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bstract

To evaluate the reliability of the BIACORE method as a useful method for measuring the mucoadhesive interaction between chitosan and mucin,
he mucin-particle method was used for comparison. In this study, the adhesivities of different-molecular-weight chitosans (chitosan Mw. 150,000,
S; low-molecular-weight chitosan, LCS) and hydrophobically modified chitosans (dodecylated CS, d-CS; dodecylated LCS, d-LCS) to mucin were
etermined. The BIACORE method showed that CS, LCS and d-CS could interact with mucin based on the increased resonance unit (RU) response
fter mucin was passed over the chitosans-immobilized sensor chip surface. Sensorgrams obtained from the interaction between these polymers
nd mucin also indicated the rate and strength of binding reaction. The rate and strength were higher for unmodified chitosans than hydrophobically
odified chitosans. The simple in vitro mucoadhesive test or mucin-particle method revealed that the turbidity of unmodified chitosan/mucin

ixtures was higher than that of dodecylated chitosans for all concentration of chitosans and mucin. The results from both BIACORE and the
ucin-particle method implied that hydrophobic modification of chitosan reduced its adhesivity to mucin. The results from these two methods

orresponded well. Therefore, the BIACORE method has promised as an alternative method for evaluating the adhesivity of adhesive polymers to
ucin.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Mucoadhesion is defined as the adhesive phenomenon occur-
ing between polymeric materials and the mucus gel layer
overing mucosal membranes. As mucoadhesive polymers have
he potential to prolong residence time and improve drug
ioavailability in drug delivery systems, they have been of inter-
st for use as excipients in various pharmaceutical dosage forms
Imam et al., 2003).

Interactions between such polymers and mucin have been
nvestigated and reported extensively in the literature. Recently,
arious methods for measuring and detecting the interaction
etween adhesive polymers and mucin have been reported.

hese include rheological synergism (Rossi et al., 2001), vis-
osimetric and turbidimetric measurements (Rossi et al., 2000),
edimentation fingerprinting, which is the analytical ultracen-
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E-mail address: takeuchi@gifu-pu.ac.jp (H. Takeuchi).

a
a
t
a

t
o

378-5173/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2007.12.001
ucin

rifuge method (Deacon et al., 1999), mucous glycoprotein assay
Filipovic-Grcic et al., 2001; He et al., 1998), the fluorescence
olarization method (Qaqish and Amiji, 1999) and so on. These
ethods have been used to detect the adhesivity of chitosan or

dhesive polymers to mucin under different conditions, and vary
ccording to the main objectives of the authors or the available
nstruments in their laboratories. Previously, we have developed

simple in vitro test, the mucin-particle method, for measur-
ng the adhesivity of polymers to mucin (Takeuchi et al., 1999).
n this method, the adhesive properties between polymers and
ucin were determined by using the change in particle size

nd zeta potential of the original mucin particles after mixing
ith polymer solutions. Moreover, we have recently developed
novel mucoadhesive test, the BIACORE method (Takeuchi et
l., 2005). It was found that the BIACORE method could be used
o detect and evaluate the adhesive interaction between polymers

nd mucin.

Therefore, in this study, to determine the adhesive proper-
ies between polymers and mucin and validate the reliability
f the BIACORE method as a useful method for measuring

mailto:takeuchi@gifu-pu.ac.jp
dx.doi.org/10.1016/j.ijpharm.2007.12.001
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ucoadhesive interaction, the mucin-particle method, which
etects the mucoadhesive strength tendency of adhesive poly-
ers and mucin by means of turbidity, was used as a reference
ethod. Different-molecular-weight chitosans and hydropho-

ically modified chitosans were used as adhesive polymers to
nteract with mucin. The correlation between these two methods
s described subsequently.

