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a b s t r a c t

This investigation examines the in vitro release of insulin in new thermo-response P-CS/GA/Gly gels,
in which a chitosan (CS), crosslinked using glutaraldehyde (GA), interpenetrates Poloxamer (P) gels,
and glycine (Gly) is further added to inhibit the crosslinking reactions of GA. The delivery of insulin by
nasally administering P-CS/GA/Gly gels in diabetic rats was also examined. The release of insulin from
P-CS/GA/Gly gels was significantly sustained (P < 0.01) for about six times longer than release from P
eywords:
hitosan
rosslinking
ustained release
oloxamer gel
nsulin delivery

gels. The mechanisms of the release of insulin from the gels were consistent with a Fickian diffusion
model. The nasal administering of insulin using P-CS/GA/Gly gels in diabetic rats is associated with a
greatly prolonged hyperglycemic effect and a pharmacological efficiency (involving the maintenance
of the lowest possible blood glucose levels (Cmin, 55.5 ± 2.8% of original values, n = 6) for 3 h, with a
pharmacological efficiency of 18.0 ± 1.8% (n = 6)) that significantly exceeded those achieved using other
gels.
asal drug delivery

. Introduction

Chitosan (CS), an amino polysaccharide (poly-1,4-d-
lucoamine) has been extensively applied in drug delivery and
issue engineering (Chung, Wang, & Tsaia, 2008; Kumar, Bakowsky,

Lehr, 2004; Lanza et al., 2000) because of its non-toxicity and
iocompatibility. CS exhibits a positive potential in weak acid
uffer solutions, which has been exploited to deliver proteins or
NA (Chung et al., 2008; Kumar et al., 2004; Lanza et al., 2000).
he cationic property of chitosan has been exploited to deliver a
issue plasminogen activator to substrates of the fibrin network
r insulin to mucosa surfaces (Chung et al., 2008; Yu et al., 2004).
he nasal delivery of insulin using chitosan solutions has been
emonstrated to increase greatly trans-mucosal absorption in rats
nd sheep (Illum, Farraj, & Davis, 1994; Yu et al., 2004). A formula
hat contained 1% chitosan and 5% hydroxypropyl-�-cyclodextrin
HP-�-CD) for nasal insulin delivery was recently explored
Yu et al., 2004).Poloxamer block copolymers comprise various
oly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) blocks

hat are arranged in a tri-block polymer structure, PEO/PPO/PEO.
ince Poloxamers comprise various numbers of hydrophilic PEO
nd hydrophobic PPO copolymers, various segments of copoly-
ers interact and aggregate into micelles in aqueous solution

∗ Corresponding author. Tel.: +886 5 5342601x4610; fax: +886 5 5342071.
E-mail address: twchung@yuntech.edu.tw (T.-W. Chung).
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© 2010 Elsevier Ltd. All rights reserved.

(Dumortier, Grossiord, Agnely, & Chaumeil, 2006). At sufficiently
high concentrations and temperatures, Poloxamer micelles pack
in an order that results in a transition of the sol to the gel state
(Dumortier et al., 2006; Juhasz, Lenaerts, Raymond, & Ong, 1989;
Liu & Chu, 2000), in which they are the so-called thermo-response
gel. The sol–gel property of Poloxamers is of particular interest
to numerous researchers who have examined their potential use
in various pharmaceutical applications (Amiji, Lai, Shenoy, & Rao,
2002; Caffaggi et al., 2008; Liu & Chu, 2000; Roques, Salmon,
Fiszman, Fattal, & Fromes, 2007). For example, Poloxamer 407 has
been applied as a carrier for the intra-pericardial administering
of plasmid DNA for gene therapy (Roques et al., 2007). However,
as a drug carrier, Poloxamer gels typically sustain the release of
drugs for a short period (such as <5 h) in an aqueous environ-
ment (Barichello, Morishita, & Nagai, 1999; Jeong, Kim, & Bae,
2002; Ricci, Lunardi, Nanclares, & Marchettia, 2005), since packed
Poloxamer micelles dissociate rapidly in an aqueous environment.
Although several chemical modifications of the Poloxamer (Cho
et al., 2003; Chung et al., 2005; Sosnik & Cohn, 2004), including
amine-termination or the grafting of hyaluronic acid or chitosan
to mono-carboxyl Poloxamers (Cho et al., 2003; Chung et al.,
2005), can reduce the critical gelation concentration and disso-

lution rate in aqueous solution, a simple method that, unlike the
aforementioned approaches, does not require complex chemical
modifications of Poloxamers to reduce the dissolution rate and
improve the sustained-release characteristic of drugs, is sought.
Accordingly, P-CS/GA gel (Fig. 1) that combines P gels, CS and GA

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:twchung@yuntech.edu.tw
dx.doi.org/10.1016/j.carbpol.2010.04.068
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Fig. 1. Proposed schematic diagrams of (a) P-CS and (b) P-CS/GA gels w

as been developed without the aforementioned disadvantages to
xtend substantially the release of 5-FU (Chung, Liu, Tyan, & Yang,
009).

