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ABSTRACT: To enhance permeation and solubility of an intranasal delivery system of fexofe-
nadine hydrochloride (FXD HCl), a new formulation using poloxamer 407 (P407)/hydroxypropyl-
$-cyclodextrin (HP-$-CD)-based thermoreversible gels with chitosan, was developed. Prepared
gels were characterized by gelation temperature, viscosity, viscoelasticity, and drug release
profile. The in vitro permeation study was performed in primary human nasal epithelial cell
monolayers cultured by air–liquid interface method. The addition of chitosan caused the slight
elevation of gelation temperature and viscosity-enhancing effect. Viscosity enhancement by the
incorporation of chitosan caused the retardation of drug release from P407 gels in in vitro release
test. The in vitro permeation profile showed that the increase in chitosan content (0.1% and
0.3%, w/v) significantly enhanced the permeation of FXD HCl. After intranasal administration
of P407/HP-$-CD–based thermoreversible gels containing 0.1% and 0.3% of chitosan in rabbits
at 0.5 mg/kg dose, plasma concentrations of FXD HCl were significantly higher than those of
nasal solutions (p < 0.05). In particular, the bioavailability of the optimized thermoreversible
gel containing 0.3% chitosan was about 18-fold higher than that of the solution type. These
results suggested the feasibility that thermosensitive gels could be used as an effective dosage
form to enhance the nasal absorption of FXD HCl. © 2010 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci 100:681–691, 2011
Keywords: nasal drug delivery; fexofenadine hydrochloride; thermoreversibility; poloxamer
407; bioavailability; polymeric drug carrier; absorption enhancer; gels

INTRODUCTION

Fexofenadine hydrochloride (FXD HCl) is a nonsedat-
ing, nonanticholinergic H1-receptor antagonist that
does not penetrate the blood–brain barrier. It has
been extensively used in the treatment of allergic
rhinitis symptoms.1 FXD HCl has interesting charac-
teristics including a low human intestinal permeabil-
ity (BCS class III), a minor degree of metabolism, and
a number of drug–drug interactions.2,3 It has been
reported that the apparent permeability coefficients
(Papp) of FXD in the apical-to-basolateral (A to B) di-
rection was low in Caco-2 cell transport study due
to the involvement of P-glycoprotein (P-gp).3 It was
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also reported that the pharmacokinetics of FXD was
influenced by a few organic anion–transporting pep-
tide family.4,5 FXD tablet formulation (Allegra R©) for
oral administration has been mainly available in the
market. However, its oral bioavailability in human
was not reported but that in rat was reported to be
about 4.2%.6 Thus, development of new approaches is
required for enhancing bioavailability of FXD.

Intranasal delivery has frequently been considered
as the most attractive and feasible alternative route
for local and systemic drug delivery. This is due to the
high permeability of the highly vascularized nasal ep-
ithelium, allowing a higher molecular mass cutoff at
approximately 1000 Da, and the rapid drug absorp-
tion rate with plasma drug profiles sometimes almost
identical to those from intravenous injections.7,8 De-
spite the advantages of nasal drug delivery, this route
of drug administration has several limitations. The
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limited surface of the nasal cavity restricts the total
amount of the formulation that can be administered.
Consequently, only drugs with low-dose or high aque-
ous solubility can be given intranasally so as not to ad-
versely influence the normal physiological functions
of the nasal cavity, especially with respect to olfaction
and conditioning inspired air. Moreover, mucociliary
clearance system that clears the drug rapidly from
human nasal cavity with a clearance half-life of ap-
proximately 21 min and irritation of nasal mucosa by
drug and its formulation components have also been
considered as major barriers for nasal drug delivery.9

Numerous studies have been reported that the per-
meability and bioavailability of aqueous drug solution
in the nasal delivery were quite low, probably due to
low permeability and/or fast mucociliary clearance.7

Thus, several systems have been investigated for
the formulation of nasal delivery, including mu-
coadhesive polymers,10,11 absorption enhancers,12,13

surfactants,14 and lipid emulsions,15 to prolong the
contact time of drug molecules with the nasal mucosa
and to enhance its absorption into the nasal mucosa.
Among those formulations now adopted in nasal drug
delivery, thermoreversible gel is a relatively new for-
mulation. Compared with liquid formulations or pow-
der dosage forms, bioadhesive gel has high viscosity,
so it can not only prolong the contact time between
the drug and the absorptive sites in the nasal cavity
but also release drug slowly and continuously.