. Materials and methods

.1. Materials

Chitosan Mw. 150,000 (CS) (deacetylation >85%, Seelab,
ermany), low-molecular-weight chitosan (LCS) (chitosan 10,
eacetylation 90.2%, Wako Pure Chemical, Japan), PVA205
Kuraray, Japan), Carbopol 971 PNF (BFGoodrich Co., Eng-
and), and mucin (from porcine stomach, type II crude, bound
ialic acid 1%, Sigma, USA) were obtained from the indicated
ources. All other reagents used were of analytical grade.

.2. Synthesis of dodecylated chitosan (d-CS) and
odecylated low-molecular-weight chitosan (d-LCS)

Hydrophobically modified chitosans (d-CS and d-LCS) were
ynthesized by following the method of Desbrieres et al. (1996)
ith some modifications. Four grams of CS or LCS were dis-

olved and stirred in 220 mL of 0.2 M acetic acid overnight for
omplete dissolution. Then, 150 mL of ethanol was slowly added
nto the solution to allow the aldehyde used for alkylation to
emain in the solvation medium. Afterwards, the pH of the solu-
ion was adjusted to 5.1 using 0.2 M sodium hydroxide in order
o prevent precipitation of the macromolecules (the optimal pH
or this reaction is between 4 and 8). Subsequently, a solution of
odecyl aldehyde (92%, Mw. 184.32, Aldrich) in ethanol was
dded so that the ratio of the number of amino groups of chi-
osan to aldehyde was 1–0.05. Afterwards, an excess amount of
odium cyanoborohydride (NaCNBH3) was added to the solu-
ion as a catalyst. The mixture was stirred at room temperature
or 24 h and then the by-product was removed by filtration. d-CS
r d-LCS was precipitated with ethanol (gel-like form) and sep-

rated by centrifugation at 20,000 rpm for 5 min. The precipitate
as washed with ethanol/water mixtures with increasing ethanol

ontent from 70 to 100% (v/v). Then, the d-CS or d-LCS was
ried in a vacuum at room temperature and stored at room tem-

2

o

Fig. 1. Synthesis of hydrophob
rnal of Pharmaceutics 354 (2008) 204–209 205

erature. The chemical reaction used for the synthesis of d-CS
nd d-LCS is shown in Fig. 1.

.3. Determination of substitution degree (SD) of
odecylated chitosan (d-CS) and dodecylated
ow-molecular-weight chitosan (d-LCS)

Two milligrams of dried d-CS or d-LCS was dissolved in
.75 mL of 2% (v/v) of acetic acid-D4 (CD3COOD, 99.94%D,
ambridge Isotope laboratories, Inc., USA) in deuterium oxide

D2O, 99.97%D, Euriso-top, France). Then the solution was
ransferred into an NMR tube and subjected to a 400 MHz
H NMR spectrometer (FT-NMR; AL-400; JEOL, Japan). The
tructures of d-CS and d-LCS were analyzed by 1H NMR spec-
ra, and the substitution degrees were calculated by the following
quation:

D =
(

δ1.1ppm

3

)
×

(
100

δ3.4 ppm

)
(1)

here chemical shifts (δ) were expressed in ppm with respect
o the CH3 triplet at 1.1 ppm and the proton at the amino group
t 3.4 ppm (Liu et al., 2003). It was found that the percentage of
lkyl substitution of d-CS and d-LCS was around 3%.

.4. Measurement of mucoadhesive interaction of polymers
n mucin by the BIACORE method

.4.1. Preparation of mucin suspension
A mucin suspension was prepared at a concentration of 1.0%

w/v) by suspending and continuously stirring in 10 mM acetate
uffer solution (ABS), pH 4.5, overnight. Then it was incubated
t 37 ◦C for one night. After that it was ultra-sonicated with a
robe sonicator (Branson Sonifier 250) until the particle size was
maller than 1 �m. Afterwards, it was centrifuged at 4000 rpm
or 20 min to extract the supernatant portion. The particle size of
ucin in the supernatant portion was less than 200 nm (Zetasizer

