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Abstract

The objective of this work was to explore the potential of polyethylene glycol-grafted chitosan (PEG-g-chitosan) nanoparticles as a
system for improving the systemic absorption of insulin following nasal administration. Insulin-loaded PEG-g-chitosan nanoparticles
were prepared by the ionotropic gelation of PEG-g-chitosan solution using tripolyphosphate ions as the crosslinking agent. The nano-
particles were in the size range 150-300 nm, had a positive electrical charge (+16 to +30 mV) and were associated with insulin (loading
efficiency 20-39%). The physicochemical properties of nanoparticles were affected by the composition of the copolymer. In vitro insulin
release studies showed an initial burst followed by a slow release of insulin. Intranasal administration of PEG-g-chitosan nanoparticles in
rabbits enhanced the absorption of insulin by the nasal mucosa to a greater extent than a suspension of insulin-PEG-g-chitosan and
control insulin solution. PEG-g-chitosan nanoparticles are promising vehicles for insulin transport through the nasal mucosa.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oral delivery offers a comfortable and physiologically
acceptable way to administer a wide range of drugs. How-
ever, macromolecular drugs such as peptides and proteins
cannot be given orally because they are degraded by the
proteolytic enzymes in the stomach, and most of these
drugs need to be administered repeatedly by injection. Sig-
nificant efforts have been made to explore alternative
routes for drug administration. Intranasal drug delivery
is a convenient and reliable method that has many advan-
tages, such as a large absorptive surface area and high vas-
cularity of the nasal mucosa, where drugs absorbed from
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the nasal cavity pass directly into the systemic circulation,
thereby avoiding first-pass liver metabolism [1]. However,
the administration of macromolecules by this route is ham-
pered by the chemical and physical instability of these mol-
ecules, and by the high metabolic activity and limited
permeability of the mucosal barriers [2].

There are many approaches to improving the absorption
of peptides and proteins through the nasal mucosa by the
use of absorption enhancers, enzyme inhibitors and solu-
tions of bioadhesive polymers or bioadhesive microspheres
[3-5]. The use of most absorption enhancers, such as sur-
factants, bile salts and fatty acids, is accompanied by
mucosal damage [6]. However, the absorption-enhancing
effect of the polysaccharide chitosan outweighs the damage
caused to the nasal mucosa [7]. The mechanism of action of
chitosan is suggested to be a combination of bioadhesion
and a transient widening of the tight junctions between epi-
thelial cells [8]. It should be noted that chitosan adsorbs
plasma proteins in contact with blood, which leads to
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surface-induced thrombosis occurring at the blood-bioma-
terial interface [9].

PEG-g-chitosan copolymers have been synthesized in an
attempt to increase the solubility and improve the biocom-
patibility of chitosan [10]. Moreover, modification of chito-
san with PEG can resist adsorption of plasma proteins in
contact with blood through the steric repulsion mechanism
[9]. Insulin-PEG-g-chitosan nanocomplexes are formed by
intermolecular hydrogen bonding in an aqueous solution
[11]. On the basis of these results, we decided to explore
the potential of PEG-g-chitosan nanoparticles as a delivery
vehicle for nasal administration of proteins and peptides.

The goal of the present work was to associate insulin, as
a model peptide, with PEG-g-chitosan nanoparticles. We
first studied the preparation of insulin-loaded nanoparticles
by using different formulation conditions and characterized
their physicochemical properties and the in vitro release of
insulin. Then, the ability to enhance the nasal absorption of
insulin was investigated by determining the decrease in
plasma glucose levels following nasal administration.
Finally, we studied the effect of the composition of PEG-
g-chitosan on the ability of the nanoparticles to transport
insulin across the nasal mucosa in rabbits.

2. Materials and methods
2.1. Materials

Chitosan (degree of deacetylation 90%; with molecular
mass of 6 and 20 kDa) was obtained from the Zhejiang
Yuhuan Ocean Biochemical Co., Ltd. (Zhejiang, China).
PEG350 (350 Da) and PEG750 (750 Da) were purchased
from the Aldrich Chemical Co., Inc. (USA). Pure crystal-
line porcine insulin (with a nominal activity of 28 IU/mg)
that was used without further purification was obtained
from the Xuzhou Wanbang Biochemical Co., Ltd.
(Jiangsu, China). All other chemicals were of analytical
grade.

