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ABSTRACT

Chitosan (Chi) microspheres were examined in vitro and in vivo in terms of their
bioadhesive characteristics to the mucosa of rat small intestine. Chi was labeled
with fluorescein isothiocyanate (FITC), and the microspheres (FTC-MS) were pre-
pared by the dry-in-oil method using the obtained fluorescein thiocarbamyl–chito-
san (FTC-Chi). FTC-MS with a mean diameter of 27 µm and size distribution of a
few micrometers to several tens of micrometers was used for the bioadhesion experi-
ment. FTC-MS exhibited a tendency to adhere to each part of the small intestine
to a greater extent than dissolved FTC-Chi, and the ratio of adhering FTC-MS
increased as the amount of added FTC-MS decreased. FTC-MS showed slower tran-
sit following intraduodenal injection than oral administration. Following the intra-
duodenal injection of FTC-MS, more than half remained in the upper or middle
part of the small intestine for over 8 h. Further, insulin-containing chitosan micro-
spheres with a mean diameter of 20 µm and size distribution of 5 µm to 45 µm
were checked in situ for drug absorption, but intraduodenal or intraileal application
hardly gave any decrease in plasma glucose level at a very high dose. The present
chitosan microsphere system showed good adhesion to the intestinal mucosa, but
scarcely facilitated absorption of insulin.
Key Words: Bioadhesive characteristics; Chitosan microsphere; Insulin-containing
chitosan microsphere; Rat small intestine.
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INTRODUCTION

The amount and rate of drug absorption after oral ad-
ministration are often influenced by their gastrointestinal
(GI) transit rate (1). When the region of drug absorption
is limited to a specific area of the GI tract, it is important
for the enhancement of bioavailability to localize the
drug in that area for extended periods of time. Recently,
bioadhesive polymers have been utilized in terms of im-
provement or modification of drug absorption after oral
administration (1–3). When they interact with mucous
membranes, they are considered localized directly at the
site of absorption. The bioadhesive dosage form has been
suggested to increase the drug residence time around the
adhesive region and to facilitate the contact of drugs with
biological membranes.

The effects of bioadhesive polymers on GI absorption
have been reported (1–3). Polycarbophil exhibits good
adhesion to intestinal mucosa and enhances absorption
of peptide drugs (3). The latter property seems to be
based greatly on the suppression of enzymatic degrada-
tion. Also, chitosan has been found to be adhesive to the
intestinal or nasal mucosa, and some dosage forms pre-
pared using chitosan as an additive have shown a positive
influence on drug absorption (2,4,5).

Such adhesive characteristics have been reported to be
dependent on type of chitosan and media conditions (4).
Chitosan with high molecular weight seems to exhibit
good adhesion to mucosa, and the adhesive force of chi-
tosan to mucosa is inferior under acidic conditions (4).

Recently, the efficacy of chitosan to enhance drug ab-
sorption through the mucous membrane has been re-
ported; especially, chitosan operated well to enhance ab-
sorption of the peptide drugs through the intestinal or
nasal mucous membrane (6–8). The bioadhesion was
achieved better in microparticulate forms than in solution
form (6,9). The strong bioadhesion of the microparticu-
late system increases the residence time of a drug and
deepens the penetration of the dosage form into the mu-
cous layer, which is considered to be one of the reasons
for enhancement of drug absorption (6,7,9). Further, chi-
tosan enhances the drug absorption by altering the integ-
rity of the tight junction of epithelial cells, that is, widen-
ing the tight junction related to paracellular transport
based on its polycationic properties, which is also consid-
ered another reason for the ability of chitosan to in-
crease the drug absorption (10,11). Plus, chitosan and
N-trimethylated chitosan, enabling permeation enhance-
ment of the peptide drug, operate as drug permeation
enhancers more safely than other enhancers, such as cal-

cium chelators or surfactants (11). Thus, a chitosan mi-
croparticulate system is attractive with regard to improv-
ing drug absorption.

However, the bioadhesive features of chitosan micro-
spheres to the mucosa of the small intestine have not nec-
essarily been characterized in detail. Therefore, in this
study, for the purpose of more detailed characterization
of chitosan microspheres, the in vitro adhesion properties
were examined for dissolved chitosan and chitosan mi-
crospheres, the transition profiles after oral or intraduode-
nal administration were checked in vivo, and then
insulin-loaded chitosan microparticles were tested in situ
for efficacy.

