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the intestinal mucosa.

The objective was to explore the potential of decanoic acid grafted oligochitosan nanoparticles (CSO-DA
NPs)as acarrier for insulin. The insulin-loaded CSO-DA NPs obtained by varying the pH and concentrations
of CSO and DA had a particle size of 200.6 + 71.2 nm, with an entrapment efficiency and loading efficiency
of 61.18% and 5.56%, respectively. An in vitro study of the formulation showed typical burst of insulin
and pH-dependent characteristics. The NPs administered by the in situ loop method were effective in
lowering the serum glucose level of rats which was based on the synergistic effect of adhesion of CSO
and permeation enhancing effect of DA. In particular, the 501U/kg-dose of CSO-DA NPs reduced the
serum glucose level by 57.18%. Histopathology investigations showed that the CSO-DA NPs had a low
toxicity. Therefore, CSO-DA nanoparticles appear to be promising vehicles for insulin transport through

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Insulin is usually administered by subcutaneous injection in
clinical situations but, ideally, the oral route is by far the most
convenient and comfortable way of delivering insulin. However,
oral administration of pure insulin solution is totally ineffective
in reducing blood glucose levels. It is due to the intrinsically poorly
absorbable characteristic through the intestinal membrane and the
highly susceptible characteristic to enzymatic degradation in the
gastrointestinal (GI) tract. Entrapment of peptide drugs in nano-
carriers protects them against the harsh environment of the GI
tract until they are absorbed or released in intact particulate form
(Makhlof, Tozuka, & Takeuchi, 2011). This leads to the rising needs
to develop new formulation strategies emphasizing on the assem-
bly of insulin and excipients into a physical structure to maintain
the stability and increase the bioavailability of insulin. In recent
decades, numerous attempts have been made to deliver drugs
across the intestinal mucosa, such as using mucoadhesives (Zhang
et al., 2012), pH-sensitive methods (Nguyen et al., 2011), chemical
modification (Asada et al., 1995), anti-proteases (Aoki, Morishita,
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& Takayama, 2005) and different formulations and dosage forms
(Fetih et al., 2006; Tozaki et al., 1997). In these approaches, absorp-
tion enhancers, including surfactants, bile salts, chelating agents
and fatty acids, are one of the most promising methods.

In recent years, sodium decanoate, the sodium salt of the
aliphatic saturated 10-carbon medium chain fatty acid decanoic
acid (DA), has been shown to promote the transmucosal absorption
of drugs, apparently by enhancing the permeability of the para-
cellular pathway (Chao et al.,, 1999). It is reported that decanoate
induces in intestinal epithelial monolayers a fast and reversible
reduction in transepithelial resistance (TER), which is based on a
change in tight junctions, while the transcellular (cell membrane)
resistance remains unaffected (Krug et al., 2013). Also, the kinetics
and reversibility of the mechanism indicate that sodium decanoate
is a promising candidate for the development of intestinal delivery
strategies for drugs. Furthermore, decanoic acid is present in dairy
products, particularly milk and it is approved by the FDA as a direct
food additive for human consumption.