2.2. Synthesis of PEG-g-chitosan

PEG-g-chitosan was prepared as described by Harris
et al. [12]. First, PEG-aldehyde was prepared by oxidation
of PEG with DMSO/acetic anhydride. Acetic anhydride
was added to the mixture under nitrogen after MeO-PEG
was dissolved in anhydrous DMSO/chloroform (9:1, v/v)
with acetic anhydride/PEG molar ratio of 12, and the mix-
ture was stirred for 9 h at room temperature under nitro-
gen. The reaction mixture was neutralized with 1M
NaOH and used directly for the next reaction.

PEG-g-chitosan was prepared by alkylation of chitosan
followed by Schiff base formation. PEG-aldehyde with dif-
ferent molar ratios to the amino groups of chitosan was
added to a mixture of acetic acid and methanol (2:1, v/v),
and the mixture was stirred for 30 min at room tempera-
ture. A solution of sodium tetrahydroborate (NaBHy)
was added slowly to the reactant mixture at pH 6.5 with

vigorous stirring at a constant molar ratio of 10:1 for
NaBH,4/PEG-aldehyde. The resultant mixture was dialyzed
(3500 Da cutoff) first against 0.05 M NaOH and then dis-
tilled water before the solution was freeze-dried. PEG-g-
chitosan was finally obtained by removal of unreacted
PEG with excess acetone.

2.3. Preparation of PEG-g-chitosan nanoparticles

The preparation of PEG-g-chitosan nanoparticles based
on the ionic gelation of chitosan with tripolyphosphate
anions (TPP) was adapted from the method described by
Calvo et al. [13]. Experiments were done to identify the
production zone for formation of nanoparticles. For this
purpose, PEG-g-chitosan was dissolved in (2%, w/v) acetic
acid at various concentrations of PEG-g-chitosan (0.5, 1.0,
1.5,2.0,2.5,3.0, 4.0, 5.0, 7.0, and 9.0 mg/ml). TPP was dis-
solved in purified water at the same concentrations as
PEG-g-chitosan. Finally, various volumes of TPP solution
(0.5, 1.0, 2.0, and 3 ml) were added dropwise to 5 ml of
PEG-g-chitosan solution with stirring at room tempera-
ture. The samples were analyzed visually and three different
systems were identified: clear solution, opalescent suspen-
sion (nanoparticles) and aggregates. The opalescent sus-
pension, which should correspond to a suspension of very
small particles, was investigated further by adding 2 ml of
TPP solution to 5ml of PEG-g-chitosan solution, thus
achieving a final concentration of PEG-g-chitosan between
0.38 and 2.86 mg/ml and a final concentration of TPP
between 0.28 and 1.14 mg/ml. The appearance of these
preparations was observed microscopically and samples
were classified as aggregates or nanoparticles, as shown
in Fig. 1. To evaluate the effect of PEG-g-chitosan on the
nasal absorption of insulin, further experiments were con-
ducted using a PEG-g-chitosan final concentration of
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Fig. 1. Identification of PEG-g-chitosan and TPP concentrations for the
formation of nanoparticles.
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1.79 mg/ml and a final concentration of TPP of 0.11 mg/
ml; thus, the PEG-g-chitosan/TPP ratio was 4.2:1 (w/w).

The following method was used for the preparation of
PEG-g-chitosan nanoparticles by intermolecular hydrogen
bonding in an aqueous solution as reported by Ohya et al.
[11]. A 1.78 mg/ml solution of PEG-g-chitosan swollen in
PBS was stirred for 10 min to give a milky suspension,
which was sonicated at room temperature using a probe-
type sonicator for 4 min. The PEG-g-chitosan suspension
obtained was incubated at room temperature for 1 day
before measurement.

