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In order to improve the systemic uptake of therapeutic peptides/proteins after oral administration, the
polymer-protease inhibitor conjugate chitosan–aprotinin was synthesised and polyelectrolyte complexes
between negatively charged multilamellar vesicles (MLV) and positively charged chitosan–aprotinin con-
jugate were prepared. It could be demonstrated that chitosan–aprotinin was capable of significantly
inhibiting Trypsin in vitro in concentrations of 0.05% and 0.1%, whereas no inhibition was observed in the
presence of 0.1% chitosan. The size range of the prepared MLV was between 3 and 4.5 �m and the initially
ral peptide delivery
olymer-protease inhibitor conjugate
iposomes
alcitonin

negative zeta potential (ca. −90 mV) of the core liposomes switched to a positive value after polymer
coating (ca. +40 mV). Confocal laser microscopy studies showed comparable mucoadhesive properties
of chitosan–aprotinin coated MLV and chitosan coated MLV. In comparison to calcitonin in solution, the
area above the blood calcium concentration–time curve (AAC) after oral administration of calcitonin
loaded chitosan coated MLV to rats increased around 11-fold, and around 15-fold in the case of calcitonin
loaded chitosan–aprotinin coated MLV. Data gained in the current study are believed to contribute to the

lymer
development of novel po

. Introduction

Most therapeutic peptides and proteins are nowadays admin-
stered via injections, because they are generally only poorly
bsorbed after oral administration. As the oral administration route
s preferred by patients, various approaches have been investi-
ated to make feasible the oral administration of peptides and
roteins. One main barrier for most orally administered peptides
nd proteins is the enzymatic barrier (Woodley, 1994). Diges-
ive enzymes of the stomach and the intestine, including Pepsin,
rypsin, Chymotrypsin, Elastase and membrane bound aminopep-
idases as well as carboxypeptidases can lead to rapid protein
nactivation. Therefore, researchers investigated already about 15
ears ago, if an inhibition of proteolytic enzymes can improve the
ral bioavailability of peptide and protein drugs (Yamamoto et al.,
994). In fact, it could be demonstrated that co-administration
f various protease inhibitors such as aprotinin or the Bowman
irk Inhibitor (BBI) leads to improved insulin plasma levels after

ral administration (Yamamoto et al., 1994). Unfortunately, it was
lso reported that prolonged administration of protease inhibitors
an lead to hypertrophy and hyperplasia of the pancreas (Ge and
organ, 1993; Melmed et al., 1976). In recent years, the con-
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cept of polymer-protease inhibitor conjugates was introduced into
the pharmaceutical arena (Bernkop-Schnürch and Scerbe-Saiko,
1998). Potent protease inhibitors are covalently bound to non-
absorbable multifunctional polymers such as poly(acrylates) or
chitosan (Bernkop-Schnürch and Kast, 2001). This immobilisation
is believed to lead to an improved safety profile by simultaneously
retaining the inhibitory properties of the inhibitor. Reduced toxic-
ity has been attributed to the fact that the immobilised inhibitors
are not absorbed, and that lower concentrations might be used as
the inhibitor stays concentrated at the same intestinal segments as
the drug is released.

Another effective approach besides protease inhibition is the
use of orally administered liposomes, and in particular the use
of polymer-coated liposomes (Takeuchi et al., 2005a,b, 2003,
1996). It has been shown that the pharmacological effect of orally
administered insulin and calcitonin was greatly increased after
administration of polyelectrolyte complexes between mucoadhe-
sive polymers such as chitosan or poly(acrylates) and oppositely
charged liposomes compared with liposomal formulations omit-
ting the polymer (Takeuchi et al., 2003, 1996). It has also been
shown, that chitosan coated liposomes remain in the intestine for a
longer time period than non-coated liposomes, which is mediated

by the mucoadhesive effect of chitosan (Takeuchi et al., 2003, 1994).