Poloxamer, a nontoxic poly(ethylene oxide)/
poly(propylene oxide)/poly(ethylene oxide) (PEO–
PPO–PEO) triblock copolymers, is an important in-
situ gelling system. Accompanying with a sol–gel
transition, the aqueous solution of poloxamer
(15%–20%) at a lower temperature becomes hydrogel
at a higher temperature.16 The temperature-induced
gelation of poloxamer 407 (P407) has been explained
on the basis that, as the temperature is increased,
polymer desolvation and subsequently micellization
occur forming more closely packed viscous gel. The
driving forces for the micellization and the accompa-
nied expulsion of the hydrating water from the core of
the micelles are the conformational changes in the ori-
entation of the methyl groups in the (PPO) side chains
of the polymer.16 P407 has been shown to provoke nei-
ther skin irritation nor sensitivity, thus confirming its
good tolerability, and has thus far been found to be
useful in topical, rectal, and ocular formulations.16

Thus, the objective of this study was to develop a
thermoreversible gel formulation of FXD HCl for in-
tranasal delivery using P407 as a thermoreversible
polymer. The addition of HP-$-CD (10%, w/v) at-
tained 10 mg/mL of FXD HCl concentration in the
gel formulation in our preliminary study. Consider-
ing the administered volume (150 :L) for human
subjects,8 this concentration is thought to be sufficient
for intranasal administration of FXD (1–5 mg per

nostril).17 Although the P407/HP-$-CD system18,19

and P407/chitosan system20,21 were independently re-
ported, to the best of our knowledge, this is the first
report on the P407/HP-$-CD/chitosan system for in-
tranasal drug delivery of FXD HCl. Moreover, the
P407/chitosan system seemed unsuitable for a nasal
delivery system because it revealed a lack in drug sol-
ubility for clinical dose in the nose; the in vitro and in
vivo performance of this system was not evaluated.21

On the other hand, the P407/HP-$-CD system could
reach the desired solubility better, but studies were
limited to ophthalmic delivery systems.18,19 There-
fore, in the current study, a formulation that could
make use of the advantage of chitosan as a perme-
ation enhancer and HP-$-CD as a solubilizer was at-
tempted for nasal delivery of FXD HCl. This system
was designed to have high permeability and high sol-
ubility to achieve a clinical dose in the nose, which
would eventually lead to an increase in bioavailabil-
ity. The thermoreversible nasal gels were character-
ized by gelation temperature, viscoelasticity, and in
vitro release characteristics. They were also evalu-
ated by in vitro permeation study in primary human
nasal epithelial (HNE) cell monolayers and in vivo
pharmacokinetic study in rabbits.

MATERIALS AND METHODS

Materials

FXD HCl was kindly provided by Handok phar-
maceuticals Corp. (Seoul, Korea). Propranolol hy-
drochloride, HP-$-CD, and chitosan (medium molecu-
lar weight) were purchased from Sigma (St. Louis,
Missouri). Poloxamer 407 (Lutrol R© F-127) was do-
nated by BASF (Ludwigshafen, Germany). BEGM
bullet kit was purchased from Cambrex Bio Science
Inc. (Walkersville, Maryland), and other cell culture
reagents and supplies were obtained from Invitrogen
(Grand Island, NY). Transwell R© (0.4-:m pore size,
12-mm diameter, polyester) was obtained from Costar
(Cambridge, MA). All other chemicals and reagents
were of analytical grade purchased from commercial
sources and used without further purification.

