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bstract

The aim of the present study was to develop insulin nanoparticulate systems by using chitosan (CS), triethylchitosan (TEC) and dimethyl-
thylchitosan (DMEC, a new quaternized derivative of chitosan) for colon delivery.

The nanoparticles were prepared by the polyelectrolyte complexation (PEC) method. Particle size distribution, zeta potential and polydispersity
ndex of the nanoparticles were determined using dynamic light scattering technique. Transmission electron microscopy (TEM) was also used to
bserve the morphology of the nanoparticles. It was found that the nanoparticles carried positive charges and showed a size distribution in the range
f 170–270 nm with spherical morphology and smooth surface structure. The amount of insulin loaded into the nanoparticles was determined by
easuring the association efficiency and also the content of insulin in the nanoparticles. Insulin loading was found to be more than 80% for all of

he nanoparticles. In vitro release studies showed a small burst effect at the beginning and then a sustained release characteristic for 5 h. Ex vivo

nvestigations revealed better insulin transport across the colon membrane of rats for nanoparticles made with quaternized derivatives than those

ade of chitosan. In vivo studies in rats have showed enhanced colon absorption of insulin by using these nanoparticles compared to free insulin
n diabetic rats. The insulin absorption from the rat’s colon was evaluated by its hypoglycemic effect.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Significant advances in biotechnology and biochemistry have
ed to the discovery of a large number of bioactive molecules and
accines based on peptides and proteins. However, these com-
ounds still have to be administered by injection which is still a

ostly way and have a very low patient acceptability. It is well
nown that oral administration is the most convenient route for
rug delivery but peptides and proteins have low bioavailability
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ciences, P.O. Box 14395-459, Tehran, Iran. Tel.: +98 21 88009440;
ax: +98 21 22229673.
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ue to their instability in the GI tract and enzymatic degradation
hen administered orally (Owens et al., 2003). Moreover, oral

dministration of insulin would be the most physiological route
ue to the fact that insulin would be directly channeled from the
ntestine or colon to the liver to avoid peripheral hyperinsuline-

ic effects (Saffran et al., 1997).
Colon targeted drug delivery is useful in improving the

bsorption of peptide drugs via the GI tract (Saffran et al., 1986).
olon has been determined as an ideal site for peptide absorp-

ion. Site specific drug delivery to the colon is of special interest
or drugs which are instable in the upper part of the gastrointesti-

al tracts. For example, the oral administration of protein and
eptide drugs, such as insulin, is precluded because of small
ntestinal peptidase activity. The colon is thought to have lower
nzymatic activity than other regions of the GI, hence if such
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rugs can be delivered to this site, a greater efficiency of absorp-
ion would be expected (Ali Asghar and Chandran, 2006). Due to
egligible activity of brush-border membrane, peptidase activ-
ty, and much less activity of pancreatic enzymes, the colon has
een considered to be more suitable for delivery of peptides
nd proteins in comparison to the small intestine (Ikesue et al.,
991).

To date, various strategies have been developed to design
successful oral insulin delivery system, including co-

dministration with absorption enhancers (Radwant and Aboul-
nein, 2002; Mesiha et al., 1994), or enzyme inhibitors

Morishita et al., 1992; Bernkop-Schnurch, 1998), chemical
odification (Asada et al., 1995), and lipid base carriers as lipo-

omes (Takeuchi et al., 1996). Nevertheless, these approaches
how low bioavailability and also some of them exhibit sev-
ral negative effects such as irritation of the intestinal mucosal
embrane and impairment of the membrane barrier. In recent

ears polymeric nanoparticles have been used as potential drug
elivery devices because of their ability to protect proteins and
eptides from degradation in the gastrointestinal tract by prote-
lytic enzymes (Krauland and Alonso, 2007; Vila et al., 2002;
akeuchi et al., 2001). This system can increase the stabil-

ty of these compounds and possess useful controlled release
roperties. Damge et al. (1988) have shown that nanoparticles
omposed of polyalkylcyanoacrylate derivatives enhance the
bsorption of orally administered insulin.

