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ABSTRACT

Purpose Exenatide, a potent insulinotropic agent, can be used
for the treatment of non-insulin-dependent diabetes mellitus.
However, the need for frequent injections seriously limits its
therapeutic utility. The aim of present report was to develop an
orally available exenatide formulation using goblet cell-targeting
nanoparticles (NPs).

Method The exenatide-loaded nanoparticles were prepared
with modified chitosan which was conjugated with a goblet cell-
target peptide, CSKSSDYQC (CSK) peptide.

Results The CSK-chitosan nanoparticles shown reduced chito-
san toxicity and enhanced the permeation of drugs across the
Caco-2/HT-29 co-cultured cell monolayer, which simulated the
intestinal epithelium. Following the oral administration of near-
infrared fluorescent probe Cy-7-loaded NPs to mice, the distri-
bution of the drugs was investigated with a near-infrared in vivo
image system (FX Pro, Bruker, USA). The results showed that Cy-
7 fluorescence disseminated from the oesophagus, then to stom-
ach and small intestine and then was absorbed into hepatic, finally
into the bladder; over time, Cy-7 was metabolized and excreted.
The bioavailability of the modified nanoparticles was found to be
| 7-fold higher compared with the unmodified ones, and the
hypoglycemic effect was also better.

Conclusion CSK peptide-modified chitosan nanoparticles could
be a potential therapeutics for Type Il diabetes patients.
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INTRODUCTION

Exendin-4 is an incretin analog that is found in lizard saliva and
belongs to a new class of anti-diabetic drugs. Exenatide 1s a
synthetic version of exendin-4, which mimics several
glycoregulatory activities of the mammalian hormone
glucagon-like peptide-1 (1). In clinical trials, exenatide exhibit-
ed glucose regulatory effects, including the stimulation of insu-
lin secretion, according to the blood glucose concentration; the
inhibition of inadequately elevated glucagon secretion; and
suppression of gastric emptying (2,3). To date, the only route
of exenatide administration has been subcutaneous injection,
which requires frequent administration and can be painful.
Clearly, new administration routes should be investigated.
The oral route of administration is generally considered the
most straightforward and comfortable method of drug admin-
istration (4). Thus, the oral delivery of exenatide would be
advantageous to diabetic patients because it would alleviate
the suffering that results from injections. Furthermore, it can
mimic the physiological release characteristics of insulin and
may show improvements with respect to glucose homeostasis.
Nanoparticle is a promising way for peptide orally delivery
which can offer drug protection and facilitate drug absorption
through the intestinal mucosa. However, developing an efficient
nanoparticle for oral delivery is a great challenge as mtestinal
epithelial cells and mucus layer is the absorption barrier (5).
Chitosan in the form of nanoparticles or nanocapsules has
already been used to improve transport across different mu-
cosal surfaces (6,7). Chitosan adheres well to the mucus coat of
epithelial tissues because of its ability to induce ephemeral
opening of the tight junctions between adjacent cells (8). In
addition, there have been no reports of inflammatory or
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allergic reactions when using chitosan-based biomaterials in
implantation, injection or topical application in the human
body (9). Because chitosan is soluble in aqueous acidic solu-
tion, the use of hazardous organic solvents is avoided when
fabricating the particles (10). Different methods have been
employed to prepare chitosan particle systems, including
emulsion cross-linking, coacervation/precipitation, spray-dry-
ing, emulsion-droplet coalescence, the reverse micellar meth-
od, sieving and ionic gelation (9). Because the ionic gelation
method is simple and mild, it has attracted much more atten-
tion than other methods. For example, tripolyphosphate
(TPP), which is a type of polyanion, can electrostatically
interact with cationic chitosan (11). Kiran Sonaje et al. used
poly-(g-glutamic acid) as a polyanion and obtained stable
nanoparticles (8).