EXPERIMENTAL

Materials

Chitosan (Daichitosan H) with a deacetylation degree
of 82% and molecular weight of 500,000–800,000 (des-
ignated Chi) was supplied by Dainichi Seika Color and
Chemicals Manufacturing Company, Limited (Tokyo,
Japan). Fluorescein isothiocyanate (FITC) and fluores-
cein were purchased from Sigma Chemical Company.
Sorbitan sesquioleate (SO-15) was obtained from Nikko
Chemicals (Tokyo, Japan). Soybean oil was purchased
from Wako Pure Chemical Industries, Limited (Tokyo,
Japan). All other chemicals were reagent grade.

Chitosan was labeled with FITC as follows. Chitosan
(500 mg) was dissolved in 500 ml of aqueous HCl solu-
tion, pH 3, and then the solution pH was returned to pH
6.5 by addition of 1 N aqueous NaOH solution. FITC (15
mg) was dissolved in 30 ml of water, and the FITC solu-
tion was added to the chitosan solution. The mixture was
stirred for 24 h at room temperature in the dark. Then,
after adjusting to pH 9 with 1 N aqueous NaOH solution,
the precipitate was collected by centrifugation at 3000
rpm for 5 min. The product was dissolved in 1 N aqueous
HCl solution. The product was precipitated again by ad-
dition of 1 N aqueous NaOH solution and collected by
centrifugation at 3000 rpm for 5 min. The precipitate was
washed with a mixture of acetone:water (3 :1 v/v) and
dried in vacuo to yield fluorescein thiocarbamyl–chitosan
(FTC-Chi) (Fig. 1). A specified amount of FTC-Chi was
dissolved in 0.1 M acetate buffer, pH 4.5, and the fluo-
rescence intensity of the FTC-Chi solution was measured
to determine the content of FTC. Using FITC solution in
the same acetate buffer as a standard, the FTC content
of FTC-Chi was calculated to be 0.66 % (w/w).
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Figure 1. Chemical structure of fluorescein thiocarbamyl–chitosan (FTC-Chi).

Microsphere Preparation

Fluorescein Thiocarbamyl–Chitosan
Microspheres

FTC-Chi was dissolved in 2% v/v aqueous acetic acid
at concentrations of 0.2%, 0.5%, and 1.0% w/v. Each
solution (30 ml) was dropped consecutively into soybean
oil (300 ml) containing SO-15 at 1% w/v with stirring
at 500 rpm using a magnetic stirrer at 50°C. Acetic acid
and water were evaporated at 50°C for 24 h by aspiration
using a Handy Aspirator model WP-33 (Yamato Scien-
tific Co., Ltd., Tokyo, Japan), and drying was continued
using a vacuum pump for 5 h. The product was then
washed sequentially with ether, ethanol, 0.2% w/v aque-
ous ammonia solution, ethanol, and ether. Then, after
drying in air, FTC-Chi microspheres (FTC-MS) were ob-
tained. The particle size of FTC-MS was examined by
measuring the Green diameter of 200 particles selected
at random. The FTC-MS prepared using 0.2%, 0.5%, and
1.0% w/v chitosan solutions were named FTC-MS-S,
FTC-MS-M, and FTC-MS-L, respectively.

Insulin-Containing Chitosan Microspheres

The microspheres containing insulin, designated Chi-
Ins, were prepared in the same manner as FTC-MS.
Briefly, 10 mg of insulin was dissolved in 30 ml of 0.5%
w/v chitosan solution in 2% v/v acetic acid, and the solu-
tion was dropped into soybean oil (300 ml) containing
1% w/v SO-15 with stirring at 500 rpm at 50°C. Acetic
acid and water were evaporated at 50°C for 24 h by aspi-
ration using the Handy Aspirator, and the drying was
continued at room temperature using a vacuum pump for

5 h. The product was washed sequentially with ether, eth-
anol, 0.2% w/v aqueous ammonia solution, ethanol, and
ether. Chi-Ins were then obtained by drying in air. The
particle size of Chi-Ins was examined in the same way
as described for FTC-MS, that is, by measuring the Green
diameter of 200 particles selected at random.