It was the aim of the current study to investigate the efficacy
of liposomes coated with the polymer-protease inhibitor conjugate
chitosan–aprotinin for oral peptide delivery. The physico-chemical
properties of the novel liposomal delivery system, the Trypsin

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:takeuchi@gifu-pu.ac.jp
dx.doi.org/10.1016/j.ijpharm.2008.11.013
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nhibitory capability of the inhibitor conjugate, the calcitonin load-
ng capacity as well as the mucoadhesive properties were evaluated
n vitro and compared with the properties of chitosan coated
iposomes. In addition, the efficacy of orally administered coated
iposomes containing the peptide drug calcitonin was evaluated in
ivo in rats.

. Materials and methods

.1. Materials

Chitosan (Seelab, 150 kDa), aprotinin (Sigma, lyophilised pow-
er, 3–8 TIU/mg solid) N-(3-dimethylaminopropyl)-N′-ethylcarbo-
iimide hydrochloride (EDAC), l-�-distearolyphosphatidylcholine
DSPC, Nippon Oil and Fats Co.), cholesterol (Chol. Sigma), dicetyl
hosphate (DCP, Sigma) coumarin (Sigma), N-benzoyl-arginine-p-
itroanilide (Sigma), were used as received. Calcitonin (elcatonin)
as kindly supplied by Asahi Chemical Co., Japan. All used reagents
ere of analytical grade.

.2. Synthesis of chitosan–aprotinin conjugate

Synthesis was performed similar as described previously (Werle
t al., 2007). The protease inhibitor aprotinin was covalently grafted
o chitosan (medium molecular mass, 150 kDa) by using the cou-
ling agent EDAC. In brief, the carboxylic groups of the inhibitor
ere activated by EDAC and amide bonds between the activated

arboxylic groups of aprotinin and the primary amino groups
f chitosan were formed. For the synthesis, 60 mg of Chitosan
ere dissolved in 15 ml 0.1 M HCl under stirring. Then, the pH
as carefully adjusted to pH 6.0 with 1 M NaOH. In parallel,

DAC (250 mg in 1 ml H2O) was added to 1.5 ml of a 2 mg/ml
olution of aprotinin in water. The EDAC/aprotinin mixture was
ncubated for 20 min at room temperature in order to allow acti-
ation of the carboxylic groups of aprotinin. Then the mixture
as added to the chitosan solution pH 6.0 and incubated at

oom temperature and stirring for 10 h. Subsequently, the solu-
ion was filled into dialysis tubings (MWCO = 12,000–14,000 Da,
pectra/Por, Spectrumlabs) and dialysed 6 times for 12 h against
ater. Finally the purified chitosan–aprotinin conjugate was

yophilised.

.3. Trypsin inhibition studies

In order to determine the amount of covalently grafted active
protinin, the degradation of the Trypsin substrate N-benzoyl-
rginine-p-nitroanilide (NBANA) was monitored. In presence of
rypsin, NBANA forms nitroaniline, which leads to an increase
n absorbance at 405 nm. Before adding NBANA to the solu-
ions containing Trypsin in buffer only (50 mM phosphate
uffer pH 6.5) or in buffer containing different concentrations
f chitosan/chitosan–aprotinin, the sample solutions were pre-
ncubated for 20 min at room temperature. For quantification of
he amount of grafted aprotinin, a calibration curve was used. The
alibration curve was prepared by adding different amounts of free
protinin to a Trypsin solution and finally adding NBANA after a pre-
ncubation period of 20 min. Five minutes after addition of NBANA,
he absorbance was measured (Galaxy Fluostar, A = 405 nm).

