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The objective of the present study was to develop a thermosensitive in situ gel system based on chitosan
and poly vinyl alcohol (PVA) for nasal delivery of insulin. The hydrogel was prepared by mixing chitosan and
PVA. The concentration of the components was optimized during formulation development. The prepared
hydrogel was characterized for gelation temperature, gelation time, viscosity changes, degree of swelling,
in vitrorelease and in vivo hypoglycemic effect. The prepared hydrogel was liquid at room temperature while
underwent thermal transition from solution below or at room temperature to non-flowing hydrogel when
incubated at 37 °C for approximately 12 minutes with increased viscosity. The in vitro release of insulin from
gel network was observed spectrophotometrically which was good enough to maintain blood glucose level
for six hour. Furthermore, the formulation when evaluated for their in vivo hypoglycemic effect, demonstrated
its ability to reduce glucose level. The observed in vitro and in vivo results indicate that the proposed

thermosensitive in situ gelling system has substantial potential as nasal delivery system for insulin.

1. Introduction

To replace the injectable form of insulin various alternative
routes have been tried including oral, buccal, nasal, pulmonary,
ocular, rectal and transdermal administration (Khafagy et al.
2007; Wu et al. 2007). Among the non-invasive routes, the nasal
route may be a promising alternative for the delivery of insulin.
Nasal route offers many advantages that include a large sur-
face area available for drug absorption due to microvilli present
on epithelial surface, highly vascularized subepithelial layer,
avoidance of hepatic first pass metabolism, low dose require-
ment, rapid attainment of therapeutic blood level, quicker onset
of pharmacological activity and fewer side effects (Khafagy
et al. 2007). Additionally intranasal insulin delivery also pro-
vides a pharmacokinetic profile similar to that achieved after
intravenous injection and, in contrast to subcutaneous insulin it
bears a close resemblance with the endogenous insulin secretion
(Hinchcliffe et al. 1999).

There are some limitations of nasal delivery as well like mucosal
tissue irritation, rapid mucociliary clearance of the drug from the
site resulting in a short duration of time period staying at
the site of absorption, low permeability of the nasal membrane
for high molecular weight compounds, and various patholog-
ical conditions such as cold or allergies which may alter the
drug absorption from the nasal cavity. To overcome these lim-
itations, formulation components should be minimum toxic to
the nasal mucosa. Additionally they should increase the perme-
ability of the macromolecules through nasal mucosa and should
provide bioadhesion to minimize the effect of mucociliary clear-
ance thereby improving absorption (Leung and Robinson 1990;
Duchene and Ponchel 1993).
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Previously nasal insulin delivery has been attempted by var-
ious researchers in the form of dry powder (Dyer et al. 2002;
Haruta et al. 2003; Pringels et al. 2006, 2008), nanoparticles and
nanocomplexes (Dyer et al. 2002; Simon et al. 2005; Bhumkar
et al. 2007; Jain et al. 2008; Wang et al. 2009), microspheres
and microparticles (Varshosaz et al. 2004; Krauland et al. 2006;
Wang et al. 2006), nasal inserts (Mclnnes et al. 2007; Luppi et al.
2009), liposomes (Jain et al. 2007), gel (Varshosaz et al. 2006)
and in situ gel (Wu et al. 2006, 2007). In situ gelling systems
could be potential alternatives to the existing invasive delivery
mode of insulin.