The insulin content of Chi-Ins was determined as fol-
lows: First, 10 mg Chi-Ins were dispersed in 5 ml of 0.1
M acetate buffer, pH 4.5, and were dissolved by mashing
with a glass homogenizer using a Teflon pestle. The solu-
tion was filtered using a membrane filter with a pore di-
ameter of 0.45 µm. The concentration of insulin in the
filtrate was determined by high-performance liquid chro-
matography (HPLC), which was carried out using a Shi-
madzu (Kyoto, Japan) LC-6A equipped with a Nucleosil
5C 18 column (4.6 � 150 mm) and a Shimadzu SPD-2A
UV detector set at 220 nm. The mobile phase was a
mixture of 0.1% v/v trifluoroacetic acid and acetonitrile
(69:31 v/v), and the flow rate was 1.2 ml/min (12).

In Vitro Bioadhesion of Fluorescein
Thiocarbamyl–Chitosan Microspheres
to the Small Intestine Mucosa

Wistar rats weighing 240–270 g underwent fasting for
24 h and were anesthetized with ether. Then, the small
intestine was excised, and the animal was immediately
sacrificed by excessive ether anesthesia. From the ex-
cised intestine, 2-cm lengths of the duodenum, jejunum,
and ileum were taken and turned inside out, and a cylin-
drical glass bar 4 mm in diameter was passed through
the tissue tube. The tissue attached to the glass bar was
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immersed in 1/15 M phosphate buffer (8 ml), pH 6.5,
containing a specified amount of FTC-MS with stirring at
200 rpm in the cylindrical bottle (1.8 cm inner diameter, 4
cm high) so that the top of the tissue was kept 5 mm
below the solvent surface. Aliquots (100 µl) were with-
drawn from the medium at 0, 15, 30, 60, and 120 min
after immersion. Then, the whole tissue was simply
washed with 100 µl of 1/15 M phosphate buffer, pH 6.5,
and immersed in the same manner into fresh 1/15 M
phosphate buffer (8 ml), pH 6.5, with stirring at 200 rpm.
After 5 min, an aliquot (100 µl) was withdrawn. To all
the withdrawn samples, 5 ml of 0.1 M acetate buffer, pH
4.5, was added, and each mixture was mashed using a
glass homogenizer with a Teflon pestle to dissolve the
FTC-MS. After centrifugation at 3000 rpm for 20 min,
the supernatant was analyzed fluorometrically (Ex. 490
nm; Em. 520 nm) to determine the amount of FTC-MS in
the samples (i.e., the nonadhesive amount). The adhesive
amount was calculated by subtracting the nonadhesive
amount from the added one (n � 3).

The bioadhesive properties of dissolved FTC-Chi to
the intestinal mucosa were checked in the same manner
for comparison with those of FTC-MS. Further, fluores-
cein was examined as a control in the same manner.
Briefly, Wistar rats weighing 240–270 g were treated in
the same way as described above, and 2-cm lengths of
the duodenum, jejunum, and ileum were taken. They
were turned inside out, and a glass bar 4 mm in diameter
was passed through the tissue tube. The tissue attached
to the glass bar was set in 1/15 M phosphate buffer
(8 ml), pH 6.5, containing 2 mg of polymer or fluores-
cein with stirring at 200 rpm at the same conditions as
described for FTC-MS. The sampling and measure-
ment were executed in the same manner as described
above.

Transit of Fluorescein Thiocarbamyl–
Chitosan Microspheres After Oral
and Intraduodenal Administration

In this experiment, FTC-MS-M was used as the FTC-
MS. Male Wistar rats (240–270 g) underwent fasting for
24 h, and they were anesthetized by intraperitoneal ad-
ministration of pentobarbital at 60 mg/kg. A suspension
of 50 mg FTC-MS in 1 ml of saline was made, and the
whole suspension was orally administered using an oral
sound. The rats were placed on their backs on a warm
plate set at 40°C throughout the experiment. At 2, 5, and
8 h after administration, the stomach and small intestine

were excised, and the animal was immediately sacrificed
by excessive ether anesthesia.