The following stock solutions were prepared: 0.5 mg of benzoyl-
rginine-p-nitroanilide was dissolved in 1 ml of 50 mM phosphate
uffer pH 6.5 and filtered through 0.45 �m. 0.2 mg Trypsin

as dissolved in 1 ml phosphate buffer pH 6.5. Chitosan and

hitosan–aprotinin solutions (0.1% and 0.5%, respectively) in 50 mM
hosphate buffer pH 6.5 were prepared. For the determination
f the degree of modification, 50 �l of each protease solution
ere added to 50 �l of a 0.1% chitosan–aprotinin solution and to
l of Pharmaceutics 370 (2009) 26–32 27

50 �l of 8 different dilutions of aprotinin in buffer. These solutions
were incubated for 20 min at room temperature. Then, 100 �l of
NBANA solution was added, and after 5 min of incubation at room
temperature the absorbance was measured immediately with a
microplate reader (Galaxy Fluostar, absorbance, A = 405 nm). The
amount of covalently grafted active aprotinin in percent (m/m)
was calculated by using the calibration curve described above. In
addition, the time dependent degradation of NBANA in presence of
Trypsin in buffer only as well as in buffer containing chitosan or
chitosan–aprotinin (0.1% and 0.05%, respectively) was determined
using the same experimental setup as described above, but mea-
suring the increase in absorbance mediated by nitroaniline every
5 min during an observation period of 45 min (Galaxy Fluostar,
absorbance, A = 405 nm).

2.4. Preparation and characterisation of liposomes and coated
liposomes

Preparation of liposomes coated with chitosan has been
described in detail previously (Takeuchi et al., 1996). Anionic multi-
lamellar liposomes (MLV) consisting of DSPC, DCP and Chol. (molar
ratio: 8:2:1) were prepared using the thin film hydration method.
DSPC, DPC and Chol. were dissolved in chloroform and a thin film
lipid layer was obtained by evaporating the organic solvent for 3 h
at 40 ◦C using a rotavapor and water jet vacuum. The obtained
thin film layer was dried overnight in a vacuum oven to ensure
complete removal of chloroform. Hydration was performed with
66.67 M phosphate buffer pH 6.8 by repeated gentle heating and
vortexing. The liposomal suspension was incubated for 30 min at
10 ◦C.

Coating with chitosan and chitosan–aprotinin was performed
by mixing an aliquot of the described liposomal suspensions with
a 0.6% polymer solution in 100 mM ABS buffer pH 4.5 and vortex-
ing. The coated liposomes were incubated for 30 min in a cooled
water-bath (10 ◦C). The size of non-coated and coated MLV was
determined using a LDSA 2400A particle size analyser (Tohnichi
Computer Co. Ltd., Japan). Zeta potential was measured with sus-
pensions that were prepared by adding 20 �l of the liposomal
suspension to 8 ml of purified water via dynamic light scattering
analysis (Zetasizer 3000 Has, Malvern). For control experiments
with non-coated liposomes, 1:1 dilution of the liposomal sus-
pension with buffer was performed in order to achieve same
concentrations as with coated liposomes.

Calcitonin containing MLV for in vivo studies were prepared
similar as described above. Instead of using buffer only, hydration
was performed with 66.67 M phosphate buffer pH 6.8 contain-
ing 160 �g/ml calcitonin. MLV were diluted 1:1 with 66.67 M
phosphate buffer pH 6.8 and mixed with an aliquot of 0.6% chi-
tosan or chitosan–aprotinin solution in 100 mM ABS buffer pH 4.5
(final calcitonin concentration of coated MLV was 40 �g/ml). As
a control, a calcitonin solution (40 �g/ml) in 66.67 M phosphate
buffer pH 6.8 was prepared. Calcitonin loaded MLV were ultra-
centrifuged for 45 min at 231,000 × g and 4 ◦C and the calcitonin
concentration of the supernatant was analysed by HPLC (Jasco,
Japan) under the following conditions: ODS-2 column (GL Sci-
ence), mobile phase = acetonitrile:0.1% trifluoracetic acid solution
(35:65, v/v), flow rate = 1 ml/min, injection volume = 20 �l, wave-
length = 220 nm.