Chitosan, the cationic (1-4)-2-amino-2-deoxy-[3-D-glucan pro-
duced from chitin (Muzzarelli, 2010; Muzzarelli et al.,, 2012)
is being studied extensively in several sophisticated fields such
as immunochemistry, medical aids, enzyme immobilization and
membrane technology (Muzzarelli, 1983; Muzzarelli et al., 2012)
owing to its biocompatibility, biodegradability, and absence of
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toxicity. It is a mucoadhesive and sorbefacient polysaccharide,
which can adhere to the surface of epithelial cell membrane
through ionic interactions (Lehr, Bouwstra, Schacht, & Junginger,
1992) and reduce transepithelial electrical resistance and then
transiently open tight junctions between epithelial cells to enhance
insulin absorption (Artursson, Lindmark, Davis, & Illum, 1994;
[llum, 1998). Chitosan has also been employed as a pharmaceu-
tical excipient in oral drug formulations in order to improve the
dissolution of poorly absorbable drugs (Imai, Shiraishi, Saito, &
Otagiri, 1991; Sawayanagi, Nambu, & Nagai, 1982a, 1982b) or
for sustained release of drugs by a process of slow erosion from
a hydrated compressed matrix (Miyazaki, Ishii, & Nadai, 1981;
Miyazaki, Yamaguchi, Yokouchi, Takada, & Hou, 1988; Takayama
et al.,, 1990). In the recent decades, chitosan can be used in solu-
tions, hydrogels and nano/microparticles, while an endless array
of chitosan derivatives with customized biochemical properties
can be prepared through facile conjugation of side chain moi-
eties to solvent-accessible amine and hydroxyl groups (Smith,
Ravindranathan, Jayanthi, Suresh Kumar, & Zaharoff, 2014). PEG-
grafting (Makuska & Gorochovceva, 2006), sulfonation (Qiao et al.,
2011), quaternarization (Mao et al., 2001) and carboxymethylation
(Gu, Song, Li, & Sui, 2011) are the common methods to modify
chitosan. Oligochitosan (CSO) is a natural degradation product of
chitosan. It is soluble in water and preserves the beneficial proper-
ties of chitosan. In addition, CSO has reactive amino and hydroxyl
groups, and so many CSO derivatives for pharmaceutical applica-
tion can be obtained by chemically altering its properties under
mild reaction conditions (Kim et al., 2005; Kwon et al., 2003;
Yoksan, Matsusaki, Akashi, & Chirachanchai, 2004). To sum up, CSO
is regarded as an ideal carrier for insulin delivery. In consideration
of the dual mechanism of CSO and DA, a novel material was syn-
thesized which combined both of their properties to enhance the
oral effect of insulin.

The aim of this work was to explore the potential of decanoic
acid grafted oligochitosan nanoparticles (CSO-DA NPs) as a car-
rier for delivering insulin by the oral route. The formulations of
insulin-loaded NPs made of CSO-DA and CSO were designed and
characterized including the particles size distribution, morphol-
ogy, insulin loading and in vitro release. The biological efficacy after
ileum administration of NPs in normal rats was studied.

2. Materials and methods
2.1. Materials

Porcine insulin (27.5 IU/mg) was purchased from Xuzhou Wan-
bang Biochemical Pharmaceutical Co., Ltd., (China). Oligochitosan
(CSO, Mw =5kDa, with a 90% degree of deacetylation) was from
Zhejiang Goledn-Shell Pharmaceutical Co., Ltd., (China). Decanoic
acid (DA) and 2, 4, 6-Trinitrobenzenesulfonic acid solution (TNBS)
was from Aladdin Chemistry Co., Ltd (Shanghai, China). 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was
purchased from Sigma (St. Louis, MO, USA) and sodium pentobar-
bital was obtained from Chengdu Grecia Chemical Technology Co.,
Ltd (Shandong, China).

SD rats (200 £ 20 g) were purchased from the Experimental Ani-
mal Center of Shenyang Pharmaceutical University and treated,
during the entire study, according to protocols evaluated and
approved by the University Ethical Committee.

2.2. Synthesis of CSO-DA

2.2.1. Preparation of CSO-DA
The complex reaction to prepare oligochitosan-decanoic acid
(CSO-DA) took place between the carboxyl groups of DA and the

amine groups of CSO in the presence of EDC (Hu, Wu, Du, You, &
Yuan, 2008; Zhao et al., 2012). Firstly, CSO (0.5g) was dissolved
in 30 ml deionized water (DI water), and decanoic acid was dis-
solved in 20 ml methanol. They were then heated to 80°C under
stirring. The CSO solution was added to the mixture after EDC was
mixed into the DA solution, and the coupling reaction was carried
out at 80 °C for 5 h. Then, the reaction solution was cooled to room
temperature and dialyzed against distilled water using a dialysis
membrane (Mw: 3.5 kDa) for 24 h to remove water-soluble byprod-
ucts and then the dialyzed product was lyophilized. Finally, the
lyophilized product was washed three times with 20 ml ethanol to
remove unreacted DA. The suspension was then passed through a
0.8 wm millipore filter and the precipitate was collected, and dried
to obtain the DA-grafted-CSO copolymer (CSO-DA).

2.2.2. Determination of the degree of substitution of CSO-DA

The substitution degree (SD%) of amino groups was measured
by the TNBS method (Bernkop-Schniirch & Krajicek, 1998), using
a calibration curve obtained by the amino-group determination
of a series of CSO solutions with different concentrations. Then
10.00 mg CSO-DA was suspended in 10 ml distilled water and incu-
bated with 2 ml 4% NaHCO3; and 2ml 0.1% TNBS at 37°C for 2 h.
Subsequently, 2 ml 2 N HCI solution was added to the mixture to
neutralize the residual of NaHCOs, The final reaction product was
measured by UV spectroscopy at an absorbance wavelength of
344 nm.

