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a b s t r a c t

Systemic drug delivery through intraoral membranes may offer a promising administration route for
lipophilic peptide drugs. The aim of the present study was to investigate the effect of �-cyclodextrin (�-
CD) and a novel chitosan derivative, chitosan N-betainate (CH), on sublingual absorption of a hydrophobic
model peptide cyclosporin A (CsA), and the effect of temperature on the complexation of CsA with �-CD.

Complexation of CsA with �-CD was studied using the phase-solubility method.
Sublingual absorption of CsA was studied by administration of solid CsA/�-CD complex (with and

without CH solution), solid CsA/�-CD/CH formulation and solid plain CsA to rabbits.
The solubility of CsA in aqueous �-CD solution (14%) increased with decreasing temperature; the

◦

uccal
yclodextrins
eptide delivery
ransmucosal drug delivery

solubility of CsA at room temperature, +5 and +1 C was 1.2, 12 and 19 mg/ml, respectively. The bioavail-
ability of CsA after administration of plain CsA, solid CsA/�-CD and solid CsA/�-CD/CH (0.6 ± 0.5, 1.4 ± 0.7
and 1.7 ± 0.8%, respectively; mean ± S.D.) was further increased when solid CsA/�-CD was administered
together with CH solution (3.2 ± 2.2%).

The present study shows that decreased temperature can be effectively utilized to produce CsA/�-CD
own t
solut
complexes. It was also sh
peptides, although the ab

. Introduction

Successful therapeutic utilization of therapeutically active pep-
ides depends on the ability to administer them in an efficient
nd patient-compliant manner. Oral delivery of peptides is rarely
ossible due to their enzymatic and acidic instability in the
astro-intestinal (GI)-tract, limited absorption through biologi-
al membranes as well as pre-systemic metabolism (Lee and
amamoto, 1990). As a result, to date many peptides have to be
dministered parenterally either via intravenous, subcutaneous or
ntramuscular route.

Systemic drug delivery through intraoral membranes would

ircumvent some of the conditions of the GI-tract as well as pre-
ystemic metabolism (Rathbone et al., 1996). Other benefits of
ntraoral route include easy access, robustness to tolerate absorp-
ion enhancers and low enzymatic activity (Harris and Robinson,

∗ Corresponding author. Current address: Drug Delivery Disposition and Dynam-
cs, Monash Institute of Pharmaceutical Sciences, Monash University (Parkville
ampus), 381 Royal Parade, Parkville, Victoria 3052, Australia. Tel.: +61 3 9903 9138;

ax: +61 3 9903 9583.
E-mail address: janne.mannila@pharm.monash.edu.au (J. Mannila).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.07.012
hat �-CD and CH may be advantageous in sublingual delivery of lipophilic
e bioavailability remains low.

© 2009 Elsevier B.V. All rights reserved.

1992). However, intraoral delivery of drug compounds has strict
requirements; the compound must first dissolve and disperse
into the saliva, then cross the unstirred water layer consisting of
mucin network, and finally, the oral membrane (Veuillez et al.,
2001; Loftsson et al., 2007). Most of the peptides are large and
hydrophilic and thus, absorption enhancers are often needed in
order to improve systemic absorption (Shojaei, 1998; Loftsson et al.,
2007). Some peptides are, however, relatively small and lipophilic
and may need dissolution enhancers to achieve absorption.

Cyclodextrins (CDs) are a group of excipients which can
improve the permeation of hydrophobic drugs through biolog-
ical membranes by enhancing the dissolution and transport
through the unstirred water layer (Shojaei, 1998). CDs have pre-
viously been shown to be useful in the development of intraoral
drug formulations of small lipophilic drug molecules such as
�9-tetrahydrocannabinol, cannabidiol, nicotine (�-CD) (Molander
and Lunell, 2001; Mannila et al., 2006, 2007) and testosterone
(hydroxypropyl-�-CD) (Salehian et al., 1995). However, only few

studies have dealt with the use of CDs in intraoral peptide delivery;
e.g. hydroxypropyl-�-CD (HP-�-CD) has been shown to improve
sublingual absorption of insulin (Cui et al., 2005). To our knowl-
edge, there are no studies dealing with the advantages of CDs in
intraoral delivery of lipophilic peptides.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:janne.mannila@pharm.monash.edu.au
dx.doi.org/10.1016/j.ijpharm.2009.07.012
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Table 1
The precision and accuracy of the HPLC–MS method used for the analysis of CsA.