Hydrogels are cross linked macromolecular networks with the
capacity to adsorb a substantial amount of water or biological
fluids within its structure without dissolving. In situ hydrogels
are gaining a great deal of interest due to potential applications
in the controlled release of bioactive molecules and tissue engi-
neering. There are two types of chitosan hydrogels; chemical
hydrogels, formed by irreversible covalent links, and physical
hydrogels, formed by various reversible links. Covalent cross
linked gels show enhanced mechanical properties but cross link-
ing agents can interact with incorporated bioactive compounds
and are often associated with significant toxicity. Therefore
physically cross linked hydrogels received considerable atten-
tion. Some hydrogels have the peculiarity of gelling within the
desired site in the body as a result of polymer interactions
(Schuetz et al. 2008). In situ gel systems are solutions before
administration, but gel under physiological conditions according
to temperature, pH etc. Thus these systems have the advantages
of being easy to administer in solution form and to stay long at
the site of absorption due to conversion into gel.
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Recently chitosan has gained wide attention as a polymer for
drug and vaccine delivery. Chitosan [2-amino-2-deoxy-(1 — 4)-
B-p-glucopyranan] is a mucopolysaccharide obtained by the
alkaline hydrolysis of chitin, a process which randomly deacety-
lates and shortens the chain length of the chitin molecules.
It is commercially available in a range of grades with dif-
ferent molecular weight and degree of deacetylation. There
are various favourable properties which make the chitosan a
polymer of interest like nontoxicity (Rao and Sharma 1997),
biodegradability (Chen and Chen 1998; Muzzarelli 1997), bio-
compatibility (Hirano and Noishiki 1985; Hirano et al. 1988)
and mucoadhesiveness (Lehr et al. 1992). Higher viscosity of
the chitosan solution and the presence of positively charged
amino groups which bind to the negatively charged sialic acid
residue on mucous membranes makes the chitosan mucoadhe-
sive. Transient widening of the tight junctions makes it a suitable
penetration enhancer.

PVA is a hydrophilic, non-toxic component of the investigated
chitosan based in situ gelling systems. PVA based systems have
been explored for use in biomedical applications such as drug
delivery devices (Aleyamma et al. 1991; Tamura et al. 1986),
contact lenses (Hyon et al. 1994) and artificial organs (Noguchi
etal. 1991). Biocompatibility of PVA implants has been proved
in rabbits (Kodama et al. 1996). The co-polymeric nature of
PVA provides the polymer with unique gelling characteris-
tics, which in turn are responsible for its adhesive properties
(Korsmeyer et al. 1983). Chitosan and PVA blend has been used
by Minoura et al. (1998) and Koyanoa et al. (2000) to study its
surface properties and relationship of these properties with the
cell attachment/growth behavior, Kim et al. (2002) for electri-
cal charge sensitivity, Wang et al. (2004) for pH sensitivity and
Tang et al. (2007) for rheological characterization of the blend.
In earlier studies an in situ gelling system composed of quat-
ernized chitosan and poly (ethylene glycol) for nasal insulin
delivery was developed (Wu et al. 2006, 2007). However, glyc-
erophosphate as one of the components of the proposed system
presents some drawbacks such as turbidity of the hydrogel and
interaction with the numerous bioactive components due to the
presence of negatively charged moieties (Schutez et al. 2008). In
the present study a clear and non toxic in situ gel system based
on phosphate free additives (PVA) was developed and character-
ized for various in vitro characteristics. Also, we have envisaged
the development of a chitosan-PVA hydrogel for insulin delivery
without any further chemical reaction with crosslinking agents
such as glutaraldehyde or paraformaldehyde. Reduction in nor-
mal blood glucose level i.e. a hypoglycemic effect was measured
in normal wistar rat model to assess the potential of the devel-
oped system in non-invasive insulin delivery.

2. Investigations, results and discussion
2.1. Characterization of thermosensitivity

The delivery system studied was a solution with low viscosity at
room temperature, which could be administered easily by simple
devices used for liquid nasal formulation. After being incubated
at 37°C, the solution transformed to a non flowing hydrogel.
The pre-gelled solution and gel are shown in Fig. 1.

The effect of temperature on gelling time was also recorded
to observe the thermosensitivity of the proposed system. The
gelling time was reduced at increasing temperature conditions.
The time taken to convert to gel under various temperature con-
ditions is shown in Fig. 2.

Chitosan is a cationic polymer having pH-dependent solubility.
Inacidic solution i.e. below its pKa value (6.2), it gets solubilized
and its free amino group (—NH;) gets converted into the proto-
nated form (—NH;3%). In acidic solution due to the presence of

