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Abstract

Mucoadhesive performance of various pectins with different degrees of esterification and molecular weights was examined with por-
cine gastrointestinal (GI) mucosa, i.e. buccal, stomach, small intestine and large intestine, using a texture analyzer equipped with muco-
adhesive platform. The instrumental parameters and test conditions such as pre-hydration time of pectin disc, contact time, contact
force, test speed of probe withdrawal, GI tissue and test medium were also studied. Two parameters derived from texture analysis,
namely maximum detachment force (Fmax) and work of adhesion (Wad), were used as parameters for comparison of mucoadhesive per-
formance. The results indicated that degree of hydration of pectin disc affected the mucoadhesive properties. The mucoadhesion of pectin
increased with the increased contact time and contact force, but not by the increased probe withdrawal speed. Tissue from different parts
of GI tract and test medium also influenced the mucoadhesion. Pectins showed a stronger mucoadhesion on large intestinal mucosa than
on small intestinal mucosa. The mucoadhesive properties of pectins on gastric mucosa depended on pH of the medium; a higher Fmax and
Wad in a pH 4.8 medium than a pH 1.2 medium was revealed. Additionally, pectin showed a significantly higher mucoadhesion than
carbomer934P in most of the GI mucosa tested. The results also demonstrated that the mucoadhesive performance of pectins largely
depended on their characteristics, i.e. higher degree of esterification and molecular weight gave a stronger mucoadhesion. These findings
suggest that pectin can be used as a mucoadhesive carrier for GI-mucoadhesive drug delivery systems.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mucoadhesive polymers are used to immobilize a drug
delivery device on a specific site for targeted release and
optimal drug delivery due to intimacy and duration of con-
tact. Mucoadhesive polymers have been developed for buc-
cal, nasal, ocular, vaginal and oral applications. So far, a
considerable number of studies focusing on the mucoadhesive
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properties of wide range of polymeric materials, particular-
ly hydrophilic polymers containing numerous hydrogen
bond (H-bond) forming groups, have been performed [1].
It has been proposed that the interaction between the
mucus and mucoadhesive polymers is a result of physical
entanglement and secondary bonding, mainly H-bonding
and van der Waals attraction. These forces are related to
the chemical structure of the polymers [2]. The types of sur-
face chemical groups of mucoadhesive polymers that con-
tribute to mucoadhesion include hydroxyl, carboxyl,
amine and amide groups in the structure [3]. Peppas and
Buri [4] suggested that polymer characteristics which are
necessary for mucoadhesion are (i) strong H-bonding
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groups, (ii) strong anionic charges, (iii)
high molecular weight, (iv) sufficient chain flexibility, and
(v) surface energy properties favoring spreading onto
mucus.

The present work concerns the pectin, anionic polysac-
charide, which is rich in carboxylic groups and possible
to interact with functional groups in mucus layer. Up until
now, pectin has been commercially used as a food additive,
a thickening agent and a gelling agent. Pectin has very
complex structure which contains a-D-galacturonic acid
with 1–4 linkage [5]. The galacturonic acid of the backbone
is partially methyl-esterified which classifies pectin type.
The degree of esterification (DE) less than 50% is low DE
pectin while DE more than 50% is high DE pectin.

Several reports have demonstrated the mucoadhesive
properties of pectin. Smart et al. [6] reported that pectin
gave fair adhesiveness with mucus gel using Wilhemy
plate method. On the contrary, Lehr et al. [7] found that
pectin (with no identified source) showed no adhesion
compared to polycarbophil or chitosan. With this test,
thin films containing 1 mg/cm2 of polymers were hydrat-
ed in the saline medium for 5 min, then tested with the
pig small intestinal mucosa under very slight pressure
(�10 mN), and kept in this position for 1 min. The
hydration time of 5 min may be too long and, then,
the thin films could be dissolved before testing, resulting
in loss of mucoadhesive properties [6]. In fact, there are
many factors affecting the mucoadhesive properties of
polymers such as degree of hydration [4], ionic strength
of medium [8], and their molecular structure feature
[9–11]. Additionally, the physical properties, e.g. solution,
gel-forming, and swelling properties, of pectin are differ-
ent, depending on the types or characteristics of pectin.
This information should be mentioned in the literature
and should not be disregarded.