Preparation of P407-Based Thermoreversible Gel

The poloxamer gels were prepared by the cold
method.22 Briefly, P407 (17%, w/v) was dissolved in
deionized distilled water containing HP-$-CD (10%,
w/v) and drug (10 mg/mL) at room temperature, and
the solution was cooled down to 4◦C. The container
was left overnight in a refrigerator to ensure com-
plete dissolution. Chitosan (0.1% or 0.3%, w/v) solubi-
lized in 1% acetic acid solution was then slowly added
to the poloxamer solution with continuous stirring at
4◦C. The poloxamer gels were kept at 4◦C minimum
for 24 h before use.
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Evaluation of the Physical Characteristics
of Thermoreversible Gels

Measurement of Gelation Temperature
by Visual Inspection

Gelation was assessed using a modification of the
technique described previously.23One milliliter of
aliquots (1 mL) were transferred to test tubes in a
water bath (CW-05G, JEIO TECH, Seoul, Korea) at
4◦C and sealed with Nescofilm. The temperature of
the bath was increased in increments of 2◦C until
25◦C and then in increment of 1◦C (or 0.2◦C in the re-
gion of the gel–sol transition temperature) and left to
equilibrate for 15 min at each new setting. The sam-
ples were then examined for gelation, which was said
to have occurred when the meniscus would no longer
move upon tilting through 90◦. The method was found
to be very reproducible, giving coefficients of variation
of less than 2% (n = 4).

Rheological Study

In this study, to elucidate the relationship be-
tween the linear viscoelastic behavior and the mi-
crostructure of prepared thermoreversible gel formu-
lations under their rheological ground state, dynamic
frequency-sweep measurements were conducted us-
ing a strain-controlled rheometer [Advanced Rheo-
metric Expansion System (ARES); Rheometric Scien-
tific, Piscataway, NJ] equipped with a parallel-plate
fixture with a radius of 12.5 mm and a gap size of
0.5 mm. These frequency-sweep tests in small am-
plitude oscillatory shear flow fields were carried out
at an isothermal condition of 35◦C over an angular
frequency range from 0.05 to 50 rad/s, with a loga-
rithmically increasing scale at fixed strain amplitude
of 0.2%.

The steady shear flow properties were also mea-
sured using the same instrument condition using
ARES over a wide range of shear rate from 10 to
400 s−1 with a logarithmically increasing scale. In
this shear rate-sweep study, before the P407 gel so-
lution was loaded, the lower and upper plates were
covered with sandpaper to remove a wall slippage be-
tween the test material and the plates.

The shear rate (s−1) and viscosity (Pa s) can be
fitted to power law constitutive equation.24,25

0= myn−1 (1)

Two constants were acquired: m is consistency in-
dex and n is flow index. If n = 1, it indicates Newto-
nian behavior. If n is less than 1, it means shear thin-
ning flow. Measurement was repeated at least three
times and there were statistical difference between
m values according to analysis of variance (ANOVA)
(p < 0.05).

In all measurements, a fresh sample solution was
used and rested for 10 min after loading to allow ma-
terial relaxation and temperature equilibration. All
measurements were performed at least three times
for each test, and highly reproducible data were ob-
tained within the coefficients of variation of less
than 5%.

In Vitro Release Study

Dialysis membrane [molecular weight cutoff
(MWCO): 50,000 Da; Spectrum Laboratories,
Inc., Rancho Dominguez, CA] was employed for
the in vitro release study. Thermoreversible gels
(1 mL) were introduced into the dialysis membrane
and placed in a glass beaker containing 100 mL
of phosphate-buffered saline (pH 6.4), which was
preconditioned and maintained at 37◦C in a water
bath. The diffusion media was then stirred with a
magnetic bar at 100 rpm. The samples (1 mL) were
withdrawn at predetermined time (5, 15, 30, 60, 90,
120, 180, and 360 min) and the same amount of fresh
media was added.

The data acquired from the in vitro release study
was analyzed by the following equation26:

log
Mt

M
= log k+ nlog t (2)

where Mt/M is the released fraction of drug, k is the
release constant, and n is the release exponent deter-
mining release mechanism. For the acquisition of n
value, only the portion of Mt/M < 0.6 in the release
curve was used.