Pharmazie 65 (2010) 3

Fig. 1: The solution at room temperature (A) and the formed hydrogel at 37 °C (B)

the -NHj3™ it acts as a weak acid. Due to presence of this charge,
electrostatic repulsion will be there and chitosan chains remain
separated. Addition of PVA and NaHCOj; leads to increase in
pH of the solution. The increase in pH may cause deprotona-
tion (—NH3* — —NH,) resulting in a decrease in electrostatic
repulsion (Tang et al. 2007). At low temperature and decreased
electrostatic repulsion hydrogen bonds exist between chitosan,
PVA and water due to the high hydrophilicity of PVA, which
can lead to dissolution of chitosan chains. Low temperature
also reduces the mobility of chitosan molecules which pre-
vents the association of chitosan chains. At elevated temperature
the hydrogen bonding interactions are reduced and the ener-
gized water molecules surrounding the chitosan are removed.
The dewatered hydrophobic chitosan chains associate with each
other. As aresult, a gel is formed. Therefore, hydrophobic inter-
actions are assumed to be the main driving force to form the
gel consisting of chitosan and PVA at high temperature (Tang
et al. 2007). When this solution was placed at 37°C it con-
verted into gel in approximately 12 min. Although it is difficult
to stock the amount for time to convert to gel in the nasal cavity
but the presence of positively charged -NH3* groups on chi-
tosan will show bioadhesion due to binding with the negatively
charged sialic acid group present on mucosal surface. Due to
this, in vivo performance of the formulation may exceed in vitro
performance.
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Fig. 2: Temperature-dependent gelling behavior of chitosan-PVA gels. Test tubes
containing chitosan-PVA sol were incubated at 37 °C and after every minute
gelling was checked by inverting the tube till the sol stopped flowing
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Fig. 3: SEM photomicrograph of Chitosan-PVA gel
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Fig. 4: Effect of temperature on gelation time and viscosity of the formulation

2.2. Morphology of hydrogels

The cross-sections of the chitsan-PVA gel were examined by
scanning electron microscopy to investigate morphology and the
compatibility between chitosan and PVA molecules (Fig. 3). A
smooth and homogeneous morphology was observed suggesting
high miscibility and blend homogeneity between chitosan and
PVA. The good miscibility may be sustained by the hydrogen
bonds and intermolecular interaction between chitosan and PVA
in gel.

2.3. Rheological measurement

Rheological studies showed increased viscosity with time after
incubating the formulation at 37 °C. The viscosity change with
time was also measured at 34 °C and 40 °C, so that the effect of
various physiological conditions like hyperthermia on viscosity
of the formulation can be measured. At the same time point
the viscosity of the formulation was different under different
temperature conditions and time taken to convert into gel varied
with temperature as shown in Fig. 4.

If hyperthermia causes increased viscosity of the formulation
then it may cause obstruction of the nasal cavity which will
result in interference with normal breathing. After converting
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into gel at various temperatures it did not show any difference
in viscosity. Hence it can be concluded that in physiologi-
cal inconsistencies patients will not suffer from obstruction in
normal breathing. The formulation also exhibited pseudoplas-
tic character i.e. decrease in viscosity with increase in shear.
The formulation showed pseudoplastic character because due to
shearing action the disarranged chitosan molecules align them-
selves along their long axis in the direction of motion with
reduced internal resistance (Kashyap et al. 2007).

2.4. Degree of swelling

Hydrogels are polymeric networks that can retain a signifi-
cant amount of water within their structures, and swell without
dissolving in water. Their high water content, hydrophilicity,
expandability, selective permeability, soft rubbery consistency
and low interfacial tension are among the advantages of hydro-
gels, enabling them to resemble soft living tissues and thus they
are promising drug delivery vehicles. The degree of swelling
studies was conducted in phosphate buffer solution (pH 7.4)
maintaining the buffer solution at 37 °C. The formulations con-
taining different amounts of chitosan and PVA were allowed to
swell in buffer solution until equilibrium swelling. The maxi-
mum degree of swelling (%) was observed with formulation C
(CS 3%, PVA 2%) and the minimum degree of swelling was
observed with formulation A (CS 1%, PVA 4%). The results are
shown in Fig. 5.

Hydrogels can absorb water from the nasal mucosa, thus result-
ing in a temporary dehydration of the epithelial membrane and
opening of its tight junctions (Khafagy et al. 2007). The chi-
tosan and temporary dehydration of the epithelial membrane
by hydrogel may cause a synergistic effect on the tight junc-
tion opening and increased insulin absorption through the nasal
mucosa may be observed. The minimum degree of swelling was
observed with formulation A which may be attributed to the high
concentration of PVA, which results in a more compacted gel
structure (Tang et al. 2007). If only the concentration of PVA
is responsible for the gel strength then, a maximum degree of
swelling should be shown by formulation D (CS 4%, PVA 1%),
because due to the minimum concentration of the PVA a less
compact gel will be formed. The possible explanation for this
inconsistency may be that chitosan has pH dependent solubility
and at increased pH shows precipitation. But in the presence of
PVA at increased pH it forms gel rather than precipitation. The
concentration to prevent precipitation and to make a gel network
may be minimum 2%, so that sufficient free groups —-NH, and
—OH on the chitosan molecule are available to form hydrogen
bonds with the water molecules.