There are certain types of specific ligands that can target
receptors on the surface of epithelial cells. Thus, modified
nanoparticles or nanocapsules with these specific ligands can
facilitate the oral absorption of peptides and proteins (12). An
important step is the exploitation of more effective targeting
ligands that provide sufficient targeting effectiveness and are
not blocked by mucus (5). Recently, a CSKSSDYQC (CSK)
peptide demonstrated affinity for goblet cells, an important
component of intestinal epithelial cells. The CSK peptide was
identified from a random phage-peptide library using an
in viwo phage display technique to identify peptides that facil-
itate the transport of M 13 bacteriophages across the intestinal
epithelium (13). Yun Jin et al. used the CSK peptide to modify
trimethyl chitosan chloride and observed an improved hypo-
glycemic effect, with a 1.5-fold higher relative bioavailability
compared with unmodified versions (5).

In this study, we established goblet cell-targeting chitosan
nanoparticles using the CSK peptide (CSK-chitosan) to en-
capsulate exenatide and evaluated their effectiveness as oral
exenatide vehicles. The characteristics of the chitosan and
CSK-chitosan NPs were examined using a Zeta Potential/
Particle Sizer and transmission electron microscopy (TEM).
The influence of mucus and the targeting effect i vitro were
investigated by co-incubation in a Caco-2 and HT29 cell
model. The biodistribution of Cy-7-loaded NPs after oral
administration in mice was investigated with a near-infrared
in vivo imaging system. Finally, the relative bioavailability and
hypoglycemic effect of the modified targeting NPs were tested
in Sprague Dawley (SD) rats and diabetic mice, respectively.

MATERIALS AND METHODS
Materials
Chitosan (deacetylation degree, >90% and molecular weight,

80-100 kDa) was purchased from Qingdao Yunzhou Bio-
chemistry Co., Ltd. (Shandong, China). Exenatide was
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purchased from Soho-Yiming Pharmaceuticals Co., Ltd.
(Shanghai, China). The GSK peptide was chemically synthe-
sized by Qiangyao Bio-pharmaceuticals Co., Ltd. (Shanghai,
China). FITC-exenatide was chemically synthesized by GL
Biochem (Shanghai) Ltd. (Shanghai, China). 3-(4, 5-Dimeth-
yl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Cy7
was a product of Fanbo Biochemicals (Beijing, China).
Tripolyphosphate (TPP) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other reagents were analytical
grade.

The Caco-2 and HT29 cell lines were purchased from
Yantai Yuansheng Biochemistry Co., Ltd. (Shandong, China)
and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, Grand Island, NY, USA) containing 15%
fetal calf serum and 1% non-essential amino acids (Gibco).

Animals

Male SD rats weighing approximately 250 g were and the
supplied by the State Key Laboratory of Long-acting &
Targeting Drug Delivery System. The db/db diabetic mice
were purchased from Model Animal Research Center of
Nanjing University. The animals were raised at room temper-
ature, approximately 23°C, with a relative humidity of 30%
5%.

Synthesis of CSK-Chitosan

Chitosan was conjugated to the CSK peptide via an amide
bond formed between the residual primary amino groups on
chitosan and the carboxyl groups on the CSK peptide. Briefly,
the CSK peptide was dissolved in PBS (pH 7.2) and kept in a
0°Ci ice-water bath for at least 15 min. Excess 1-[3-(dimethyl-
amino) propyl]-3-ethylcarbodiimide hydrochloride) (EDC)
and N-hydroxysuccinimide (NHS) were added to the CSK
peptide solution and allowed to react for 1 h at 0°C ice-water
bath with magnetic stirring. The same amount or twice the
amount of chitosan was added and allowed to react for 1 h at
ambient temperature with magnetic stirring. Subsequently,
the product was dialyzed with PBS (pH 7.4), lyophilized and
stored at 0°C. The two different CSK peptide-modified chi-
tosan molecules are referred to as GSK-chitosan (1:1) and
CSK-chitosan (1:2) (5).