2.4. Preparation of insulin-loaded nanoparticles

Insulin-loaded nanoparticles were formed spontane-
ously upon incorporation of 2 ml of 1.5 mg/ml TPP solu-
tion containing various concentrations of insulin (0.5, 1.0,
and 2.0 mg/ml) to 5 ml of 2.5 mg/ml PEG-g-chitosan acidic
solution with stirring by a magnetic follower.

2.5. Characterization of nanoparticles

The morphological examination of nanoparticles was
performed by transmission electron microscopy (TEM)
(Philips EM400ST). Samples were placed on copper grids
with Formvar films for viewing under the microscope. Par-
ticle size and zeta potential were determined by photo-cor-
relation spectroscopy (PCS, BI-200SM) and laser Doppler
anemometry (Zetasizer 3000HS), respectively. For the
determination of the electrophoretic mobility, the samples
were placed in electrophoretic cells where a potential of
4150 mV was established. The zeta potential was the aver-
age value of analysis in triplicate.

The surface chemical composition of nanoparticles was
analyzed by X-ray photoelectron spectroscopy (XPS) with
a Perkin-Elmer PHI 1600 spectrometer using a Mg Ko X-
ray source. All binding energies (BEs) were referenced to
the Cls hydrocarbon peak at 284.8 eV.

2.6. Evaluation of the insulin-loading capacity of
nanoparticles

The association efficiency of insulin was determined
upon separation of nanoparticles from the aqueous med-
ium containing free insulin by centrifugation (16,000 rpm,
30 min, 15 °C). The amount of free insulin in the superna-
tant was measured by the Bradford method using a UV
spectrometer (Shimadzu UV-2550) at 595 nm [14]. The
insulin loading capacity (LC) and the association efficiency
(AE) were calculated as follows:

AE — total insulin - fr.ee insulin < 100
total insulin

LC — total insulin - free.insulin < 100
nanoparticles weight

All measurements were performed in triplicate and
averaged.

2.7. In vitro release studies

Insulin release was determined by incubating nanoparti-
cles at 37(40.5) °C in 2 ml of phosphate buffer (pH 7.4) with
horizontal shaking. At predetermined time-points, samples
were centrifuged and then the supernatant was taken and
replenished by fresh buffer solution. The amount of free insu-
lin was determined by the Bradford method, and a calibra-
tion curve was made using non-loaded nanoparticles to
correct for the intrinsic absorption of the polymer. In each
experiment, the samples were analyzed in triplicate and the
error bars in the plot were the standard deviation.

2.8. In vivo studies

The nasal absorption study was done with female New
Zealand rabbits (2-3 kg, 3 months old) provided by the
animal center of the Affiliated Hospital of Shandong Uni-
versity of Traditional Chinese Medicine. Before the exper-
iments, all animals were fasted overnight (18 h) with free
access to drinking water. In order to avoid any influence
of anesthesia, animals remained conscious during the
experiments [15,16].

A suspension of insulin-PE3gC24 (PE3gC24, 0.5 mg/
kg), four types of insulin-loaded PEG-g-chitosan nanopar-
ticles, and a solution of insulin as the control; were admin-
istered intranasally via ~3 cm of polyethylene tubing
(~2 mm diameter). The insulin formulations (5 IU/kg body
weight) were administered in a volume range of 200-250 pl,
depending on insulin loading capacity and animal weight.
The dose of nanoparticles administered varied between
0.61 and 0.81 mg/kg and dose was divided equally between
the two nostrils to maximize the nasal mucosal surface area
exposed to the drug.

Blood samples (2.0 ml) were taken from an ear vein
15 min before drug administration to establish baseline lev-
els, and after drug administration at predetermined time-
points (15, 30, 60, 90, 120, 180, 240, and 300 min). The
blood samples were centrifuged at 10,000 rpm for 5 min
to obtain serums. The plasma glucose concentration was
determined with a blood glucose assay kit using the glucose
oxidase method. Serum insulin levels were determined with
radioimmunoassay.