2.5. Invitro release study

In vitro release of the insulin from various formulations was
investigated using egg membrane. Egg membrane was selected

Degree of Swelling (%)

B c D
Formulation Codes

Fig. 5: Degree of swelling (%) of various formulations in phosphate buffer solution
maintained at 37 °C
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Fig. 6: Cumulative release (%) from various gel formulations in phosphate buffer
(pH 7.4) at 37°C

for in vitro release study because egg membrane mimic the
behavior of biological membrane hence on the basis of release
results, in vivo efficacy of the gel can be predicted more accu-
rately. Comparative release was measured between plain insulin
solution and various formulations. The results are shown in
Fig. 6.

Initially the release rate of insulin from hydrogel was relatively
rapid, and thereafter it was slowed down after several hours.
This may be due to the fact that part of insulin may adsorbed on
the surface or distributed in the tunnels of the hydrogel during
the gelation process, and it diffused rapidly when the hydrogel
came into contact with the release medium. In the later stage
the insulin entrapped into the hydrogel releases slowly due to
the swell and degradation of the hydrogel. These finding is in
accordance with previous investigations (Wu et al. 2007).

The insulin release from plain insulin solution was about 9%
while it was up to 60-94% by various gel formulations during a
6 h release study. Such a low release from plain insulin solution
may be attributed to the high molecular weight of the insulin
which prevents it to cross the egg membrane. While in case
of various formulations the observed induced release may be
attributed to the penetration enhancing effect of chitosan. From
the experimental data it may be concluded that there are two
constraints which affect the release pattern, first is chitosan con-
centration and the second is get network. The effect of chitosan
may be seen in terms of induced release through formulations
in comparison to plain insulin solution. Results indicate that an
1% concentration of chitosan is sufficient for widening the tight
junction if it is not then, an increased release pattern should be
observed from formulation A (CS 1%, PVA 4%) to E (CS 5%,
PVA 0%) while it is not. Another contributing constraint may
be the gel network due to the different release profile by various
formulations observed in the study. On the basis of the release
pattern it can also be concluded that release through gel network
is concentration dependent. Chitosan is believed to be essential
for the formation of a 3-D structure. The PVA has proven to
have a synergistic effect on the network by essentially improv-
ing the network density (Wang et al. 2004). The remaining drug
releases through gel network during 24 h.

2.6. In-vivo hypoglycemic effect

To evaluate the effectiveness of the developed formulation,
hypoglycemic effect in normal rats was measured. For that pur-
pose formulation C (CS 3%, PVA 2%) was selected for the
in vivo study. The selection of the formulation C was based on the
highest degree of swelling which may synergize the penetration
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Fig. 7: Effect of various formulations on the blood glucose level after nasal
administration to rats (n=5)

enhancing effect of chitosan and moderate in vitro release. A
comparative study was done with insulin solution given nasally.
Additionally, insulin was injected subcutaneously (s.c.) as a pos-
itive control. The percentage reduction of blood glucose level
with various formulations is shown in Fig. 7.

Nasal administration of insulin solution did not show any sig-
nificant decrease in blood glucose level, only a slight fluctuation
was observed which may be due to the stressful conditions dur-
ing the experiment. The formulation without insulin did not
decrease blood glucose concentration, which proved that the for-
mulation itself was not active in adjusting blood glucose values.
Insulin injection (s.c.) resulted in maximum reduction within
the first hour after administration, while in case of the gel, max-
imum reduction was observed four hours after administration.
It means that a slow release through gel network is obtained.
This slow release phenomenon through gel network may also
be useful to control the hypoglycemic shock which may be seen
with injectable insulin. The relative bioavailability obtained was
8.8% which was better than the results of a previous investiga-
tion (Wu et al. 2007). The results suggest that the proposed
system can be used as a potential nasal drug delivery system,
which effectively enhances the absorption of a drug at the site
of action.