The amount of FXD HCl that had diffused
into the media was measured by Waters high-
performance liquid chromatography (HPLC; Milford,
Massachusetts) equipped with a reversed-phase C-
18 column (Lichrospher R© 100, RP-18, 125 × 4 mm,
5 :m; Merck Darmstadt, Germany), a pump (Waters
515 HPLC pump), an automatic injector (Waters
717plus auto sampler), and ultraviolet detector (Wa-
ters 2487). The mobile phase was consisted of phos-
phate buffer (pH 3.0)/acetonitrile (70:30, v/v) and the
eluant was monitored at 220 nm with a flow rate of
1.0 mL/min. The injection volume for drug analysis
was 20 :L. The inter- and intraday variance of this
HPLC method was within the acceptable range.

In Vitro Permeation Study

Culturing Primary HNE Cell Monolayers by ALI Method

Primary HNE cells were isolated and cultured for
transport study by ALI culture method as reported
earlier from our laboratory.14,27,28 When HNE cells
reached 70% to 80% confluency, the cells were de-
tached and seeded on Transwell R© at a density of 1.5 ×
105 cells/cm2. Apical (0.5 mL) and basolateral (1.5 mL)
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side of the Transwell R© were filled with BEGM:DME/
F12 (50:50), supplemented with insulin (5 :g/mL),
triiodothyronine (6.5 :g/mL), epidermal growth fac-
tor (0.5 ng/mL of human recombinant), epinephrine
(0.5 :g/mL), amphotericin-B (50 :g/mL), gentamycin
(50 :g/mL), hydrocortisone (0.5 :g/mL), transferrin
(10 :g/mL), and retinoic acid (0.1 ng/mL) (all supplied
by Cambrex Bio Science Inc., Walkersville, Mary-
land), and then was incubated at 37◦C in an atmo-
sphere of 5% CO2 and 95% relative humidity. The
growth media on both sides were changed after 24 h
of seeding and then the apical surface of the mono-
layer was exposed to air after the HNE cells reached
confluence on day 3, after which only the media in the
basolateral side was changed every 2 days.

Permeation Study Across HNE Cell Monolayers

The integrity of the monolayer of HNE cells was de-
termined by measuring transepithelial electrical re-
sistance (TEER) value. The transport studies were
performed in the HNE cell monolayers, which has a
TEER value of higher than 500 ohm cm2. The TEER
value was detected by EVOM volt-ohm meter device
(WPI, Sarasota, FL) after obtaining equilibrium state.
The growth media were removed and incubated with
transport medium (HBSS supplemented with 10 mM
of HEPES and 10 mM of D-(+)-glucose) for 20 min
at 37◦C to get steady state for transport study. Each
formulation (400 :L) was loaded in the apical side to
evaluate the permeation of FXD HCl from A to B di-
rection. At predetermined times (30, 60, 90, 120, 180,
240, and 360 min), samples (1 mL) were withdrawn
from the basolateral compartment and replaced with
fresh transport media. The amount of drug was then
analyzed by HPLC.

The apparent permeability coefficients (Papp, cm/s)
were obtained using the following equation:

Papp = dQ
dt

1
AC0

(3)

where, dQ/dt is the solute flux obtained by lin-
ear regression, A is the surface area of Transwell R©

membrane (1.12 cm2), and C0 is the initial drug
concentration.

In Vivo Pharmacokinetic Study

Drug Administration

New Zealand white rabbits, weighing about 2.7 ±
0.2 kg, were used to perform the in vivo pharmacoki-
netic study. All rabbits were maintained in a light-
controlled room maintained at a temperature of 22 ±
2◦C and relative humidity of 55 ± 5% (Animal Center
for Pharmaceutical Research, College of Pharmacy,
Seoul National University, Seoul, South Korea). The
experimental protocols involving animal study were

approved by the Animal Care and Use Committee of
the College of Pharmacy, Seoul National University.