Millions of diabetic patients receive subcutaneous injections of
nsulin to maintain their blood glucose levels in the normal range.
elieving the pain and inconvenience of injections of insulin is

mportant. The nasal delivery of insulin to diabetic patients using
els with an absorption enhancer, such as CS, generally deposits
nsulin-loaded gels in regions of the nasal epithelium with high
ermeability, where the drug absorption rate is high (Ungaro et
l., 2009). Additionally, the delivery of insulin using gels can pro-
ong the contact time between the drug and the nasal epithelia
f the nasal cavity, further increasing the permeation of the drug
Ungaro et al., 2009). Accordingly, the nasal administering of insulin
s a means of improving the control of blood glucose levels in
atients and has been extensively investigated (Illum et al., 1994;
ngaro et al., 2009; Wang, Tabata, & Morimoto, 2006; Yu et al.,
004). For example, various formulations of microspheres, includ-

ng bio-adhesive powders and lipid emulsions (Krauland, Leitner,
rabovac, & Schnch, 2006; Wang et al., 2006) have been exam-

ned to evaluate their potential to deliver insulin nasally. Moreover,
ttempts have been made to deliver insulin using various nasal gels
D’Souza, Mutalik, Venkatesh, Vidyasagar, & Udupa, 2005; Wu, Wei,

ang, Su, & Ma, 2007). A thermo-response hydrogel that is based
n quaternized chitosan and PEG has been developed to sustain the
elease of insulin for approximately a month in vitro and, as a nasal
el, effectively to reduce the blood glucose level for several hours in
ivo (Wu et al., 2007). However, the quaternized chitosan hydrogel
eeds to be chemically synthesized and is not easily commercially
vailable.This study elucidates the in vitro release of insulin from P,
-CS and P-CS/GA/Gly gels, following the addition of a large excess
f glycine (Gly) to P-CS/GA to inhibit GA reactions. The in vivo nasal
elivery of insulin with P, P-CS and P-CS/GA/Gly gels in diabetic
ats was adopted as a model to evaluate the hypoglycemic effect
nd the pharmacological efficiency of the gels. The results of this
ork suggest that the new P-CS/GA/Gly gels may be effective for

he nasal delivery of drugs.

. Materials and methods

Adequate amounts of F127 and F68 (BASF laboratory, Wyan-
oote, USA) were dissolved in distilled water to prepare a
oloxamer (P) solution of F127 (18 wt%) and F68 (15 wt%) at 4 ◦C. To
repare a P solution that contained CS (Sigma Corp., USA), sufficient

127 and F68 were dissolved together in 1% acetic acid solution that
ontained 1.75% of CS (A solution). To prepare P solution that con-
ained 1% of CS (P-CS solution), 4.5 ml of solution A was diluted
n distilled water and stirred. To prepare 0.1% GA in P-CS/GA solu-
ions, 0.5 ml of various concentrations of GA solutions was added to
CS polymers are crosslinked by GA and interpenetrate within the gels.

4.5 ml of solution A, and stirred. To prepare P-CS/GA/Gly solution,
GA crosslinking reactions proceeded in P-CS/GA solution for 10 min,
and then a large amount of Gly (with a mole ratio of Gly to GA of
20:1) was added to the solution (Chen, Chen, Chen, Hsieh, & Lin,
2006), as described elsewhere, to block the un-reacted aldehyde
groups of the residual GA. To prepare insulin-loaded P-CS/GA/Gly
gel, insulin solution was loaded into a well-mixed P-CS/GA/Gly
solution, mixed and heated to LCST. A temperature of 4 ◦C was
used to prepare the aforementioned solutions. According to an ear-
lier investigation that was conducted at this laboratory (Chung et
al., 2009), P-CS/GA/Gly gels can maintain their thermo-response
property for longer than 30 min in experimental testing.