2.9. Statistical analysis of in vivo data

The plasma glucose concentration of each rabbit before
administration was taken as the baseline level, and the
changes in plasma glucose concentrations (percentage of
baseline level) at different time points after administration
were calculated and plotted vs. time. The area under the
curve (AUC) for plasma insulin vs. time was calculated
with the trapezoidal method. Data from different experi-
mental groups were compared with the corresponding con-
trol group (insulin control solution) by ANOVA with
Bonferroni adjustment and the level of statistical signifi-
cance was set at p <0.05.
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3. Results and discussion
3.1. Synthesis of PEG-g-chitosan

The synthesis of PEG-g-chitosan has been reported by
Harris et al. [12]. Chitosan was modified with a PEG-alde-
hyde to yield an imine (Schiff base) and subsequently PEG-
g-chitosan was produced through reduction with NaBH,4
(Fig. 2). The final purified product of PEG-g-chitosan
was analyzed by '"H NMR. The H-1 proton signal from
chitosan was observed at 4.9 ppm, and that of the methyl
group of PEG was observed at 3.4 ppm. The degree of
PEG substitution (DS) was evaluated by elemental analysis
(Table 1). By changing the molar ratio of PEG-aldehyde to
the amino groups of chitosan, samples with different graft
weight ratios (wt%) were obtained (Table 1). We used the
following abbreviated nomenclature for the copolymers:
PEmgCnX, where PEm denotes the molecular mass of
PEG in Da, Cn represents the molecular mass of chitosan
and X shows the molar ratio of PEG/chitosan.

The data shown in Table 1 indicate that DS depended
on the molar ratio of PEG-aldehyde to amino group of
chitosan, but was influenced by PEG molecular mass. DS
decreased with increasing PEG molecular mass. The excess
PEG-aldehyde over the amino groups of chitosan will give
high DS, but this might cause the loss of the chemical prop-
erties of chitosan. Therefore, water-soluble PEG-g-chito-
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Fig. 2. The synthesis of PEG-g-chitosan.

san was obtained by grafting an appropriate amount of
PEG onto the chitosan backbone, which was used as the
drug delivery material. Furthermore, copolymers were pre-
pared with chitosan 6 kDa (with almost same wt% as that
of chitosan 20 kDa) in the same manner (Table 1). How-
ever, all of the samples had a low DS value, possibly
because the excess of NaBH, made the reaction solution
more basic and the solubility of chitosan less, hindering
its chemical reaction with PEG. On the other hand, the ste-
ric hindrance of the association of PEG with the chitosan
backbone might prevent further reaction between chitosan
and free PEG.

3.2. Conditions for the formation of PEG-g-chitosan
nanoparticles

In order to investigate the feasibility of preparing PEG-
g-chitosan nanoparticles by the ionotropic gelation
method, we adopted a protocol similar to that established
for the development of chitosan nanoparticles by ionic
gelation with TPP [13]. The final concentration of PEG-
g-chitosan can be up to 2.86 mg/ml while the maximum
TPP concentration is 1.14 mg/ml. Due to the presence of
PEG, a higher concentration of TPP was needed for the
preparation of PEG-g-chitosan compared to that used for
the preparation of chitosan nanoparticles by Calvo et al.

The shape of nanoparticles was examined by TEM.
Fig. 3 shows PEG-g-chitosan nanoparticles with a compact
core surrounded by a fluffy coat made of PEG, which was
verified by XPS analysis (see Table 2). The Cls and Ols
binding energies do not permit the identification of PEG,
since both chitosan and PEG have the same functional
groups (C-C, C-H and C-O). However, the ratios C/O
and C/N allowed us to distinguish between PEG (higher
C/O ratio) and chitosan (higher C/N ratio). The experi-
mental C/O and C/N ratios for chitosan and PEG-g-chito-
san nanoparticles are shown in Table 2. The higher C/O
ratio obtained for PEG-g-chitosan nanoparticles is verified
by the presence of PEG on the surface of nanoparticles,
and a similar result was reported for chitosan/PEO-PPO
nanoparticles by Calvo et al. [17]. It is likely that PEG sub-
sequently covered the chitosan core to form the shell, since
the PEG end group migrated to the surface of the nanopar-
ticles during the preparation procedure, especially because
of the hydrophilic property of PEG [18].