Although a wide variety of techniques is currently used for
roducing polymeric nanoparticles, but most of these methods
nvolve the use of organic solvents, heat or vigorous agitation and
lso formation of potentially toxic by-products from the use of
hese solvents which may be very harmful to biopharmaceuticals
ike proteins and peptides.

In recent years, polyelectrolyte complex formation (PEC) has
rawn increasing attention for producing nanoparticles contain-
ng peptides (Mao et al., 2001). The nanoparticles prepared by
his method have several characteristics favorable for cellular
ptake and colloidal stability, including suitable diameter and
urface charge, spherical morphology and a low polydispersity
ndex indicative of a relatively homogeneous size distribution.
n addition, this method has the advantage of not necessitat-
ng aggressive conditions like organic solvents and sonication
uring preparation, therefore minimizing possible damage to
roteins and peptides during PEC formation (Mao et al., 2006).
ecent studies have shown that polyelectrolyte complexation

s a potentially useful technique for fabricating insulin delivery
ystems for peroral administration (Jintapattanakit et al., 2007).

Due to the hydrophilic properties of proteins and peptides,
any different hydrophilic nanoparticles have been developed

s drug carriers. Chitosan, a hydrophilic polysaccharide with
xcellent biocompatible and biodegradable properties has been
sed extensively in drug delivery (Agnihotri et al., 2004). How-
ver, its limited solubility, which is restricted to dilute acidic
queous media (pH below 6.0), allows its application only in

cidic condition but not in the intestinal tract where the pH
alues are higher than 6.5. Quaternized derivatives of chitosan
ave been evaluated to overcome this drawback of chitosan at
eutral pH or weakly alkaline values (Thanou et al., 2001). Chi-
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osan is positively charged at pH < 6.5 due to protonation of
he amino groups and quaternized derivatives of chitosan are
ermanently positively charged (Curti et al., 2003). Insulin is
egatively charged at a pH above its isoelectric point (appar-
nt pI 6.4) (Mao et al., 2006). Hence insulin nanoparticles can
asily be created by mixing oppositely charged molecules via
lectrostatic interaction between both entities.

The aim of this study is to introduce a nanoparticulate sys-
em using two new quaternized derivatives of chitosan, TEC
nd DMEC by PEC method for colon delivery of insulin. The
anoparticles have been characterized in terms of size, zeta
otential, polydispersity index and association efficiency. Also
n vitro release, ex vivo and in vivo studies were investigated to
etermine the efficacy of this system and the effective factors on
bsorption via this system.

. Materials and methods

.1. Materials

Chitosan (98.1% deacetylated, Mw 126 kDa, viscosity of
% w/v solution, 22 mPas) was obtained from Primex, Ice-
and. Crystalline recombinant human insulin (28.3 IU/mg) was
urchased from Eli Lilly, France; streptozotocin (SZ) from
harmacia & Upjohn, USA; ketamine hydrochloride injection
rom Rotexmedica, Germany and chlorpromazine injection from
arou pakhsh, Iran. DMEC and TEC were synthesized in our

aboratory as described by Bayat et al. (2006) and Avadi et al.
2003), respectively. All other materials were of pharmaceutical
nd analytical grades and were used as received.

.2. Synthesis of chitosan derivatives

DMEC and TEC were synthesized by partial quaterniza-
ion of chitosan as described by Bayat et al. and Avadi et al.,
espectively. We used low molecular weight chitosan (98.1%
eacetylated) and synthesized DMEC by a two-step method
Bayat et al., 2006) and TEC in one step synthesis (Avadi et al.,
003). Under optimized conditions, degree of quaternization of
bout 52 and 51% were obtained for DMEC and TEC, respec-
ively, which has been shown to be optimum for the permeation
nhancing effect (Hamman et al., 2002).