2.1. Rheological measurements of P-CS and P-CS/GA solutions

To determine the viscosities of P-CS and P-CS/GA/Gly solu-
tions, 1 ml of each solution was added to a cone/plate viscometer
(Rheometer RS-100, HAAKE Mess-Technik, Karlsrhue, Germany)
that contained a cone with an angle of 1◦, inverted on a stainless
steel plate. The viscosities of the solutions at 30 ◦C were contin-
uously measured at a constant shear rate (75 s−1) and data were
automatically logged from 60 s to 900 s. The effects of shear rate
and temperature on the viscosities of P-CS or P-CS/GA solutions
were determined by making the aforementioned measurements
while varying the shear rate from 30 s−1 to 300 s−1 or the tem-
perature from 25 ◦C to approximately 35 ◦C, which is close to the
LCST of the gels. To measure the elastic modulus, G′, and the vis-
cous modulus, G′′, of P, P-CS and P-CS/GA solutions under oscillatory
shearing, 4 ml of each solution was loaded into a double-cone sen-
sor (CD60/1), which had a radius of 5.0 cm and a cone angle of
1◦, and measurements were made using a viscometer in oscil-
latory mode (Rheometer RS-1, HAAKE Mess-Technik, Karlsruhe,
Germany). The G′ and G′′ of the solutions in the linear deformation
region were determined in dynamic frequency-sweep mode from
0.2 Hz to 5.0 Hz at a constant strain, �0 = 0.01, using a computer-
controlled device (Liu, Huang, Jeng, Kao, & Yu, 2004; Vanderhooft,
Alcoutlabi, & Magda, 2009).

2.2. In vitro release of insulin from P, P-CS and P-CS/GA/Gly gels

The procedure for investigating the release of insulin from gels
was similar to that employed in the authors’ earlier work, but with
a few modifications (Chung et al., 2009). Briefly, bovine insulin
(Sigma, MO, USA) was dissolved in 0.1 M HCl and adjusted to a pH

of 4.5 by adding 0.1 M NaOH solution. This solution was then trans-
ferred to P-CS solution (pH 6.0) to yield 100 IU/ml or 3.45 mg/ml
insulin solutions. To examine the release of insulin (100 IU/ml) from
P-CS/GA/Gly gels, these gels were placed in a dialysis membrane
with a cut-off molecular weight of 300 kDa (Spectrum Medical
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ndustries Inc., USA) and suspended in vials that contained 30 ml
f distilled water as the dissolution medium. The vials were shaken
t 60 rpm at 37 ◦C (Chung et al., 2009). 0.5 ml of the dissolution
edium was periodically withdrawn to determine the insulin con-

entration using the Brandford method using a UV spectrometer
Jasco-530, Kobe, Japan) (Wu et al., 2007). The dissolution medium
as replaced with an equal volume of fresh medium following each
ithdrawn.

Although many simple mathematical models describe the
elease of drugs from swellable polymeric systems, including gels
Peppas, Gurny, Doelker, & Buri, 1980; Ritger & Peppas, 1987), none
ompletely predicts all associated experimental observations. Gen-
ralized empirical equations, including a power law model, have
een extensively adopted to evaluate the release of drugs from
wellable systems (Ritger & Peppas, 1987). In this study, the empir-
cal power law equation, Eq. (1), is employed to analyze the release
f insulin from gels with various formulations:

Mt

M∞
= ktn (1)

here Mt/M∞ is the fractional release of the drug at time t; ‘k’ is
he characteristic constant of the drug-gel systems, and ‘n’ is the
iffusion exponent that characterizes the release mechanism. The
quation applies until 60% of the drug has been released and effec-
ively describes the release of the drug from discs of gels and other
wellable materials, as well as that from non-swellable matrices.
o evaluate the effectiveness of the mechanism of the release of
nsulin from each gel, k values were calculated using Eq. (1).

.3. In vivo evaluation of effectiveness of nasal administering of
els in diabetic rats

Male Wistar rats were obtained from the Animal Center of Taipei
edical University, Taipei, Taiwan. They were housed individually

n wire-bottomed stainless steel cages in an air-conditioned room
21 ± 2 ◦C, 50–70% relative humidity) with a 12 h light–dark cycle
nd free access to the basal diet and water for one week before
iabetes was induced.