An 'H NMR spectrum was obtained to confirm the synthesis of
CSO-DA. The sample was measured at 25 °C with about 0.05wt.%
D,0 solution using an NMR spectrometer.

IR spectra of resulted products were measured by EQUINOX
55-type spectrometer (Bruker Co., Germany) to determine the
chemical interaction between CSO and DA.

2.3. Investigation of the conditions for the formulation of NPs

2.3.1. Preparation of CSO NPs

CSO-NPs were prepared by the ionotropic gelation between CSO
with TPP according to the process reported by Calvo, Vila-Jato, and
Alonso (1997). CSO and TPP were respectively dissolved in deion-
ized water at different concentrations. Then, different volumes of
TPP solutions were added dropwise to CSO solutions at different
pH values and the different concentrations were passed through a
syringe needle under magnetic stirring at 25 °C. The particle size
and colloidal stability of the products were used to select the best
formulation parameters to prepare the nanoparticles.

2.3.2. Preparation of CSO-DA NPs

CSO-DA NPs were prepared according to the procedure previ-
ously developed by our group. CSO-DA was dissolved in deionized
water at a concentration of 1.0 mg/ml and the pH was adjusted to
5.5.Then, 1.0 ml TPP solution was added drop-wise to 10.0 ml CSO-
DA solution using a magnetic stirrer. The suspension obtained was
stirred for a further 30 min.

For the association of insulin to CSO-DA NPs, insulin was pre-
mixed in TPP solution. The concentration of insulin ranged from
0.5 mg/ml to 1.5 mg/ml, and nanoparticles were obtained.

To avoid particle aggregation, the suspensions were mixed with
an equal volume of 1% trehalose (pH 6.0) which served as a cry-
oprotectant. The NPs were then lyophilized and stored at 4 °C until
required for further studies.

2.3.3. Invitro characterization

The particle size was determined by dynamic light-scattering
using a Nicomp380/ZLS apparatus (Santa Barbara, CA). Zeta poten-
tial determinations were made by the laser doppler electrophoresis
(LDE) method using the same instrument.
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The morphology of the particles was examined under transmis-
sion electron microscopy (TEM) and scanning electron microscopy
(SEM) provided by the China Medical University and Institute of
Metal Research, Chinese Academy of Sciences, respectively. A drop
of NPs suspension was added to a carbon-coated copper grid and
stained with osmium tetroxide. After drying completely, the TEM
analysis was carried out. A small sample of the freeze-dried powder
was placed on a conductive tape and uniformly sprayed with gold.
Then, the shape of the NPs was examined using SEM images.

The entrapment efficiency (EE%) and loading efficiency (LE%) of
insulin in NPs were measured after centrifugation of the NP sus-
pensions (40,000 x rpm, 4°C for 2 h, Hitachi koki Co., Ltd. Japan)
and the amount of drug in the supernatant was assayed using
HPLC. The HPLC system consisted of an isocratic pump (Hitachi
L-7420, Japan), a UV-vis detector (Hitachi L-7100, Japan), and a
Phenomenex® Prodigy 5u ODS3 100A column (250 mm x 4.60 mm,
Phenomenex., USA). The mobile phase consisted of 0.2 M sulfate
buffer solution, to which 2 ml phosphoric acid was added, and the
pH of the solution was adjusted to 2.3 by ethanolamine (A) and
acetonitrile (B) (A:B=73:27, v/v), and the flow rate was 1.0 ml/min.
The detection wavelength was 214 nm and the column temperature
was maintained at 25°C.

The drug entrapment efficiency (EE%) and loading efficiency
(LE%) were calculated according to the following equations:

total drug — drugin supernatant N

EE% = total drug

100 1)

total drug — drugin supernatant

LE% = - -
weight of nanoparticles

x 100 2)

2.4. Invitro release of insulin nanoparticles

Insulin released from the freeze-dried NPs was determined by
incubating nanoparticles at 37 °C in phosphate buffer (pH=1.2,7.4)
with mild stirring. Ten mg samples of nanoparticles were redis-
solved in 5 ml buffer and at pre-determined time intervals (0.5, 1,
2, 4, 6h), samples were centrifuged (40,000 x rpm, 30 min), and
the supernatant was removed and replaced by fresh buffer. The
amount of free insulin was determined by HPLC. The amount of
insulin released was expressed as a percentage of the total insulin
associated with the NPs as calculated from the loading efficiency.