.3. Preparation of insulin nanoparticles

Chitosan (CS) was dissolved in 0.25% acetic acid aqueous
olution at 1 mg/mL concentration under stirring and adjusting
he pH to 5.5 with 1N NaOH. At this pH more than 90% of
he amine groups of CS are protonated (Mao et al., 2006). As
EC and DMEC are water soluble, these polymers were dis-
olved in purified water at the same pH and concentration as
he CS solution. Insulin (INS) solution (1 mg/mL) was prepared
y dissolving the insulin powder in 0.01N HCl, and the pH was

djusted to 8.0 with 1N NaOH. Polyelectrolyte nanoparticles
ere prepared by adding 1 mL polymer solution to an equal
olume of insulin solution in a beaker under gentle magnetic
tirring at room temperature. Nanoparticles were separated from
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queous phase by ultracentrifugation (Beckman L5-65) with
5,000 rpm at 4 ◦C for 30 min. The supernatant was collected
nd used for free insulin measurement (association efficiency)
y HPLC, and the sediment was frozen at −70 ◦C for 1 h. Freeze
rying was performed using the freeze dryer (LTE scientific
TD). Particles were dried for 48 h at a working pressure of
.8 mbar corresponding to a temperature of −43 ◦C.

.4. Characterization of the nanoparticles

Particle size of the nanoparticles was determined by photon
orrelation spectroscopy using a Zetasizer 3000HS (Malvern
nstruments, Malvern, UK). Samples were diluted with puri-
ed water and the measurements were performed at a scattering
ngle of 90◦ and at a temperature of 25 ◦C. The diameter is
alculated from the autocorrelation function of the intensity of
ight scattered from particles, assuming a spherical form for the
articles.

The polydispersity index (PdI) is a measure of dispersion
omogeneity and ranges from 0 to 1. Values close to 0 indicate
homogeneous dispersion while those greater than 0.3 indicate
igh heterogeneity.

The particle charge was quantified measuring the zeta poten-
ial by Laser Doppler Anemometry using a Zetasizer 3000HS
Malvern Instruments, Malvern, UK). Samples were diluted with
urified water. For the measurements samples were placed in the
lectrophoretic cell where a potential of 150 mV was established.
he results are presented as the mean of 3 determinations ± S.D.

The morphology of the nanoparticles was observed by
ransmission electron microscopy (TEM) using TEM-100CXII.
amples were placed onto a copper grid covered with nitrocel-

ulose. They were dried at room temperature, and then were
xamined without negative staining.

.5. Insulin loading of nanoparticles

.5.1. Association efficiency
The association efficiency of the process was determined

pon separation of the nanoparticles by ultracentrifugation at
5,000 rpm, 4 ◦C for 30 min from the aqueous medium con-
aining non-associated insulin. The amount of free insulin in the
upernatant was measured using HPLC. Twenty microliters were
njected into a chromatograph (Waters, 2695) equipped with a
V detector, and C8 column (Chrompack, 5�, 4.6 × 250 mm).
he mobile phase was a mixture of 27% acetonitrile and 73%
uffer containing 0.1 M KH2PO4 and 1% triethylamine adjusted
o pH 3.0 with phosphoric acid (Dorkoosh et al., 2002). The
ow rate was 1.5 mL/min, the wavelength was set at 214 nm.
nsulin association efficiency of the nanoparticles was calculated
ccording to the equation established by Fernandez-Urrusuno et
l. (1999).

Association efficiency
= Total amount of insulin − Free insulin

Total amount of insulin
× 100

All samples were measured in triplicate.
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.5.2. Insulin content in nanoparticles
The nanoparticles were immersed into 1N HCl aqueous solu-

ion to be completely degraded. The amount of entrapped insulin
n the nanoparticles was determined by measuring insulin in the
Cl phase after filtering through a 0.1 �m syringe filter by HPLC
ethod.