000HSA; Malvern Instrument Ltd., UK). The supernatant por-
ion was diluted to a concentration of 0.01% (w/v) with 10 mM
BS, pH 4.5, before use.
.4.2. Interactions between adhesive polymers and mucin
The interaction between adhesive polymers and mucin was

bserved under following conditions: running buffer, 10 mM

ically modified chitosan.
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Fig. 3 shows the overlay sensorgrams of CS–mucin–CS
and d-CS–mucin–d-CS interactions. The kinetic interactions of
CS–mucin and d-CS–mucin were different. At the initial step,
06 J. Thongborisute, H. Takeuchi / Internationa

BS (pH 4.5); sensor chip, CM5 (carboxymethylated dextran);
ow rate, 15 �L/min; temperature, 25 ◦C.

Prior to starting each experiment, an immobilization process
as required. 0.02% (w/v) of polymer solution (CS, LCS and
-CS), prepared in 10 mM ABS, pH 4.5 (filtered through 0.2 �m
ellulose acetate membrane filter before use), was passed over
he surface of a CM5 sensor chip for 10 min and baseline data
as collected for 1 h. Then 0.01% (w/v) of mucin suspension
as injected for 10 min and the sensorgram was collected until

quilibrium. Afterwards, 0.02% (w/v) of polymer solution was
njected again for 10 min, ensuring a complete equilibrium.

.5. Measurement of mucoadhesive tendency of adhesive
olymers on mucin by the mucin-particle method

.5.1. Preparation of mucin suspension
Mucin powder was suspended and stirred in 100 mM ABS,

H 4.4, overnight for complete dispersion. Then the mucin sus-
ension was ultra-centrifuged (Hitachi, Japan) at 50,000 rpm
t 4 ◦C for 15 min; the supernatant portion was collected and
sed in the experiment. The particle size of mucin in the super-
atant portion was measured by Zetasizer 3000HSA; Malvern
nstrument Ltd., UK.

.5.2. Preparation of polymer solutions
The polymers used in this experiment were CS, LCS, d-CS,

nd d-LCS, with PVA205 and carbopol 971 PNF as negative
nd positive control polymers, respectively. Polymer solutions
ere prepared at concentrations of 0.1, 0.3 and 0.6% (w/v)

n 100 mM ABS, pH 4.4. Each polymer solution was filtered
hrough 0.20 �m of cellulose acetate membrane filter before use.

.5.3. Evaluation procedure of turbidimetric measurement
Equal volumes of each polymer solution and the mucin sus-

ension were mixed by vortexing for 1 min. The mixtures were
ncubated at 37 ◦C for 1 h; then, UV spectrophotometry was per-
ormed to measure the turbidity of the mixtures at 500 nm. Each
est was measured in triplicate.www.biacore.com

. Results and discussion

.1. Mucoadhesive interaction by BIACORE method

According to the principle of the BIACORE system, if bind-
ng occurs, the response on a prepared sensor surface will
ncrease as the sample passes over it. If equilibrium is reached,

constant signal will be seen. The rate of reaction and the
trength of the binding can be determined from the slope and
he value of the RU response from the sensorgram, respec-
ively (www.biacore.com, view in 2007). Here, the adhesivity
f chitosan to mucin was detected and the results of the sen-
orgrams are shown in Fig. 2. This figure shows that the RU
esponse increased after mucin was passed over the CS- or LCS-

mmobilized sensor chip surface. The increase in RU response
as the result of the change of the refractive index on the sen-

or chip surface when the binding molecules interacted with the
mmobilized molecules. Thus, these results indicate that mucin

F
C
a

ig. 2. Overlay sensorgrams of CS–mucin–CS and LCS–mucin–LCS interac-
ions on CM5 sensor chip surfaces: (↑) start injection and (↓) stop injection.

articles could interact with chitosans (CS and LCS) immobi-
ized on the sensor chip surface. The value of the RU response for
he CS-immobilized sensor chip surface was slightly higher than
hat for the LCS-immobilized sensor chip surface (Fig. 2; two-
ay arrows). These findings implied that CS showed a slightly

tronger binding property to mucin than LCS. Additionally, the
lopes of the sensorgrams after mucin passage were the same for
oth the CS- and LCS-immobilized sensor chip surface (Fig. 2;
ot-circle). This means that CS and LCS interacted with mucin
articles at the same rate of reaction.

