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We have developed self-assembled chitosan/insulin nanoparticles for successful oral insulin delivery. The main
purpose of our study is to prepare chitosan/insulin nanoparticles by self-assembly method, to characterize them
and to evaluate their efficiency in vivo diabeticmodel. The size andmorphology of the nanoparticleswere analyzed
by dynamic light scattering (DLS), atomic force microscopy (AFM) and scanning electron microscopy (SEM). The
average particle size ranged from 200 to 550 nm, with almost spherical or sub spherical shape. An average insulin
encapsulation within the nanoparticles was ~85%. In vitro release study showed that the nanoparticles were also
efficient in retaining good amount of insulin in simulated gastric condition, while significant amount of insulin
release was noticed in simulated intestinal condition. The oral administrations of chitosan/insulin nanoparticles
were effective in lowering the blood glucose level of alloxan-induced diabeticmice. Thus, self-assembled chitosan/
insulin nanoparticles show promising effects as potential insulin carrier system in animal models.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently, nanoparticles draw a lot of attention of the pharmaceutical
scientists in drug delivery research due to its versatility in targeting
tissues, enabling deepmolecular targets aswell as sustained drug release.
Apart from drug delivery, nanoparticles displayed excellent efficiency as
potent proteins, peptide, vaccines and DNA carrier. Thus, nanoparticles
offer a better way for delivering these hydrophilic drugs as well as
macromolecules following different routes of administration [1].
Among several routes (nasal, oral, pulmonary rectal, and ocular) of
drug administration, oral is themost preferred one, producingmaximum
patient response [2]. But, still oral deliveries of many therapeutic agents
remain unsuccessful due to large particle size, hydrophilicity and instabil-
ity within the animal body [3]. During passage through oral route, drug
molecules encounteredwith several barriers, like rapid enzymatic degra-
dation and poor intestinal absorption [4], limiting their potential to reach
the blood stream for exerting therapeutic functions. Nanoparticles are
widely investigated in this regard. Several natural polymers like, alginate,
pectin, gelatine chitosan etc. are commonly used to prepare nanoparticles
[5].

Chitosan is a natural polymer derived from chitin by partial
deacetylation. Chitin is a natural bio-polymer generally found in crusta-
cean (crabs, shrimps and lobsters) shell and in some fungi or yeast [6].
Chitosan is linear polymer having (1–4)-linked 2-amino-2-deoxy-β-D-
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glucopyranose units on its structure. It is biodegradable, biocompatible,
non-toxic and non-immunogenic mucoadhesive polymer. So, it offers
certain advantages over other natural polymers in formulating
nanoparticles for oral administration of drug molecules [7]. Chitosan is
a cationic polymer (due to protonation of amine groups in acidic pH)
possessing functional groups on its structure facilitating effective
encapsulation of bio-molecules like proteins, drugs. Being a good
mucoadhesive polymer, chitosan can prolong the drug resident
time in the gastrointestinal tract [8]. Again, chitosan has been
shown to have excellent permeation enhancing effects and binding
effects to epithelial cells due to the positive charges on its structures [9].
Pharmacological activity of peroral chitosan–insulin nanoparticles in
diabetic rats has been studied byMa et al. [10]. Dextran sulfate/chitosan
nanocomplexes were evaluated for insulin delivery by Sarmento et al.
[11]. Themost importantly chitosan is digested by chitosanase enzymes
secreted by microorganisms of the intestine [12,13] after oral ingestion.
By toxicity assay in mice, it is reported that LD50 of chitosan is 16 g/kg
of mice [7]. Sung et al. [14] reported Chitosan/poly-γ-glutamic acid
nanoparticles were prepared for successful paracellular delivery of insu-
lin. These nanoparticles were pH sensitive and efficiently open the tight
junction between epithelial cells, studied both in vitro and in vivomodel.
Therefore, successful oral delivery of hydrophilic macromolecules could
be achieved by using these nano-formulations [15].

There are several techniques for synthesizing chitosan nanoparticles
such as ionotropic gelation [16], micro emulsionmethod [17], Emulsifi-
cation solvent diffusion, solvent evaporation, Coprecipitation and com-
plex coacervation method [7]. Most of these methods except complex
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Table 1
Different weight ratios for chitosan/insulin for self-assembled nanoparticles formation.