2.5. Mucoadhesion studies
MLV were prepared in a similar manner as described above, but
the hydrophobic fluorescence marker coumarin was additionally
added when preparing the thin film lipid layer. After hydration
with 100 mM ABS buffer pH 4.5, the coumarin concentration of
the liposomal suspension was 0.1 mg/ml. MLV were administered
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Table 1
Concentrations of reagents used for the synthesis of chitosan–aprotinin and con-
trol and percent of aprotinin in chitosan–aprotinin [m/m]; values represent the
mean ± S.D. of at least three experiments.

Polymer Chitosan
(mg/ml)

EDAC
(mg/ml)

Aprotinin
(mg/ml)

Percent of aprotinin
(m/m) in
chitosan–aprotinin
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(see Fig. 2). Fluorescence was in both cases observed on the mucosal
side of all three intestinal segments, duodenum, jejunum and ileum,
whereas no fluorescence was observed as expected in control rats
which did not receive any formulation at all. It has already been

Table 2
Size, zeta potential and calcitonin drug-loading capacity of non-coated and coated
MLV; values represent the mean ± S.D. of at least three experiments.
hitosan–aprotinin 4.8 19.5 0.24 4.68 ± 0.29
ontrol (Chitosan only) 4.8 – – No inhibitory effect

ntragastrically to 10-week-old rats which had been fasted for 48 h
rior to MLV administration. The rats received either 500 �l of
hitosan coated MLV suspension or 500 �l of chitosan–aprotinin
oated MLV suspension (final concentration of each polymer was
.3% and final coumarin concentration was 0.05%, respectively). The
ontrol rats did not receive any treatment. One hour after admin-
stration, the rats were sacrificed and the intestine was excised
nd divided into three 15 cm segments referred to as “duodenum”,
jejunum” and “ileum”. Each segment was washed with 10 ml of
.9% saline solution. Samples were frozen and sliced into sections
f 10 �m thickness by using a Cryostat (LEICA). Samples were anal-
sed using a confocal laser scanning microscope (LSM510, Carl Zeiss
ena) at an excitation wavelength of 485 nm and an emission wave-
ength of 530 nm.

.6. In vivo studies

All animal experiments performed within the current study
ere approved by the animal welfare commission of Gifu Phar-
aceutical University. Polymer coated calcitonin containing MLV

final polymer concentration was 0.3%) as well as a control solu-
ion were intragastrically administered to 10-week-old male Wistar
ats which were fasted 24 h before the experiment. During the
xperiment, rats had free access to water. Rats were divided into
hree cohorts of n = 3, respectively. The cohorts received either 1 ml
f a calcitonin solution, 1 ml of chitosan coated MLV or 1 ml of
hitosan–aprotinin coated MLV (administered amount of calcitonin
as 40 �g per each rat). Blood samples (200 �l) were withdrawn

rom the jugular vein after predetermined time-points (0.5, 1, 2, 4,
, 12 and 24 h). Blood calcium levels were determined by using a
ommercially available calcium kit (Calcium C-Test, WAKO, Wako
ure Chemicals, Japan).

.7. Statistical data analyses

Statistical data analyses were performed using the Student
-test with p < 0.05 as the minimal level of significance. Calcu-
ations were done using the online calculation programme at
ttp://www.physics.csbsju.edu/stats/t-test bulk form.html.

. Results

.1. Synthesis of chitosan–aprotinin conjugate

The synthesis was performed as describe previously (Werle
t al., 2007), but using a chitosan with a lower molecular mass
150 kDa instead of 450 kDa). Basic parameters of the synthesis are
ummarised in Table 1. The synthesised conjugate contained 4.68%
m/m) aprotinin. It has been demonstrated in a previous study
Werle et al., 2007), that the Trypsin inhibition test is an appropriate
ethod for the determination of immobilised aprotinin. Moreover,
t has been demonstrated that the performed purification step via
ialysis is efficient in order to remove low molecular mass educts
nd unbound aprotinin (Werle et al., 2007).
Fig. 1. Increase of nitroaniline mediated absorption in the presence of NBANA,
Trypsin and: (�) buffer, (©) 0.1% Chitosan, (�-) 0.1% Chito–Aprotinin, (�) 0.05%;
each point represents the mean of at least three experiments ±S.D.