2.5. Bioactivity stability

In order to determine the bioactivity of the nanoparticles, the
lyophilized nanoparticles redissolved in normal saline were sub-
cutaneously injected into normal rats at a dose of 5IU/kg. Insulin
solution in normal saline (5IU/kg) served as a control. Before
and after administration, the hourly blood glucose levels were
measured by a glucometer (ACCU-CHEK® Active Sensor, Roche
Diagnostics, Mannheim, Germany).

2.6. Absorption experiments using the in situ loop method

Intestinal absorption was evaluated by the methods described
previously with slight modification (lida, Tomita, Idota, Takizawa,
& Hayashi, 2006; Takizawa, Kitazato, Kishimoto, Tomita, & Hayashi,
2011).Male SD rats weighing 180-220 g were fasted for 12 h before
the experiments. The surgery was performed according to previ-
ous reports (Kamei, Morishita, Ehara, & Takayama, 2008; Kamesi,
Morishita, & Takayama, 2009; Morishita, Kamei, Ehara, Isowa, &
Takayama, 2007). Firstly, rats were anesthetized by intraperitoneal
injection of sodium pentobarbital (100 mg/kg) and restrained in
a supine position at 37°C. Then, the ileum was exposed follow-
ing a small midline incision carefully made in the abdomen, and
ileum segments (approximately 10 cm) were selected by tying both

ends of the segment for the in situ absorption experiment. Subse-
quently, the intestinal contents were washed out with 10 ml PBS
warmed to 37 °C. The rats were left on the pad for an additional
30min to recover from the elevated blood glucose concentration
resulting from the surgery. After a period of rest, 1ml CSO-DA-
Ins NPs (501U/kg, 251U/kg) was redissolved separately in normal
saline and injected into the ligated segments. CSO-Ins NPs (50 IU/kg,
251U/kg) groups were used as control groups. Blood samples were
withdrawn from the caudal vein 5 min prior to dose administration,
and 0.5, 1, 2, 3,4, 5 and 6 h following administration. Blood glucose
levels were measured by glucometer (ACCU-CHEK® Active Sensor,
Roche Diagnostics, Mannheim, Germany).

2.7. Tissue histology

Histological studies were performed to evaluate the effect of
NPs on the intestine. The method of evaluation of intestinal biopsies
was as previously described (Whitehead, Shen, & Mitragotri, 2004).
NPs redissolved in saline were administered by injecting into the
intestinal loop and the animals were sacrificed after 1 and 4 h. The
intestines exposed to NPs were excised, fixed in formalin, sectioned
and stained using hematoxylin and eosin.

2.8. Statistical analysis

Statistical analysis for the determination of differences in the
measured properties between groups was accomplished by one-
way analysis of variance and determination of confidence intervals,
performed using the Independent Samples t-test. All data are
presented as mean values with standard deviations indicated
(mean + SD).

3. Result and discussion
3.1. Synthesis and characteristics of CSO-DA

In this study, CSO-DA was synthesized by a coupling reaction of
DA and CSO. By controlling the amount of CSO, DA and EDC, CSO-
DA copolymer with different substitution degrees (SD%) could be
obtained. Fig. 1(A) shows the SD% of CSO-DA containing different
amounts of DA determined by the TNBS method. TNBS is a sub-
stance that can react with the unreacted primary amino that are
present on the CSO-DA molecules. The absorbance of the reaction
production was measured by UV spectrophotometry. According to
previous studies, the higher the SD% reached, the less amidogen
was left and, consequently, the lower the surface charge density
present. However, too high an SD% was disadvantageous for the sta-
bility of NPs and the interaction between the NPs and the intestinal
mucosa. Based on the above, the SD% of CSO-DA used in this paper
was determined to be 25.43%.