All experimental procedures that involved the animals followed
he guidelines of the National Science Council of Taiwan and were
pproved by the Institutional Animal Care and Use Committee of
aipei Medical University, Taipei, Taiwan. The details of the proce-
ure for inducing diabetes in rats can be found elsewhere (Chen &
heng, 2006). Briefly, rats were made diabetic by intra-peritoneally
dministering streptozotocin (STZ, 45 mg/kg BW, in 0.9% sodium
hloride solution) and injecting them 15 min later with nicoti-
amide (200 mg/kg BW) solution. These steps were then repeated
wo days later. A rat was identified as diabetic when its fasting
lasma glucose level exceeded 10 mmol/l (or 1.8 mg/ml) after the
dministering of streptozotocin (Chen & Cheng, 2006). Only dia-
etic rats with plasma glucose levels from 2.0 mg/ml to 5.0 mg/ml
ere used.

Diabetic rats (250–300 g) fasted for 24 h before the experiments
ere conducted, but were allowed free access to water during that

ime. They were divided into five groups of six rats each, and anes-
hetized using gaseous ether. One group was the control group
hile the other four groups were the nasal delivery groups. At

he beginning of each experiment, the initial blood glucose level
f the rats was determined and designated as the reference level
t zero time, 100%. The rats in the control group were subcu-
aneously injected (sc) with insulin (1.0 IU/kg) solution. 30 �l of

nsulin-free P-CS solution, and solutions of 10 IU/kg insulin in P,
-CS and P-CS/GA/Gly were loaded into separate micropipettes for
asal administering to the rats of the four nasal delivery groups. The
olutions were administered into one nostril of each rat by carefully
nserting a micropipette 3–5 mm into the nasal cavity. 200 �l blood
olymers 82 (2010) 316–322

samples were taken from the tail vein at 0.5 h and every half hour
between 1 and 8 h following dosing. The glucose levels in the blood
were determined by the glucose oxidase method using a glucose
kit; glucose in blood reacts with an enzyme to produce a number of
electrons that is correlated with the glucose level in the blood (Chen
& Cheng, 2006; Krauland et al., 2006). For this work, the 200 �l
blood samples from the rats were placed on a strip that was coated
with the enzyme glucose oxidase for subsequent measurement of
the glucose concentration using a blood glucose meter (One Touch
blood glucose meter, LifeScan Inc., a Johnson & Johnson Company,
Milpitas, CA, USA). The areas over the glucose level/time curves
but below the baseline, defined as AOC, were calculated using the
trapezoid rule. AOC is an index of the deviation of blood glucose
level from the baseline. The relative pharmacological efficiency (Fr)
was calculated using the following equation (Krauland et al., 2006;
Wu et al., 2007; Yu et al., 2004):

Fr (%) = AOCnasal/Dosenasal

AOCsc/Dosesc
× 100

All of the calculations were made using Sigmastat statistical
software (Jandel Science Corp., San Rafael, CA, USA). Student’s t-
test and ANOVA with a confidence level of at least 95% were used
to determine statistical significance (P < 0.05). Data were measured
at least in triplicate and presented as mean ± standard deviation.

3. Results and discussion

3.1. Thermo-responses of P-CS and P-CS/GA/Gly gels

The lower critical solution temperature (LCST) of Poloxamer
thermo-response gel depends on the ratio of P407 (or F127) to P188
(or F68) in the gel (Dumortier et al., 2006). In this work, the P solu-
tion comprised F127/F68 (18%/15% in wt %), yielding an LCST value
of 34.5 ◦C. The small amount of CS only slightly changed the LCST
value of the P-CS gels. For example, the LCST value of the P-CS gels
with 1% CS was around 33.5 ◦C, which was 1 ◦C lower than that of
P gels, perhaps because the CS may be present outside the packed
micelles of the Poloxamer gel, since no specific interaction occurs
between CS and Poloxamer polymers (Fig. 1(a)). The effect of GA
concentration in P-CS/GA gels on its thermo-response is examined
(Chung et al., 2009). The adopted concentrations of GA and Gly in
P-CS/GA/Gly gels herein sustained their thermo-responses for over
0.5 h at 25 ◦C.

3.2. Rheology of P, P-CS and P-CS/GA/Gly solutions

The viscosities of P-CS/GA solutions at a fixed temperature are
reportedly a function of time, whereas that of the P-CS solution is
constant (Chung et al., 2009). The viscosity of P-CS/GA/Gly solution
is also a function of time, as is that of P-CS/GA solution, but that
of the latter is higher and rises more quickly than that of the for-
mer (515.6 ± 0.7 and 575.4 ± 0.3 mPa, respectively, at 10 min and
30 ◦C). Interestingly, at a give temperature (30 ◦C), the viscosity of
the P-CS solution (300.0 mPa) was approximately three times that
of the P solution, possibly because the tangled CS polymers hin-
dered the flow of micelles in the P-CS solution (Chung et al., 2009).
Table 1 presents the percentage increases in the viscosities of P, P-
CS and P-CS/GA/Gly solutions with temperature from 25 to 35 ◦C,
which is approximately the LCST of the P, P-CS and P-CS/GA/Gly
gels. The viscosities of P, P-CS and P-CS/GA/Gly (0.1% GA) solutions
rise with temperature in a similar manner up to approximately the