3.2. Trypsin inhibition studies

Results of the Trypsin inhibition studies are shown in Fig. 1.
A solution of 0.1% chitosan did not show any Trypsin inhibitory
properties in comparison to buffer solution, whereas both con-
centrations of chitosan–aprotinin, 0.1% and 0.05%, significantly
inhibited Trypsin during the 45 min observation period. These
results are in good correlation with data gained in studies using a
higher molecular mass chitosan–aprotinin conjugate (Werle et al.,
2007). It has already been demonstrated that the immobilisation of
aprotinin on chitosan does not decrease the ability of the conjugate
to inhibit both, Trypsin and Chymotrypsin (Werle et al., 2007).

3.3. Characterisation of liposomes

Anionic MLV serving as core liposomes have been prepared
as described previously (Takeuchi et al., 1996). The zeta potential
of the core MLV switched after mixing with chitosan as well as
chitosan–aprotinin from a negative value to a positive value (see
Table 2). The size was in the range of 3–4.5 �m, which has also
been reported previously for anionic MLV and chitosan coated MLV.
Drug loading experiments revealed that at least 75% of the drug is
associated with non-coated as well as coated MLV.

3.4. Mucoadhesion studies

Comparing the images of confocal laser scanning microscopy
studies, similar distribution patterns of coumarin mediated fluo-
rescence were found after intragastric administration of coumarin
labelled chitosan coated MLV and chitosan–aprotinin coated MLV
Liposomes Size [�m] Zeta potential [mV] Drug-loading [%]

Non-coated 3.12 −93.0 ± 4.7 >75%
Chitosan 3.16 +40.8 ± 1.8 >75%
Chito–Aprotinin 4.46 +39.9 ± 1.6 >75%

http://www.physics.csbsju.edu/stats/t-test_bulk_form.html
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F ucosa 1 h after peroral administration of coumarin loaded liposomes; (A) control without
f line divides the luminal side (upper part) from the mucosal side (lower part).
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ig. 2. Confocal laser scanning micrographs of different segments of rat intestinal m
ormulation, (B) chitosan coated MLV, (C) chitosan–aprotinin coated MLV; the white

emonstrated in previous studies that significantly higher amounts
f fluorescence labelled chitosan coated liposomes in comparison
o fluorescence labelled uncoated liposomes can be found in the
ntestine 1 h after intragastric administration in rats (Takeuchi et
l., 2005a,b).

.5. In vivo studies

A direct comparison of the time dependent blood calcium level
ver a 24 h period after intragastric administration of calcitonin
oaded chitosan coated MLV and chitosan–aprotinin coated MLV
howed that the blood calcium level significantly differed at three
ime points. A significant decrease of the blood calcium level after
ral administration of chitosan–aprotinin coated MLV was observed
fter 30 min, as well as after 12 and 24 h compared with calcium
evels gained after oral administration of chitosan coated MLV. The
esults of this study are provided in Fig. 3. The pharmacokinetic
arameters after oral administration of a calcitonin solution and
he chitosan and chitosan–aprotinin coated MLV are summarised
n Table 3. The most pronounced pharmacological effect in the

ase of the calcitonin solution and chitosan–aprotinin coated MLV
as observed after 0.5 h, whereas it was observed after 4 h in the

ase of chitosan coated MLV. Notably, no significant differences
etween chitosan coated MLV and chitosan–aprotinin coated MLV
as observed between 1 and 8 h after calcitonin administration.