Schmidgall and Hensel [12] reported that rhamnogal-
acturonans with a low DE and linear oligogalacturonides
derived from pectin showed a significant bioadhesion
against colonic mucus membranes whereas high DE pec-
tins and neutral polysaccharides were ineffective. Liu
et al. [13] reported that pectin with higher net electrical
charges showed a higher mucoadhesion with porcine
colonic tissues than the less charged ones. The high
DE pectin formed gel networks with endogenous mucin
lining on the surface of mucosal tissue whereas low DE
pectin was able to penetrate deeply toward the colonic
intestinal wall, but did not adhere strongly on the tissues
surface. However, the mucoadhesive properties of pectin
(i.e. only two different DEs) have been studied in only
the colonic tissues. To date, there is no comparable
information of such properties in other gastrointestinal
(GI) tissues.

Several techniques for in vitro determination of
mucoadhesion have been reported in the literature. Most
in vitro methods for screening of the mucoadhesion are
based on a measurement of either tensile or shear
strengths [14]. Methods using tensile strength usually
examine the force necessary to separate two surfaces
after mucoadhesive bonding has been established [15].
The employed instruments are modified balances or ten-
sile testers. The Du Noüy tensiometer has also been
modified to evaluate a relative adhesion capacity of poly-
mers in powder form [16]. Methods based on measure-
ment of shear strength determine the force that causes
the adhesive polymer slide on mucus layer in the direc-
tion parallel to their plane of contact, for example, the
Wilhemy plate method reported by Smart et al. [6]. This
technique measures mucoadhesion by recording a maxi-
mum force from microbalance at the moment a polymer
coated glass plate is detached from mucus gel. The sam-
ples used in this technique need to be coated on glass
plate and their mucoadhesive performance is influenced
by plate width, penetration depth of glass plate into
mucus and rate of extraction out of mucus [17].

Recently, tensile test using texture analyzer has been
reported for studying the mechanical characteristics of
mucoadhesiveness of polymers and dosage forms [18,19].
In general, the mucoadhesion using this technique was
evaluated through the measure of maximum force required
to separate the polymer or dosage form from surface of
substrate after contact at specified time and force, and
the work of adhesion calculated. Several surface substrates
such as porcine stomach tissue, chicken pouch tissue [20],
bovine sublingual mucosa [21,22], bovine duodenal mucosa
[22], mucin disc [23], and mucin gel [24] have been used as a
model substrate using texture analyzer. The validation of
the test using texture analyzer has been performed under
simulated gastric condition using pig gastric mucosa [18]
or simulated buccal conditions using chicken pouch tissues
[20], in order to elucidate test conditions and instrumental
parameters influencing the mucoadhesive test results.
Tobyn et al. [18] found that contact time and force between
pig gastric mucosa and sample, removal test speed of the
probe, and pre-hydration time of polymer samples signifi-
cantly affected the result obtained. However, from the liter-
ature, the test parameters’ validation under simulated small
intestinal or colon conditions has not yet been reported.
Moreover, the test parameters, e.g. contact time, contact
force, test speed, and test environment (i.e. pH, ionic
strength), for texture analysis are varied among the pub-
lished reports. Thus, comparing the mucoadhesive proper-
ties of polymers from differential test parameters would be
complicated.

The objective of this study was, then, to validate the
instrumental variables and test conditions when testing
with texture analyzer under simulated GI conditions using
porcine GI mucosa (i.e. buccal, stomach, small intestinal
and large intestinal mucosa). The instrumental variables
and test conditions studied are pre-hydration time, contact
time, contact force, probe speed, GI mucosa, and test medi-
um. Mucoadhesive performance of various pectins with
different degrees of esterification and molecular weights
under different GI conditions was also studied and
discussed.
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2. Materials and methods

2.1. Materials

Four pectins with different DEs (see Table 1) were kind-
ly provided by Herbstreith & Fox KG (Germany). Polyac-
rylic acid crosslinked polymer (carbomer934P)
manufactured by from Corel Pharma-Chem (India) was
used. Chitosan (molecular weight of 100 kDa) with degree
of acetylation of 95% was supplied from Seafresh Chitosan
(Lab) Co., Ltd., Thailand. All other chemicals were of ana-
lytical grade and used as received without further
purification.
2.2. Preparation of sample discs

Discs of 200-mg pectin sample were prepared by direct
compression using a single punch hydraulic press (Model
15011, Specac, USA) with 9.53-mm diameter flat-faced
tooling. The discs were compressed at the pressure of 2 tons
for 20 s and kept in desiccator until used.
2.3. Preparation of GI tissues