Concentration
(ng/ml)

Within-day precision
(%R.S.D.; n = 3)

Between-day precision
(%R.S.D.; n = 6)

Accuracy
(%; n = 3)

0.2a 8.0 8.4 92
Fig. 1. Chemical structure of chitosan N-betainate chloride.

Another potential group of excipients in transmucosal peptide
elivery is chitosan and its derivatives (Illum, 1998; Di Colo et
l., 2008). Chitosans are suggested to enhance absorption of drugs
hrough mucoadhesion, improved aqueous solubility of a drug and
n increase in permeability of biological membranes by loosening
he tight junctions or interfering with the lipid organization (Illum,
998; Senel et al., 2000). The effects of chitosans in intraoral deliv-
ry of peptide or protein drugs are not widely studied; it has been
eported that chitosan can improve the flux of transforming growth
actor-� across buccal mucosa (Senel et al., 2000). In addition, thi-
lated chitosan derivative has been shown to increase the buccal
ioavailability of pituitary adenylate cyclase-activating polypeptide
Langoth et al., 2006).

The aim of the present study was to examine the possible advan-
ages of CDs and chitosans in sublingual delivery of a lipophilic

odel peptide, cyclosporin A (CsA). A novel complexation method
ith improved complexation efficiency of CsA with �-CD was

eveloped, and the bioavailability of CsA was studied after sub-
ingual administration of solid CsA/�-CD complex. In addition, the
ffects of a novel water-soluble chitosan derivative, chitosan N-
etainate (CH), on sublingual absorption of CsA was studied after
ublingual administration CsA/�-CD.

. Materials and methods

.1. Materials

Chitosan N-betainate (Fig. 1) was prepared by a 5-step synthetic
oute as reported earlier, by protection and deprotection of the
mino- and primary hydroxyl groups (Holappa et al., 2004, 2006).
hitosan N-betainate was measured to have a degree of substitu-
ion of 0.05 and molecular weight of 42.1 kDa. CsA was obtained
rom Fluka Biochemica (Buchs, Switzerland) and cyclosporin D
CsD) was purchased from R&S Pharmchem Co. (Hangzhou, Zhe-
iang, China). The cyclodextrins �-CD and hydroxypropyl-�-CD
HP-�-CD; 1297 g/mol) were purchased from Wacker-Chemie
Burghausen, Germany). All other reagents were of pharmaceutical
rade and were used as received.

.2. Analytical methods

.2.1. HPLC
High performance liquid chromatography (HPLC) was used

or the quantification of CsA in phase-solubility and dissolution
tudies. The HPLC system consisted of a Merck Hitachi L-7400
V-detector (wavelength 214 nm), D-7000 interface module, L-
250 autosampler, L-7100 pump (Hitachi ltd, Tokyo, Japan), column
ven (MetaTherm Technologies, Torrance, CA, USA) and HPLC

ystem Manager software (Hitachi, ltd., 1996). Purospher RP-18
125 mm × 4 mm i.d., 5 �m) column was purchased from Merck
GaA (Darmstadt, Germany). Chromatographic conditions were as

ollows—column temperature: 50 ◦C; injection volume: 20 �l; iso-
ratic flow rate: 1.0 ml/min; mobile phase: 80% (v/v) acetonitrile in
0.5 4.6 11.2 105
50 5.7 4.7 97

a Lower limit of quantitation.

water with 0.1% (v/v) formic acid. The range of the HPLC method
was 0.1–100 �g/ml.