When CS and LCS solutions were passed over (second time)
he mucin-immobilized sensor chip surface, the RU responses
f both CS and LCS decreased. One possible way to explain
hese results is that CS might catch or hold the mucin particles
n the sensor chip surface, leading to dissociation of the mucin
articles from the sensor chip surface.
ig. 3. Overlay sensorgrams of CS–mucin–CS, d-CS–mucin–d-CS and
S–mucin–PVA205 interactions on CM5 sensor chip surfaces: (↑) start injection
nd (↓) stop injection.
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Table 1
Percentage of RU response decrease after injection of various adhesive polymer
solutions on mucin-immobilized sensor chip (Takeuchi et al., 1999)

Polymers Decrement of RU (%)

LCS 22.01
CS 46.34
Carbopol 971 PNF 29.58
Carbopol 974 PNF 27.57
PVA 205 3.26
PVP 25 (Kollidon 25) 7.92
TC-5 S (HPMC 2910) 6.78
9
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0SH-400 (HPMC 2208) 8.58
5SH-50 (HPMC 2906) 9.60

he RU response after mucin was passed over the CS or d-
S immobilized sensor chip surface increased in both cases.
owever, after CS or d-CS was passed over (second time) the
ucin-immobilized sensor chip surface, the RU response of
S decreased whereas that of d-CS increased. In addition, the

lope of the RU response after mucin was passed over the sen-
or chip was lower for the d-CS immobilized surface than the
S immobilized surface (Fig. 3; dot-circle). However, the RU

esponse after CS/d-CS solution was passed over mucin on the
hitosan-immobilized sensor chip surface was much higher for
S than for d-CS (Fig. 3; two-way arrows). The differences

n slope and RU values show that d-CS interacted with mucin
t a slower rate of reaction and with a weaker mucoadhesive
orce than CS. This means that hydrophobic modification of chi-
osan might reduce its mucoadhesive properties. Since PVA205
s non-mucoadhesive (Davies et al., 1991), there was no much
hange in the RU response when it was passed over the mucin-
mmobilized-over-CS sensor chip (Fig. 3 and Table 1).

All above results implied that the BIACORE method could
e used for detection and prediction of the binding properties

f chitosan to mucin. Not only could chitosan’s mucoadhesive
inding be detected by BIACORE, but that of other adhesive
olymers could also be determined, as shown in Fig. 4. In addi-

ig. 4. Overlay sensorgrams of mucin-immobilized sensor chip after injection of
he various adhesive polymer solutions: (↑M and ↓M) start and stop mucin injec-
ion, respectively and (↑P and ↓P) start and stop polymer injection, respectively
Takeuchi et al., 1999).

t
p
t
p
t
a

s
t
0
p
m
i
t
i
a
m
t
o
t
m
C
w

rnal of Pharmaceutics 354 (2008) 204–209 207

ion, BIACORE could be used for characterization of polymer
roperties. In Table 1, the difference of RU decrease of these
olymers could be used to determine the difference in adhesive
inding strength of these polymers to mucin as well. The results
how that LCS, CS and carbopol possess higher adhesivity to
ucin than PVA and HPMC because of higher values of RU

ecrease.
There are several theories to explain mucoadhesion of poly-

eric materials. A diffusion theory is one of the main theories
roposed to describe mucoadhesion which includes the action
f the polymer-chain entanglement (Chickering and Mathiowitz,
999). Diffusion theory states that interpenetration of the chains
f polymer and mucus may lead to sustained mucoadhesion and
y mechanical interlocking between mucin and mucoadhesives.
he fundamental concept of the diffusion theory is that adhesion
rises through the inter-diffusion of molecules in the adhesive
nd adherent. The diffusion theory is primarily applicable when
oth the adhesive and adherent are polymeric, having compat-
ble long-chain molecules capable of movement. Parameters
ffecting the diffusion process are: contact time, temperature,
olecular weight of polymers and physical form (liquid, solid).

n these experimental conditions, we may conclude that con-
ribution of physical entanglement to adhesion phenomenon
etween PVA (and HPMC) and the surface of mucin particles is
ot so strong in this measurement with BIACORE.