GI tissues from different parts of porcine GI tract (i.e.
buccal, stomach, small intestinal and large intestinal tis-
sues) were obtained from animals immediately after
slaughter at local slaughterhouse (Nakhon Pathom, Thai-
land). The tissues were washed with deionized water to
remove non-digested food from lumen then placed in nor-
mal saline solution at 4 �C and used within 6 h. The under-
lying connective tissues were subsequently removed to
isolate the mucosal membrane.
2.4. Study on test conditions of mucoadhesive test

Mucoadhesion testing of the sample discs was carried
out using a texture analyzer (TA.XT plus, Stable Micro
Systems, UK) with 50 N load cell equipped with mucoad-
hesive holder. A disc was attached to the cylindrical probe
(10 mm in diameter) by double-sided adhesive tape. The
tissue (about 20 · 20 mm) was equilibrated for 15 min at
37.0 ± 0.5 �C before placing onto the holder stage of muco-
adhesive holder and maintained at 37 �C during the test in
200 mL of the medium. Fig. 1 demonstrates the scheme
showing the process of the mucoadhesive test. The probe
Table 1
Designation and properties of pectin examined in the study

Pectin type and designation Degree of esterification (% DE)

High methoxy pectin

CU201 70
CU501 56

Low methoxy pectin

CU701 38
CU020 29

Note: This information is specified and reported by the manufacturer.
with the disc attached was immersed in the test medium
for a specified time prior to the test, the hydrated disc
was then moved downward to contact with soaked tissue
at a specified force and maintained until specified time, in
steps A and B, respectively. The probe was subsequently
withdrawn at a specified test speed in step C. By using
the texture analyzer, the maximum force required to sepa-
rate the probe from the tissue (i.e. maximum detachment
force; Fmax) could be detected directly from Texture Expo-
nent 32 software and the total amount of forces involved in
the probe withdrawal from the tissue (work of adhesion;
Wad) was then calculated from the area under the force ver-
sus distance curve (Fig. 2). These parameters were used to
compare the different test conditions or formulations.

Two types of pectin (i.e. CU201 and CU701) were select-
ed as representatives of high and low DE pectins, respec-
tively, to validate the instrumental parameters and test
conditions (i.e. pre-hydration time of the sample disc in test
medium, contact force between the sample disc and tissue,
contact time of the sample disc to the tissue, and test speed
of the probe removal from the tissue). Five pre-hydration
times (0.5, 2, 5, 10 and 20 min) were studied at the contact
force of 0.05 N, contact time of 60 s and probe speed of
0.5 mm/s. The effect of contact force (i.e. 0.05, 0.1, 0.2
and 0.5 N) and contact time (i.e. 10, 30, 60, 180 and
600 s) was investigated using pre-hydration time of 5 min
and probe speed of 0.5 mm/s. Four probe withdrawal
speeds (0.1, 0.3, 0.5 and 1.0 mm/s) were further studied
using pre-hydration time of 5 min, contact force of
0.05 N and contact time of 60 min. The probe without disc
was also tested to check the uniformity of the GI tissue. In
order to confirm reproducibility and validity of obtained
data, 6 to 10 measurements were performed on the fresh
tissue samples for each condition.
2.5. Study on the effect of GI tissue and test medium on

mucoadhesion of pectin

The effect of GI tissue and test medium was also inves-
tigated using different parts of porcine GI tract with their
relevant medium, i.e. buccal mucosa with simulated saliva
fluid pH 6.75 (SSF), gastric mucosa with simulated gastric
fluid USP without pepsin (SGF) or citric-phosphate buffer,
pH 4.8 (representing the fasted or fed state, respectively),
small intestinal mucosa (duodenum part) and large intesti-
nal mucosa with simulated intestinal fluid pH 6.8 (SIF).
Degree of amidation (% DA) Molecular weight (kDa)

0 200
0 180

0 80
20 150



Fig. 1. Process of mucoadhesive test on gastrointestinal mucosa by texture analyzer with mucoadhesive holder.
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The tests were employed using a condition chosen from the
results of previous Section 2.4, that is, a pre-hydration time
of 5 min, contact force of 0.05 N, contact time of 60 s and
probe speed of 0.5 mm/s.