2.2.2. HPLC–MS
HPLC equipped with mass spectrometer (MS) was used for

the quantification of CsA from rabbit plasma. HPLC consisted of a
Finnigan Surveyor MS Pump and a Finnigan Surveyor Autosampler
(Thermo Electron, San Jose, CA, USA) with a Xterra C8 column
(50 mm × 2.1 mm, 3.5 �m; Waters, Milford, MA, USA) and a Zorbax
XDB-C8 Narrow-Bore Guard Column (Agilent Technologies, Palo
Alto, CA, USA). Column temperature was maintained at 60 ◦C. Sepa-
ration was achieved by gradient elution at a flow rate of 200 �l/min:
the mobile phase consisted of 10 mM ammonium acetate in water
(A) and 10 mM ammonium acetate in water–acetonitrile (B; 5:95;
v/v). The gradient program was as follows—0–5 min: 40% B → 100%
B, 5–9.5 min: 100% B, 9.5–10 min: 100% B → 40% B, 10–12 min: 40%
B.

The mass analysis was carried out with a Finnigan LTQ linear ion
trap mass spectrometer equipped with Finnigan Ion Max electro-
spray ionization source operating in the positive ion mode (Thermo
Electron, San Jose, CA, USA). The following instrumental condi-
tions were used: nitrogen sheath and auxillary gas flow rates 25
and 0 arbitrary (instrument) units, respectively. Spray voltage of
4.5 kV, capillary temperature of 200 ◦C, collision induced dissoci-
ation energy in the ion source region of 100 V, collision energy of
40%, capillary voltage of 20 V and tube lens offset of 100 V. Col-
lection time for the ion trap was set at 30 ms and the following
transitions were monitored: m/z 1203 → 1072 + 1185 for CsA and
1217 → 1086 + 1199 for CsD (internal standard, IS). The eluent was
allowed to flow into mass spectrometer from 4 to 8.4 min of each
run. Data acquisition was performed by using Xcalibur 1.4.SR1 soft-
ware. For quantitation, analyte to IS peak ratios were calculated as
a function of concentration of the analyte using Lquan 2.0 software.
The HPLC–MS method is specific, linear, accurate and precise over
the range 0.2–100 ng/ml (Table 1).

2.2.3. Sample preparation
On the day of analysis, the rabbit plasma samples were thawed to

ambient temperature. A total of 50 �l of the IS working solution and
50 �l of methanol (80%) was added to 500 �l of plasma and samples
were vortexed (1 s). To each sample 1 ml of ACN was added leading
to precipitation of plasma proteins. The samples were then vortexed
(1 s), centrifuged (10,000 × g; 3 min) and put to freezer (−20 ◦C) for
30 min. The organic phase was then removed and evaporated to
dryness under nitrogen. Samples were reconstituted with 100 �l of
80% (v/v) MeOH.

Calibration curve and quality control (QC) samples were anal-
ysed with each set of samples. Both calibration standards and QC
samples were freshly prepared on the day of analysis by spiking
rabbit plasma (500 �l) with CsA and IS solutions (50 �l each). The
samples were then treated identically to the plasma samples.
2.3. Phase-solubility studies

The phase-solubility studies were carried at room temperature
(RT) and at +5 ◦C. Excess amounts of CsA were added to aqueous
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olutions containing 0–14% (w/v) �-CD (0–0.14 M) and the suspen-
ions were shaken in the dark for 72 h (room temperature) or 7 days
+5 ◦C) in order to reach equilibrium. After equilibration, the sus-
ensions were filtered (Millex HV 0.45 �m, Millipore, USA), diluted
y MeOH (80%; v/v) and analysed by HPLC.

According to Higuchi and Connors (1965), the binding constants
n AP-type phase-solubility behaviour can be calculated according
o Eq. (1):

[St] − [S0]
[Lt]

= K1:1[S0] + K1:1K1:2[S0][Lt] (1)

where [St] is the total CsA concentration at total �-CD con-
entration [Lt], [S0] is the solubility of CsA in the absence of CD,
nd K1:1 and K1:2 represent the binding constants for the 1:1- and
:2-complex, respectively. The histogram of ([St] − [S0])/[Lt] vs. [Lt]
esults in a linear plot with a slope of K1:1K1:2[S0] and an intercept
f K1:1[S0].