The chitosan—-PVA based insulin gel showed a prolonged
hypoglycemic action as compared with plain insulin injection
because of the sustained insulin release. The nasal insulin deliv-
ery from nanoparticles or hydrogel based systems has been
investigated previously (Wang et al. 2006; Aikawa et al. 1998;
Ferndndez-Urrusuno et al. 1999). The plasma glucose level fell
sharply and then stayed at a low concentration for almost 2-3 h.
Then the glucose level raised again and the blood glucose level
increased nearly 100% of the initial blood glucose level after
4h. It was due to the clearance of the formulation from the
nasal cavity by the ciliary movement. Our chitosan-PVA based
hydrogel system can maintain the low blood glucose concen-
tration for a longer time (up to 6h) because of the superior
bioadhesivity characteristics of the gel. The developed gel for-
mulation prolongs the contact between the formulation and the
absorption sites in the nasal cavity. In addition, it also pro-
motes direct absorption of the drug through the nasal mucosa.
This may be attributed to the enhancing permeation effect of
chitosan via opening of the tight junction of the nasal mucosa.
Chitosan blended with PVA have already been reported to have
good mechanical properties (Koyanoa et al. 2000) because of

191



ORIGINAL ARTICLES

the specific intermolecular interactions between PVA and chi-
tosan in the blends. Hydrogels composed of such blends have
a high blood compatibility and are good candidates for use as
matrices for the controlled delivery of drugs or proteins.

3. Experimental
3.1. Materials

Chitosan (degree of deacetylation 85%) was purchased from Fluka Co.
Ltd., Switzerland. PVA (Mw 30,000-70,000 Da) was purchased from Sigma
Chem. Co. (St. Louis, Mo, USA). The insulin used was Huminsulin™,
401U/ml, Eli Lilly, USA. Rats were provided by animal facility lab, V.N.S.
Institute of Pharmacy, Bhopal, M.P.,, India. All other chemicals were of ana-
Iytical grade. Blood glucose level was determined using Accu check® Go
(Roche Diagnostics, Germany).

3.2. Preparation of hydrogel

The hydrogel was prepared by the method reported by Tang et al. (2007) with
slight modification. A clear solution of chitosan with different concentration
(1%, 2%, 3%, 4%, 5% w/v) was prepared in 0.1 M HCI and chilled in an ice
bath for 15 min. PVA was dissolved in preheated distilled water (80 °C) to
get 1, 2, 3 and 4% w/v solution. This solution was also chilled on ice bath.
Both the solutions were mixed under magnetic stirring for 10 min to make
various formulations (A, 1% CS, 4% PVA; B, 2%CS, 3% PVA; C, 3% CS,
2% PVA; D, 4% CS, 1% PVA; E, 5% CS, 0% PVA) and the final pH of
solutions were adjusted with 1.0 M NaHCOj3 to about to the neutral. Finally
insulin was added in the formulated delivery system such that final solution
contained 1 IU insulin per 200 wl of the solution.

3.3. Characterization of thermosensitivity

The gelation time at 37 °C was determined by test tube inverting method
(Wu et al. 2006). The 2.0 ml formulation was added into a tube (10 ml) with
a diameter of 1.0 cm and kept in a water bath at 37 °C. The tube was taken
out every minute and inverted to observe the state of the formulation. The
gelation point was determined by flow or non-flow criterion.

3.4. Morphology of hydrogels

The surface feature of the hydrogel after lyophilization was observed by
scanning electron microscopy. The sample of the hydrogels were coated with
gold, then observed and photographed on a scanning electron microscope
(SEM, JEOL 6100, Japan).

3.5. Rheological measurement

To measure rheological properties change in viscosity with time was mea-
sured by Brookfield Viscometer (Model RVDVE 330, Brookfield Eng. Lab.,
USA) by putting the formulation in a water bath to maintain the temperature
that mimic the body temperature.