The 'H NMR spectrum illustrated the binding between DA and
CSO. As shown in Fig. 1(B), it can be seen that the peak at 1.9 ppm
revealed the three N-acetyl protons of N-acetyl glucosamine and
peak at 3 ppm showed the H2 proton of N-acetyl glucosamine or
glucosamine residue. The ring protons of oligochitosan are consid-
ered to resonate at 3.4-3.8 ppm. The results are the same as the
previous research (Layek & Singh, 2012). The new proton peaks
of CH3 (at 0.9 ppm) and CHj (at 1.1 ppm and 1.3 ppm) of DA were
observed in the 'H NMR spectrum of CSO-DA, while there no such
peaks were observed in the same chemical shifts of the TH NMR
spectrum of CSO.

Moreover, it is clear that the peaks of amide bands I and Il of CSO
are appeared at 1625 cm~! and 1517 cm™!, respectively (Fig. 1(C)).
The new peaks of amide bands I and Il were observed at 1632 cm™!
and 1526 cm~! in the spectra of CSO-DA, respectively. The shifted
peaks of amide bands I and II were caused by the amide band
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Fig. 1. (A) Synthetic route of CSO-DA conjugates and the SD of CSO-DA compounded with different amount of DA and EDC. (B) 'H NMR spectra of CSO (a), DA (b) and CSO-DA

(c). (C) FTIR spectra of CSO, DA and CSO-DA.

between CSO and DA. On the other hand, no absorption peak of the
carboxyl groups of DA (1710 cm~1) was found in the IR spectra of
CSO-DA. These results demonstrated that CSO-DA was successfully
synthesized by this method.

3.2. Preparation of nanoparticles and in vitro characterization

Asreported by Berger (Berger, Reist, Mayer, Felt, & Gurny, 2004),
chitosan can interact with negatively charged TPP forming inter-
and intra-molecular cross-linkages, yielding ionically cross-linked
nanoparticles. This method resulted in spontaneous formation of
nanoparticles of smaller size with an opposite charge without using
any organic solvent or surfacants, all of which help to maintain the
biological activity of insulin. Since smaller particles are generally
taken up more by intestinal epithelia than larger ones, the par-
ticle size served as a key factor in the formulation selection. The
results of a preliminary investigation of the experimental condi-
tions showed that nanoparticles could be obtained by varying the
pH of CSO and the concentrations of TPP and CSO. CSO-NPs were
prepared in the pH range of 2-8 and this was achieved by care-
ful control of the acidity and alkalinity of the chitosan and TPP
solutions, respectively. Three different systems could be identified
visually: solution, suspension and aggregation. When the pH was
<4 or >6, coacervation of the NPs would occur. As illustrated in
Table 1, investigation focused on the pH from 4 to 6. Adjusting the
pH of CSO to 5 or 5.5, suspensions were obtained and the optimal
particle size was 189.0 £+ 24.2 nmand 182.9 + 79.6 nm, respectively.

In respect of CSO-DA, this trend agreed well with previously results.
Fixing the pH of CSO-DA at 5.5, and altering the ratio of CSO-DA
and TPP, the nanoparticles formed stable colloidal particles with
a narrow size distribution. This effect could be explained by the

Table 1

Average particle size of CSO NPs (a. Average particle size of CSO NPs obtained with
varying pH and TPP/weight ratios of the nanoparticles) and CSO-DA NPs (b. Average
particle size of CSO-DA NPs obtained with varying concentrations of CSO-DA and
TPP of the nanoparticles (pH 5.5)).