Sample Chitosan molecular
weight (kDa)

Degree of
deacetylation (DD)

Chitosan/insulin
weight ratio

S1 222 86% 1:1
S2 222 86% 2:1
S3 365 86% 2:1
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coacervationmethod involving organic solvents, sonication i.e. vigorous
agitationprocesswithheat generation limit theirwideuse in synthesizing
chitosan nanoparticles. These chemicals and harsh procedures can be
potentially harmful to the sensitive bio-molecules like protein, peptide
drugs, and DNA etc. Therefore, the self-assembly of proteins or peptide
drugswith natural or synthetic polymers draw the attention of scientists.
This process leads to the formation of polyelectrolyte-complexes by
electrostatic interaction, which is optically homogeneous, stable
nano-dispersion at colloidal level. Mainly, polyelectrolytes are ionisable
group containing polymers, which can form polyelectrolytic complex
with opposite charged bio-molecules via intermolecular interactions.
The interactions may be either vander waals force, hydrogen bonding,
coulombic forces or transfer forces [18,19]. Several natural polymers
like chitosan, alginate, dextran sulfate have been reported in synthesizing
polyectrolytic complexes, which are promising carriers of bioactive
molecules [6,20–22]. This self-assembled technique of nanoparticles'
synthesis is proved to be advantageous over others by lowering the
risk of the damage of entrapped drug molecule as it involves no organic
reagent or any harsh method of nanoparticles preparation [23].

Oral insulin delivery is still the greatest challenge in biomedical field
[24]. Mainly, gastrointestinal tract (GI) represents as major barrier in
reaching insulin to the site of absorption, because of harsh acidic pH of
the stomach and proteolytic enzymes of gastro intestinal tract [25,26].
The successful oral administration of insulin encounters different prob-
lems like harsh acidic stomach, extensive enzymatic degradation by
different proteolytic enzyme of the GI tract, mucosal surface of the intes-
tine and tight junction in between the epithelial cells [4]. Therefore, to
meet with successful oral administration, nanoparticles of insulin and
biodegradable polymer are investigated. The first report suggested that
insulin entrapped poly(isobutylcyanoacrylate) (PIBCA) nanocapsules
showed up-to 20 days long hypoglycaemic effects in diabetic animal
model after oral administration [27]. Insulin loaded poly(lactide-co-
glycolide) nanoformulations [28,29] and poly(fumaric-co-sebacic) anhy-
dride [30] nano formulations also managed to control the plasma glu-
cose level in animal model after peroral administration. Pan et al. also
reported significant lowering of serum glucose level in diabetic rats
by chitosan/insulin nano particles, synthesized by ionotropic gelation
method [31]. Insulin association in self-assembled chitosan-insulin
nanoparticles depends on pH of both chitosan and insulin solution. It
is observed that chitosan is positively charged at low pH (b6.5) due to
the protonation of the amino groups (pKa value of chitosan is 6.5).
Simultaneously, insulin becomes negatively charged at pH above its iso-
electric point i.e. pI 5.30-5.35 [32] Consequently, electrostatic interac-
tions resulting in between both the entities were used as driving force
for self-assembled nanoparticles formation. At pH 5.3, a strong insulin
association in chitosan nanoparticles was noticed, whereas at higher
pH, comparatively fast and complete dissociation of encapsulated insu-
lin was found in vitro release studies [10].

In the present study, we propose the use chitosan nanoparticles
for oral insulin delivery. Therefore, the aim of the present work is to
encapsulate insulin into chitosan by self-assembled method and to
study the morphological characters of synthesized nanoparticles. In
addition, we also intend to investigate the in vitro release of insulin
and to determine its efficiency in lowering the blood glucose in alloxan
induced diabetic animal model.

2. Experimental

2.1. Materials

Chitosan, MW 365 kDa, Degree of deacetylation (DDA) 86% was
obtained from Himedia, India. Sodium nitrite, glacial acetic acid and
Tris (hydroxymethyl) aminomethane were purchased from Merck,
India. Alloxan monohydrate and insulin (Bovine insulin, 27USP units
per mg) was obtained from Sigma-Aldrich, India. Male Swiss albino
mice (weight 22–24 g) were purchased from Chittaranjan National
Cancer Institute, Kolkata, India. All other reagents were analytical
grade and were used directly without further modification.