.6. In vitro release study

Insulin release from the nanoparticles was determined by
ncubating the nanoparticles in 20 mL of pH 6.8 phosphate buffer
olution (PBS) at 37 ◦C. Since the pH of colon usually is in the
ange of 6.6–7.0 (Evans et al., 1988), pH 6.8 phosphate buffer
olution (PBS) has been taken as release medium. The amount
f nanoparticles in the release media was adjusted in order to
ssess sink conditions for insulin. Samples were withdrawn at
redetermined time intervals and filtered through a 0.1 �m fil-
er. The filtrates were analyzed for the amount of insulin using
PLC.

.7. Ex vivo study

Transport of insulin across the colon membrane was deter-
ined according to the Barr and Riegelman method (Barr and
iegelman, 1970). First a section of about 5 cm of the ascending
olon was removed from a male rat under ketamine (50 mg/kg)
nd chlorpromazine (10 mg/kg) anesthesia and washed with
rebs–Ringer bicarbonate solution with pH = 6.8. Then this sec-

ion was gently inverted with a glass rod and a tube was inserted
n one side of the section and tied securely with a tape. The other
ide of the lumen was tied and 2 mL of Krebs–Ringer bicarbon-
te solution were poured by means of a hypodermic needle into
he tube. The gut sac was placed in a medium saturated with
5% O2, 5% CO2 and containing test sample in Krebs-Ringer
icarbonate solution at 37 ◦C. The test samples used include:
1) insulin (10 mg) + CS, TEC or DMEC (2%), (2) INS-CS,
NS-TEC or INS-DMEC nanoparticles (equivalent to 10 mg of
nsulin) + CS, TEC or DMEC (2%), (3) INS-CS, INS-TEC or
NS-DMEC nanoparticles (equivalent to 10 mg of insulin). In
he absorption studies, an O2 and CO2 mixture was bubbled
hrough the intestinal mucosal outer phase to obtain peristaltic

ovement. In certain time periods, 1 mL samples were drawn
rom inside of colon and the amount of transported insulin was
easured by the aforementioned HPLC method.

.8. In vivo study

Male Wistar rats (200–250 g) were rendered diabetic prior
o the study by intraperitoneal injections of 60 mg/kg strepto-
otocine (SZ) in isotonic saline solution. After 72 h, rats with
asted blood glucose levels above 250 mg/dL were used for the
xperiments. The diabetic rats were fasted for 24 h before experi-
ents, but had free access to water. The rats were anesthetized by
n intraperitoneal injection of 50 mg/kg ketamine and 10 mg/kg
hlorpromazine for surgical procedure with small incision in
bdomen cavity. After drawing blood sample at time 0 min, the
est samples were injected into the ascending colon portion. At
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ertain periods (30 and 60 min) blood samples were drawn from
he portal vein and blood glucose concentrations were imme-
iately measured using a blood glucometer. The test samples
sed were: (1) insulin (25 unit/kg) + CS, TEC or DMEC (2%),
2) INS-CS, INS-TEC or INS-DMEC nanoparticles (equivalent
o 25 unit/kg of insulin) + CS, TEC or DMEC (2%), (3) INS-CS,
NS-TEC or INS-DMEC nanoparticles (equivalent to 25 unit/kg
f insulin).

. Results

.1. Preparation of insulin nanoparticles

Recent studies have shown the effects of pH on nanoparti-
le formation using the PEC method (Park et al., 1992). Since
omplex formation between proteins and polyelectrolyte poly-
ers is primarily driven by coulombic interactions, the pH of

he insulin solution will influence the properties of the resulting
EC nanoparticles. As reported previously, at the physiolog-

cal pH of 7.4, human insulin carries two negative charges
er molecule (Brange, 1987). It has been shown that desirable
nsulin nanoparticles could be formed when the pH of insulin
olutions was between 8.0 and 8.5 (Mao et al., 2006). The pH
f polymer solutions is also very important. The pH of chitosan
olution was adjusted to 5.5 because at this pH more than 90%
f the amine groups are protonated (Mao et al., 2006). Quater-
ized derivatives of chitosan have permanent and more positive
harges but the pH of their solutions were adjusted to 5.5 like CS
olution.