The rabbits were fasted overnight (12 h) with free
access to water before the experiments. For each
group, equal volume of nasal formulation stored in
refrigerator (F1, F3, or F4) was administered using
micropipette into both nostrils of each rabbit at a
dose of 0.5 mg/kg. Blood samples (1 mL) were col-
lected from the ear vein at time intervals of 5, 10,
15, 30, 60, 90, 120, 180, 240, and 300 min. Plasma
samples were obtained by immediately centrifuging
the blood samples at 7000 × g for 5 min, after which
500 :L of plasma samples were transferred to new
glass tubes and stored at –20◦C until quantitative
analysis. The pharmacokinetic parameters of each
formulation were attained using the WinNonlin R© pro-
gram (Version 3.1; Pharsight Co., Mountainview, CA).
The bioavailability (BA) for intranasal formulations
was obtained using the following equation:

BA (%) = AUCIN/DIN

AUCIV/DIV
(4)

where, AUCIN and AUCIV are the total areas un-
der the plasma concentration–time curve from time
zero to infinity after intranasal and intravenous
administration, respectively, and DIN and DIV are
doses for intranasal and intravenous administration,
respectively.

Plasma Treatment and Analysis

FXD HCl concentration in the plasma samples was
analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS), which was reported in our
previous study.28 Briefly, plasma samples (500 :L)
were mixed with 50 :L of internal standard (propra-
nolol hydrochloride, 1 :g/mL) and 1 mL of acetoni-
trile. The mixture was vortexed for 10 min and cen-
trifuged at 16,100 g for 5 min, and the supernatant
was evaporated to dryness under nitrogen at 60◦C.
The residue was reconstituted with 100 :L of mobile
phase and 10 :L was injected onto the LC-MS/MS
system consisting of Waters 2695 (Alliance, Milford,
MA) and LCQ advantage ion-trap mass spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA). Chro-
matography was performed using Gemini 3-:m C18
column (150 mm × 2 mm ID, 3 :m; Phenomenex, Tor-
rance, CA) at a flow rate of 0.2 mL/min, with a mobile
phase consisting of acetonitrile and water (30:70, v/
v) with 0.1% formic acid. Electrospray ionization was
performed in the positive mode, with probe temper-
ature set at 380◦C, and the MRM mode at unit res-
olution was employed for the quantification of tran-
sition of the protonated molecules of fexofenadine at
m/z 502.3 → m/z 466.2 and that of propranolol at
m/z 260.2 → m/z 183.1. Operational parameters of
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Table 1. Composition of P407-Based Thermoreversible Gel

Formulation
FXD HCl
(%, w/v)

HP-$-CD
Concentration

(%, w/v)

P407
Concentration

(%, w/v)

Chitosan
Concentration

(%, w/v)

F1 1 10 – –
F2 1 10 17 –
F3 1 10 17 0.1
F4 1 10 17 0.3

P407, poloxamer 407; FXD HCl, fexofenadine hydrochloride; HP-$-CD,
hydroxypropyl-$-cyclodextrin.

the MS/MS detector were optimized using built-in
automated tune system. Calibration curve was con-
structed in the range of 5 to 5000 ng/mL and LLOQ
was 5 ng/mL. A mean correlation coefficient (r) for
calibration curve was more than 0.999. The precision
and accuracy of this method were within the accept-
able range.

DATA ANALYSIS

All the experiments in the study were performed at
least three times and the data were expressed as the
mean ± standard deviation (SD). Statistical analysis
of data was performed using ANOVA.

RESULTS AND DISCUSSION

Evaluation of Gel

Gelation Temperature (Tsol−gel)

Thermoreversible P407-based liquid formulations
that provide in situ gelling property at nasal cavity
were designed to delay clearance of the formulations
from the nasal cavity. In general, the gelation tem-
peratures have been considered to be suitable if they
are in the range of 25◦C to 37◦C. If the gelation tem-
perature of a thermoreversible formulation is lower
than 25◦C, a gel may be formed at room temperature,
leading to difficulty in manufacturing, handling, and
administering. If the gelation temperature is higher
than 37◦C, a liquid dosage form will still exist at the
body temperature, resulting in the nasal clearance
of the administered drugs at an early stage. As the
temperature of the nasal cavity is 34◦C,29 this study
aimed at preparing P407-based liquid formulations
that may be transformed into gel below 34◦C.