.4. Preparation of CsA formulations

.4.1. Formulations for in vitro studies
The solid complex of CsA with �-CD for dissolution studies was

repared by adding excess CsA into an aqueous 14% (w/v) �-CD-
olution. After 7 days of shaking at +1 ◦C, the suspension was filtered
Millex HV 0.45 �m, Millipore, USA) and freeze-dried (FTS® Sys-
ems, Inc., NY, USA). The solid CsA/�-CD complex was then filled
nto gelatine capsules (size 1). The amount of CsA in all capsules,
s determined by HPLC, was equivalent to 1.0 mg (corresponding to
.5 ± 1.4 mg (mean ± S.D.; n = 5) of freeze-dried CsA/�-CD complex
owder).

For the preparation of capsules containing plain CsA, plain CsA
as weighed directly into the capsule.

.4.2. Formulations for in vivo studies
The solid CsA/�-CD complex was prepared by adding excess CsA

nto an aqueous 14% (w/v) �-CD-solution; after 7 days of shaking
t +1 ◦C, the suspension was filtered and freeze-dried. The solid
f CsA/�-CD/CH formulation was prepared by adding excess CsA

nto an aqueous solution of �-CD (14%; w/v) and CH (0.5%; w/v);
fter 7 days of shaking at +1 ◦C, the suspension was filtered and
reeze-dried. The ethanolic CsA solution was prepared by allowing
pproximately 11 mg of CsA to dissolve into approximately 100 �l
f ethanol (96%; v/v). A fraction of very fine CsA particles of less
han 15 �m in diameter was obtained by sieving the purchased CsA

anually through a 15 �m sieve.

.5. Dissolution studies

Dissolution studies were carried out in a 50 ml beaker (Schott,
ainz, Germany) containing 20 ml of dissolution medium (0.16 M

hosphate buffer, pH 6.6, ionic strength 0.5 M). �-CD (6%; w/v) was
dded to the dissolution medium in order to ensure sink condi-
ions for CsA. The beaker was placed into a shaking water bath
Certomat® WR, B. Braun, Melsungen, West-Germany) (140 agi-
ations min−1, 37 ◦C). The capsule formulation (containing 1.0 mg
sA/capsule) was inserted into a ∅ 7 mm × 30 mm cylinder, pre-
ared from a 0.5 mm steel mesh. This cylinder was placed in the
eaker at the beginning of the experiment. Aliquots of 1 ml were
arefully withdrawn between 0 and 75 min, and the CsA concen-
ration was measured by HPLC. The samples were immediately

eplaced with fresh dissolution medium of the same temperature
fter each aliquot was removed. The time required to reach 30% dis-
olution (t30%) was graphically determined for each experiment by
time vs. percent dissolved curve. The differences in values of t30%

or the two formulations (plain CsA vs. CsA/�-CD complex prepared
Pharmaceutics 381 (2009) 19–24 21

at 1 ◦C) were statistically compared by the Mann–Whitney test. A
value of p < 0.05 was considered as statistically significant.

2.6. Pharmacokinetic studies

New Zealand white male rabbits (n = 7; 2.7 ± 0.2 kg; mean ± S.D.)
were purchased from National Laboratory Animal Center in Kuopio,
Finland. The rabbits were allowed to eat commercial food pellets
and drink water ad libitum, except during the test, when they were
under anaesthesia. All procedures with animals were reviewed and
approved by the Animal Ethics Committee at the University of Kuo-
pio.

The rabbits were anaesthetised with combination of medeto-
midine (0.5 mg/kg; Domitor®; Orion Ltd.; Espoo, Finland) and
ketamine (25 mg/kg; Ketalar®; Pfizer Ltd.; Espoo, Finland). Anaes-
thetized rabbits were positioned on a table, with the lower jaw
supported in a horizontal position. CsA was given at a dose of
1 mg/kg intravenously or at a target dose of 3 mg/kg sublingually.