Therefore, for producing nanoparticles by PEC method, poly-
er solutions (1 mg/mL) with a pH of 5.5 were added to equal

olume of insulin solution under gentle magnetic stirring. Insulin
anoparticles were formed spontaneously when the final sys-
em pH was about 5.5, 6.6 and 6.5 for INS-CS, INS-TEC and
NS-DMEC nanoparticles, respectively.

.2. Characterization of the nanoparticles

The freeze dried nanoparticles prepared by the PEC method
ere of a white powdered shape and insoluble in water, dilute

cidic and alkali solutions. The particle size of nanoparticles is
hown in Table 1. As in this table, the mean diameter of particles
s 267.5, 175.2 and 171.5 nm for INS-CS, INS-TEC and INS-
MEC nanoparticles, respectively. Chitosan nanoparticles have
arger size than quaternized derivatives nanoparticles because
f the higher molecular weight of chitosan. During synthesis of
he quaternized chitosan derivatives due to the harsh synthesis
onditions the molecular weight of the derivatives is reduced
hich also results in smaller particles sizes.

3

C
g

able 1
roperties and characteristics of the nanoparticles

anoparticles Mean diameter (nm) Zeta potential (mV) P

NS-CS 267.5 ± 15.1 17.6 ± 3.9 0
NS-TEC 175.2 ± 10.3 25.1 ± 3.7 0
NS-DMEC 171.5 ± 9.6 26.2 ± 4.1 0
harmaceutics 356 (2008) 259–266

The zeta potential of a nanoparticle is commonly used to
haracterize the surface charge of nanoparticles (Couvreur et
l., 2002). It reflects the electrical potential of particles and is
nfluenced by the composition of the particle and the medium in
hich it is dispersed. The zeta potentials of all of the nanoparti-

les are listed in Table 1. As seen in this table the zeta potential of
NS-CS, INS-TEC and INS-DMEC nanoparticles are 17.6, 25.1
nd 26.2 mV, respectively. All of the nanoparticles are positively
harged, but the charge value of DMEC and TEC nanoparticles
re higher than that of the chitosan nanoparticles because of the
tronger positive charges of the quaternary ammonium group.
ommonly, the polydispersity index is an index of stability and
ispersion homogeneity. As given in Table 1, all of the nanopar-
icles have a desired polydispersity index less than 0.3 indicating
homogenous size distribution.

.3. Insulin loading of the nanoparticles

The association efficiency (AE) of the nanoparticles is shown
n Table 1. Ideally, a successful nanoparticulate system should
ave a high drug loading capacity. As several studies have shown,
he electrostatic interactions between the acidic groups of insulin
nd amino groups of chitosan and its quaternized derivatives
lay a dominant role in the association of the insulin to the
anoparticles (Calvo et al., 1997). As seen in Table 1, the AEs
f INS-CS, INS-TEC and INS-DMEC nanoparticles are 84.31,
0.37 and 89.49%, respectively. All of the nanoparticles show a
igh AE, but TEC and DMEC nanoprticles have a slightly higher
E than CS nanoparticles most probably because of stronger
ositive charges.

The insulin contents in the nanoparticles show similar results
s the AEs. As seen in Table 1, the insulin contents in INS-CS,
NS-TEC and INS-DMEC nanoparticles are 81.95, 87.94 and
6.86%, respectively.

.4. Transmission electron microscopy

Fig. 1 shows the TEM photograph of the nanoparticles. All of
he nanoparticles exhibit spherical and sub-spherical shapes with
mooth surface structure devoid of cracks. Besides, the majority
f particles are separated from each other, suggesting that these
anoparticles are possibly stabilized against agglomeration by
heir strong surface charges.