It has been reported that the sol to gel transi-
tion temperature decreases when P407 concentra-
tion increases.16 In this study (based on the prelim-
inary studies), the concentration of P407 was fixed
at 17% for appropriate gel transition temperature
in the nasal cavity (Table 1). The sol-gel transition
temperature of the studied formulations is presented
in Table 2. In addition, the influence of the incorpo-
ration of chitosan into the P407 gel on the transi-

tion temperature was also evaluated. As shown in
Table 2, the gelation temperature was slightly in-
creased in the chitosan-containing gels (p < 0.05).
This may be due to acetic acid, the additive used
to solubilize chitosan, which may reduce the hydro-
gen bonding force between densely packed unit of
P407.30 Although there was slight difference between
the gelation temperatures of prepared formulations,
gelation temperatures were about 30◦C and they may
be suitable for the gelation in the nasal cavity. The ef-
fect of HP-$-CD on the gelation temperature of P407-
based formulations was not investigated in this study;
however, it was already reported that the gelation
temperature increases as the concentration of HP-$-
CD increases.31 In this study, HP-$-CD concentration
was kept at 10% (w/v) in all the tested formulations
(Table 1).

Dynamic Viscoelastic Behavior of the
Thermoreversible Gels

The viscosity of F2 (20◦C and 35◦C) with respect to
the change in shear rate was profiled in Figure 1. As
shear rate increased, viscosity of both formulations
dwindled at 35◦C, but viscosity was not significantly
varied at 20◦C (Fig. 1). This indicated that these for-
mulations showed shear thinning behavior at 35◦C
and this behavior revealed the formation of gel above
sol–gel transition temperature. The low viscosity and
the absence of shear thinning behavior at 20◦C indi-
cated its solution state. The calculated flow index (n)
using Eq. (1) also indicated the rheological behavior
of thermoreversible gel at 20◦C and 35◦C (Table 3).
Flow index (n) of F2 (0.991) at 20◦C implied Newto-
nian behavior and those of F2 to F4 at 35◦C that were

Table 2. Gelation Temperature of FXD HCl-Loaded
Thermoreversible Gel Formulations Measured by the Tilting
Method

Formulation Gelation Temperature ± SD (◦C)

F2 29.9 ± 0.10
F3 30.3 ± 0.05*

F4 30.5 ± 0.15*

Data represent mean ± SD (n = 4).
*P < 0.005, compared with the gelation temperature of F2.
FXD HCl, fexofenadine hydrochloride.
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Table 3. Rheological Data of FXD HCl-Loaded
Thermoreversible Gel at 35◦C

Formulation Temperature (◦C) m n

F2 20 1.69 0.991
F2 35 1539.49 0.119
F3 35 1715.52 0.115
F4 35 1886.83 0.130

Data are mean value of three measurements.
FXD HCl, fexofenadine hydrochloride.

far less than 1 indicated the more pronounced shear
thinning property.24,25 Moreover, these results were
further evaluated by consistency index (m) value. The
higher m value of F4 than F2 indicated the effect of
chitosan incorporation (Table 3).

Viscoelastic properties of F4 were plotted as the
function of frequency. In Figure 2, the elasticity mod-
ulus (G′) and the viscosity modulus (G′′) curves were
shown over the angular frequency range (0.05–50 rad/
s). The elasticity modulus (G′) of F4 was larger than
its viscosity modulus (G′′) all over the ranges of an-
gular frequency. In addition, little frequency depen-
dence in the elasticity modulus (G′) indicated that
gel was formed at 35◦C. The viscosity modulus (G′′)
curves slightly declined in the frequency range 0.1 to
1 rad/s. According to the result of strain sweep test,
strain was fixed as 0.2% in all rheological experiments
because the elasticity modulus (G′) and the viscosity
modulus (G′′) values were constant from 0.1% to 1%
of strain (data not shown).

In Vitro Drug Release Study

The drug release profiles of F2 to F4 from dialy-
sis membrane (MWCO: 50,000 Da) are presented in

Figure 3. Because F1 was liquid formulation, F2
was used as the control gel in release study. F2
showed higher drug release profile at 6 h (p < 0.002)
and the drug release profile decreased as the incor-
porated polymer concentration increased in the gel
formulations.21 This explains the lowest drug release
profile obtained for F4 (54.58 ± 0.23%) and the high-
est for F2 (74.12 ± 1.24%) (Fig. 3). Slow releasing
effect of drug from chitosan containing thermore-
versible gel can be explained by the increase of viscos-
ity, evaluated by consistency index (m) value (Table 3).