3.3. Characterization of PEG-g-chitosan nanoparticles

The particle sizes determined by PCS are shown in Table
3. All nanoparticles prepared by the ionotropic gelation
method had sizes between 160 and 300 nm. For PE3gC64
and PE7gC64 nanoparticles, increasing the PEG molecular
mass from 350 to 750 Da caused the mean particle size to
increase from 218.6 to 286 nm, while increasing the PEG
content from 26 to 30 wt% led to an increase of mean par-
ticle size from 166.9 to 175.3nm for PE3gC24 and
PE3gC28 nanoparticles, respectively. However, Table 3
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Table 1
Materials prepared with different molar ratios of reagents

Material PEG (Da) Chitosan (Da) [PEG-aldehyde]/[chitosan] [NaBH,]"/[PEG-aldehyde] DS° (%) Graft (wt%)®
PE3gC64" 350 6000 0.4 4 17.9 26
PE3gC68 350 6000 0.8 8 24.5 32
PE7gCo4 750 6000 0.4 4 9.8 29
PE7gC68 750 6000 0.8 8 20.3 46
PE3gC24 350 20,000 0.4 4 19.0 26
PE3gC28 350 20,000 0.8 8 22.0 30

& PE3gC64 stands for the reaction between PEG350 and chitosan (6 kDa) with the molar ratio of 0.4.

® Aqueous NaBH, solution.

¢ Degree of PEG substitution (DS) on monosaccharide residues of the chitosan backbone determined by elemental analysis.
9 Graft wt% was calculated from the relation: (W, — W.)/ W, x 100%, where W, is the weight of freeze-dried grafted copolymer, and W, is the weight of

chitosan.

Fig. 3. TEM photographs of PEG-g-chitosan nanoparticles (PEG-g-
chitosan: TPP = 5:3).

Table 2
Atomic percentage of elements on the surface of PEG-g-chitosan and
chitosan nanoparticles

Sample C(%) O((%) N(@) CN CO
PEG-g-chitosan nanoparticles  65.9 25.9 34 194 25
Chitosan nanoparticles 62.2 29.6 5.1 122 2.1

shows the particle size for PE3gC64 and PE3gC24 nano-
particles decreased from 218.6 to 166.9 nm when the chito-
san moiety increased from 6 to 20 kDa. The increase in
mean size of the PEG-g-chitosan nanoparticles with
increasing PEG molecular mass from 350 to 750 Da was
expected and could be attributed to shorter polymer chains
giving rise to smaller nanoparticles. However, nanoparti-

Table 3
The physicochemical properties of PEG-g-chitosan nanoparticles

cles with the short-chain chitosan, PE3gC64, were unex-
pectedly larger than those produced from the high-chain
chitosan, PE3gC24. Huang et al. [19] reported nanoparti-
cles with a short chitosan chain (10 kDa) were unexpect-
edly larger than those produced from the chitosan of a
molecular mass in the range 17 to 213 kDa, but the mech-
anism is unclear. In these cases, the smaller number of
amino functional groups could have reduced the capacity
of the chitosan chains for ionotropic gelation with TPP
by grafting PEG onto the chitosan chain, and the resultant
smaller degree of deswelling led to larger particles being
produced. In addition, the size of the PE3gC28 particles
(1321 nm) prepared as described by Ohya et al. [11] was
much larger than that of the particles prepared by the iono-
tropic gelation method (175.3 nm), which was possibly
caused by the preparation conditions.

The surface charge of nanoparticles was positive in the
range of +16 to +30 mV (Table 3). The data show a slight
decrease in zeta potential from +27.4 to +25.5 mV with
increasing PEG content from 26 to 30 wt% (PE3gC24
and PE3gC28). This was attributed to the uncharged
PEG “brush” coating the nanoparticle surface, which
partly screened the surface charges. Furthermore, the
chitosan molecular mass had a major influence on the sur-
face charge of nanoparticles; thus, there was an increase in
surface charge from +16.5 to +29.1 mV with an increase in
chitosan molecular mass from 6 to 20 kDa (PE3gC64 and
PE3gC24). It was noted that the zeta potential was not