.5. Release of insulin from nanoparticles
The insulin release was studied as a function of time. INS-
S, INS-TEC and INS-DMEC nanoparticles containing above
iven insulin loads were used. It has been shown previously

olydispersity Association efficiency (%) Insulin content (%)

.253 84.31 81.95

.178 90.37 87.94

.164 89.49 86.86
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Fig. 1. Transmission electron microscopy of (a) IN

hat if the drug is loaded by the PEC method, the system has
relatively small burst effect and better sustained release char-

cteristics (Fresta et al., 1995). The in vitro release profiles of
nsulin from chitosan and its derivatives nanoparticles at pH
.8 is illustrated in Fig. 2. Insulin released from INS-CS, INS-
EC and INS-DMEC nanoparticles after 5 h in pH 6.8 phosphate
uffer solution were 33.4, 44.3 and 47.3%, respectively. These
esults show that these systems have a small burst effect and then
ustained release characteristics for 5 h, indicating a good insulin
ncorporation complexation. Insulin release from INS-TEC and
NS-DMEC nanoparticles is higher than INS-CS nanoparticles
ecause of more solubility of TEC and DMEC polymers in
eutral and alkaline media.

.6. Ex vivo study

In this study we measured the amount of insulin transported
cross the colonic barrier using the inverted gut-sac method.
he amount of insulin transported from nanoparticles at pH
.8 has been shown in Fig. 3. As seen in this figure after

◦
20 min at 37 C, the amount of insulin transported across the
ntestinal barriers with INS-TEC and INS-DMEC nanoparti-
les was significantly higher than free insulin, and presence
f free polymers enhance the transport. Consequently, on the

ig. 2. In vitro release profiles of insulin from nanoparticles in PBS pH = 6.8.
, (b) INS-TEC and (c) INS-DMEC nanoparticles.

asis of these results, it was hypothesized that insulin is not
Fig. 3. Profile of the amount of insulin transported in medium pH = 6.8.
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Table 2
Blood glucose concentration (mg/dL, n = 4)

Test sample 0 min After 30 min After 60 min

Insulin 395.7 ± 9.87 388.3 ± 25.3 399.2 ± 12.5
Inslin + DMEC 2% 405.8 ± 31.2 379.8 ± 25.8 365.5 ± 18.8
Insulin + TEC 2% 412.1 ± 26.5 396.5 ± 30.1 381.6 ± 35.2
Insulin + CS 2% 409.5 ± 27.1 401.2 ± 21.1 395.6 ± 18.4
DMEC-INS nano 401.2 ± 26.5 310.7 ± 35.5 264.5 ± 17.6
TEC-INS nano 405.6 ± 32.2 321.2 ± 28.1 285.4 ± 22.3
CS-INS nano 403.3 ± 29.1 365.6 ± 44.1 326.3 ± 29.4
DMEC-INS

nano + DMEC
2%

389.3 ± 19.3 299.1 ± 22.6 232.3 ± 18.9

TEC-INS
nano + TEC 2%

401.7 ± 31.1 310.2 ± 29.8 249.6 ± 33.5
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CS-INS nano + CS
2%

414.5 ± 27.9 379.2 ± 31.2 311.6 ± 21.3

.7. In vivo study

The mean blood glucose concentration after ascending colon
dministration of the nanoparticles and free insulin is shown
n Table 2. Normal blood glucose concentration in the dia-
etic rats ranged from 395.7 ± 9.8 mg/dL at time 0 min to
99.2 ± 12.5 mg/dL after 60 min. As it has been shown in
able 2, there was no decrease in blood glucose level after colon

njection of free insulin or free insulin at the presence of poly-
ers. This demonstrates that insulin was not able to permeate

rom cell membrane on colon. In contrast, there was a signifi-
ant change in blood glucose, when INS-TEC and INS-DMEC
anoparticles were injected into ascending colon. The presence
f free polymer with these nanoparticles enhances the glucose
owering effect of the nanoparticles. As it is seen in the Table 2,
he hypoglycemic effects of INS-CS nanoparticles are lower than
NS-TEC and INS-DMEC nanoparticles due to larger particle
ize, less positive charge and also the less solubility of chitosan
n neutral and alkaline media.