The small intestine was divided into five parts of equal
length (12–15 cm). The stomach was cut open, and each
part of the small intestine was turned inside out. All FTC-
MS located in each part were collected by scratching the
mucosa with a spatula. To the collected samples was
added 5 ml of 0.1 M acetate buffer, pH 4.5, and the mix-
tures were mashed using a glass homogenizer with a
Teflon pestle to dissolve the FTC-MS. After cetrifugation
at 3000 rpm for 20 min, the supernatant was analyzed
fluorometrically (Ex. 490 nm; Em. 520 nm) to deter-
mine the amount of FTC-MS. This scratching method
permitted the recovery of the microspheres from the in-
testinal mucosa at a high recovery ratio (more than 80%
w/w) (data not shown), which was probably because
FTC-MS could be dissolved well in 0.1 M acetate buffer
at pH 4.5. Therefore, the results were evaluated without
correction.

Intraduodenal administration was performed as fol-
lows. Male Wistar rats (240–270 g) underwent fasting
for 24 h and were anesthetized by intraperitoneal admin-
istration of pentobarbital at 60 mg/kg. The abdominal
skin and membrane were cut open, and 50 mg of FTC-
MS suspended in 1 ml of saline were administered into
the intestine 3 cm distant from the pylorus. Then, the
part below the rift for the administration was ligatured
to prevent leakage. The incisions of the abdominal mem-
brane and skin were then sutured. The rats were placed
on their backs on a warm plate set at 40°C throughout
the experiment. At 2, 5, and 8 h after administration, the
small intestine was excised, and the rat was immediately
sacrificed by excessive ether anesthesia. The small intes-
tine was treated in the same manner as described above
for oral administration. FTC-MS located in each part
were also collected, and the adhering amount was mea-
sured and evaluated in the same way as described above
for oral administration.

In Vitro Release and In Situ Absorption
of Insulin for Chitosan Microspheres
Containing Insulin

The insulin release characteristics from Chi-Ins were
examined as follows: In 5 ml of the JP 13 second fluid,
10 mg of Chi-Ins were dispersed. The mixture was incu-
bated at 37°C at 60 strokes/min. Aliquots (300 µl) were
withdrawn from the upper layer after incubation for 0,
0.25, 0.5, 1, 2, 3, 4, and 8 h; immediately after each sam-
pling, 300 µl of the JP 13 second fluid were added to the
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incubation medium to maintain a constant volume. Each
sample was filtered using a membrane filter with a pore
diameter of 0.45 µm. The concentration of insulin in the
filtrate was determined by HPLC in the same manner as
described above for the drug content study of Chi-Ins.

The duodenal loop administration was executed as fol-
lows: Male Wistar rats (240–270 g) underwent fasting
for 24 h, then were anesthetized by intraperitoneal admin-
istration of pentobarbital at 60 mg/kg. The abdominal
skin and membrane were cut open, and the intestinal po-
sition at 13 cm below the pylorus was ligatured. The inci-
sions of the abdominal membrane and skin were simply
sutured.

At 1 h after the operation, the abdominal skin and
membrane were reopened, and Chi-Ins suspended in 1
ml of saline was administered at 50 units/kg (U/kg) from
the intestinal position 3 cm below the pylorus into the
duodenal part. Then, the part just below the rift for the
administration was ligatured to prevent leakage. After
these operations, the incisions of the abdominal mem-
brane and skin were sutured. The rats were placed on
their backs on a warm plate set at 40°C throughout
the experiment. Immediately before and at 0.5, 1, 2, and
4 h after administration, the blood samples (200 µl)
were withdrawn from the jugular vein. Plasma was ob-
tained by centrifugation of the blood at 3000 rpm for
5 min, and the plasma glucose level was determined us-
ing a Glucose-B Test Wako (Wako Pure Chemical Indus-
tries, Ltd., Japan) based on the glucose oxidase method.
After final withdrawal of blood samples, the animals
were sacrificed by excessive ether anesthesia.

Ileal loop administration of Chi-Ins was performed as
follows: Male Wistar rats (240–270 g) underwent fasting
for 24 h, then were anesthetized by intraperitoneal admin-
istration of pentobarbital at 60 mg/kg. The abdominal
skin and membrane were cut open, and the ileocecal re-
gion was ligatured. The incisions of the abdominal mem-
brane and skin were simply sutured. At 1 h after the oper-
ation, the abdominal skin and membrane were reopened,
and Chi-Ins suspended in 1 ml of saline was administered
at 100 U/kg from the intestinal position 10 cm above the
ileocecal region into the ileal part. Then, the part just
below the rift for the administration was ligatured to pre-
vent leakage. After these operations, the incisions of ab-
dominal membrane and skin were sutured. Other proce-
dures and conditions such as warming, blood sampling,
and determination of the plasma glucose level were car-
ried out in the same way as described for duodenal loop
administration. The animals were sacrificed as described
above for duodenal administration.