Blood was withdrawn into Venoject® (Terumo, Leuven, Belgium)
tubes from either a central artery or marginal vein of the ear prior to
CsA administration and over period of 10–360 min after administra-
tion. Blood samples were centrifuged at 3700 × g within 30 min, and
the recovered plasma was immediately frozen to −20 ◦C. Samples
were stored at −80 ◦C until analysis.

In the intravenous (i.v.) formulation, HP-�-CD was used instead
of �-CD because of the better safety profiles of hydroxyalkylated
CD derivatives in i.v. drug delivery (Irie and Uekama, 1997). The i.v.
formulation was 20% (w/v) HP-�-CD solution containing 0.9 mg/ml
of CsA. Before administration, the i.v. solution was made isotonic
by adding NaCl and filtered using a sterile membrane filter (pore
size 0.22 �m). The i.v. solution (target dose 1.0 mg/kg) was injected
directly into the marginal ear vein. Sublingual formulations (tar-
get dose 3 mg/kg) were solid CsA/�-CD complex (average amount
70 mg) containing 1 mg CsA in approximately 8 mg of material,
solid CsA/�-CD/CH formulation (average amount 50 mg) containing
1 mg CsA in approximately 6 mg of material, an ethanolic solu-
tion (average amount 80 �l) containing approximately 11 mg of CsA
in 100 �l ethanol and micronized solid powder (average amount
8 mg) of plain CsA. Sublingual administration was as follows: the
rabbits’ tongues were carefully lifted with tweezers and the appro-
priate amount of solid plain CsA, solid CsA/�-CD complex powder,
solid CsA/�-CD/CH powder formulation or ethanolic solution of
CsA was placed under the tongue. For solid formulations 50 �l of
either saline or 1% CH solution were administered under the tongue
15 min before the administration, and every 5 min after the admin-
istration, to ensure wetting of the formulation. The formulations
were observed to remain in the sublingual cavity without escaping
down the GI-tract.

2.7. In vivo data analysis

The maximum plasma concentration of CsA (Cmax) and the time
required to reach the maximum concentration (tmax) were obtained
directly from the actual plasma profiles. The area under the curve
between 0 and 360 min (AUC0–360 min) was calculated by linear
trapezoidal method (0 min concentrations for the i.v. administra-
tion studies were extrapolated by the WinNonlin program (Version
4.0.1)). The elimination rate constants (kel) and elimination half
lives (t1/2) were determined from i.v. data for each rabbit using the
WinNonlin program. The mean kel was used for the determination
of AUC360 min–∞ for each experiment according to Eq. (2):
AUC360 min−∞ = C(360 min)
kel

(2)

where C (360 min) represents the concentration of CsA at 360 min.
AUC0 min–∞ is a sum of AUC0–360 min and AUC360 min–∞. Absolute



2 rnal of Pharmaceutics 381 (2009) 19–24

b
t

F

w
i
(
t
A
d

X

w
v

a
t
A

3

3

v
w
a
t
S
O
o
K
c
b
n

C
F
C
e
b
a
h
1
C
t
(

F
n
v

Table 2
Calculated stability constants (K1:1; K1:2) between CsA and �-CD and intrinsic solu-
bility (S0) of CsA at +5 ◦C and at room temperature (RT).

absorption studies due to its convenient size, which allows for
2 J. Mannila et al. / International Jou

ioavailabilities (F, %) of sublingually administered CsA formula-
ions were calculated according to Eq. (3):

= AUCEV × DIV

AUCIV × DEV
× 100% (3)

here AUCEV is AUC0 min–∞ for sublingual administration and AUCIV
s AUC0 min–∞ for i.v. administration and DIV and DEV are doses
mg/kg) of intravenous and extravascular administration, respec-
ively. In order to statistically compare individual values for Cmax,
UC0–360 min and AUC0 min–∞, the values were normalized to the
ose of 3 mg/kg by using Eq. (4):

N = XObs × 3 mg/kg
DEV

(4)

here XN is the dose-normalized value and XObs is the observed
alue.