. Discussion

The development of a delivery system for peptides and pro-
eins that improves the oral absorption of these compounds
hose bioavailability is very low because of instability in the
I tract and low permeability through the intestinal membrane

s one of the greatest challenges in the pharmaceutical field.
espite numerous studies, oral bioavailability of insulin is quite

ow and normally insufficient for producing an effective sys-
emic effect (Carino and Mathiowits, 1999; Owens et al., 2003).
herefore, developing an effective oral delivery system for these
ompounds has drawn increasing attention. A successful system
hould not only protect the drugs from enzymatic degradation
ut also increase the drug permeability within in the gastroin-
estinal barriers. To date, various drug delivery systems have
een used to develop oral delivery of proteins and peptides, how-

ver, the systems have not shown sufficient bioavailability when
dministrated orally.

Colon targeted drug delivery is useful in improving the
bsorption of peptide drugs via the GI tract. Colon has been
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etermined as an ideal site for peptide absorption. Site specific
rug delivery to the colon is of special interest for drugs which
re instable in the upper part of the gastrointestinal tracts. The
olon is thought to have lower enzymatic activity than other
egions of the GI, hence if protein and peptides like insulin can
e delivered to this site, a greater efficiency of absorption would
e expected. Most of the absorption in the colon occurs in the
roximal one half of the colon, giving this portion the name,
bsorbing colon (Wilson and Basit, 2005).

In order to develop therapeutically effective oral insulin sys-
ems via colon delivery, one delivery strategy could be based
n the encapsulation of insulin in nanoparticulate carriers. This
ould protect insulin against chemical and enzymatic degrada-

ion and potentially also enhance the selective uptake of these
articles by various cells (Clark et al., 2001). Preparation of
anoparticles by the PEC method have several characteristics
avorable for cellular uptake and colloidal stability, including
uitable diameter and surface charge, spherical morphology and
low polydispersity index indicative of a homogeneous size dis-

ribution. A major advantage of this method is that drug loading
an be achieved without the aid of organic solvents or other
armful treatment. By this technique more than 80% encapsu-
ation efficiency was achieved with chitosan and its quaternized
erivatives.

In general, the in vitro and in vivo behavior of nanoparticles
ends to be greatly dominated by their physicochemical proper-
ies such as particle size, surface charge and shape of particles
Sakuma et al., 1998; Sakuma et al., 1990). As it is found in
his study, all of the nanoparticles show positive charges. This
mplies that insulin was encapsulated in the polymers project-
ng their positively charged chains towards the external aqueous

edium, which will subsequently increase the interaction with
he negatively charged cell surface and facilitate insulin uptake.
t has already been demonstrated that positively charged parti-
les are more absorbed than the neutral or negatively ones (Janes
t al., 2001). Here we showed that particle size and presence
f quaternized derivatives of chitosan are two main factors in
ransport and absorption of nanoparticles.

The profile of drug release from nanoparticles can be affected
y method of preparation and also by ionic interaction between
he drug and addition of auxillary ingredients. If the drug is
oaded by incorporation method, the system has a relatively
mall burst effect and then sustained release characteristics.

hen the drug is involved in interaction with auxillary ingredi-
nts to form a less water soluble complex, then the drug release
an be very slow with almost no burst effect. The release results
how good incorporation of insulin in polymers with ionic inter-
ction between insulin and polymers.