2.6. Study on pectin type on mucoadhesive properties

Four types of pectin, namely CU201, CU501, CU020
and CU701, were used to compare the mucoadhesive per-
formance of low and high DE pectins. The test conditions
were pre-hydration time of 5 min, contact force of 0.05 N,
contact time of 60 s and a probe speed of 0.5 mm/s. The
common mucoadhesive polymers, e.g. carbomer934P and
chitosan, were used as controls.
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Fig. 2. A typical plot of force versus distance data for pectin disc (CU020
tested with small intestinal mucosa) from the mucoadhesive test using
texture analyzer. The height of the peak is the maximum force required to
separate the probe from the tissue (i.e. maximum detachment force; Fmax)
and the total amount of forces involved in the probe withdrawal from the
tissue (work of adhesion; Wad) is calculated from the area under the force
versus distance curve.
2.7. Statistical analysis

Analysis of variance (ANOVA) and Levene’s test for
homogeneity of variance were performed using SPSS version
10.0 for Windows (SPSS Inc., USA). Post hoc testing
(p < 0.05) of the multiple comparisons was performed by
either the Scheffé or Games–Howell test depending on
whether Levene’s test was insignificant or significant,
respectively.
3. Results and discussion

3.1. Effect of pre-hydration time of pectin disc on

mucoadhesive properties

Sample discs of high (CU201) or low (CU701) DE pec-
tin were immersed in test medium for 0.5, 2, 5, 10 or 20 min
prior to attachment to a duodenal part of small intestinal
mucosa. The pectin disc was pulled out at a speed of
0.5 mm/s after attachment to the mucosa at a contact force
of 0.05 N and contact time of 60 s. Fig. 3 shows the Fmax

and Wad of pre-hydrated discs after attachment to duode-
nal mucosa. The results showed that the Fmax of both pec-
tins did not change significantly when the disc was
hydrated up to 20 min whereas the Wad slightly decreased
from the first 2 min then maintained until 20 min. These
findings indicate that the optimum degree of hydration
and swelling of pectin disc could influence the mucoadhe-
sive properties. This is in agreement with Ponchel et al.
[25] who reported that, for their test system with bovine
sublingual mucosa, there was an optimum pre-hydration
time of around 10 min before the tablet showed maximum
adhesive characteristics. Leung and Robinson [8] suggested
that a sufficient amount of water is necessary to properly
hydrate and expand the mucoadhesive network to expose
available adhesive sites for bond formation, create pores
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or channels for diffusion of polymer chains and mobilize
the polymer chains for interpenetration. However, if an
excessive quantity of water is available, the hydrated poly-
mers start to form gels and eventually a slippery mucilage,
resulting in all adhesive properties being lost since the poly-
mers dissolve in the available water [6].

Additionally, high DE pectin showed a higher Wad than
low DE pectin while the Fmax was not significantly different.
It is possible that high molecular weight of the high DE pec-
tin could be entangled more than low DE pectin with low
molecular weight [26]. The expansion of the entangled chain
of high DE pectin, during the withdrawal of pectin disc from
mucosa, was probably longer than that of low DE pectin,
resulting in high area under force versus distance curve. In
order to investigate the effect of other instrumental parame-
ters and test conditions, the pre-hydration time of pectin disc
of 5 min was selected, based on this finding.
3.2. Effect of contact time and contact force on mucoadhesive