Fig. 3. Blood calcium profiles after intragastric administration of calcitonin solution
(-x-), calcitonin loaded chitosan coated MLV (-�-) and chitosan–aprotinin coated
MLV (-�-); administered dose: 40 �g calcitonin per rat; chitosan–aprotinin coated
MLV differ *p < 0.05, **p < 0.005 from chitosan coated MLV; each point represents the
mean ± S.D. of at least three experiments.
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Table 3
Pharmacokinetic parameters after oral administration of various multilamellar vesi-
cles containing calcitonin.

Formulation Tmin [h] Cmin [%] AAC0–24 [%] AAC improvement
factor

Solution 0.5 95 ± 3 30 ± 32 1
Chitosan coated MLV 4 75 ± 12* 316 ± 44* 11
Chitosan–aprotinin

coated MLV
0.5 71 ± 8* 442 ± 86* 15

* Differs p < 0.05 from solution; values represent the mean ± S.D. of at least three
experiments.
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peptide drug from enzymatic attack by incorporation into the lipo-
ig. 4. Area above the blood calcium concentrations–time curves (AAC) after intra-
astric administration of calcitonin solution (white bar), chitosan coated MLV (light
rey bar) and chitosan–aprotinin coated MLV; (* differs p < 0.005 from solution);
ach point represents the mean ± S.D. of at least three experiments.

oreover, as shown in Fig. 3, the calcium level returned to the ini-
ial value after 24 h in the case of chitosan coated MLV, whereas
n the case of chitosan–aprotinin coated MLV the calcium level
as still decreased after 24 h. Comparing the area above the blood

alcium concentration–time curve (AAC) of the calcitonin solu-
ion with the AAC of the coated liposomes, it can be seen that
hat both formulations were capable of significantly increasing the
AC (Fig. 4). Chitosan coated MLV increased the AAC about 11-

old in comparison to the calcitonin solution, and administration
f chitosan–aprotinin coated MLV led to an even 15-fold increase.
owever, the AAC of chitosan coated MLV was not significantly
ifferent from that of chitosan–aprotinin coated MLV.

. Discussion

Aprotinin is a polypeptide inhibitor of Trypsin and Chy-
otrypsin. These two proteolytic enzymes can be regarded as

he two intestinal enzymes which are mainly responsible for the
nzymatic degradation of the two therapeutically relevant protein
rugs calcitonin and insulin (Bai et al., 1996; Werle et al., 2006).
ecently, the synthesis and characterisation of a chitosan–aprotinin
onjugate has been described (Werle et al., 2007). In that case,
chitosan with an average molecular mass of 450 kDa was used,
hereas in the current study a chitosan with an average molec-
lar mass of 150 kDa was used. It was assumed that using a low
olecular mass chitosan would lead to the formation of more

niform polymer–liposome complexes. However, it was not the
im of the study to investigate such phenomena in detail. The
mount of immobilised aprotinin on the polymeric backbone in
he current study was higher than that of the previously synthe-

ised conjugate (5% versus 1–2% (m/m)), using the same synthetic
athway and exactly the same conditions. Besides using a different
olecular mass, also the supplier of chitosan was different in both

ases, so that also differences in the purity of the used chitosans
l of Pharmaceutics 370 (2009) 26–32

might be responsible for the different yields. As demonstrated in
the Trypsin-inhibitory studies, the novel chitosan–aprotinin was
capable of inhibiting Trypsin even in low concentrations, whereas
unmodified chitosan did not exhibit any inhibitory activity at all
(Fig. 1). In the previous study it was demonstrated, that Chy-
motrypsin can be inhibited too by chitosan–aprotinin. Moreover,
it was demonstrated that the purification method was suitable to
remove unbound chitosan and other low molecular mass educts
(Werle et al., 2007).