Preparation of NPs
Exenatide-Loaded NPs

The nanoparticles were prepared using the ionotropic gela-
tion method (5). Briefly, exenatide was dissolved in distilled
water (2 mg/ml) and added to a chitosan solution (I mg/ml,
containing 0.005%w/v FeSOy) or a modified CSK-chitosan
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solution (1 mg/ml, containing 0.0025% w/v FeSOy). Then, a
2.5 mg/ml or 0.625 mg/ml tripolyphosphate (TPP) solution
was added dropwise to the chitosan solution or CSK-chitosan
solution at a ratio of 3.75:10 or 1:10, respectively, with mag-
netic stirring. Afterward, the obtained solution was stirred at
500 rpm for 40 min until an opalescent suspension with an
obvious Tyndall phenomenon was obtained. The obtained
suspension was centrifuged at 3,500 rpm for 25 min at 20°C.
The supernatant was used to determine the entrapment effi-
ciency and then lyophilized with 5% sucrose as a cryoprotec-
tant. The IFITC-exenatide NPs were made by similar method.

Cy-7-Loaded NPs

For in vivo fluorescence imaging, the near-infrared fluorescent
probe Cy-7 was loaded into the NPs. The method was similar
to that used for exenatide. The NP suspension was eluted
using a Sephadex G-50 column to remove free Cy-7.

Characterization of NPs
Size and Zeta Potential

The size and zeta potential of the drug-loaded nanoparticles
were characterized with a Zeta Potential/Particle Sizer
(NICOMP TM 380ZLS, NICOMP). All measurements were
performed six times.

The Morphology of NPs

The NP morphology was examined by TEM (JEM—1400,
JEOL, Japan). Briefly, the nanoparticle suspension was added
dropwise to 300-mesh copper grids. When the liquid volatized
naturally, a drop of 3% phosphotungstic acid was added.
After the liquid was volatized, the sample was scanned by
TEM.

Encapsulation Efficiency of Exenatide-Loaded NPs

The amount of encapsulated exenatide was measured with a
Sephadex G50 gel column. Briefly, a 4-cm gel column was
obtained using a 5-ml syringe with a small piece of filter paper
blocking the openings. Sephadex G50 was pre-swollen with
boiled distilled water. The nanoparticles and free exenatide
have different retention times; the nanoparticles elute faster
because of their larger size. The eluted nanoparticles were
damaged by the addition of acetic acid. The amount of
exenatide in the nanoparticles was measured by reverse-
phase high-performance liquid chromatography (HPLC)
(Agilent 1260 series, CA, USA) using an analytical column
(Ultimate® LP-C18, 4.6 mmx250 mm, pore size 5 pm,
Agilent) and a gradient elution of (A) acetonitrile containing
5% phosphoric acid and (B) water containing 5% phosphoric

acid as the mobile phase. The method utilized was 0 min (30%
A)— 10 min (44% A)—10.1 min (30% A)— 15 min (30% A).
The flow rate was set at I ml/min, and the elution tempera-
ture was 40°C. The retention time of exenatide was 9.5 min,
and the total run time for the HPLC analysis was 15.0 min.
The amount of FITC-exenatide was also measured by
reverse-phase HPLC (Agilent 1260 series) using a fluorescence
detector. And the excitation and emission wavelengths were
set at 488 and 525 nm, respectively (5,14).

The encapsulation efficiency (EE %) of the exenatide-
loaded NPs was calculated using formula I:

encapsulated exenatide

EE% = * 100%

lotal amount of exenatide

The loading content (LC%) of the exenatide-loaded NPs
was calculated using formula IT:

lated lid
encapsulated exenatide « 100%

LC% = — -
weight of nanoparticles

Cell Studies
Cell Culture

Caco-2 and HT29 cells were cultivated separately in 21-cm”
culture dishes using DMEM supplemented with 15% fetal
bovine serum and 1% non-essential amino acids. Both cell
types were placed in a cell culture incubator at 37°C, with
95% relative humidity and 5% CO,. Prior to cytotoxicity and
uptake assays, the cells were digested with 0.25% trypsin
containing 0.05 mM ethylenediamine tetraacetic acid
(EDTA) and then diluted with fresh DMEM to a density of
1¥10° cells /ml. For the cytotoxicity assays, the Caco-2 and
HT-29 cell suspensions were individually seeded into 96-well
plates (Corning, NY, USA) and incubated for 5 days; the HT-
29 cells were incubated for another 2 days for the uptake
studies. For the transport experiments, Caco-2 and HT29
cells were mixed at a ratio of 10:1 and seeded in Transwell®
chambers consisting of a polycarbonate membrane with a 0.4-
mm pore size and 0.33-cm? cell growth area (Corning) at a
density of 3*10" cells/well. The Transwell® chambers were
placed into 24-well plates, and DMEM was added to both the
Transwell® chambers and the 24-well plates. The cells were
allowed to grow and differentiate for 21 days until use (3).

Cytotoxicity

The cytotoxicities of chitosan and CSK-chitosan were assessed
using the MTT assay with Caco-2 cells and HT29 cells,
respectively. In brief, the culture medium in the 96-well plates
was discarded. The cells were then rinsed with PBS buffer and
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Fig. I (a) \H NMR spectra of chitosan. (b) ,H NMR spectra of CSK-chitosan. (c) ,H NMR spectra of CSK peptide. The characteristic peaks at 7.1 1 and
6.81 ppm are the two protons of the benzene ring of tyrosine in the CSK peptide sequence.
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Fig. I (continued)

incubated with 100 pl of chitosan, chitosan-CSK (1:1) or
chitosan-CSK (2:1) solution in PBS (pH 6.0) for 3 h (the
concentrations of the chitosan and chitosan-CSK solutions
were 0.125, 0.25, 0.37 and 0.5 mg/ml, at pH 6.0), and
100 pl of MTT solution (0.5 mg/ml in DMEM) was added.
PBS buffer was used as a control for 100% cell viability. The
assays were performed in triplicate for each sample (5).

Transport of Exenatide Through Caco-2 and HT29 Cell
Monolayers

Caco-2 and HT?29 cells were co-cultured and incubated for
19~21 days after culturing on the Transwell® inserts. Ciaco-2
can mimic epithelial cells, and HT29 cells mimic goblet cells
by forming a mucus layer. The integrity of the monolayer was
evaluated by measuring the transepithelial electric resistance
(TEER) with a Millicell Electrical Resistance System (ERS)
(Millipore Corp., Bedford, MA, USA). First, the media in the
basolateral and apical chambers were exchanged with pre-
warmed HBSS. The cells were then washed with HBSS three
times and allowed to equilibrate at 37°C for 30 min. The cells

were then incubated with 100 pl of chitosan FITC-exenatide
NP or CSK-chitosan FITC-exenatide NP suspension
(80 ng/ml of FITC-exenatide) and 100 pl of HBSS buffer at
37°C. At preset time points (0.5, 1, 2 and 3 h), 0.2 ml of the
basolateral chamber sample was collected, and the same
amount of pre-warmed HBSS was added. The amount of
transported FITC-exenatide was measured with an enzyme-
labeling measuring instrument, and the cumulative transfer of
FITC-exenatide from the apical chamber was calculated. The
transport of the three studied exenatide-loaded NPs was also
examined in a non-mucus model to test the influence of the
mucus layer and targeting by the CSK-chitosan NPs. The
cells were pre-incubated with 10 mM acetyleysteine, which
was used to remove the mucus secreted by the HT29 cells.
The cells were agitated for 60 min before the ensuing exper-
iment at 37°C (5).

Biodistribution Study

Cy-7-loaded NPs were used to investigate biodistribution
using a near-infrared i vivo imaging system (FX Pro,
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Table I Characterization of Nanoparticles

NPs Size (nm) Zeta potential (mV) EE% LC%
Chitosan NPs 181.5+£33.5 10229 70.2+59 7.05+0.58
CSK-chitosan NPs (1:1) 1352+ 18.5 63*28 553+79 5.87+0.89
CSK-chitosan NPs (1:2) 1423+ 19.1 72%15 576+58 5.96+0.75
CSK-chitosan FITC-exenatide NPs 156.2+£26.3 75x27 496112 5.32+0.53

EE%: entrapment efficiency; LC%: loading content

Bruker, USA). Mice were orally delivered 1.0 ml of Cy-7-
loaded CSK-chitosan (1:1) after anesthetization with an
1.p. injection of sodium pentobarbital at 10 mg/100 g
body weight. At different time points, the anesthetized
mice were placed into the chamber, and the fluorescence
images and X-ray images were visualized using an n viwo
imaging system.