.2. Mucoadhesive tendency by mucin-particle method

As in our previous studies, the mucin-particle method was
sed for screening and detecting the mucoadhesive properties
f polymers by measuring the change in particle size and zeta
otential of mucin original particles. In this study, based on the
ucin-particle method with some modifications, the turbidity

alue after mixing of the polymer and mucin is another factor
hat could be used to roughly determine the adhesivity between
olymers and mucin. If the initial turbidity of mucin increased in
he presence of the adhesive polymers, the interaction between
olymer and mucin probably occurred because of the aggrega-
ion of mucin particles in a system having adhesive polymers as
linkage.

In this study, turbidities as a function of relative adhesive
trength between polymers and mucin under various concentra-
ions of mucin (2, 4 and 12 mg/mL) and polymer solution at 0.1,
.3 and 0.6% (w/v) were determined. PVA205, a non-adhesive
olymer, and carbopol 971 PNF, which possesses adhesivity to
ucin (Takeuchi et al., 2003), were used as a negative and pos-

tive control in this experiment, respectively. In Figs. 5–7, when
he polymer concentrations were retained at constant, the turbid-
ty of the carbopol/mucin, CS/mucin, LCS/mucin, d-CS/mucin
nd d-LCS/mucin increased with increasing concentrations of
ucin. The turbidity of the LCS/mucin mixture at any concen-

ration was higher than that of CS/mucin. Moreover, the turbidity
f the d-CS/mucin mixture at any concentration was higher than

hat of the d-LCS/mucin mixture. Thus, the turbidity of the

ixtures could be ordered from high to low as LCS, CS, d-
S and d-LCS. On the other hand, when mucin concentrations
ere kept constant, the turbidity of carbopol/mucin, CS/mucin,
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Fig. 5. Turbidity as a function of adhesive strength between 0.1% (w/v) of
polymer solution and mucin (n = 3).
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ig. 6. Turbidity as a function of adhesive strength between 0.3% (w/v) of
olymer solution and mucin (n = 3).
CS/mucin, d-CS/mucin and d-LCS/mucin mixtures decreased
ith increasing concentrations of polymer. These results can be

xplained by considering the interaction between these poly-
ers and mucin. Mucins are elongated rod-shaped molecules

ig. 7. Turbidity as a function of adhesive strength between 0.6% (w/v) of
olymer solution and mucin (n = 3).
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omposed of (1) branching sugar chains enriched with serine,
hereonine and proline, which possess hydroxyl, carboxylic and
ulfate groups resulting in highly hydrophilic properties and (2)
backbone chain enriched with an amide group resulting in

ydrophobic properties. In addition, mucin has an amino termi-
us and a carboxyl terminus at either end of its molecule (Bansil
t al., 1995; Peppas and Huang, 2004). Therefore, the structural
haracteristics of mucin can be used to explain the interaction
etween these polymers and mucin. The explanations will be
resented in the following order: first, for the results at a con-
tant concentration of polymer, and then for the constant mucin
oncentration.