After demonstrating the inhibitory effect of the novel polymer
in vitro, liposomal polyelectrolyte complexes between negatively
charged liposomes and the cationic polymers were formed. Size
and changes in zeta potential of the liposomes coated with
chitosan–aprotinin were comparable with that of chitosan coated
MLV. Generally, all results gained with chitosan coated MLV in
the current study are consistent with previously reported data
(Takeuchi et al., 1996). The mucoadhesive effect of chitosan has
been found to be at least partly responsible for the superior effi-
cacy of chitosan coated MLV in comparison to non-coated MLV.
Therefore, it was of interest to investigate if the immobilisation of
aprotinin leads to a loss of the mucoadhesive properties. Recently,
the methods for evaluating the mucoadhesive properties of micro-
and nanoscaled colloidal delivery systems have been summarised
(Takeuchi et al., 2005a,b). However, there is still controversy about
the most appropriate method. In the current study, confocal laser
scanning microscopy was used. Although this is not a quantita-
tive method, first insightful data can be gained, especially because
the described experimental set-up allows the determination after
oral administration in vivo. It has been reported previously by
using a different method that the immobilisation of BBI on chi-
tosan led to a decrease of the mucoadhesive properties of the
corresponding conjugate (Bernkop-Schnürch and Pasta, 1998). BBI
has a similar molecular mass (8 kDa) like aprotinin (6.5 kDa) and
also the amount of immobilised BBI was comparable to that of
aprotinin in the current study. However, it must be taken into
consideration that in the current study, the mucoadhesiveness of
a colloidal system was evaluated, whereas in the previous study
with BBI the mucoadhesiveness of tablets based in this conjugate
was determined. The results gained in the current mucoadhe-
sive studies, which suggest that the mucoadhesive properties of
chitosan coated MLV and chitosan–aprotinin coated MLV are in
the same range, are further backed up by two observations. First,
the pharmacological effect of chitosan–aprotinin coated MLV was
even prolonged in comparison to chitosan coated MLV and of
course to the calcitonin solution. Second, no difference in the
zeta potential of chitosan–aprotinin and chitosan coated MLV was
observed, suggesting that after immobilisation of aprotinin, still
a comparable amount of amino groups, which are at least partly
responsible for the mucoadhesive properties of chitosan, occurs in
the two polymers. In conclusion, data gained within the current
study support the hypothesis that the mucoadhesive properties of
chitosan–aprotinin coated MLV is not markedly different from that
of chitosan coated MLV.

Finally, the novel delivery system was evaluated in vivo. Calci-
tonin was chosen as model peptide drug and was intragastrically
administered to rats. It has been previously demonstrated in
biofeedback studies using calcitonin as well as insulin, that chi-
tosan coated MLV are more effective in vivo than non-coated MLV
(Takeuchi et al., 2003, 1996). This superior effect has been mainly
attributed to the prolonged residence time of the mucoadhesive
liposomes in the intestine, but also effects such as protection of the
somes have been discussed. Within the current study, the blood
calcium level in the chitosan–aprotinin MLV group 30 min after
drug administration was significantly lower than that of the chi-
tosan MLV group. In addition, such a significant effect was observed
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fter 12 and 24 h (Fig. 3). This effect was most likely mediated by the
rotease inhibitory activity of chitosan–aprotinin, as drug-loading
nd mucoadhesive properties of the two formulations did not
arkedly differ. The reason, why the effect of chitosan–aprotinin
LV was most pronounced in the beginning as well as at the end

f the absorption experiment might be that at these time points
ow concentrations of the formulation are located in the intestine.
herefore, the molar ratio of calcitonin/proteases is lower than at
ther time points, and enzymatic degradation is believed to be
ore pronounced. Consequently, protease inhibition will lead to

ignificantly higher calcitonin plasma levels at these time points.
etween around 1 and 8 h, other strategies than protease inhibi-
ion such as permeation enhancement might be more effective in
rder to increase the plasma level of orally administered peptide
rugs. Comparing the AAC of the coated MLV with that of a calci-
onin solution, the AAC of chitosan MLV was significantly increased
1-fold and 15-fold in the case of chitosan–aprotinin MLV dur-
ng a 24-h period (Table 3, Fig. 4). The AAC of chitosan–aprotinin
oated MLV was increased around 1.4-fold in comparison to the
AC of chitosan coated MLV, however, this effect was not signifi-
ant (p > 0.05). However, the AAC was calculated for the duration
f the observation period (24 h). After 24 h, the blood calcium level
n the chitosan MLV groups was found to be in the same range as
he initial measured blood calcium level, whereas in the case of
hitosan–aprotinin coated MLV the blood calcium level was still
ecreased. In summary, results gained in vivo studies suggest that
he efficacy of chitosan coated MLV can be further improved by a
ovalent attachment of specific protease inhibitors such as apro-
inin to the polymer.