Pharmacological Studies

In this study, db/db mice were used as a model of Type II
diabetes (15). All experiments were performed according
to the Guidelines for Animal Experiments, Jilin Universi-
ty. The glucose concentrations were measured with a
glucose meter (ACCU-CHEK® Integra, Germany). Be-
fore oral administration of exenatide-loaded NPs, a
NaHCOj3 solution (0.2 ml, 12.5 mg/ml) was
intragastrically (i.g.) administered to neutralize the gastric
acid (5). Diabetic mice were treated with the following:
oral administration of chitosan exenatide NPs (30.0 pg/kg
exenatide), GSK-chitosan (1:1) exenatide NPs (30.0 pg/kg
exenatide), GSK-chitosan (1:2) exenatide NPs (30.0 pg/kg
exenatide), exenatide solution (7.5 pg/kg exenatide) or
physiological saline or an SC injection of exenatide solu-
tion (5.0 pg/kg). Blood samples were collected from the
tail veins at different time intervals (0, 1, 2, 3, 4, 6, 8, 10
and 12 h), and the blood glucose was measured with a
glucose meter.

Pharmacokinetics Study

In the pharmacokinetics study, male SD rats weighing
250£20 g were used, and NaHCOj3 solution (0.5 ml,
12.5 mg/ml) was administered i.g. before oral adminis-
tration of exenatide-loaded NPs. The SD rats were then
treated with the following: oral administration of chitosan
exenatide NPs (50.0 pg/kg exenatide), CSK-chitosan (1:1)
exenatide NPs (50.0 pg/kg exenatide), CSK-chitosan (1:2)
exenatide NPs (50.0 pg/kg exenatide) or exenatide solu-
tion (50.0 pg/kg exenatide) or an SC injection of
exenatide solution (5.0 pg/kg exenatide). Blood samples
(0.5 ml) were collected from the eye veins of the rats at

@ Springer

Fig.l 2 .(a) and (b) Tl

= = % Ll & 2 -

EM micrographs of CSK-chitosan NPs




Exenatide Orally Delivered Goblet Cell- Targeting Nanoparticles

1023

a
120.00

®

(=]

g

z M Chitosan

% = CKS-Chitosan(1:1)
% — =(CKS-Chitosan({1:2)
o

. PBS

0.25
concentration mg/mi

—
- ol
=i
—_—
|

80+

i
H—
|

® Chitosan

CKS-Chitosan(1:1)
Tl CKS-Chitosan(1:2)
PBS

60+

40+

cell viability 100%

i

20+

57

[t

= =, ! :
0.25 0.375 0
concentration mg/ml

o
[y
[l
w

Fig. 3 (a) Influence of PBS, chitosan and CSK-chitosan on the viability of Caco-2 cells. (b) Influence of PBS, chitosan and CSK-chitosan on the viability of HT-29

cells (Mean=SD, n=6).

different time points (0, 0.5, 1, 2, 3, 4, 6, 8, 10 and 12 h).
The relative bioavailability (BA%) of the exenatide-loaded
NPs was calculated using formula III:

_ AUC(oral) x Dose(SC)

BA =
AUC(SC) * Dose(oral)

* 100%

The AUC is the total area under the curve of the exenatide
concentration in plasma vs. time. To analyze the concentra-
tion of exenatide, the serum samples obtained after centrifu-
gation were tested using an Exenatide Fluorescent ELISA kit
(Phoenix Pharmaceuticals, Inc., USA).