2.2. Depolyimerization of Chitosan

The low molecular weight chitosan was prepared by oxidative
degradation with NaNO2 at room temperature according to the previous
report [33]. Briefly, 1% (w/w) chitosan was dissolved in 1% acetic acid
solution under magnetic stirring. When chitosan was completely
dissolved, the appropriate amount of NaNO2 in 1% acetic acid was
added drop wise over a half an hour period with vigorous stirring and
the reaction was performed at room temperature for another 3 h. The
reaction mixture was subsequently neutralized with 1 N NaOH to pH
7.4 to complete precipitation of chitosan. The precipitate was recovered
by centrifugation, washed several times with deionized water and
lyophilized for three days.

The molecular weight of chitosan and depolymerized chitosan was
determined by gel permeation chromatography (GPC). The molecular
weight of chitosan is determined by GPC is presented in Table 1. The
GPC equipment consisted of ultrahydrogel 1000 (7.8×300 mm)
column, 515 HPLC pump and 2414 RI detector (Waters, USA). The
mobile phase was 0.1 M acetic acid/0.1 M sodium acetate buffer.
Mobile phase and chitosan solutionwere filtered through 0.45 μm filter
(Millipore). The flow rate was maintained at 0.3 ml/min. The sample
concentration was 0.3 mg/ml. Polyethylene glycol (Sigma-Aldrich)
standards were used to calibrate the column. All data provided by the
GPC system were analyzed using the Empower 2 software package.

2.3. Determination of degree of deacetylation of chitosan

The degree of deacetylation (DDA) of chitosan and depolymerized
chitosan was determined by the potentiometric titration method
[34,35]. The pH of the solution during the whole titration process was
measured by a lab pH meter (Make- CD, India, Model: APX175 E/C).
Briefly, 0.1 gm of purified chitosan was accurately weighed (±0.0001
gm) and dissolved in a 10 ml of 0.1 M HCl solution with constant
stirring and kept for 24 h for complete dissolution of the chitosan
and calculated amount of sodium chloride was added to adjust the
ionic strength to 0.1. The resulting solution was titrated with 0.1 M
NaOH solution containing 0.1 M NaCl. At first, the NaOH solution
was added to the chitosan solution with constant stirring until the
pH of the solution reached at 2.0. Then, the standard NaOH solution
was added stepwise and 0.2 ml solution was added in each step.
The resulting pH and the added volume of NaOH solution were
recorded during the whole titration process.

DDA (%) of chitosanwas calculated by using the following equation:

DDA %ð Þ ¼ 203:2
42:0þ 1000m

cNaOH V2−V1ð Þ
� 100 ð1Þ

where m is the amount of chitosan (gm) in the solution,cNaOH is the
concentration of NaOH solution (M), V2−V1 is the volume of NaOH
solution consumed in titration of amino groups of chitosan, 203.2 is
the molecular weight of the acetylated monomeric unit of the polysac-
charide, 42.0 is the difference between the molecular weights of the
deacetylated monomeric unit and acetylated monomeric unit, 1000 is
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the conversion factor of milliliters to liters and 100 is the conversion
factor of DDA to percents.

2.4. Preparation of self-assembled nanoparticles

Chitosan was purified before the formation of self-assembled
nanoparticle. Chitosan was purified by re-precipitation method. At
first, chitosan was dissolved in 1% acetic acid solution with constant
stirring by a magnetic stirrer and then, the dissolved chitosan was
re-precipitated by the addition of 4 N sodium hydroxide solutions.
The precipitate was washed with distilled water until the pH became
neutral and finally, it was washed with ethanol. The purified chitosan
was then dried overnight under vacuum at 55 °C.