Material Average diameters (nm) Zeta potential (mV)® Association efficiency (%) Loading efficiency (%) Materials/insulin (w/w)
PE3gC64 218.6 £2.1 16.5+04 78.6+24 19.5+1.3 3.12:1
PE7gCo4 286.5 £ 2.0 16.6 £0.2 85.5+4.7 234419 3.12:1
PE3gC24 166.9 £+ 6.6 29.1£0.3 82.3+£3.6 209 +2.5 3.12:1
PE3gC28 1753 £2.2 255+1.2 89.8 £2.0 29.1 +£0.8 3.12:1
- - - 90.2+1.2 30.1£1.9 6.25:1
- - - 93.5+24 38.6 +2.2 12.5:1
PE3gC28 1321 £2.1* 274 +£2.1 414434 9.5+2.2° 3.12:1

Data are given as mean + SD (n = 3).

# The particles were prepared according to the method reported by Ohya Y. et al. [11].

® The pH value of sample solution was 3.9.

¢ The suspension of PEG-g-chitosan particles was mixed with 1.0 ml of PBS (pH 8.0) containing insulin.
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influenced by the two methods used for the preparation of
nanoparticles in this study.

The PEG-g-chitosan nanoparticles displayed a high
association efficiency (>78.6%) leading to insulin loading
values as high as 38.6% (Table 3). These results agreed well
with the previously postulated mechanism of association of
insulin with chitosan nanoparticles mediated by an ionic
interaction between the amino groups of chitosan and
TPP. However, the low association efficacy (41.4%) of
nanoparticles prepared as described by Ohya et al. was
due to PEG resisting protein adsorption by the steric repul-
sion mechanism.

3.4. Insulin release from PEG-g-chitosan nanoparticles
in vitro

The rate of insulin release from four types of nanoparti-
cle systems was initially rapid, and then decreased after sev-
eral hours (Fig. 4). This indicated that some of the insulin
was adsorbed onto the surface during preparation of the
nanoparticles, and then diffused rapidly when the nanopar-
ticles came into contact with the release medium. Later,
insulin was released slowly due to swelling or degradation
of the polymer.

Fig. 4 shows the profiles of the cumulative release of
insulin from PEG-g-chitosan nanoparticles with chitosan
of different molecular mass (PE3gC24 and PE3gC64),
and PEG content fixed at 26 wt%. The initial release of
insulin from the PE3gC24 nanoparticles with 20 kDa chito-
san was low. Only 16% of the trapped drug was released
during the first 5h, and about 37% in 24 h. In contrast,
70% of the insulin was released from PE3gC64 nanoparti-
cles within the first 5 h, and about 84% in 24 h. This differ-
ence is because the PE3gC24 with 20 kDa chitosan has high
positive charges, forming a tight network and effectively
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Fig. 4. In vitro percentage cumulative release of insulin from PEG-g-
chitosan nanoparticles: A, PE3gC24; B, PE3gC28; C, PE3gCo64; D,
PE7gC64. Triplicates for each formulation were analyzed and each datum
point represents the mean value + SD (n = 3).

retarding insulin release. The higher molecular mass chito-
san (20 kDa) had longer chain segments, which influenced
the diffusion of insulin as well as the rate of degradation of
the nanoparticles [20]. Furthermore, the rate of insulin
release was affected by the PEG content; increasing the
PEG content from 26wt% (PE3gC24) to 30 wt%
(PE3gC28) increased the percentage released from 16% to
19% in the first 5 h, and similar results have been reported
by others [21,22]. In addition, it can be seen from Fig. 4
that the insulin release profiles from nanoparticles with
PEG350 or PEG750 were different, although the chitosan
molecular mass was the same (6 kDa). With PEG750, the
initial burst was lower (49%) than that from the nanopar-
ticles with PEG350 (70%), which indicated that the higher
molecular mass PEG retarded insulin release. A maximum
of only 84% could be released in present work, which was
due to the fact that a certain amount of insulin will always
stay in the formulation when equilibrium is reached after
diffusion controlled release. Therefore, the release of insu-
lin from PEG-g-chitosan nanoparticles was considered to
be mostly by diffusion rather than the result of copolymer
degradation, which is similar to the results reported by
Bhattarai et al. for a PEG-g-chitosan hydrogel system [23].