As it is found in this study, the release of insulin from nanopar-
icles in ex vivo is higher than in vitro which seems to be due to
ifference of the mechanism of release. In vitro release is less
ince drug is released mainly from surface of the nanoparticles
nd nanoparticles will not degrade completely in the in vitro

edia and remain relatively intact. However, ex vivo release

s more since in this media, in addition to effect of medium,
arious tissue enzymes and mucin from mucus membranes will
ause degradation of nanoparticles and release of drug is not only
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rom surface of nanoparticles but also from degraded nanopar-
icles.

It is clearly demonstrated that the low bioavailability of
nsulin is improved significantly by the nanoparticulate sys-
em (Krauland and Alonso, 2007; Vila et al., 2002; Takeuchi et
l., 2001). In general, the gastrointestinal absorption of partic-
late materials involves either paracellular route or endocytotic
athway (Mohanraj and Chen, 2006). The paracellular route of
bsorption of nanoparticles utilizes less than 1% of mucosal
urface area. It has been reported that hydrophilic polymers like
hitosan and its quaternized derivatives by involving actin fil-
ments of intestinal or colonic epithelium, are able to increase
ermeability of particles through the opening of tight junctions
etween epithelial cells and this property is closely related to
he enhancement effect of peptide absorption (Borchard et al.,
996). Endocytotic pathway for absorption of nanoparticles is
ither by receptor-mediated endocytosis, that is, active target-
ng, or adsorptive endocytosis which does not need any ligands.
his process is initiated by an unspecific physical adsorption
f material to the cell surface by electrostatic forces such as
ydrogen bonding or hydrophobic interactions (Florence and
ussain, 2001). Our results can propose that both paracellular

nd endocytosis are the main routes of absorption for nanopar-
icles and depends primarily on the size and surface charge of
articles. It is clearly shown that insulin nanoparticles exhibit
igher insulin transport across the barriers and also better absorp-
ion in colon, than free insulin. It seems that the mechanism of
he absorption of the nanoparticles is via endocytotic pathway
n colon, and presence of free polymers enhances the absorption
y paracellular route. The highest transport and absorption of
nsulin and the most effectiveness in lowering the blood glucose
evel was achieved by INS-TEC and INS-DMEC nanoparticles
n presence of free TEC and DMEC, respectively which can
e translated to better up-take and interaction of nanoparticles
ith cell membranes and therefore higher transport of insulin
anoparticles. INS-CS nanoparticles exhibit low insulin trans-
ort and absorption because of large particle size, less positive
harge and poor solubility of chitosan in neutral or alkaline pH.
s particle size of INS-CS nanoparticles is more than 250 nm,

t seems that particle size less than 200 nm is more suitable for
ndocytosis absorption of nanoparticles.

However, since the particle size of INS-TEC and INS-DMEC
anoparticles are less than 200 nm (175.2 and 171.5 nm, respec-
ively) the endocytosis phenomenon is governing the absorption
f these particles through colonic barriers.

. Conclusions

Insulin nanoparticles using CS, TEC and DMEC were
repared by the polyelectrolyte complexation method. The
emarkable advantage of this system is, preparing nanoparticles
nder mild conditions without any organic solvents and surfac-
ants. All of the nanoparticles showed a positive charge that can

acilitate insulin uptake, and have low burst effect and steady
elease behavior of insulin in vitro. DMEC and TEC nanoparti-
les have smaller particle size and higher insulin loading than CS
anoparticles. More insulin is incorporated in DMEC and TEC

C

C

harmaceutics 356 (2008) 259–266 265

anoparticles than in CS nanoparticles and also the transport and
bsorption of insulin in GI tract is higher. The blood glucose low-
ring effect of these nanoparticles after injection into ascending
olon is much better than free insulin or CS nanoparticles. The
esults of this study indicate that nanoparticles prepared by quat-
rnized derivatives of chitosan seem to be a promising vehicle
or oral administration of proteins and peptides via colon absorp-
ion. However, an appropriate in vivo study is necessary to fully
valuate the potential of this system after oral administration of
he drug delivery and colon absorption.
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