3.6. Degree of swelling

Degree of swelling of the prepared gel was carried out in phosphate buffer
pH 7.4. In this, gel of fixed weight corresponding to 10 ml of sol was taken in
buffer solution and the gel was allowed to swell until equilibrium swelling
reached (complete saturation) with buffer solution. At appropriate intervals,
the wet weight of the swollen hydrogel was determined by blotted with a
piece of filter paper to remove the adsorbed water on the surface and then
weighed immediately on an electronic balance. The degree swelling (Sw)
was calculated by dividing the weight gained by the original weight by using
the formula given below:

Sw = (Ws —Wp)/Wp

where, Wi is the weight of swollen gel, and Wp the weight of dry gel.

3.7. Invitro release study

A 10ml of sol containing 50 IU of insulin was filled in egg sac (separated
by egg shell). The filled sac was suspended in release media (phosphate
buffer saline, PBS, pH 7.4). Release media were maintained at 37 °C with
magnetic stirring at 70 rpm. Sampling was done at different time points for
6 h and media were replaced with fresh media so that volume of the release
media remains constant. The samples were analyzed using UV-Visible spec-
trophotometer 1700 (Shimadzu corporation) at 272 nm.
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3.8. In vivo hypoglycemic effect

In vivo hypoglycemic effect of formulation was measured in wistar rats
(200-250 g) fasted overnight. Rats were divided into 4 groups (n=5). Group
1 served as positive control and was injected with insulin (1 IU/kg, subcu-
taneously). Group 2 was treated intranasally with insulin gel (101U/kg).
The insulin formulation (200 IU/ml), were delivered through the right nos-
tril using a PVC tube connected to a micropipette to give an insulin dose of
10IU/kg. The preparation administered nasally was about 10—13 pl, depend-
ing on the weight of the rat. Group 3 was administered intranasally with plain
insulin solution. Group 4 was treated with formulation without insulin to
observe the effect of formulation component on blood glucose level. Blood
samples (0.2 ml) were taken at various time points and blood glucose levels
were determined using Accu check® Go (Roche Diagnostics, Germany). All
the animals were procured from the animal laboratory facility of the insti-
tute. They were maintained under standard environmental conditions and
housed individually in plastic cages in a controlled environment (22-24 °C
and 12:12 light—dark cycle) with free access to food and water. All the exper-
imental protocols were approved by Institutional Animal Ethics Committee,
V.N.S. Institute of Pharmacy, Bhopal, India. The percent relative pharmaco-
logical bioavailability (Fr) was calculated according to formula (Wu et al.
2007) given below:

Fr = [AAC; . x Dosesc J/[AAC; . x Dosein ] x 100%

where “AAC”, “i.n.”, and “s.c.” represent area above the blood glucose
levels-time curves, intranasal and subcutaneous respectively.

3.9. Statistical analysis

Student #-test and ANOVA were used to determine statistical significance.
Differences were considered to be significant for values of P <0.05.

Acknowledgements: Authors would like to express gratitude to central
instrumental facility of V.N.S Institute of Pharmacy. One of the authors
(Sharma RK) acknowledges University Grant Commission (UGC) for pro-
viding the financial assistance for the research work. Authors are also
grateful to SAIF (Sophisticated Analytical Instrumental Facility), All India
Institutes of Medical Sciences, New Delhi, for the SEM study.

References

Aikawa K, Mitsutake N, Uda H, Tanaka S, Shimamura H, Aramaki Y, et al.
(1998) Drug release from pH-response polyvinylacetal diethylaminoac-
etate hydrogel, and the application to nasal delivery. Int J Pharm 168:
181-188.

Aleyamma AJ, Sharma CP (1991) Poly (vinyl alcohol) as a biomate-
rial. In: Sharma CP, Szycher (eds.). Blood compatible material and
devices: perspectives towards the 21 century. Technomic. Lancaster PA,
pp- 123-130.

Bhumkar DR, Joshi HM, Sastry M, Pokharkar VB (2007) Chitosan reduced
gold nanoparticles as novel carriers for transmucosal delivery of insulin.
Pharm Res 24: 1415-1426.

Chen R, Chen HC (1998) Chitin enzymology-chitinase. Adv Chitin Sci 3:
16-23.