3.5. In vivo studies

In an attempt to understand the PEG-g-chitosan
absorption-enhancing effect, the plasma glucose levels of
rabbits after intranasal administration of, a suspension of
insulin-PE3gC24, a suspension of insulin-loaded PE3gC24
nanoparticles and the control insulin solution are shown in
Fig. 5. Nasal administration of the control insulin solution
did not reduce blood glucose level significantly (< 20%
decrease) at 1 h post-administration, whereas the blood
glucose level was reduced to 54% of the basal level at 1 h
after administration of insulin-loaded PE3gC24 nanoparti-
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Fig. 5. Plasma glucose levels in rabbits following nasal administration (at
pH 7.4) of: A, insulin-loaded PE3gC24 nanoparticles suspended in PBS; B,
insulin-PE3gC24 PBS suspension; C, insulin in PBS. Mean 4+ SD, n=6.
*Statistically significant differences from control insulin solution
(p <0.05).



532 X. Zhang et al. | European Journal of Pharmaceutics and Biopharmaceutics 68 (2008) 526-534

cles, and the decrease was significantly different (p < 0.05)
from the control from 30 to 120 min after administration.
The blood glucose level was 68% of baseline at 4 h post-
administration of the suspension of insulin-PEG-g-chito-
san, suggesting that PEG-g-chitosan can improve the sys-
temic absorption of insulin in its active form through the
nasal mucosa and that the preparation method of nanopar-
ticles did not damage the drug.

Once the ability of PEG-g-chitosan nanoparticles to
enhance nasal absorption of insulin was demonstrated, it
was important to determine whether the composition of
the PEG-g-chitosan affected the enhancement capacity.

Studies performed in vivo have shown that the PEG con-
tent has an important role in the ability to act as an absorp-
tion enhancer [24]. In order to investigate whether this
effect could have a consequence in vivo, we compared the
effects of PE3gC24 and PE3gC28 nanoparticles. Fig. 6(a)
shows that PE3gC24 and PE3gC28 nanoparticles lowered
blood glucose to 54% and 47% of baseline values at
60 and 120 min post-administration, respectively. The
peak blood insulin levels were 203.1(£20.2) and
218.1(#£33.8) pU/ml at 30 min (Fig. 6(b)), respectively. As
stated above, the insulin release levels in vitro from nano-
particles with a high concentration of PEG were slightly
higher than those with a low concentration of PEG, which
is not consistent with the results reported by Wu et al. [23].
This may be because the higher concentration of PEG can
prolong the circulation of PEG-g-chitosan nanoparticles
[25]. On the other hand, the PEG-g-chitosan nanoparticles
in this work had a core-shell structure, as shown by XPS.
According to Peppas and Huang [26], after a polymer sys-
tem came into contact with the mucus, the concentration
gradient across the interface caused the PEG chains to dif-
fuse out of the network and penetrated into the mucus
layer. This interpenetration phenomenon was believed to
increase the adhesion of PEG to the mucus. Serra et al.
reported that at high PEG surface coverage the mucoadhe-
sive capabilities of the hydrogel were considerably
increased [27]. This interpenetration could be enhanced in
the case of the formulation with PE3gC28, which might
explain the action of PE3gC28 nanoparticles in prolonging
the nasal residence time and sustaining insulin release.