RESULTS AND DISCUSSION

Particle Characteristics of Fluorescein
Thiocarbamyl–Chitosan Microspheres

The dry-in-oil method gave spherical particles, that is,
microspheres. The size was dependent on the concentra-
tion of chitosan solution added to the oily phase. The
particle diameters of FTC-MS-S, FTC-MS-M, and FTC-
MS-L were distributed in the ranges of a few micrometers
to 50 µm, a few micrometers to 60 µm, and 20–70 µm,
respectively. The mean diameters of FTC-MS-S, FTC-
MS-M, and FTC-MS-L were 11, 27, and 42 µm, respec-
tively. Most diameters were distributed near the mean
particle diameter for all kinds of FTC-MS. These sug-
gested that the increases in the chitosan concentration
should cause increases in particle size. Such size in-
creases were considered to be because the chitosan con-
tent increased in each emulsion droplet and because the
increase in viscosity due to the increase in chitosan con-
centration results in the larger size of emulsion droplets.

In Vitro Bioadhesion to the Mucosa
of Small Intestine

Bioadhesion of Fluorescein Thiocarbamyl–
Chitosan Microspheres

The effect of the amount of FTC-MS on the adhesive
ratio was examined using FTC-MS with a mean particle
diameter of 27 µm (FTC-MS-M). The adhesive ratio,
which was calculated as the ratio of adhering FTC-MS
to the total amount used, increased with decreasing
amount of FTC-MS added (Fig. 2). The amount of adher-
ing FTC-MS also reached a plateau at 30 min to 1 h after
the start of the test. The adhesive amount at a plateau
was approximately equivalent regardless of amount
added. These observations suggested that there should be
saturation in the adherence. The saturated amounts were
calculated as 0.6, 0.5, and 0.4 mg for 2-cm lengths of
the duodenum, jejunum, and ileum, respectively. These
observations also suggested that it should be necessary
to administer the microspheres with a higher drug content
to achieve the effective localization of loaded drugs by
bioadhesion. Since the mucous layer has been reported
to be several tens of micrometers thick (13–15), a simple
calculation with diameter (5 mm) and length (2 cm) of
used intestinal tissue samples gave a mucus volume of
about 10 mm3 per 2-cm tube. The amount of adhering
microspheres at the saturation, 0.4–0.6 mg, was calcu-
lated to correspond to several percent of the mucous layer
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Figure 2. Effect of added amount of FTC-MS on adhering ratio to (A) duodenal, (B) jejunal, and (C) ileal parts: �, 2 mg FTC-
MS; �, 5 mg FTC-MS; �, 10 mg FTC-MS. Each point represents the mean � SD (n � 3).

volume. Considering that the mucous layer is heteroge-
neous in thickness and that microspheres with a size simi-
lar to the mucous layer thickness were used, the saturated
amount in the in vitro adhesion may be reasonable.

The effects of particle size of FTC-MS on bioadhesion
to each part of the small intestine were investigated using
10 mg of FTC-MS in the same manner. The results are
shown in Fig. 3. The amount of adhering FTC-MS
reached a plateau at 30 min to 1 h after the start of the

Figure 3. Effect of particle size on adhering ratio of FTC-MS to (A) duodenal, (B) jejunal, and (C) ileal parts. Initially, 10 mg
FTC-CM was added to each tested medium: �, FTC-MS-S; �, FTC-MS-M; �, FTC-MS-L. Each point represents the mean � SD
(n � 3).

test for each sample, and the amount at the plateau was
not dependent on the particle size. These observations
suggested that the saturated level of adherence should not
be affected by particle size. The amount of adhering
FTC-MS tended to be larger in duodenum than jejunum
and to be greater in the jejunum than the ileum, although
the differences between these regions were not marked.

After the in vitro adhesion test for 2 h, each small
intestine tube was washed using 100 µl of 1/15 M phos-
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phate buffer, pH 6.5, put into the fresh same buffer, and
stirred for 5 min in the same way. Most of the FTC-MS,
hardly appearing in the bathing solution, remained on the
intestinal mucosa. This suggested that the attached FTC-
MS should adhere fairly tightly to the mucosa.