Duchene D, Ponchel G (1993) Nasal administration: a tool for tomorrow’s
systemic administration of drugs. Drug Dev Ind Pharm 19: 101-122.
Dyer AM, Hinchcliffe M, Watts P, Castile J, Jabbal-Gill I, Nankervis R,
Smith A, Illum L (2002) Nasal delivery of insulin using novel chitosan
based formulations: a comparative study in two animal models between
simple chitosan formulations and chitosan nanoparticles. Pharm Res 19:

998-1008.

Ferndndez-Urrusuno R, Calvo P, Lopez CR, Jato JLV, Alonso MJ (1999)
Enhancement of nasal absorption of insulin using chitosan nanoparticles.
Pharm Res 16: 1576-1581.

Haruta S, Hanafusa T, Fukase H, Miyajima H, Oki T (2003) An effective
absorption behavior of insulin for diabetic treatment following intranasal
delivery using porous spherical calcium carbonate in monkeys and healthy
human volunteers. Diabetes Technol Ther 5: 1-9.

Hinchcliffe M, Illum L (1999) Intranasal insulin delivery and therapy. Adv
Drug Deliv Rev 35: 199-234.

Hirano S, Noishiki Y (1985) The blood compatibility of chitosan and N-
acylchitosans. ] Biomed Mater Res 19: 413-417.

Hirano S, Seino H, Akiyama Y, Nonaka I (1988) Biocompatibility of
chitosan by oral and intravenous administrations. Polym Eng Sci 59:
897-901.

Hyon SH, Cha WI, Ikada Y, Kita M, Ogura Y, Honda Y (1994) Poly (vinyl
alcohol) as a soft contact lens material. J Biomater Sci Polym Ed 5:
397-406.

Pharmazie 65 (2010) 3



ORIGINAL ARTICLES

Jain AK, Chalasani KB, Khar RK, Ahmed FJ, Diwan PV (2007) Muco-
adhesive multivesicular liposomes as an effective carrier for transmucosal
insulin delivery. J Drug Target 15: 417-27.

Jain AK, Khar RK, Ahmed FJ, Diwan PV (2008) Effective insulin delivery
using starch nanoparticles as a potential trans-nasal mucoadhesive carrier.
Eur J Pharm Biopharm 69: 426-35.

Kashyap N, Viswanad B, Sharma G, Bhardwaj V, Ramaraob P, Ravi
Kumar MNV (2007) Design and evaluation of biodegradable, biosen-
sitive in-situ gelling system for pulsatile delivery of insulin. Biomaterials
28: 2051-2060.

Khafagy ES, Morishita M, Onuki Y, Takayama K (2007) Current challenges
in non-invasive insulin delivery systems: A comparative review. Adv Drug
Deliv Rev 59: 1521-1546.

Kim S J, Park SJ, Kim 1Y, Shin MS, K SI(2002) Electric stimuli responses to
poly(vinyl alcohol)/chitosan interpenetrating polymer network hydrogel
in NaCl Solutions. J Appl Polymer Sci 86: 2285-2289.

Kodama M, Wang B, Mu G, Ymaguchi A, Matsura T, Hara Y, Saishin
M (1996) PVA hydrogel as an artificial vitreous body. In: Ogata N,
Kim SW, Feijen J, Okano T (eds.). Advanced biomaterials in Biomed-
ical Engineering and Drug Delivery Systems, Springer-Verlag, Tokyo,
pp. 255-256.

Korsmeyer RW, Gurny R, Doclker E, Buni P, Peppas NA (1983) Mecha-
nisms of solute release from porous hydrophilic polymers. Int J Pharm
15: 25-35.

Koyanoa T, Koshizakib N, Umeharab H, Nagurac M, Minourab N
(2000) Surface states of PVA/chitosan blended hydrogels. Polymer 41:
4461-4465.

Krauland AH, Leitner VM, Grabovac V, Bernkop-Schniirch A (2006)
In-vivo evaluation of a nasal insulin delivery system based on thiolated
chitosan. J Pharm Sci 95: 2463-2472.

Lehr CM, Bouwstra JA, Schacht EH (1992) In-vitro evaluation of mucoad-
hesive properties of chitosan and some other natural polymers. IntJ Pharm
78: 43-48.

Leung SHS, Robinson JR (1990) Bioadhesives in drug delivery. Polymer
News 15: 333-342.