Statistical Analysis

All experiments were performed at least in triplicate.
The data are presented as the meanststandard devia-
tion (SD). Comparisons between two groups were ana-
lyzed using a two-tailed Student’s #test. A difference of
P<0.05 was considered statistically significant, and
<0.01 was considered highly significant.

a
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& Chitosan NPs

" NCSK-Chitosan(1:1)
— MCSK-Chitosan(1:2)

Cumulative amount of
transport FITC-exenatide (ng)

0.5

Time(h)

RESULTS AND DISCUSSION
Characterization of Synthesized Polymers

To synthesize CSK-chitosan, the N-amino group of chitosan
was combined with the carboxyl group at the C-terminus of
the CGSK peptide via an amide linkage. The molar ratios of
chitosan and CSK peptide were 6:1 and 3:1. The '"H NMR
spectra are shown in Fig. 1a, b and c. The characteristic peaks
of CSK-chitosan are at 7.11 and 6.81 ppm and are attribut-
able to the two protons of the benzene ring of tyrosine in the
CSK peptide sequence (5). Because of the overlap of the
glucose unit peaks of chitosan, the other proton peaks of
CSK-chitosan, ranging from 0.8 to 4.6 ppm, were indistin-
guishable from those of chitosan.

Characteristics of NPs

The characteristics of exenatide-loaded and blank NPs (in-
cluding chitosan exenatide NPs, CSK-chitosan exenatide
NPs, chitosan FITC-exenatide NPs and CSK-chitosan
FITC-exenatide NPs) are summarized in Table I. The TEM
micrographs of the CSK-chitosan NPs are shown in Fig. 2a
b

90
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i Chitosan NPs
¥ C5K-Chitosan{1:1]
N CSK-Chitosan(1:2]

Cumulative amount of

transported FITC-exenatide(ng)

Time (h)

Fig. 4 (a) Transport of chitosan FITC-exenatide NPs and CSK-chitosan FITC-exenatide NPs across a co-incubated Caco-2/HT29 monolayer. (b) Transport of
chitosan FITC-exenatide NPs and CSK-chitosan FITC-exenatide NPs across a co-incubated Caco-2/HT29 monolayer without mucus (Mean = SD, n=6).
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Fig. 5 In vivo fluorescence images
of FITC-exenatide distribution after
the administration of physiological
Cy-7-loaded CSK-chitosan NPs at
0.5h(@), I h(b),2h(c)and4 h(d)
after administration. A:Stomach;B:
intestine;C: Liver;D: Bladder

and b. Both the chitosan NPs and CSK-chitosan NPs were
uniformly sized spheres. Figure 2a shows obvious small black
points that most likely represent FeSO,. The addition of
FeSO, enhances the encapsulation efficiency, as reported by
Nguyen et al. (16). Table I shows that the drug-loaded chitosan
NPs were larger and had a lower zeta potential than the NPs
prepared with CSK-chitosan, which might result from the
introduction of CSK. The CSK peptide has a molecular
weight (MW) of 1,018 Da and is negatively charged. With
the negatively charged CGSK peptide, the electropositivity of
chitosan was weakened and could bind to fewer negatively
charged molecules. Therefore, the amount of TPP was lower
in the CSK-chitosan NP formulation than in the chitosan NP
formulation. The EE% and LC% were also lower for the
CSK-chitosan NPs than the chitosan NPs.

Cytotoxicity of Polymers

To assess the safety of CSK-chitosan, the viability of Caco-2
cells and HT29 cells in the presence of this compound were
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tested separately in the MTT assay. Chitosan, CSK-chitosan

—&— Chitosan NPs
250 - —e— CSK-Chitosan (1:2)

—&— CSK-Chitosan (1:1)
—— oral administration with exenatide solution
. —4— physioclogical saline
E, 200 4 —p— subcutaneously injection with exenatide solution
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Fig. 6 Blood glucose levels in diabetic rats following the oral administration of
chitosan NPs, CSK-chitosan (I:1) NPs, CSK-chitosan (1:2) NPs (30.0 ug/kg
exenatide), exenatide solution (7.5 g/kg exenatide), physiological saline and
SC injection with exenatide solution (5.0 ug/kg) (Mean+SD, n=6). *
Significant difference from SC exenatide solution (P <0.05).
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4000 -
—=&— Chitosan NP
3500 - —e— CSK-Chitosan (1:1) NP
—a— CsK-Chitosan (1:2) NP
3000+ 4 | —— oral administration with exenatide solution
ot —4— subcutaneously injection with exenatide solution
2000 -