As P407 forms a hydrogel created by the aque-
ous pores of triblock copolymer, it may be hypothe-
sized that the drug is released by diffusion through
the extramicellar water channels of the gel matrix.32

Although three-dimensional network of hydrogel is
sufficiently rigid, the highly hydrated microscale en-
vironment enables sufficient mass transfer.32 It was
reported that gel dissolution also contributed to the
release mechanism of poloxamer gel as well as drug
diffusion from gel matrix.33 In this investigation, ac-
cording to Eq. (2), n values of F2 to F4 were 0.786,
0.766, and 0.757 (R2 = 0.965, 0.975, and 0.986), re-
spectively. This non-Fickian release kinetics indicated
that the drug release was related to both gel dissolu-
tion and drug diffusion mechanism.

In Vitro Permeation Study Across HNE Cell Monolayer

To investigate the absorption-enhancing effect of the
prepared gel formulations across HNE cell monolay-
ers, the in vitro permeation study was conducted. The
result of the permeation study across the HNE cell
monolayer (A to B direction) is presented in Figure 4.
In this investigation, F2 was used as the control gel

Figure 1. Correlation plot of shear rate and steady shear viscosity of F2 at 20◦C and 35◦C.
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Figure 2. Graphs of storage modulus (G′) and loss modulus (G′ ′) as a function of angular
frequency for F4 formulation at 35◦C and 0.2% of strain.

formulation. Formulations containing chitosan (F3
and F4) showed higher permeability of FXD HCl than
that of the formulation without chitosan (F2) (p <

0.05). The effect of increased chitosan concentration
on the drug permeation was evaluated by the ratio
of the permeated amount of chitosan-containing for-
mulations (F3 and F4) to the control gel (F2). The

ratio of F4/F2 (2.26) was higher than that of F3/F2
(1.77), which reveals the permeation-enhancing effect
of increased chitosan concentration in prepared gels.
It has been reported that the apparent permeability
coefficients (Papp) of FXD HCl solution in HNE cell
monolayer was (2.37 ± 0.76) × 10−7 (cm/s) in our pre-
vious study.14 As shown in Table 4, Papp values of F2,

Figure 3. In vitro release profile of F2, F3, and F4 formulation, using dialysis membrane, is
shown. MWCO of the used dialysis membrane is 50,000 Da. Each point represents the mean ±
SD (n = 3).
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Figure 4. Cumulative amounts of fexofenadine hydrochloride permeated from thermore-
versible gel formulations (F2, F3, and F4) for 6 h in human nasal epithelial cell monolayers
cultured by the air–liquid interface method are shown. Each point represents the mean ± SD
(n = 3). *p < 0.02 compared with F2, **p < 0.05 compared with F3

F3, and F4 calculated using Eq. (3) were 3.85-, 6.81-,
and 8.70-fold higher than that of FXD HCl aqueous
solution, respectively (p < 0.05). In this study, HP-
$-CD (10%, w/v) achieved the enhancement of FXD
HCl solubility from 2.203 ± 0.004 mg/mL (intrinsic
solubility) to 10 mg/mL in the presence of HP-$-CD.
The addition of CD accomplished enhanced drug sol-
ubility and permeation across mucosal membrane. It
was known that permeation-enhancing effect of CD
was caused by solubilization of membrane lipids lead-
ing to perturbation of membrane integrity and in-
teraction with calcium ions, resulting in loosening of
tight junctions.34,35 Enhancing solubility and perme-
ation property of CD was also shown in other reports
of intranasal and transdermal formulations.36,37 It
is evident from the results that increasing chitosan
concentration in the gel formulations increased the
permeated amount of FXD HCl significantly (p <

0.05), which is in good accordance with the previous
reports.38,39 It was reported that the mechanism of
permeation-enhancing effect of chitosan was tempo-
rary opening of tight junction due to redistribution
of F-actin and zonula occludens 1.40 Although the re-
tardation of drug release due to the incorporation of
chitosan, it seemed that the permeation-enhancing
effects of chitosan and HP-$-CD overwhelmed slow-
down release of FXD HCl. Thus, the enhanced perme-
ation of drug from the prepared gels (F3 and F4) in
HNE cell monolayers observed in this study may be
due to the transient opening of tight junction by chi-
tosan and penetration-enhancing effect of HP-$-CD
on the cellular membranes.37,41