The following discussion treats changes in turbidity when the
olymer concentrations were kept constant. As expected, no tur-
idity of the mixture of PVA205 and mucin was observed at any
oncentration because the molecular structure of PVA205 does
ot provide any active charges or active group with adhesivity
o mucin. This result corresponded to the BIACORE method
esults (Figs. 3 and 4) showing no change of RU response after
VA205 was passed over mucin-immobilized-over-CS sensor
hip surfaces. In the case of carbopol 971 PNF, the turbidity
f its mixture showed the same trend as that of chitosan and
ydrophobically modified chitosan, but the turbidity of the mix-
ure of carbopol 971 PNF and mucin was lower. This result
ndicated that even carbopol 971 PNF could interact with mucin
ut the strength of its mucoadhesivity was less than that of the
hitosans. These results also corresponded to the BIACORE
ethod results.
When unmodified chitosans (CS and LCS) interacted with

ucin, the turbidity of the LCS/mucin mixture at any concen-
ration was higher than that of CS/mucin mixture. These results
an be explained by considering molecular weight and size.
he molecular weight of LCS (about 22,000 Da (Yamada et
l., 2003)) was about seven times lower than that of CS; it is
onsiderably smaller. Therefore, the number of LCS molecules
nteracting with mucin was greater than that of CS when com-
ared at the same concentration. Given the small molecular size
f LCS, it may insert itself into the branching sugar chains of
ucin, allowing interactions between amino groups on LCS
olecules and active groups on the sugar side-chains of mucin,

nd thereby resulting in stronger mucoadhesivity. At this point,
t is important to note that the mucoadhesive strength results
f CS/mucin and LCS/mucin from the BIACORE method were
ifferent from those of the turbidimetric method. This difference
ight be the result of the interaction process. In the BIACORE
ethod, the interaction process between chitosan and mucin is
flowing movement (flow rate: 15 �L/min) while in the turbidi-
etric method, the interaction process is a vortex movement.
In the case of hydrophobically modified chitosans, the tur-

idity results of d-CS/mucin and d-LCS/mucin mixtures were
ower than that of unmodified chitosan/mucin mixtures. These
esults indicated that the hydrophobic modification of chitosan
d-CS and d-LCS) led to a decrease in the strength of adhesivity

etween the polymers and mucin. This phenomenon might be
ue to the structure of mucin. The hydrophobic region of mucin
s covered with the hydrophilic region of branching sugar chains
Bansil et al., 1995; Harcing, 2003). The carbon side chain of
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Table 2
Changes in particle size of the various concentrations of polymer/mucin mixture dispersed in DI water

Mucin concentration* (mg/mL) Particle size (nm)

0.1% (w/v) 0.3% (w/v) 0.6% (w/v)

CS d-CS LCS d-LCS CS d-CS LCS d-LCS CS d-CS LCS d-LCS

2 195.5 174.3 159.1 173.7 238.5 183.2 169.4 184.6 410.7 523.5 200.7 349.0
335.

1 557.
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4 230.6 224.8 216.9 202.6
2 509.0 477.4 314.9 302.0

* Initial particle size of mucin: 90–100 nm.

-CS and d-LCS could not interact with the hydrophilic region
f mucin leading to lower turbidity and less adhesion on the
ensor chip in the BIACORE method. Protonated amino groups
n the d-CS and d-LCS molecule could potentially interact with
he sialic group on mucin resulting in mucoadhesivity, but this
rocess may be impeded by the long hydrocarbon side chain on
-CS and d-LCS molecules, leading to lower mucoadhesivity.
hese results also corresponded to the BIACORE results.

Next, we discuss the change in turbidity when mucin concen-
rations were kept constant. The turbidity of all of the polymers
ecreased with increasing concentrations of polymer. One pos-
ible explanation is that the particle size of the polymer–mucin
omplex increased, as shown in Table 2, leading to a decrease in
urbidity. In this case, the decrease of turbidity when the polymer
oncentration increased does not indicate lower mucoadhesiv-
ty. Consequently, the optimum concentration of a polymer is a
actor that should be concerned in the mucoadhesivity determi-
ation process. These false negative results are a weakness of
he mucin-particle method (turbidity method) not shared by the
IACORE method.

. Conclusion

The mucoadhesive properties between polymers and mucin
ould be detected by the BIACORE method and the mucin-
article method. Consequently, the BIACORE method should
e considered a useful alternative to the mucin-particle method
or determining the adhesivity between polymers and mucin.
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