The differences of dose-normalized values of Cmax, AUC360 min–∞
nd AUC0–360 min between groups were statistically compared by
he one way ANOVA followed by Tukey’s multiple comparison test.

value of p < 0.05 was considered as statistically significant.

. Results and discussion

.1. Complexation of CsA with ˛-CD

One of the main demands for intraoral drug delivery is the small
olume of the formulation. This may cause a problem especially
ith solid formulations containing CDs because CD complexation

lways increases the formulation bulk. Earlier studies have shown
hat CsA forms complexes with unmodified �-CD (Kanai et al., 1989;
asamoto et al., 1991) and �-CD derivatives (Miyake et al., 1999;
kada et al., 1999; Fukaya et al., 2003). The complexation efficiency
f CsA with unmodified �-CD is, however, rather low. For example,
anai et al. (1989) have shown that 0.75 mg/ml solubility of CsA
an be achieved in 8% (w/v) �-CD solution. From this data it can
e calculated that after freeze-drying, 106 mg of unmodified CD is
eeded to complex 1 mg of CsA.

In the present study it was shown that CD complexation of
sA can be increased significantly by decreasing the temperature.
ig. 2 shows CsA forms AP-type phase-solubility diagrams with �-
D at room temperature and at +5 ◦C, however, the complexation
fficiency is much higher at +5 ◦C. The AP-type phase-solubility
ehaviour generally suggests formation of complexes that are of
pparent first order with respect to the drug and of first and/or
igher order with respect to cyclodextrin (Higuchi and Connors,

965). The stability constants for 1:1 and 1:2 complexes between
sA and �-CD were 1300 M−1 (K1:1) and 730 M−1 (K1:2) at room
emperature, and 2500 M−1 (K1:1) and 51 M−1 (K1:2) at +5 ◦C
Table 2).

ig. 2. Phase-solubility diagrams of CsA in 0–0.144 M �-CD at RT (�) (mean ± S.D.;
= 3) and at +5 ◦C (�) (mean ± S.D.; n = 3–8). The dots represent the experimental
alues and the lines represent the calculated values.
Temperature (◦C) S0 (M) K1:1 (M−1) K1:2 (M−1)

+5 1.25 × 10−4 2500 51
RT 4.43 × 10−6 1300 730

The aqueous solubilities of CsA at room temperature and at
+5 ◦C were 5.3 and 150 �g/ml, respectively, implying that the com-
plexation efficiency is mainly enhanced as a result of increased
intrinsic solubility of CsA. It has been reported earlier that the
aqueous solubility of CsA is inversely proportional to the solution
temperature, possibly due to changes in inter-molecular hydro-
gen bonding (Ismailos et al., 1991); however, to our knowledge,
decreased medium temperature has not been previously utilized
when preparing CsA/CD complexes.

In the present study, the solubilities of CsA in 14% (w/v) �-CD at
RT and at +5 ◦C were 1.2 and 12 mg/ml, respectively, and the solu-
bility of CsA in 14% �-CD was further increased to 19 mg/ml at +1 ◦C.
Thus, based on the data presented in this study, it can be concluded
that the amounts of �-CD needed to solubilize 1 mg of CsA would
be 120, 13 and 6.5 mg at room temperature, +5 and +1 ◦C, respec-
tively, and that decreased temperature can be effectively utilized to
produce CsA/�-CD complexes.

3.2. Dissolution studies

Fig. 3 shows the effect of �-CD complexation on dissolution
rate of CsA: the value of t30% for CsA/�-CD complex capsules
(3.4 ± 1.3 min; mean ± S.D.) was significantly (p < 0.05) lower than
t30% of plain CsA in capsules (50.1 ± 5.5 min). The dissolution
medium contained 6% (w/v) �-CD to ensure sink conditions were
met. It is important, that although the complex was prepared at
+1 ◦C, it was able to rapidly dissolve at 37 ◦C.