Ratio (w/w) pH=4 pH=5 pH=55 pH=6
(a)
5:1 Aggregation  Weak Weak Aggregation
opalescence opalescence
6.25:1 Aggregation  489.1+62.4 2344+1113 Aggregation
10:1 Aggregation  355.3+44.9 216.7+77.6 Aggregation
12.5:1 Aggregation  189.0+24.2 182.9+79.6 Aggregation
Concentration of Concentration Colloidal Particle size
CSO-DA (mg/ml) of TPP (mg/ml) stability
(b)
0.5 1.0 Aggregation -
1.0 0.5 Solution 191.1 £ 26.2
0.8 Opalescence 1753 £ 223
1.0 Opalescence 296.5 + 36.9
1.2 Opalescence 361.4 + 51.7
1.5 Opalescence 594.2 £+ 79.9
1.5 1.0 Opalescence 307.0 + 36.2
2.0 1.0 Opalescence 479.9 + 60.3
3.0 1.0 Opalescence 343.9 £+ 37.2
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nature of ionic gelation: ionotropic gelation occurred as the amino
groups in CSO were protonated and charged positively. The degree
of protonation of the amino groups in CSO increased as the acidity
decreased (Makhlof et al.,2011). When the pH of CSO was adjusted
to 5-5.5, more than 90% of the amino groups were protonated (Mao,
Bakowsky, Jintapattanakit, & Kissel, 2006). On the other hand, TPP
dissolved in water dissociated into hydroxide and tripolyphospho-
ric ions. At basic pH, both hydroxide and tripolyphosphoric ions
could react ionically with the protonated amino groups of CSO by
basic deprotonation and ionic cross-linking competitively. By mak-
ing the pH acidic only P300°~ ions existed and no additional anions
were generated for deprotonation, so the particles formed would
be only by ionic reaction (Dudhani & Kosaraju, 2010). Unexpect-
edly when the pH of TPP was 5-6, the particle distribution index
(PDI) was too large and it did not conform to the pre-research
by Dudhani. The reason for this might be that the intra-molecular
binding of CSO chains with P301¢°~ followed chain softening which
was induced by OH~ ions (Kaloti & Bohidar, 2010). The amino
sites on the CSO chain were partially bound to the hydroxyl ions
preferentially so that the chain stiffness was reduced and, in the
next step, tripolyphosphoric ions triggered intra-molecular link-
ages that folded the chains into nanoparticles. Considering all these
factors in an integrated manner, in our study, the pH of CSO was
set at 5.5 while the pH of TPP was unregulated.

The concentration was another key factor determining the parti-
cle size of NPs. Different formulations were prepared with different
initial concentrations of CSO-DA (0.5-2.0 mg/ml) and TPP solutions
(0.5-1.5mg/ml). At very low or high concentrations either a clear
solution was seen or large nanoparticles with a low colloidal stabil-
ity were obtained. More specifically, on fixing the TPP concentration
at 1 mg/ml, the particle size increased on increasing the concen-
tration of CSO-DA. When the concentration of CSO-DA was set at
1 mg/ml, an increase in the TPP concentration led to a slight ini-
tial decrease in the nanoparticles followed by an enlargement after
the TPP increased. When the TPP concentration was 0.8 mg/ml, a
minimum of 175.3 £+ 22.3 nm was obtained. As a TPP concentration
less than 0.8 mg/ml, the nanoparticles were loose and inflated. On
adding TPP, the intermolecular force increased and the particle size
decreased. Once the TPP concentration was higher than the critical
value, the nanoparticles aggregated easily. The particle size exhib-
ited a slight increase following the addition of insulin, and it was
only 200.6 + 71.2 nm. Hence the final conditions were defined as a
pH of 5.5, and concentrations of CSO-DA and TPP of 1.0 mg/ml and
0.8 mg/ml, respectively. The experimental results showed that the
zeta potential was only 4.59 mV because the molecular weight of
CSO was very low. It is known that the stability of insulin is poor
in liquids. Thus, the nanoparticles obtained need be lyophilized to
protect their biological activity. In order to avoid particle aggre-
gation during the freeze-drying process, trehalose was used as a
cryoprotectant. The concentration of trehalose was investigated
and optimized as 1% (m/v) in a preliminary experiment. The size
of freeze-dried NPs re-suspended in water was 209.9 +38.0 nm.
TEM and SEM images of insulin loaded NPs prepared at pH 5.5
are shown in Fig. 2. The particle size was about 200 nm as illus-
trated. So, the result indicated that the loading of insulin in CSO-DA
NPs was in agreement with the data measured by dynamic laser
scattering.

An entrapment efficiency of 61.18% and a loading efficiency
5.56% were observed at pH 5.5, which were higher compared with
other formations. The low loading efficiency of the insulin-loaded
CSO-DA NPs may be due to weak intermolecular forces. It has been
reported before that the pK; of CSO was about 6.5, while the pl
of insulin was about 5.5. The pH of the nanoparticle suspension
obtained was approximately 6.0. In this case, the CSO was slightly
positively charged, conversely, the insulin was slightly negative.
The competitive interaction between the negative charge of insulin

and the P3049°~ groups of TPP for protonated amino groups of
CSO-DA resulted in low loading efficiencies.

3.3. Invitro release of insulin nanoparticles

A variety of techniques have been reported for the study of
drug release from nanoparticles. The dialysis method has been fre-
quently used for this purpose because it promotes the separation of
the released drug from the drug in the carrier (Saarinen-Savolainen,
Jarvinen, Taipale, & Urtti, 1997). However, the drug is usually
absorbed by the dialysis membrane and is hard to quantify. In
addition, sink conditions are difficult to obtain inside the dialysis
bag. All things considered, the release behavior was measured by
ultracentrifugation.