LCST of each solution (Table 1). Hence, large changes in viscosities
of P, P-CS and P-CS/GA/Gly solutions were observed as the measur-
ing temperature was increased to approximately the corresponding
LCST (34.5, 33.5 and 32.5 ◦C, respectively). For example, the viscosi-
ties of the P-CS solution increased from 145.0 to 448.1 mPa as the
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Table 1
The viscosities of P, P-CS and P-CS/GA/Gly (0.1% GA) solutions were function of increasing temperature of the solutions. The viscosity of each solution at 25 ◦C was assigned
as a basis value (100%) and the percentages of changes in viscosities for each solution at different temperature were presented. (Note: “*′′ P, P-CS and P-CS/GA/Gly (0.1% GA)
solution would transform to gel at 34.5, 33.5 and 32.5 ◦C (or LCST value of each gel), respectively).
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insulin, because the gel was still swelling (Fig. 2) during the period
of release, causing the slow diffusion of insulin. Furthermore, the
high viscosity of P-CS/GA/Gly solution and its gel may have reduced
the diffusion rate of insulin into the dissolution medium during
release.
Temperature 25.0 C 27.0 C
P solution 100% 120%
P-CS solution 100% 110%
P-CS/GA/Gly solution 100% 130%

emperature of the solution increased from 25 to 34.5 ◦C, which
s the LCST of the P-CS gel. Oscillatory shear measurements of the
lastic modulus, G′, and the viscous modulus, G′′, of P, P-CS and P-
S/GA solutions at 30 ◦C, at a constant strain of �0 = 0.01 but with
ynamic frequencies from 0.2 to 5.0 Hz, revealed that the values of
′ of those solutions ranged from 0.02 Pa or less, 0.2 to 3.4 Pa, and
.9 to 20.5 Pa, respectively. The G′ values of the P-CS/GA solution

ncreased by much more than those of the P and P-CS solutions with
ncreasing dynamic frequency, because CS was crosslinked by GA
Fig. 1(b)).

In contrast, the values of G′′ of P, P-CS and P-CS/GA solutions
anged from 0.7 to 10.7 Pa, 3.8 to 48.6 Pa and 5.3 to 53.0 Pa, respec-
ively, indicating only a small difference between P-CS and P-CS/GA
olutions. Although the value of G′ of the P-CS/GA/Gly solution
i.e., adopted for nasal administration herein) was a little lower
han that of the P-CS/GA solution, it still exceeded that of the P-
S solution (data not shown). The viscous moduli, G′′, of the tested
olutions exceeded the elastic moduli, G′, since oscillatory shear
easurements of the solutions were made below the LCST of the

els. Notably, at a constant strain, the larger increases in the G′ val-
es of GA-containing P-CS solutions than of those without added GA
uggests that CS polymers are crosslinked by GA and interpenetrate
he solutions.

Fig. 1a schematically depicts the P/CS solutions. CS polymers
reely disperse within the CS solutions and P/CS gels at tempera-
ures above LCST (33.5 ◦C) without the formation of chemical bonds.
n P-CS/GA solutions, numerous crosslinking reactions between CS
nd GA are assumed to yield a CS crosslinked network, which inter-
enetrates the solutions and P-CS/GA gels at temperatures higher
han LCST (32.5 ◦C) (Fig. 1b). Fluorescent images of entangled CS
olymers or CS network-like configurations that formed within
-CS/GA gels were obtained (Chung et al., 2009). P-CS/GA/Gly solu-
ions are assumed to have a similar structure to that in P/CS/GA
olutions, except that further extension of CS network were inhib-
ted after large amounts of Gly were added into the P-CS/GA
olutions, because GA molecules react with the amine groups of
ly molecules. The formation of an interpenetrating CS network

n P-CS/GA/Gly gels (Fig. 1) may alter the rheological properties
Table 1) and the insulin release properties of the solutions (as will
e described below).