In Vivo Animal Study

On the basis of the results of the in vitro permeation
study, F3 and F4 were finally selected and F1 was
used as the control solution for in vivo study. As the
rabbits were conscious throughout the experiment,
functional mucociliary transport could be supported
during the whole procedure. Figure 5a is the profile of
intravenous administration (0.5 mg/kg dose) of FXD
HCl aqueous solution, which was reported in our pre-
vious study.28In vivo absorption of FXD HCl following
nasal administration of F1, F3, and F4 are profiled
in Figure 5b. At 0.5 mg/kg dose, F1 (1.73%) showed
lower bioavailability than F3 (15.74%) and F4 (31.5%)
(Table 5). Cmax and AUC/D values of developed ther-
moreversible gels (F3 and F4) were higher than those
of F1, respectively (p < 0.05, p < 0.002). Because
the solution was quickly removed from the nasal cav-
ity by draining out after administration, Cmax and
AUC/D values were low. This result supported the

Table 4. Apparent Permeability Coefficients (Papp) of FXD HCl
Itself and from Developed Formulations

Formulation Papp (10−7 cm/s)

FXD HCl 2.37 ± 0.76a

F2 9.12 ± 0.18*

F3 16.14 ± 0.16*

F4 20.61 ± 2.14*

Data represent mean ± SD (n = 3).
*p < 0.05, compared with FXD HCl dissolved in transport medium.
a From our previous study.14

FXD HCl, fexofenadine hydrochloride.
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Figure 5. Mean fexofenadine hydrochloride (FXD HCl) concentration in plasma–time profiles
of (a) intravenous bolus injection and (b) intranasal administration (F1, F3, and F4). Dose was
0.5 mg/kg. Each point represents the mean ± SD (n ≥ 3).

application of thermoreversible gel in nasal drug
delivery and the enhancement of therapeutic effi-
cacy. On the basis of the result of permeation study,
the increase of bioavailability of F3 and F4 may be ex-
plained by enhanced permeation of the FXD HCl due
to the presence of chitosan and HP-$-CD.37,38 Consid-
ering the in vitro permeation and in vivo absorption
findings, thermoreversible P407-based nasal gel for-
mulations are believed to be a potential intranasal
formulation for FXD HCl.

CONCLUSION

On the basis of the fact that chitosan and HP-$-
CD can enhance the intranasal permeation of drug
moiety, we formulated an optimized thermoreversible
gel for intranasal delivery of FXD HCl. They showed
enhanced not only the permeation of FXD HCl in HNE
cell monolayers but also the intranasal bioavailability
of FXD HCl in rabbits. Thus, P407-based thermore-
versible nasal gel could open a way to the design of
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Table 5. Pharmacokinetic Parameters of FXD HCl from Various Formulations Administered by Intravenous, Oral, and
Nasal Routes in Rabbits

Administration Route (Formulation) Cmax (ng/mL) Tmax (min) AUC/D (10−6 kg·min/mL) BA (%)

IV (solution) − − 73076.77 ± 9098.60 −
IN (F1) 11.70 ± 1.32 11.67 ± 2.89 1264.42 ± 604.74 1.73
IN (F3) 52.96 ± 9.43* 20.00 ± 8.66 11499.63 ± 163.58** 15.74
IN (F4) 78.25 ± 21.25* 13.33 ± 2.89 23021.54 ± 2252.57**,*** 31.50

Data represent mean ± SD (n ≥ 3). BA was calculated by Eq. (4). AUC/D of intravenous administration was taken from our previous study.28

*p < 0.05, compared with Cmax of F1.
**p < 0.002, compared with AUC/D of F1.
***p < 0.01, compared with AUC/D of F3.
FXD HCL, fexofenadine hydrochloride; BA, bioavailability.

new controlled delivery for the FXD HCl administra-
tion via nasal route.
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