Fig. 3 shows the in vitro release profile of insulin from nanopar-
ticles which showed typical burst characteristics. In the first 0.5 h,
the amount of insulin released from CSO NPs was as high as 66%
at pH 1.2. In a release medium of pH 7.4, the amount of insulin
released from CSO-DA NPs was only 49%, which was less than the
CSO NPs value of 59%. The burst released insulin may account for
the desorption of the protein close to the surface during the prepa-
ration of the NPs. After the first period, the rate of release fell
as the predominant release mechanism changed to drug diffusion
through the matrix (Papadimitriou, Bikiaris, Avgoustakis, Karavas,
& Georgarakis, 2008). The remaining insulin in the nanoparticles
was not completely released until the particles were completely
eroded or had dissolved in release medium, which might be due
to degradation and the interaction between the remaining insulin
and the few free amino groups on the CSO segments (Zhang, Zhang,
et al., 2008; Zhang, Teng, et al., 2008). The DA grafted NPs were
released more slowly than the CSO NPs. This may have a protective
effect on the insulin away from the GI environment. Moreover, it
could be seen that the insulin was released more slowly in pH 7.4
PBS than at pH 1.2. A significant pH-dependence was apparent. One
report has mentioned that pH-sensitive is also ion-sensitive (Berger
et al., 2004). In acidic medium, both of the free ammonium groups
on CSO-DA and insulin were charged positively. Their mutual repul-
sion and the entry of water together with counterions to neutralize
these positive charges accelerated the release. However, when the
pH was close to neutral, the CSO-DA was neutralized by TPP and
insulin, so that the escape was slowed down. After 2 h, the release
curve tended to be gentle. This may be explained by the swelling
mechanism. The final cumulative release reached about 70%.

There was a problem that the release profile was almost the
same between CSO-DA NPs and CSO NPs in acidic medium. There
was no benefit in the drug going through the stomach without suf-
fering any damage. It could be adjusted by bonding or combining
with a polymer with special properties, such as HPMCP (Makhlof
et al., 2011), and PMCP (Sajeesh & Sharma, 2006). The compound,
methylcellulose phthalate (MCP), was first developed for use as
a pharmaceutical excipient in enteric coating to protect pharma-
ceutical preparations from degradation caused by the low pH of
gastric juices. The free carboxylic groups of MCP became negatively
charged at higher pH values and acted as a driving force for the elec-
trostatic interaction with CSO-DA. Furthermore, it was also able to
protect the entrapped insulin against gastric degradation. Hence
the CSO-DA/MCP NPs look like a promising idea to improve the
CSO-DA NPs.

3.4. Bioactivity stability

The bioactivity stability profile of CSO-DA-Ins NPs and the
insulin as control were investigated and the results are shown
in Fig. 4. The blood glucose level of rats following subcutaneous
administration of 5 IU/kg of nanoparticles was 26.15% of the initial
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Fig. 2. TEM (A) and SEM (B) images with the particle size distribution of insulin loaded CSO-DA NPs.

level. A significant effect on reducing blood glucose was observed
compared with the control, where 36.07% of the initial blood glu-
cose level was obtained. Therefore, it was concluded that the
bioactivity of insulin was well preserved after drug loading and
lyophilizing.
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Fig. 3. (A) Insulin release profile from CSO-DA and CSO NPs in PBS of different pH
value (pH=1.2, 7.4) respectively by ultracentrifugation. (mean +SD, n=3).

3.5. Absorption experiments using the in situ loop method

Fig. 5 shows the variation in blood glucose of CSO-DA-Ins NPs
and CSO-Ins NPs following in situ administration of insulin at
501U/kg and 25I1U/kg into ileal segments. It was found that both
of the preparations exhibited a hypoglycemic effect. The blood glu-
cose level began to come down from 30 min, and reached minimum
at 1h. The blood glucose level of CSO-DA NPs declined to 65.63%
(251U/kg) lower than that of CSO NPs which declined to 83.18%

10 -
Il Insulin  (s.c. 5 IU/kg)
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Fig. 4. The blood glucose level after injection of insulin released from CSO-DA NPs
and insulin sample (5IU/kg) at 1 h in rats (n=3).
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Fig. 5. (A) Hypoglycemic effect following ileal administration of insulin loaded CSO and CSO-DA NPs (25 IU/kg, 50 IU/kg). (B) Schematic illustrations of interaction between

NPs and enterocyte.