.3. Swelling ratios and dissolutions of P-CS/GA/Gly gels

The dissolution of Poloxamer gel (or packed micelles) is well
nown to proceed rapidly (Jeong et al., 2002; Lin & Sung, 2000). For
xample, 25 wt% of Poloxamer 407 gel was completely dissolved in
release medium in 4 h in vitro (Lin & Sung, 2000). Without further
rocessing, the swelling ratios of P and P-CS gels in excess in the
queous state were very low, since the inflow of water resulted in
he rapid dissolution of gels. Detailed data on the swelling ratios of
-CS/GA gels can be found elsewhere (Chung et al., 2009). Interest-
ngly, the maximum swelling ratio of the P-CS/GA/Gly gel with 0.1%

A was 10.9 ± 0.4, which was obtained after 18 h (Fig. 2). The max-

mum swelling ratios and the time of dissolution of P-CS/GA/Gly
els (42 h) were substantially lower than those of P-CS/GA (0.1 wt%)
Fig. 2), suggesting that the crosslinking reactions between CS and
A in P-CS/GA/Gly gels were effectively inhibited. The high swelling
29.0 C 31.0 C 33.0 C 35.0 C
180% 210% 340% *770%
130% 160% 240% *480%
160% 210% *370% 590%

ratios of the P-CS/GA/Gly gels may be associated with the interpen-
etration of crosslinked CS within the gels, binding the aggregates
of P micelles inside the domains of crosslinked CS, preventing the
rapid dissolution of the gels.

3.4. Release of insulin from P-CS or P-CS/GA/Gly gels

Since residues of GA in biomaterials may cause un-wanted
effects in vivo, large amounts of glycine are added to block GA
residues when GA is used as a crosslinking agent in biomate-
rials (Chen et al., 2006). Similar approaches were employed in
P-CS/GA solutions prior to the addition of insulin. Accordingly, large
amounts of glycine (more than 20 times the amount of GA) were
added to the P-CS/GA solutions at 10 min after 0.1 wt% GA had
been added to the P-CS solutions. Fig. 3a plots the in vitro cumu-
lative releases of insulin in P, P-CS and P-CS/GA/Gly gels. When
the insulin solution was present only in membranes, the burst
release of insulin was observed at 0.5 h, and the release of insulin
ended within 1.5 h (Fig. 3a). When insulin was trapped in the P
and P-CS gels, less was burst-released than from the insulin solu-
tion, but the releases were sustained to 3.0 and 3.5 h, respectively.
Notably, the burst release of insulin from P-CS/GA/Gly gel was sig-
nificantly reduced (P < 0.01, n = 3) (from 70% of the total amount of
insulin to 20% at 0.5 h) and the duration of the release of insulin
was substantially extended to 20 h, which is approximately six or
more times the duration of insulin release from P or P-CS gels
(Fig. 3a). The sustained release of insulin from the P-CS/GA/Gly
gel was probably caused by an lengthening of diffusion paths of
Fig. 2. Swelling ratios of P-CS/GA and P-CS/GA/Gly gels as functions of time. The
maximum swelling ratios of the various gels were marked “*”, and the measure-
ments were terminated when the gels were dissociated to 50% of their maximum
values.
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ig. 3. (a) In vitro cumulative release of insulin in P, P-CS and P-CS/GA/ Gly gels. In
P < 0.01, n = 3) in P-CS/GA/Gly gels. Insulin release in P-CS/GA/Gly gels was marked
elease from P or P-CS gels. (b) Plots of Mt/M∞ versus tn; n = 0.5, the best-fitted valu
f insulin from P, P-CS and P-CS/GA/Gly gels.

.5. Mechanisms of diffusion of insulin from gels

According to the best-fit for the release of insulin in Fig. 3a, the
n’ value in Eq. (1) in Section 2 is 0.5. Fig. 3b plots Mt/M∞ versus t0.5

or the fractional release of insulin from drug-loaded P, P-CS and P-
S/GA/Gly gels. Moreover, the ‘k’ values of P, P-CS and P-CS/GA/Gly
els were 12.3, 11.9 and 3.6 × 10−2, with a correlation coefficient of
ver 0.99. The ‘k’ values for the release of insulin from P and P-CS
els herein were approximately equal to those of 5-FU in an earlier
nvestigation (Chung et al., 2009), suggesting that the hydrophobic
r the hydrophilic property of the drugs only weakly influenced
heir in vitro release in this system. Interestingly, for a particular GA
ontent in the gels, the ‘k’ value for P-CS/GA/Gly was lower than that

or P-CS/GA (Chung et al., 2009), revealing the effect of adding Gly
n the GA and CS crosslinking reactions. Additionally, according to
n investigation of 5-FU delivery in a similar gel, the ‘k’ value for the
elease from the gel declines as the viscosity of the corresponding
olution increases (Chung et al., 2009). Since the viscosity of the P-