Luppi B, Bigucci F, Mercolini L, Musenga A, Sorrenti M, Catenacci
L, Zecchi V (2009) Novel mucoadhesive nasal inserts based on chi-
tosan/hyaluronate polyelectrolyte complexes for peptide and protein
delivery. J Pharm Pharmacol 61: 151-157.

Mclnnes FJ, O’Mahony B, Lindsay B, Band J, Wilson CG, Hodges LA,
Stevens HN (2007) Nasal residence of insulin containing lyophilised
nasal insert formulations, using gamma scintigraphy. Eur J Pharm Sci
31:25-31.

Minoura N, Koyano T, Koshizaki N, Umehara H, Nagura M, Kobayashi K
(1998) Preparation, properties, and cell attachment/growth behavior of
PVA/chitosan-blended hydrogel. Mater Sci Eng 6: 275-280.

Pharmazie 65 (2010) 3

Muzzarelli RAA (1997) Human enzymatic activities related to the ther-
apeutic administration of chitin derivatives. Cell Mol Life Sci 53:
131-140.

Noguchi T, Yamamuro J, Oka M, Kumar P, Kotoma Y, Hyon SH, Ikada Y
(1991) Poly (vinyl alcohol) hydrogel as an artificial articular cartilage:
evaluation of biocompatibility. J Appl Biomater 2: 101-107.

Pringels E, Callens C, Vervaet C, Dumont F, Slegers G, Foreman P, Remon
JP (2006) Influence of deposition and spray pattern of nasal powders on
insulin bioavailability. Int J Pharm 310: 1-7.

Pringels E, Vervaet C, Verbeeck R, Foreman P, Remon JP (2008)
The addition of calcium ions to starch/Carbopol mixtures enhances
the nasal bioavailability of insulin. Eur J Pharm Biopharm 68:
201-206.

Rao SB, Sharma CP (1997) Use of chitosan as a biomaterial: studies on its
safety and hemostatic potential. J Biomed Mater Res 34: 21-28.

Schuetz YB, Gurny R, Jordan O (2008) A novel thermosensitive hydrogel
based on chitosan. Eur J Pharm Biopharm 68: 19-25.

Simon M, Wittmar M, Kissel T, Linn T (2005) Insulin containing nanocom-
plexes formed by self-assembly from biodegradable amine-modified
poly(vinyl alcohol)-graft-poly(L-lactide): bioavailability and nasal tol-
erability in rats. Pharm Res 22: 1879-1886.

Tamura K, Tke O, Hitomi S, Isobe J, Shimizu Y, Nambu M (1986) A new
hydrogel and its medical application. Trans Am Soc Artif Organs 32:
605-608.

Tang YF, Du YM, Hu XW, Shi XW, Kennedy JF (2007) Rheological charac-
terization of a novel thermosensitive chitosan/poly(vinyl alcohol) blend
hydrogel. Carbohydr Polymer 67: 491-499.

Varshosaz J, Sadrai H, Alinagari R (2004) Nasal delivery of insulin using
chitosan microspheres. J Microencapsul 21: 761-774.

Varshosaz J, Sadrai H, Heidari A (2006) Nasal delivery of insulin using
bioadhesive chitosan gels. Drug Deliv 13: 31-38.

Wang J, Tabata Y, Morimoto K (2006) Aminated gelatin microspheres
as a nasal delivery system for peptide drugs: evaluation of in-vitro
release and in-vivo insulin absorption in rats. J Control Release 113:
31-37.

Wang T, Turhan M, Gunasekaran S (2004) Selected properties of pH-
sensitive, biodegradable chitosan — poly(vinyl alcohol) hydrogel. Polymer
Int 53: 911-918.

Wang X, Zheng C, Wu Z, Teng D, Zhang X, Wang Z, Li C (2009) Chitosan-
NAC nanoparticles as a vehicle for nasal absorption enhancement of
insulin. J Biomed Mater Res B Appl Biomater 88: 150-161.

Wul, SuZG, MaGH (2006) A thermo- and pH-sensitive hydrogel composed
of quaternized chitosan/glycerophosphate. Int J Pharm 315: 1-11.

Wu J, Wei W, Wang L-Y, Su Z-G, Ma G-H (2007) A thermosensitive hydro-
gel based on quaternized chitosan and poly (ethylene glycol) for nasal
drug delivery system. Biomaterial 80: 2220-2232.

193