Self-assembled nanoparticles were prepared by complex coacerva-
tion method. The purified chitosan was dissolved in 1% acetic acid solu-
tion under constant stirring for 30 min and the pH of the solution was
adjusted at 5.5 -5.7 by the addition of sodium hydroxide solution. Insulin
was dissolved in 0.1 M HCl solution and then the pH of the solution was
adjusted to 8.4 by 0.1 N Tris (hydroxymethyl) aminomethane solution.
Then, equal volume of both chitosan and insulin solution were mixed
and immediately vortexed for 15–30 sec with cyclomixer (REMI, India).
Then, the mixture was incubated at room temperature for 20–30 min to
completely form the self-assembled complexes. A schematic presentation
of self-assembled chitosan/insulin nanoparticles preparation is shown in
Scheme 1. Different weight ratios (1:1 and 2:1) of chitosan/insulin
complexes used in self-assembled nanoparticle preparation are
presented in Table 1. Each experiment was carried out using freshly
prepared nanoparticles.

2.5. FT-IR spectroscopy analysis

Fourier transform infrared (FTIR) analysis was carried out with
ATR-FTIR (model-Alpha, Bruker, Germany) spectrometer, scanning
Scheme. 1. Schematic presentation of self-assembled chitosan/insulin nanoparticles
preparation.
from 4000 to 500 cm−1 for 42 consecutive scans at room temperature.
Chitosan, insulin and chitosan/insulin self-assembled nanoparticles were
mixed separately with KBr and pressed into pallets for measurements.

2.6. Determination of particle size and zeta potential

The particle sizes and distributions of chitosan/insulin complexes
were determined byDLS. To avoid the influence of dust on the reliability
of results, the solutions of the chitosan/insulin complex were filtered
through a 0.5 μm filter (Millipore) directly into a freshly cleaned
10 mm diameter cylindrical cell. The intensity of autocorrelation was
measured at a scattering angle (θ) of 173° with Zetasizer Nano ZS
(Malvern Instrument, UK) digital autocorrelator at 37 °C. The correla-
tion function was accepted when the difference between themeasured
and the calculated baselineswas less than 0.1%. Themean diameter was
obtained by the Stokes-Einstein relationship. Zeta potential of chitosan/
insulin complexes was determined by DelsaNano C (Beckman Coulter,
USA).

2.7. Atomic force microscopy (AFM)

The size and morphology of chitosan/insulin self-assembled
nanocomplexes were characterized by AFM (Nanoscope IV Bioscopet,
Digital Instruments, Veeco). 1–2 μl of samples containing nanoparticles
was deposited on a freshly split untreated mica sheet and allowed to
dry at room temperature before imaging. The imaging was done with
silicon nitride tip in tapping mode that AFM allows resolution images
without damaging the sample surface. Additionally, AFM imaging
provides three dimensional structural information of synthesized
nanoformulation with effective particle size measurement. The scan
speed was 1 Hz at ambient condition.

2.8. Scanning electron microscopy (SEM)

The scanning electron microscopy was also carried out to check the
size and surface morphology of chitosan/insulin nanoparticles. About
10–12 μl of sample was dropped on a piece of glass slide and dried at
room temperature. The morphology was observed under a scanning
electron microscope (Hitachi, Japan, Model: 3400 N). The samples
were sputter coated with thin layer of gold under vacuum to neutralize
the charging effects prior to scan in SEM. An acceleration voltage of
20 kV was used during the scanning.

2.9. Insulin encapsulation efficiency of self-assembled nanoparticles

Equal volume of both chitosan and insulin solution were mixed at
different weight ratios and immediately vortexed for 15–30 sec with
cyclomixer (REMI, India). Then, the mixture was incubated at room
temperature for 20–30 min to completely form the self-assembled
complexes. Nanoparticles were then centrifuged at 14,000 rpm/min
for 30 min at room temperature. The clear supernatant was analyzed
for insulin content using UV–vis spectrophotometer (LAMBDA-25,
Perkin Elmer, USA) at 280 nm. All experiments were done in triplicate
to calculate encapsulation efficiency (EE) by the following formula [23]:

EE %ð Þ ¼ Total amount of insulin � free insulin in the supernatant
Total amount of insulin

� 100

ð2Þ

2.10. In vitro insulin release profile

To determine the insulin release profiles from chitosan/insulin
self-assembled nanoparticles, test samples were immersed in buffer
solutions at different pH corresponding to GI tract (i.e., pH 1.2, pH
6.8 and pH 7.4) with mild agitation. At specific time intervals, the
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samples were centrifuged and an aliquot from each sample was taken
out. The concentration of the released insulin in the aliquot of each
sample was determined using UV spectrophotometer at 280 nm.