ig. 4. Decrease in blood glucose levels as biological responses to insulin admin-
stered to fasted diabetic rats, after insulin was delivered subcutaneously (sc) at a
ose of 1.0 IU/Kg and nasally using P, P-CS, P-CS/GA/Gly gels at a dose of 10.0 IU/Kg.
o change in blood glucose level occurred after the administration of plain P-CS gels

insulin-free), as shown for reference.
urst releases of insulin were observed in P and P-CS gels was significantly reduced
tained up to 20 h which was approximately six or more times the period of insulin
with a coefficient of correlation, R2, over 0.99, for evaluating the fractional release

CS/GA/Gly solution exceeds those of the other two solutions herein,
the ‘k’ value of the gel that transforms from P-CS/GA/Gly solution for
insulin release is lower than the gel formed from P or P-CS solution.

3.6. Hypoglycemic activity of insulin-loaded P-CS/GA/Gly nasal
gels in vivo

The hypoglycemic activity that is associated with the nasal
delivery of insulin using P, P-CS and P-CS/GA/Gly gels in diabetic
rats was examined. Rats that were injected subcutaneously (sc,
1.0 IU/kg) with insulin comprised the control group, with an Fr
value of 100%. In this study, the dosages of insulin that were admin-
istered to the rats by subcutaneous injection or nasal delivery were
similar to those employed elsewhere, although different carriers
were used (Barichello et al., 1999; Wu et al., 2007; Yu et al., 2004).
The blood glucose levels of rats following the nasal administering
of insulin (10.0 IU/kg) using variously formulated gels, and those
of the control group, were monitored (Fig. 4). Animals to which
insulin had been administered nasally using only P or P-CS gel
exhibited no reduction in blood glucose level (Fig. 4). The blood
glucose concentration in the rats in the sc (or control) group was
the lowest (Cmin, 36.3 ± 3.4% of original values, n = 6) 1 h after the
insulin was administered; this concentration had returned to its
original level at 5 h. The profile of the blood glucose level of the
rats to which insulin had been administered nasally using P gel,
was similar to that of the sc-injected rats, but with a lag of 0.5 h;
their Cmin (45.4 ± 2.2%, n = 6) was reached 2 h after the insulin was
administered. The rats to which insulin had been nasally adminis-
tered using P-CS gels reached Cmin (48.5 ± 2.0%, n = 6) 3 h thereafter,
and the Cmin state lasted for about 1 h; the glucose concentration
returned to the original level a little more slowly than in the sc
group. Notably, the rats to which insulin had been nasally admin-
istered using P-CS/GA/Gly gels reached Cmin at 2 h, and this Cmin
state) (55.5 ± 2.8%, n = 6) lasted for 3 h, although the rate at which
the glucose concentration returned to its original level was similar
to that in P-CS gels. Moreover, since the Cmin state lasted for 3 h, the
blood glucose level of the group to which insulin had been adminis-

tered using P-CS/GA/Gly gel was significantly lower (P < 0.01, n = 6)
than that of other groups between 4 h and 8 h. The pharmacological
efficiency (Fr) of the insulin that was nasally delivered using P, P-
CS and P-CS/GA/Gly gels was 9.3 ± 0.9%, 13.6 ± 1.8% and 18.0 ± 1.8%
(n = 6), respectively, calculated with reference to the results for the
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c group. Hence, statistical analysis revealed no variation in the age,
eight or basal blood glucose level of the tested diabetic rats in this

nvestigation, suggesting that the gel dominated the hypoglycemic
ctivity of insulin in diabetic rats.

For comparison, the Fr values for rats that to which insulin
ad been administered nasally using P and P-CS gels were simi-

ar to those of the other rats that were administered insulin using
hitosan solution (Yu et al., 2004). Notably, the Fr value of the P-
S/GA/Gly gel significantly (P < 0.01, n = 6) exceeded those of other

ormulations herein. The subcutaneous administering of insulin
sing F127 gels or gels that contain insulin-PLGA nanoparticles

n normal rats is associated with a prolonged hypoglycemic effect
Barichello et al., 1999). In this work, P-CS/GA/Gly gels that were
sed for the nasal delivery of insulin yielded similar results. CS

s a well-known drug vehicle, which may open up the tight junc-
ions between epithelial cells and thereby promote trans-mucosal
bsorption and consequently, the nasal and oral delivery of pep-
ides and proteins (Illum et al., 1994; Kumar et al., 2004; Yu et
l., 2004). Furthermore, the intranasal delivery of Bordetella bron-
hiseptica antigens that contain dermonecrotoxin (BBD)-loaded
hitosan/F127 microparticles (MP) in mice has revealed that F127
romotes the delivery of BBD-loaded chitosan MP for vaccination
Kang et al., 2007). Accordingly, a drug delivery system that con-
ains chitosan and F127 may promote mucosal delivery.