We observed an effect of PEG molecular mass on the
in vivo efficacy of PEG-g-chitosan nanoparticles. The low-
est blood glucose levels (39% and 40% of baseline;
Fig. 6(a)) occurred with PE3gC64 and PE7gC64 nanopar-
ticles, where the blood glucose nadir occurred separately at
90 and 180 min. The plasma insulin concentrations
increased rapidly, with a peak of 342.1(+26.8) and
287.3(£30.0) pU/ml at 30 min (Fig. 6(b)), respectively.
The time to reach the minimum plasma glucose level was
markedly delayed for PEG750 compared to PEG350. As
mentioned above, as the higher molecular mass PEG was
involved in this formulation, the release of insulin was
retarded and the glucose concentration decreased slowly,
which is consistent with the results reported by Wu et al.
[24]. Moreover, Fontana et al. also observed in human
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Fig. 6. In vivo study. (a) Plasma glucose levels in rabbits following nasal
administration (at pH 7.4) of insulin-loaded PEG-g-chitosan nanoparticles
suspended in PBS: A, PE3gC24; B, PE3gC28; C, PE3gC64; D, PE7gC64.
(b) Plasma insulin concentration after administration of insulin-loaded
PEG-g-chitosan nanoparticles: A, PE3gC24; B, PE3gC28; C, PE3gC64; D,
PE7gC64. Data are the mean + SD (n = 6).

plasma drug release was reduced with rising PEG molecu-
lar mass [28].

As discussed in Section 3.2, chitosan had effects on size,
zeta potential and insulin loading, and on insulin release
in vivo in the present work. As shown in Fig. 6, the nasal
administration of PE3gC64 nanoparticles led to significant
reduction of blood glucose levels and a rapid increase in
plasma insulin concentrations compared to that obtained
with PE3gC24. Moreover, the binding affinity and uptake
capacity were affected by the chitosan molecular mass,
which was confirmed by Huang et al. [29]. However, Vila
et al. observed that the efficacy of nanoparticles on the per-
meability-enhancing properties was not related to the
chitosan molecular mass. It is believed that this effect
may vary, depending on the physiological and biological
characteristics of the mucosal surface, as well as on the
molecular mass, the degree of deacetylation and the form
of chitosan (i.e., solution vs. particles).
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Martinac et al. proposed a strong relation between zeta
potential values and particle bioadhesion behavior [30].
Although slight differences in zeta potential could have
an important effect in the development of non-covalent
unions in the attachment process during mucoadhesion,
the differences in zeta potential values seemed not to be suf-
ficient to explain the differences in mucoadhesion behavior
in the present work, where PE3gC24 nanoparticles with
higher zeta potential showed a minimum blood glucose
level at 30 min after nasal administration, which later
returned to baseline. The effect of particle size on the extent
of mucoadhesion was studied by Bravo-Osuna et al. [31],
who reported that the number of nanoparticles attaching
to the mucosa increased with a decrease in their hydrody-
namic diameters [32]. However, according to the results
of Fig. 6, the particle size is not the only factor influencing
the behavior of these systems: PE3gC24 nanoparticles, with
hydrodynamic diameter values around 175 nm, presented a
higher blood glucose tendency in comparison with
PE3gC64 nanoparticles (218 nm). It can be concluded that,
for those formulations, the mucoadhesion behavior is gov-
erned by the synergistic effects of the size, zeta potential
and the polymer composition.

In summary, results of in vivo study show that the
plasma glucose levels fell sharply and remained at a low
concentration for, at most, 2-3 h, and returned to baseline
after 5 h. However, changes of the concentration of insulin
were not the same as those of blood glucose levels, which
was due to clearance of the formulations from the nasal
cavity by ciliary movement. Moreover, changes in the poly-
meric composition could affect the mucoadhesive proper-
ties of the nanoparticles. Similarly, Wu et al. observed
that HTCC-PEG-GP hydrogel prolonged the residence
time of insulin in the nasal cavity [24].

4. Conclusions

PEG-g-chitosan nanoparticles prepared by the ionic
gelation method showed an excellent capacity for associa-
tion with insulin. Insulin-loaded PEG-g-chitosan nanopar-
ticles displayed insulin release kinetics and properties. The
molecular mass of chitosan and PEG, and DS affected
in vitro insulin release, which yielded very interesting poten-
tial systems for drug delivery. However, chitosan molecular
mass played an important role in the insulin release. More-
over, PEG-g-chitosan nanoparticles improved noticeably
in nasal absorption of insulin compared with insulin-
PEG-g-chitosan suspension and control insulin solution.
The changes in the polymer composition clearly influenced
the nasal absorption of insulin.
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