(251U/kg). The reduction in blood glucose was greater in the ani-
mals receiving a higher dose of insulin (501U/kg). The degree of
decline of CSO-DA 501U/kg was 57.18% which was better than that
of CSO-DA 25 IU/kg. These results indicated that the reduction in the
blood glucose levels depended on the insulin dose. As the nanopar-
ticles could swell rapidly and promote drug absorption by intestinal
administration rather than the oral route, the effect exhibited was
marked and fast.

For orally administered drugs to be effective, they must
be absorbed into the bloodstream. The mechanism behind this
assumption was that the NPs shelled with CSO-DA may prolong
their residence in the small intestine, infiltrate into the mucus layer,
and subsequently produce transient opening of the tight junctions
between epithelial cells. The insulin released from the broken-apart
NPs could then permeate through the paracellular pathway into
the bloodstream. It is known that tight junctions form a barrier to
the uncontrolled absorption of noxious substances (gate function),

and maintain epithelial polarity (fence function). Mucosal addition
of sodium caprate could rapidly reduce the Caco-2 transepithelial
electric resistance (TEER) by 40-65% (T, ~5 min) and, upon its
removal, a marked recovery of TEER was observed (Chao et al.,
1999). In addition, it has also been reported that the enhancement
of mannitol and polyethylene glycol (PEG) 900 was more markedly
increased in a dose-dependent manner. The results found in our
work were analogous to those of previous researchers. The reason
for this is at present unknown but might involve the environment in
the intestinal lumen. The mild surfactant properties of DA also acted
on destabilization and solubilization of enterocyte membranes,
which impact on the contribution of the transcellular permeation
pathway. On the other hand, the chitosan oligomers could provide
adhesion to prolong the connection with the intestine and it has
been reported that they can improve the intestinal absorption of
insulin (Gao et al.,, 2008). Chitosan oligomers might loosen the
tight junctions of the intestinal epithelium, thereby increasing the
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permeability of drugs via the paracellular pathway. It was con-
cluded that the binding and absorption enhancing effects of
chitosan on epithelial cells were mediated through their positive
charges and the interaction of chitosan with the cell membrane
resulting in a structural reorganization of tight junction-associated
proteins followed by enhanced transport through the paracellu-
lar pathway (Schipper, Olsson, Hoogstraate, Varum, & Artursson,
1997). Furthermore, the absorption enhancing effect of chitosan
oligomer for improving the intestinal absorption depended on its
formation (Gao et al.,2008) and pH (Hsu et al., 2013). It may be con-
nected with the deprotonation of chitosan by activation of integrin
receptors on cell membranes. This is consistent with our experi-
mental findings.

More experiments are needed to provide a better and complete
explanation of how CSO-DA NPs enhance the intestinal absorption
of insulin.

3.6. Tissue histology

Histological studies showed no evidence of significant changes
in the structure of the intestine exposed to NPs compared with
controls [Fig. 6a (control), b (1-h contact), c (4-h contact)]. There
was no significant presence of inflammatory cells observed in sam-
ples. The villus structure was relatively normal and no disruption of
the epithelium was observed. These results show that, at the doses
used in this study, the CSO-DA delivery system did not produce any
adverse effects on the intestine.

4. Conclusion

In this study, insulin loaded CSO-DA NPs were prepared by the
ion-crosslinking method. The NPs had a suitable particle size dis-
tribution and exhibited pH-sensitive drug release in vitro. Results

X. Du et al. / Carbohydrate Polymers 111 (2014) 433-441

Fig. 6. Morphology of intestinal mucosa of rats after ileal administration of (A) physiological saline, (B) CSO-DA NPs after 1 h, and (C) CSO-DA NPs after 4 h.

administration of redissolved NPs to rats indicated that the intesti-
nal absorption of insulin was clearly improved compared with
that of unmodified polymer NPs. Histopathology showed that the
CSO-DA drug delivery system had a low toxicity with no mucosal
damage. Therefore, the NPs developed in this study appear to be
a promising delivery vehicle for the oral absorption of therapeutic
proteins.
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