2.11. In-vivo pharmacological response of chitosan/insulin self-assembled
nanoparticles

Male Swiss albino mice (28–30 g) were kept overnight fasted
(water ad libitum) and rendered diabetic by intraperitoneal injections
of alloxan at a dose of 250 mg/kg bodyweight dissolved in normal saline
(0.9% NaCl solution). After 6 days of alloxan administration, animals
with fasted blood glucose level >250 mg/dLwere used for in vivo exper-
iments [36,37]. The diabetic mice were fasted overnight prior to the
treatment and remained fasted for another 12 h during the experiment,
but only animals were allowed water ad labitum. Chitosan/insulin
self-assembled nanoparticles containing different dose of insulin (50
and 100 IU/kg body weight) were administered orally to the diabetic
animals using feedingneedle.Micewith subcutaneous injection of insulin
solution (5.0 IU/kg body weight) were used as control (n=5 in each
groups). The blood samples of the treated and control animal were
taken from tail vein and glucose level was checked at regular time
interval (2 h) using Bayer's glucose meter.

3. Result and discussion

3.1. FT-IR characterization of chitosan, insulin and chitosan/insulin self
assembled nanoparticles

The FT-IR spectra of chitosan, insulin and chitosan-insulin self
assembled nanoparticles are shown in Fig. 1. The basic characteristic
peaks of chitosan at 3427.73 cm−1 (O\H stretch and N\H stretch,
overlap), 2922.49 and 2859.82 cm−1 (C\H stretch), 1652.90 cm−1

(NH2 deformation), 1154.09 cm−1 (bridge\O\ stretch) and
1092.74 cm−1 (C\O stretch) are shown in Fig. 1a. Insulin shows a
characteristic peak at 1656.33 cm−1 (C_O stretching of amide I)
which corresponds to the largeα-helical of native insulin and amedium
intensity peak at 1537.81 cm−1 of the insulinwas attributed to amide-II
corresponding C\N stretching and N\H bending modes as shown in
Fig. 1. The FT-IR spectrum of chitosan, insulin and chitosan/insulin self-assembled
nanoparticles.
Fig. 1b. The FT-IR spectrum of chitosan/insulin self-assembled
nanoparticles is shown in Fig.1c. A little shift of amide I region towards
lower spectra from 1656.33 to 1641.13 cm−1 was found in self-
assembled nanoparticles compared to that of native insulin. This fact
may be attributed to the electrostatic interaction between the negative
charges of insulin and positive charges of chitosan [38].

3.2. Particle size and zeta potential

Particle size of self-assembled chitosan/insulin nanoparticles was
determined by dynamic light scattering as shown in Fig. 2. From
Fig. 2, it was observed that the average size of chitosan/insulin
nanoparticles at weight ratio of 1:1 was 210 nm. An increase in particle
size was also observedwith an increase in chitosan/insulin weight ratio
(2:1). In case of 2:1 chitosan/insulin weight ratio, particle size of
465 nm was observed when 222 kDa chitosan was used. Whereas,
nanoparticles of 526 nm were obtained using 365 kDa chitosan with
the same chitosan/insulin weight ratio. This phenomenon might be
attributed to the repulsion of excessive positive charge provided by
molecules. Therefore, obtained result shows that chitosan can condense
insulin to form nano-sized particles at different weight ratio and
nanoparticles formed at 1:1 chitosan/insulin ratio are preferable for de-
livering insulin orally due to smallest diameter among all.

The zeta potential of chitosan/insulin complexes with different
weight ratios is shown in Fig. 3. As shown in Fig. 3, the zeta potential of
the complexes increased with weight ratio of the complexes. The zeta
potential of insulin was −10.06 mV and the value of zeta potential of
the complex at weight ratio 1:1 sharply increased to +2.83 mV. This is
possibly due to the neutralization of all negative charges on the insulin
molecules by the positive charges on the polymer molecules. The zeta
potential value of chitosan/insulin complex atweight ratio 2:1 further in-
creased to+24.69 mV for the accumulation of excessive positive charge
from chitosan. It was also found that the zeta potential of chitosan/insulin
complexes at weight ratio 2:1 increased with increasing the molecular
weight of chitosan. This is due to the increase of cationic charges carried
by the primary amine groupswith increase in themolecularweight at the
same degree of deacetylation of chitosan.