1500 <

Plasma Exenatide Level(pg/ml)

Time (h)

Fig. 7 Plasma exenatide level vs. time profiles. Plasma exenatide level in
diabetic rats following the oral administration of chitosan NPs, CSK-chitosan
(I:1)YNPs, CSK-chitosan (1:2) NPs and exenatide solution (50 IU/kg), with the
SC injection of exenatide solution (5.0 1U/kg) used as a positive control (Mean
+SD, n=6).

(1:1) and CGSK-chitosan (1:2) displayed lowcytotoxicity from
0.125 to 0.5 mg/ml for the Gaco-2 and HT29 cells in the
MTT assay. The influences of PBS, chitosan and CSK-
chitosan on the viability of Caco-2 cells and HT29 cells are
shown in Iig. 3a and b. The results demonstrated that mod-
ification with the CSK peptide decreased the cytotoxicity of
chitosan. This phenomenon might be due to the negative
charges of the CSK peptide masking the positive charges of
chitosan. Furthermore, there was no significant difference
between GSK-chitosan and PBS in terms of cellular viability,
and these data suggest that CSK-chitosan is non-toxic to
Caco-2 and HT?29 cells.

Transport of Exenatide Through a Caco-2 and HT29
Cell Monolayer

Encapsulated exenatide must cross the intestinal epithelial
cells for exenatide to be absorbed into the circulatory system.
Therefore, a co-cultured cell model including Caco-2 cells,

which are absorptive enterocyte-like cells, and HT29 cells,
which produce mucus, was used to assess the transport of
chitosan NPs. This co-culture model simulates the intestinal
epithelium due to the existence of a mucus layer that is near
the true value of the TEER of the intestinal epithelium (17).
The co-cultured cell monolayers used in the experiment had
TEER values within the range of 400-500 Q. The accumu-
lative transportation of FITC-exenatide in every NP is
presented in Fig. 4a. The transport was time-dependent,
and the amount of FITC-exenatide that permeated through
the Caco-2/HT29 cell monolayer greatly increased with
the addition of the CGSK peptide at every time point. More-
over, the amount of FITC-exenatide that was transported
across the membrane increased with the addition of the
CSK peptide. Figure 4b shows that removal of the mucus
did not affect the amount of FITC-exenatide transported.
The amount of FITC-exenatide transported using modified
and unmodified NPs was much higher in the co-culture
system than in the non-mucus system at every time point.
This s in agreement with the report of Kissel (18). However,
in some other reports, the mucus layer acts as a diffusion
barrier, and the reported observations are quite different
from ours (19). However, in these reports, Caco-2 cells were
used as a mucus-free model, and HT29 cells were used as a
mucus-secreting cell model. The permeation behavior of
HT29 cells was quite different compared with the Caco-2
cells. Because HT29 cells may not form tight junctions (TJs),
as shown by the TEER measurement, the TEER of the co-
culture model was lower than that of the Caco-2 model
(data not shown). Therefore, the use of HT29 cells alone
to imitate intestinal cells is not an effective model.

Biodistribution

In this study, Cy-7-loaded NPs were used to investigate the
distribution of NPs because Cy-7 is soluble in water and
because it carries cations when dissolved in water. Following
the oral delivery of the Cy-7-loaded NPs, the biodistribution
of the drug in mice was investigated using an i vwo imaging
system (20,21), largely because using fluorescent material in-
stead of radioactive material is much safer for the researcher.

Table Il Pharmacokinetic Parameters of Exenatide in Diabetic rats after the Intragastric Administration (i.g.) of Chitosan NE CSK-chitosan (1:1) NP CSK-chitosan

(1:2) N Exenatide Solution and SC Administration of INS Solution (n= 6)

Chitosan NP (i.g)  CSK-chitosan (I:1) NP (i.g.)