Bioadhesion of Dissolved Chitosan

The adhesive properties of FTC-Chi and fluorescein
were examined in the dissolved form. Fluorescein exhib-
ited very little adhesion to any part of the intestine exam-
ined (Fig. 4). Fluorescein itself is considered to have little
affinity to the mucosa of the small intestine. As compared
with FTC-CM, FTC-Chi showed lower bioadhesion in
the form of solution. As to the adhesive ratio, duodenum
was greater than jejunum, which was greater than ileum.
Although chitosan is thought to be bioadhesive, its adhe-
sive potency was found to be low in the dissolved form.

Soane et al. (9) reported that chitosan was cleared
faster in the dissolved form than in the microparticulate
form. The microspheres could absorb water from the mu-
cous layer and allow polymer penetration to the mucin
network and subsequent formation of adhesive bonds,
while dissolved chitosan, having been already hydrated,
could not cause the dehydration (water absorption) im-
portant for the polymer penetration. However, the situa-
tion of the present experiment was different from that of
Soane et al. (9) because FTC-MS was considered some-
what hydrated in suspension.

Others (6) reported that the nasal absorption of insulin

Figure 4. In vitro adhering ratio of dissolved fluorescent materials to (A) duodenal, (B) jejunal, and (C) ileal parts: �, 2 mg
fluorescein; �, 2 mg FTC-Chi. Each point represents the mean � SD (n � 3).

was enhanced better in the suspension of insulin-loaded
chitosan nanoparticles than in the mixed solution of chi-
tosan and insulin. This reason was thought to be because
the chitosan nanoparticles showed stronger contact with
the absorption layer, leading to the increased concentra-
tion of the absorption site (6).

The strong mucoadhesion and deep penetration of chi-
tosan-coated nanoparticles to the mucosa were also pro-
posed as a mechanism of drug absorption enhancement
in the intestinal peptide absorption study by Kawashima
et al. (7). They suggested that the solid form of chitosan
might be favorable for mucoadhesion, probably due to
close contact and deep penetration to the mucosa. Al-
though FTC-MS is much larger in size than such nano-
particles, FTC-MS might also show stronger adhesion
than dissolved FTC-Chi.

Thus, it was indicated that chitosan showed better ad-
hesion to the intestinal mucosa in the form of micro-
spheres than solution. Further, once chitosan micro-
spheres adhered to the intestinal mucosa, they were not
easily detached.

Transit of Fluorescein Thiocarbamyl–
Chitosan Microspheres After Oral
or Intraduodenal Administration

Figure 5 shows the time courses of the distribution of
FTC-MS in the tracts, including the stomach and small
intestine, after oral or intraduodenal administration. Fol-
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Figure 5. Distribution time courses of FTC-MS in (A) the
tract of the stomach and small intestine after oral administration
and (B) the tract of the small intestine after intraduodenal ad-
ministration. A suspension of 50 mg of FTC-MS in saline (1
ml) was administered per rat. The small intestine was divided
into the top (2) through bottom (6) as follows: 1, stomach; 2–
6, small intestinal part (2, top part; 6, bottom part; each 12–15
cm long). �, 2 h after administration; , 5 h after administra-
tion; �, 8 h after administration. Each point represents the mean
� SD (n � 3).

lowing oral administration, more than 30% of the dose
was observed in the stomach after 2 h, but less than 10%
was located there after 5 h. Most FTC-MS orally admin-
istered passed from stomach within 5 h after administra-
tion and spread widely throughout all parts of the small
intestine. At 8 h after administration, a considerable
amount of FTC-MS was transferred to the lower part of
the small intestine. On the other hand, following intradu-
odenal administration, approximately 80% of FTC-MS
administered was observed in the area consisting of the
duodenum (section 2) and jejunum (section 3) after 2 h;
approximately 60% remained there even after 8 h.

The jejunum to which FTC-MS adhered was shortly

soaked in normal saline, and this was repeated five times.
After the soaking operation, 72% w/w of the FTC-MS
adhering to the jejunum at 2 h after oral administration
still remained, and 62% w/w of the FTC-MS adhering
to the jejunum at 5 h after oral administration was still
maintained (n � 3). On the other hand, after the same
operation, 88% of the FTC-MS adhering to the jejunum
at 2 h after intraduodenal administration still remained,
and 85% of the FTC-MS adhering to the jejunum at 2 h
after intraduodenal administration was still maintained
(n � 3). Since the pH of the stomach and jejunum were
4 and 6, respectively, FTC-MS administered orally were
considered to be swollen and dissolved at a low pH,
which would cause the orally administered FTC-MS to
detach more easily.