3.3. Atomic force microscopy

Morphology and size of the chitosan/insulin self-assembled
nanoparticles are analyzed by atomic force microscope. The AFM image
of chitosan/insulin nanoparticles with 1:1 weight ratio is presented in
Fig. 4. Almost all the particles were spherical or sub-spherical in shape
with smooth surface morphology. The particle size ranged from 80 to
Fig. 2. Mean particle size of self-assembled chitosan/insulin nanoparticles.

image of Fig.�1
image of Fig.�2


Fig. 3. Zeta potential of self-assembled chitosan/insulin nanoparticles.

Fig. 5. Scanning electron microscopic (SEM) images of self-assembled chitosan/insulin
nanoparticles.
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120 nm. The obtained particle sizeswere smaller from those observed by
DLS analysis. This may be attributed to the fact that the hydrodynamic
diameter of freshly prepared nanoparticles measured by DLS is
higher than the microscopic estimation due to swelling effects of the
self-assembled nanoparticles. It is evident from the picture that
most of the nanoparticles are scattered independently over the field,
suggesting possible stabilization against self aggregation.
3.4. Scanning electron microscopy

Chitosan/insulin self-assembled nanoparticles are morphological-
ly analyzed using SEM imaging. SEM photographs of chitosan/insulin
nanoparticles with 1:1 weight ratio also demonstrated that chitosan/
insulin self-assembled nanoparticles had smooth surfacewith spherical
shapes ranging from 80 to 120 nm as shown in Fig. 5. Again, the
obtained particle sizes were smaller from the observed particles size
by DLS analysis. This may be attributed to the fact that hydrodynamic
diameter of freshly prepared nanoparticles measured by DLS is higher
than that of the SEMestimation due to swelling effects of the self assem-
bled nanoparticles.
Fig. 4. Atomic force microscopy (AFM) images of self-assembled chitosan/insulin
nanoparticles.
3.5. Insulin encapsulation efficiency of self-assembled nanoparticles

For successful oral insulin delivery, ideally the nanoparticles must
have high insulin encapsulation efficiency [39]. Different bioactive
molecules (like enzymes, peptides and proteins drugs) need to be
maintainedbiologically efficient to produce desired effectswithin animal
system after entrapment within the polymeric nanocarriers. The poor
encapsulation efficiency might hinder the use of polymeric delivery
devices in insulin delivery as it would cause wastage of expensive
drug molecules. Insulin encapsulation efficiency of the self-assembled
chitosan/insulin nanoparticles with different weight ratios (1:1 and
2:1) of chitosan and insulin was investigated. Percentage of insulin
encapsulation in three different nanoparticles formulations is presented
in Fig. 6. In Sample 1 (S1) (chitosan/insulin weight ratio 1:1, chitosan
molecular weight 222 kDa), insulin encapsulation efficiency is 78.3%;
in sample 2 (S2) (chitosan/insulin weight ratio 2:1, chitosan molecular
weight 222 kDa), insulin encapsulation is found to be 86.2%; and in
sample 3 (S3) (chitosan/insulin weight ratio 2:1, chitosan molecular
weight 365 kDa), 91.8% of insulin encapsulation is obtained. Although
Fig. 6. Percentage of insulin encapsulation in self-assembled chitosan/insulin nanoparticles.
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Fig. 8. In-vivo pharmacological response of chitosan/insulin self-assembled nanoparticles.
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sample 2 and sample 3 showed better insulin encapsulation in compar-
ison to sample 1, still sample 1 is further used for in vitro and in vivo
studies as it showed smallest particle size in DLS analysis. Nano-size of
the particles facilitates easy internalization of insulin through tight
junction of intestinal epithelial cells leading to control the blood glucose
level in diabetic individuals.

3.6. In vitro insulin release profile from self-assembled nanoparticles at
different pH values

Insulin release profile from chitosan/insulin self-assembled
nanoparticles were carried out in gastric and intestinal (duodenum,
ileum) simulated pH conditions. The insulin release from nanoparticles
both under gastric condition and intestinal condition is illustrated
in Fig. 7. It is observed from the graph that immediate release of
insulin from the nanoparticles at pH 1.2 was retarded, releasing
only 15% of encapsulated insulin. Thismay be due to the strong ionic in-
teraction between negative charges of insulin and positive charges of
chitosan. As chitosan has a pKa value of 6.5, almost entire (>95%)
amino groups of chitosan are protonated in lower pH. Thus, entrapped
insulin would be protected from the proteolytic enzymatic degradation
in the stomach.

