced aggregation and degradation in simulated GI fluids
in vitro and also increase the loading efficiency of insulin.

Enterocyte

O
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@@
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Figure 8 Schematic representation of the transport of drug-loaded polymeric nanoparticles (ISTPPLG NPs) across the intestinal epithelium.
Abbreviations: B cell, B lymphocyte; ISTPPLG NPs, insulin-loaded tocopherol poly(ethylene glycol) 1000 succinate-emulsified poly(ethylene glycol)-capped poly(lactic-co-glycolic

acid) nanoparticles; M cell, microfold cells; T cell, T lymphocyte.
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Most importantly, the hypoglycemic effect of ISTPPLG NPs
was observed over a period of 24 hours. The oral adminis-
tration of ISTPPLG6 NPs exhibits a maximum reduction in
the blood glucose level up to 12 hours when compared to
that with ISTPPLG4 NPs and control. The effect of ISTP-
PLG NPs on lipids and biochemical markers in diabetic rats
shows a significant reduction in the cholesterol, urea, crea-
tinine, and ALT levels. Histopathological results show that
ISTPPLG NPs have a regenerative effect on diabetic rats in
the liver, kidneys, and pancreas when compared to normal
control. In conclusion, the ISTPPLG6 NPs are found to be
potential candidates as a nanocarrier for the oral delivery
of insulin.
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