CSK-chitosan (1:2) NP (i.g.)

Exenatide solution (i.g.)  Exenatide solution (SC)

Dose (ug/kg) 50 50 50 50 5

Crrax (pg/ml) 35236 +51.16 662.63+218.19 54472+ 117815 33.68+17.85 2,948.56 £685.32
Trnax (h) 2 2 2 2 0.25

AUC (pg h/ml)  1,289.88 2,238.09 1,929.98 72.23 3,409.16

Fr% 3.78 6.56 5.66 0.21 100

Crnax Maximum plasma concentration; T time at which C,,... is attained; FR: relative bioavailability
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This study was the first time that an i vwo imaging system was
utilized to evaluate the biodistribution of drug delivered oral-
ly. Figure 5 shows the whole-body fluorescence at 0.5 h (a), 1 h
(b), 2 h (c) and 4 h (d) post-injection of Cy-7-loaded CSK-
chitosan NPs. The fluorescence of Cy-7 expanded from the
stomach to the intestine and then to liver and finally the
bladder.

Pharmacological Effects

The pharmacological effects of chitosan exenatide NPs and
CSK-chitosan exenatide NPs were evaluated in db/db mice
after oral administration. As shown in Fig. 6, both CSK-
chitosan (1:1) NPs and CSK-chitosan (1:2) NPs displayed
comparatively high hypoglycemic effects, in contrast with
exenatide solution, at 0.5 and 1.0 h after administration
(P<0.05). Compared with chitosan NPs, no blood glucose
increase from stress, which can occur after i.g. administra-
tion, was observed. The oral administration of exenatide
solution or physiological saline did not lower the blood
glucose levels, indicating poor oral absorption of the free
form of exenatide in the small intestine. The oral adminis-
tration of CSK-chitosan (1:1) NPs showed nearly the same
effect as SC injection of the exenatide solution and due to
the fact that the mechanism of action of exenatide does not
result in severe hypoglycemic events (22). Exenatide is able
to stimulate B-cells to release insulin when under hypogly-
cemic conditions, whereas the drug does not stimulate in-
sulin secretion when the glucose concentration is within the
normal range (23).

Pharmacokinetics Studies

The plasma exenatide concentration vs. time profiles and
related PK parameters are shown in Fig. 7 and Table I,
respectively. Exenatide was undetectable In the plasma of
the group that received the exenatide solution orally. The
group that received the drug SC showed the maximum plas-
ma exenatide concentration at 0.5 h post-injection. However,
oral administration of chitosan NPs, CSK-chitosan (1:1) NPs
or CSK-chitosan (1:2) NPs resulted in maximum plasma
concentration at 2 h post-administration. In this case, the
AUC of CGSK-chitosan (1:1) NPs was 2,238.09+
156.32 pg h/ml, and the relative bioavailability was 6.56%,
1.7-fold higher than that of the unmodified chitosan NPs.

Opverall, the @ vwo pharmacological and pharmacokinetic
results were consistent with the i vitro cell studies. The relative
bioavailability demonstrated that chitosan NPs and GSK-
chitosan NPs can effectively prevent enzymatic exenatide
degradation in the GIT and facilitate its absorption and thus
systemic circulation.

@ Springer

CONCLUSIONS

We developed a formulation for goblet cell-targeting nano-
particles for the oral delivery of exenatide. The use of the CSK
peptide as a targeting agent enhanced the transport of the
drug across a co-cultured Caco-2 and HT29 cell membrane
compared with unmodified NPs. After modifying chitosan
with the CSK peptide, the hypoglycemic effect of CSK-
chitosan NPs was significantly improved. The relative bio-
availability of CSK-chitosan was improved to 1.7-fold higher
than the unmodified form. The administered exenatide was
absorbed, resulting in systemic circulation, and prolonged the
hypoglycemic effect. These results indicate that CSK-chitosan
effectively targets goblet cells and is a promising carrier for the
oral delivery of peptides and proteins.
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