3.3. In vivo pharmacokinetic studies

In order to determine the systemic absorption of CsA, four solid
and one liquid formulations of CsA were administered sublingually
to rabbits. CsA was also administrated i.v. (in 20% HP-�-CD solu-
tion) to allow the determination of elimination rate constant for
CsA and furthermore the absolute bioavailability of sublingually
administered CsA. Rabbit was selected as an animal model for
sublingual administration and blood sample volumes that are suf-
ficient for quantitative analysis. In addition, the intraoral tissue of a
rabbit closely resembles human sublingual and buccal tissues and

Fig. 3. Dissolution profiles of CsA capsule formulations (CsA 1.0 mg/capsule) at
37 ◦C (dissolution medium: 0.16 M phosphate buffer, pH 6.6; ionic strength 0.5; 6%
(m/v) �-CD): the CsA/�-CD complex prepared at +1◦ (O) and plain CsA (�) (n = 4;
mean ± S.D.).
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ig. 4. Mean plasma concentrations of CsA after i.v. administration of CsA (1 mg/kg)
n 20% (w/v) HP-�-CD solution to rabbits (mean ± S.E.M.; n = 4).

hus is an applicable model for determining sublingual absorption
Rathbone et al., 1996; Odou et al., 1999).

Fig. 4 shows the mean plasma concentration after i.v. adminis-
ration of CsA in semi-logarithmic scale. The curve suggests biphasic
inetics with first order elimination phase. The representative
inetic values were determined for each rabbit individually by
inNonlin program, using a 2-compartment IV-bolus model with

st order elimination. The values (mean ± S.D.) for kel, AUC0 min–∞,
L (clearance), Vss (volume of distribution at steady-state)
nd t1/2 were 0.009 ± 0.003 min−1, 19,000 ± 1700 min × ng/ml,
60 ± 10 ml/min, 12 ± 2 l and 82 ± 22 min, respectively.

Fig. 5a and b shows the mean plasma concentrations of CsA
fter sublingual administration of plain micronized CsA, solid
sA/�-CD complex and solid CsA/�-CD/CH formulation. Cmax, tmax,
UC0–300 min, AUC0 min–∞ and F values of CsA after i.v. and sublin-
ual administrations are summarized in Table 3. The bioavailability
f CsA from solid micronized CsA formulation and from ethano-

ic CsA formulation was 0.6 ± 0.5% (mean ± S.D.) and 0.8 ± 0.9%
mean ± S.D.), respectively. Thus, ethanolic CsA did not improve the
ioavailability of CsA, and it is possible that CsA may have precipi-
ated after dilution of ethanol in the oral cavity.

The bioavailability of CsA tended to increase when it was admin-
stered as solid complexes with �-CD (Table 3). It can be assumed
hat the improvement in sublingual bioavailability of CsA in the
resence of �-CD is mainly explained by enhanced dissolution of
sA (Figs. 2 and 3) at the absorption site. In addition, the possibility
hat �-CD may have altered the permeability of sublingual mucosa

annot be ruled out. Previously it has been reported that when CsA
as delivered via the lungs with maltosyl-�-CD, its effectiveness
as improved, probably because of the increased aqueous solubil-

ty of CsA in the presence of CDs (Fukaya et al., 2003). Similarly,

able 3
max, tmax, AUC0–300 min, AUC0 min–∞ and absolute bioavailability values (mean ± S.D.) of C
n = 4–5). The CsA dose was 1 mg/kg in intravenous administration; target dose of 3 mg/kg

oute of administration Formulation Cmax (ng/ml) tmax (m

ntravenous CsA/HP-�-CDc complex 660 ± 70a 0a

ublingual Solid micronized CsA (<15 �m) 2.1 ± 1.6b 190 ±
ublingual Ethanolic CsA 3.1 ± 2.6b 150 ±
ublingual Solid CsA/�-CD complex 3.0 ± 1.4b 100 ±
ublingual Solid CsA/�-CD complex with