In vitro release studies at pH 6.8 and 7.4 demonstrated significant
insulin release from the nanoparticles. In buffer pH 6.8 (duodenum
pH), as shown in Fig. 7, the amount of released insulin was almost
70% of the encapsulated amount. The insulin release was also in a
sustained manner, for initial 1 h only 35–52% insulin release was ob-
served, but over 4 h it was about 70% of encapsulated amount. This
prolonged release profile will help to produce desired effects within
animal system. Simultaneously, at pH 7.4 mainly weak affinities be-
tween ionic groups of chitosan and insulin influenced prolonged and
significant insulin release of almost 80%.

Therefore, the in vitro release profile of self-assembled nanoparticles
clearly showed a large amount of insulin retention in acidic pH.Whereas,
a significant amount of insulin released was evident in higher pH for
sustained period of time. This pH responsive release pattern would facil-
itate oral administration of insulin in vivo model.

3.7. In-vivo pharmacological response of chitosan/insulin self-assembled
nanopartilcles

In vivo responses of chitosan/insulin self-assembled nanoparticles
were studied by administrating these formulations orally by force
feeding in overnight fasted diabetic mice. The results are illustrated
in Fig. 8. The nanoparticles showed good hypoglycaemic effects in
Fig. 7. Insulin release profile from chitosan/insulin self-assembled nanoparticles.
dose dependent manner in comparison with diabetic mice treated
with 5 IU/kg body weight of insulin by subcutaneous injection. After
subcutaneous administration of the insulin solution, blood glucose
level started decreasing significantly within 30–45 min. The maximum
decrease of blood sugar level was about 80%, observed at 2 h on injec-
tion. Subsequently, an increase in blood glucose level was noticed
with time and returned to its basal level almost at 8 h (Fig. 8). On the
other hand, administration of chitosan/insulin self-assembled nano-
particles at doses of 50 IU/kg body weight and 100 IU/kg body weight
resulted significant reduction in glycemia by 29% and 33%, respectively
after 4 h of administration and the effect was sustained at least up to
8 h.

For designing a successful delivery system of protein or peptide
drug molecule like insulin, it must get protection from enzymatic
degradation and its permeability to the intestinal tract should be ele-
vated. The insulin associated chitosan self-assembled nanoparticles
remained biologically efficient after oral administration in diabetic
mice. In vivo efficiency of orally delivered insulin and chitosan/insulin
self-assembled nanoparticles are shown in Scheme 2. The bio-efficacy
of insulin after loading within the nanoparticles was also sustained
after its oral administration in diabetic mice. Thus, chitosan/insulin
self-assembled formulations satisfy all these essentialities both in
vitro and in vivo experiments. These nanoparticles could serve as im-
portant vehicles for delivering insulin via oral route.
4. Conclusion

In the present work, self-assembled chitosan/insulin nanoparticles
were prepared and characterized. Their effect has been evaluated both
in vitro and in vivo system. The study clearly demonstrated that self
assembled nanoparticles were 200–550 nm in size with almost 85%
insulin encapsulation efficiency. The images under SEM and AFM
also showed smooth surfaced spherical shaped nanoparticles. In
vitro insulin release in different pH buffers corresponding to simulated
GI tract fluids revealed significant insulin release in intestinal pH, while
maximum insulin was found to be retained within the nanoparticles in
acidic pH corresponding to stomach. Additionally, the in vivo oral ad-
ministration of nanoparticles in diabetic mice indicated significant
intestinal absorption of insulin, reducing the blood glucose level
within 4 h in comparisonwith subcutaneous injections. These observa-
tions suggested that the nanoparticles prepared bymild self assembling
process without using harsh organic chemicals might be employed to
improve the potential delivery approach for oral insulin.

image of Fig.�7
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Scheme 2. In-vivo efficiency of orally delivered insulin and chitosan/insulin self-assembled nanoparticles.
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