In Situ Absorption of Insulin for Chitosan
Microspheres Loaded with Insulin

Chi-Ins showed a mean particle diameter of 20 µm
and a particle diameter distribution ranging from 5 to 45
µm. The insulin content was 5.5% w/w. Chemical trans-
formations of insulin, especially deamidation, have been
reported to occur in acidic media (16–18), although de-
amidated insulins appear to retain potency to a fair extent.
When compared with the experimental conditions for sta-
bility reported in the literature (16), Chi-Ins was consid-
ered to be produced in weaker acid and for a shorter time.
Therefore, chemical transformation was not expected to
be extensive.

The results of HPLC analysis indicated that insulin
was incorporated in the microspheres at a content of 5.5%
w/w; namely, more than 80% w/w of insulin used was
calculated as incorporated with its dignity into the micro-
spheres. However, the determination of insulin by HPLC
might need to be verified further by examination of the
potency of incorporated insulin because another reported
HPLC analysis indicated that there was a deamidated in-
sulin appearing very close to the original one in the chro-
matogram (17). In this study, only the HPLC method was
used for determination of insulin.

The release of insulin from microspheres is shown in
Fig. 6A. Of the loaded drug, 60% was released at 30 min,
and the amount released reached more than 70% w/w at 2
h, after which the remaining insulin was released slowly.
Figure 6B shows the time course of the plasma glucose
levels following administration of Chi-Ins (50 U/kg) to
the duodenal loop and following administration of Chi-
Ins (100 U/kg) to the ileal loop. The decreases in plasma
glucose levels were little observed after administration
of Chi-Ins (50 U/kg) into the duodenal loop. Only a slight
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Figure 6. In vitro release of insulin from Chi-Ins in JP 13 2nd fluid (A) and blood glucose level after in situ loop administration
of Chi-Ins (B). In Fig. 6B, � control, � intraduodenal administration (50 U/kg), � intraileal administration (100 U/kg); *p � .01
versus control, #p � .001 versus control based on Student t test. Each point represents the mean � SD (n � 3).

transient decrease in plasma glucose level was initially
observed at each administration compared with the con-
trol. Ileal administration tended to cause suppression of
the plasma glucose level through all the observations.
The plasma glucose level has been reported to be slightly
decreased following administration of insulin solution
(50 U/kg) in the washed ileal loop (19). The administra-
tion of insulin solution (50 U/kg) in the nonwashed ileal
loop resulted in no decrease in plasma glucose level (19).
Therefore, adhering microspheres might prevent insulin
to a small extent from degradation by proteolytic en-
zymes in the mucosal membrane.

Reportedly, chitosan-coated nanoparticles or lipo-
somes acted well for enhancement of peptide absorption
(5–7). Namely, these dosage forms show the strong mu-
coadhesion and deep penetration to the mucous layer,
which can increase the residence time and close contact
of the peptide at the absorption. As a result, the peptide
absorption is supposed to be enhanced.

However, overall, the enhancing effects of the present
microspheres, which possessed a diameter of a few dozen
micrometers, were not proved. The difference in particle
size was supposed to influence the peptide absorption;
namely, the larger particles, Chi-Ins, might not provide
contact enough to cause the peptide absorption, and more
insulin might be released from the mucous layer to the
lumen of the intestine because the penetration was not
complete due to the larger size. Further, a fair amount of
insulin might be released from Chi-Ins before achieve-
ment of close contact with the mucosa, resulting in little

absorption. Thus, as to the present microspheres, further
modification such as the coexistence of inhibitors against
proteolytic enzymes will have to be added to facilitate
absorption of insulin.

CONCLUSION

The present study demonstrated in vitro and in vivo
bioadhesive characteristics of chitosan microspheres with
a particle diameter ranging from several micrometers to
several tens of micrometers in the rat small intestine. It
is suggested that encapsulation or coating using chitosan
should increase the residence of included drugs in the
upper and middle regions of the small intestine. How-
ever, the chitosan microspheres obtained in the condi-
tions of this study did not show an ability to enhance
peptide absorption.
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