In order to develop liposomal polymer-protease inhibitor conju-
ate complexes with further enhanced efficacy, some critical points
hould be taken into consideration. The possibility that encapsula-
ion of calcitonin into the liposomes leads to a protection of a certain
mount of the peptide from enzymatic degradation has already
een discussed and seems likely (Thongborisute et al., 2006). There-
ore, it would be generally of interest to investigate if an increased
hare of the inhibitor on chitosan would lead to an even higher
ncreased effect in vivo. An optimised liposomal chitosan–aprotinin
elivery system which displays a maximum amount of covalently
ound aprotinin without exhibiting decreased mucoadhesive prop-
rties might lead to a more pronounced effect in vivo. Another
ritical parameter in the described delivery system is the polymer
hitosan itself. There are numerous studies that clearly demon-
trate the potential of chitosan for oral drug delivery (Aungst, 2000;
ernkop-Schnürch, 2000; Luessen et al., 1996). It has been used for
he successful delivery of not only peptides and proteins, but also
or the delivery of other hydrophilic macromolecules such as siRNA
r pDNA (Tahara et al., 2007; Zheng et al., 2007). Nevertheless, a
onstant point of criticism is the pH dependent solubility of chi-
osan. The solubility depends on various factors, such as degree
f deacetylation, molecular mass and source of chitosan, but as
general rule it can be stated that commercially available chi-

osan is not soluble above a pH of 6.5. As this can be regarded as
limiting factor for its use in oral drug delivery in general, this

olubility behaviour might limit the efficacy of chitosan-protease
nhibitor conjugates in particular. The optimum pH range of Trypsin
nd Chymotrypsin depends on the enzyme source, but in most
ammals it is between 7 and 9. Therefore, it is rather unlikely

hat a chitosan-protease inhibitor conjugate is capable of inhibit-
ng proteolytic enzymes in intestinal segments with higher pH, and
onsequently, at intestinal segments with the highest enzyme activ-

ties. However, especially the observed significant decrease of the
lood calcium level in the chitosan–aprotinin group after 30 min
eems to indicate that inhibition of proteolytic in the upper part
f the small intestine leads to improved drug uptake. Taking this
nto consideration, the pharmacological effect might be much more
l of Pharmaceutics 370 (2009) 26–32 31

pronounced, if the proteolytic enzymes can be inhibited at higher
pH. To achieve this, polymer-protease inhibitor conjugates based
on poly(acrylates) instead of chitosan might be a promising alter-
native.

5. Conclusion

Within the current study, two promising approaches for the
oral delivery of peptide drugs were combined. The successful
formation of polyelectrolyte complexes between anionic lipo-
somes and the cationic polymer-protease inhibitor conjugate
chitosan–aprotinin was demonstrated, and the properties of the
novel delivery system were described. Chitosan–aprotinin was
capable of inhibiting Trypsin in vitro, and the mucoadhesive prop-
erties of chitosan–aprotinin coated MLV did not differ from that
of chitosan coated MLV. A different and more pronounced effect
of calcitonin loaded chitosan–aprotinin MLV in comparison to chi-
tosan coated MLV was observed. Data gained in the current study
indicate the potential of liposomal chitosan–aprotinin as an oral
delivery system for peptide drugs and are believed to contribute to
the development of novel polymer-protease inhibitor based deliv-
ery systems.
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