The CS solution promotes the absorption of insulin in rats or
heep when it is used in nasal delivery (Illum et al., 1994; Krauland
t al., 2006; Wu et al., 2007; Yu et al., 2004). For example, a for-
ulation of 1% chitosan and 5% hydroxypropyl-�-cyclodextran

ffectively reduces blood glucose levels in rats (Yu et al., 2004).
he use of chemically modified CS, including insulin-loaded thio-
ated chitosan-based microparticles (Krauland et al., 2006), as well
s quaternized chitosan and PEG hydrogel, to deliver insulin to rats
asally, was recently demonstrated to prolong its hypoglycemic
ctivity and increase its pharmacological efficiency. Hence, the
asal delivery of insulin using CS-containing gels or crosslinked
els may promote (the absorption of insulin while reducing the
asal mucociliary clearance rate. However, the times to reach Cmin,
hich is associated with hypoglycemia in rats, when P, P-CS and

-CS/GA/Gly were used herein, were approximately equal (Fig. 4),
ndicating that the promotion of the absorption of insulin by nasal
elivery using CS may be insignificant. Interestingly, the period for
hich the blood glucose of rats exhibits the Cmin state is 1 and 3 h,

or the delivery of insulin by P-CS and P-CS/GA/Gly gels, respec-
ively, whereas Cmin was not maintained at all when P gel was used.
hese results are probably associated with the sustained release of
nsulin of the P-CS and P-CS/GA/Gly gels in vitro (Fig. 3a). Compar-
ng the results in this work with those in other studies in which CS
r modified CS was used to facilitate nasal insulin delivery (Illum
t al., 1994; Krauland et al., 2006; Wu et al., 2007; Yu et al., 2004),
emonstrates that the P-CS/GA/Gly gels that were developed herein
ad unique characteristics, including the ability to maintain glu-
ose levels at Cmin for 3 h. Furthermore, the Fr value of P-CS/GA/Gly
els for nasal insulin delivery exceeded those of other nasal deliv-
ry systems (Krauland et al., 2006; Yu et al., 2004). The use of a
olution or gel that contains CS can enhance the permeation of
rugs by opening up the tight junctions in the nasal epithelia (Wu et
l., 2007), enhancing the rate of drug absorption. Notably, mucosal
learance importantly influences the efficiency of the nasal admin-
stering of insulin. In this study, the high viscosities of gels such
s P-CS/GA/Gly gel may have promoted the adhesion of gel in the
pithelium and the absorption of insulin, while reducing the nasal

ucosal clearance rate.
Notably, no macroscopic change in the morphology of the nasal

avity or any other side effect was observed in diabetic rats beyond
wo weeks after the rats were subjected to the nasal delivery of
nsulin using P, P-CS and P-CS/GA/Gly gels (data not shown). There-
olymers 82 (2010) 316–322 321

fore, the gels were generally biocompatible with the animals. Since
nasal insulin delivery was conducted in a rat model, whether the
insulin dosage in the rat model can be related to that required for
humans is of interest. Although this investigation did not address
this issue, the relationship between the nasal administering of
insulin in an animal model and that in human subjects will be
considered in the near future.

4. Conclusion

In this work, CS in P-CS solution was simply crosslinked using
0.1% GA and then by the addition of glycine to yield P-CS/GA/Gly
solution for insulin delivery. Insulin delivery using P-CS/GA/Gly gels
in vitro significantly reduced the burst release of insulin (P < 0.01)
below those achieved using P or P-CS gels, and greatly sustained
the release of insulin (P < 0.01) for up to 20 h. The release of insulin
from the gels was well modeled by the Fickian diffusion model, and
the crosslinking of CS by GA within the P-CS/GA/Gly gels reduces
the characteristic constant ‘k’ of the drug–gel systems. P-CS/GA/Gly
gels were used to deliver insulin nasally in diabetic rats, which
method is associated with a highly prolonged hyperglycemic effect
and improved pharmacological efficiency (Fr) (18.0 ± 1.8%), sug-
gesting that such gels are potentially effective carriers of insulin
for nasal delivery.
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