chitosan solutiond
16 ± 11b,# 120 ±

ublingual Solid CsA/�-CD/chitosan
formulation

5.0 ± 2.6b 83 ±

a Extrapolated by using WinNonlin.
b Value normalized to the dose of 3 mg/kg by using Eq. (4).
c HP-�-CD was used due its better i.v. safety profile.
d 50 �l of 1% chitosan solution was administered under the tongue 15 min before the ad
# Significantly (p < 0.05) different from ‘sublingual ethanolic CsA’, ‘sublingual solid CsA/
* Significantly (p < 0.05) different from ‘sublingual ethanolic CsA’ and ‘sublingual solid m
$ Significantly (p < 0.05) different from ‘sublingual solid micronized CsA’.
Fig. 5. Mean plasma concentrations of CsA after sublingual administration of plain
micronized CsA (a; �), solid CsA/�-CD complex (a; O) and solid CsA/�-CD/chitosan
formulation (b; �) (doses normalized to 3 mg/kg) to rabbits (mean ± S.E.M.; n = 4).

co-administration of �-CD with a poorly water-soluble cyclic pep-
tide, FK224, led to an increase in pulmonary bioavailability of FK224
(Nakate et al., 2003). The effect was suggested to be attributable to
enhanced dissolution of FK224 in the alveolae in the presence of
�-CD.

In earlier studies, the systemic absorption of CsA after peroral
delivery has been shown to improve when CsA is administered in
chitosan hydrochloride nanoparticles (El-Shabouri, 2002). In addi-
tion, chitosan hydrochloride nanoparticles have been shown to
be effective in delivering CsA topically to the ocular surface (De
Campos et al., 2001). However, the present study was the first to
show the potential of a novel water-soluble quaternary derivative
of chitosan, chitosan N-betainate (CH), in systemic sublingual deliv-

ery of a poorly water-soluble peptide. The results obtained in the
present study indicate that the addition of CH in solid CsA/�-CD for-
mulation by freeze-drying a saturated CsA solution containing �-CD
and CH results in an improvement in the sublingual bioavailability

sA after intravenous and sublingual administration of CsA formulations in rabbits
was used in extravascular administration.

in) AUC0–360 min (ng/ml × min) AUC0 min–∞ (ng/ml × min) F (%)

17000 ± 800 19000 ± 1700 100
200 240 ± 160b 350 ± 370b 0.6 ± 0.5
160 220 ± 230b 420 ± 480b 0.8 ± 0.9
40 600 ± 340b 620 ± 450b 1.4 ± 0.7
70 1500 ± 1100b,* 1700 ± 1200b,$ 3.2 ± 2.2$

15 730 ± 380b 910 ± 460b 1.7 ± 0.8

ministration and every 5 min after the administration.
�-CD complex’ and ‘sublingual solid micronized CsA’.

icronized CsA’.
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f CsA when compared to either solid micronized CsA, ethanolic
sA or solid CsA/�-CD complex formulation. Most prominent effect
as, however, observed when 1% CH solution was added under the

ongue 15 min before the administration of solid CsA/�-CD complex
nd henceforth every 5 min; the addition of CH solution resulted in
ignificant changes in, e.g. the Cmax when compared to formula-
ions devoid of CH (Table 3). The results obtained in the present
tudy indicate that quaternary chitosan N-betainate is a potential
bsorption enhancer in sublingual delivery of CsA.

. Conclusions

In the present study, the effects of �-CD with and without a qua-
ernary chitosan N-betainate on sublingual absorption of a model
ydrophobic peptide CsA were studied. A novel method to pro-
uce CsA/CD complexes with enhanced complexation efficiency
as described. CsA/�-CD complexes increased dissolution rate of
sA when compared to plain CsA. Also, sublingual bioavailability
f CsA in rabbits tended to improve as a consequence of com-
lexation with �-CD. When a quaternary chitosan N-betainate was

ncluded in solid CsA/�-CD formulation, no significant enhance-
ent of sublingual bioavailability of CsA was observed when

ompared to solid CsA/�-CD complex formulation. Instead, the sub-
ingual bioavailability of CsA was significantly improved when solid
sA/�-CD complexes were administered with a quaternary chi-
osan N-betainate solution.
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