properties

Fig. 4 shows the effect of contact time between the sam-
ple disc and GI mucosa on the Fmax and Wad of pectin discs
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Fig. 3. Effect of pre-hydration time of pectin discs (CU201 and CU701)
on (a) maximum detachment force, and (b) work of adhesion, against
porcine small intestinal mucosa (n = 6–10).
(CU201 and CU701). The results showed that the Fmax and
Wad of both pectins were significantly increased with the
increased contact time. This is consistent with those
obtained by Tobyn et al. [18] and Wong et al. [20] in which
different types of polymers (e.g. carbomer, polycarbophil,
hydroxypropylmethyl cellulose, sodium carboxymethylcel-
lulose) and model mucosa were used. In this case, the
increase of Fmax and Wad is most likely because the degree
of hydration and swelling was sufficient to expand the
mucoadhesive network. Increasing contact time may
provide interdiffusion and chain entanglement between
pectin and mucin chain in mucus membrane. This is in
agreement with Leung and Robinson [8] who demonstrated
that mucoadhesion of carbomer was a time-dependent pro-
cess supporting the proposed interpenetration as being a
time-dependent process. An increase in contact resulted
in an increase in formation of secondary bonds and diffu-
sional path or depth of interpenetration between two mac-
romolecules. Increasing contact time between the
mucoadhesive polymer and the mucus layer could, there-
fore, increase the mucoadhesive strength [8]. However,
Shojaei et al. [11] reported that increasing contact time
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Fig. 4. Effect of contact time between the pectin discs (CU201 and CU701)
and small intestinal mucosa on (a) maximum detachment force, and (b)
work of adhesion, against porcine small intestinal mucosa (n = 6–10).
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between copolymer (acrylic acid and 2-ethylhexyl acrylate)
film and buccal tissue yielded a linear increase in mucoad-
hesive forces for up to 60 s, further increase in contact time
(120–300 s) led to a plateau. They explained that cohesive
energy of the copolymers may decrease substantially after
the first minute of contact leading to physical deformation
of the polymeric film due to water sorption. Furthermore,
it was, again, found that high DE pectin showed a higher
Wad than low DE pectin, at all contact times studied.

Fig. 5 shows the effect of contact force applied between
the sample disc and GI mucosa on the Fmax and Wad of
pectin discs (CU201 and CU701). The Fmax and Wad tend-
ed to increase with the increased contact force. These
results agree with the study by Tobyn et al. [18]. Neverthe-
less, Wong et al. [20] observed that no significant increase
in the Wad was seen at a contact force above 0.5 N, due
to a maximum intimate contact. They suggested that too
high contact force may not be advantageous but may dam-
age the mucosa without achieving better contact. However,
the contact time was shown to be a critical factor in affect-
ing the mucoadhesion results. It may be thought that an
initial stage of mucoadhesion process begins with the
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Fig. 5. Effect of contact force applied between the pectin discs (CU201
and CU701) and small intestinal mucosa on (a) maximum detachment
force, and (b) work of adhesion, against porcine small intestinal mucosa
(n = 6–10).
establishment of an intimate contact between the polymer
and mucosal surface followed by interpenetration of poly-
mers to form secondary chemical bonds [2]. Hence, contact
time is important to allow sufficient hydration, swelling,
interpenetration and bond formation for mucoadhesion.
Based on the physiological condition in GI tract after oral
administration, mucoadhesive samples could not be forced
to attach directly to the mucosa. As such, contact force
employed for studying the effect of other test conditions
was kept at the lowest force, i.e. 0.05 N, with a contact time
of 60 s.

3.3. Effect of probe withdrawal speed from GI mucosa on

mucoadhesive properties

Fig. 6 shows the effect of test speed of the probe removal
from the tissue on the Fmax and Wad of pectin discs (CU201
and CU701). The results showed that there was no signifi-
cant change in both Fmax and Wad at each increment of
probe speed. These results differed from those of the previ-
ous studies [11,20] in which probe speed appeared to influ-
ence the mucoadhesive properties of polymer. This might
be due to the difference in test conditions employed. Both
of those previous experiments used non-hydrated samples
before attachment to model mucosa. Wong et al. [20] con-
ducted the experiments using carbomer and methylcellu-
lose buccal tablets without pre-hydration time, and a
chicken pouch tissue which was wetted with 200 lL of
SSF. They observed that low probe speeds such as 0.1
and 0.3 mm/s produced larger variation as compared to
higher probe speed, e.g. 0.5 and 1.0 mm/s. Shojaei et al.
[11] tested the non-hydrated copolymer film with porcine
buccal tissue which was soaked with simulated gingival flu-
id periodically during the test. Due to the viscoelastic nat-
ure of the mucoadhesive bond, increasing the rate of stress
producing from the crosshead removal speed resulted in
less time for bond deformation and, therefore, the tensile
strengths, which represent the mucoadhesive properties,
were increased [11].

In the present study, the pre-hydrated pectin disc was
tested on small intestinal mucosa soaked in 200 mL of test
medium. With this test, pectin disc and GI mucusa were
excessively hydrated, providing an openness of the interact-
ing networks to facilitate interpenetration and bond forma-
tion between polymer chains. Thus, a probe withdrawal
speed may not influence the mucoadhesive performance
of pre-hydrated pectin disc.

3.4. Effect of different parts of GI tissue and test media on

mucoadhesive properties

In order to evaluate the effect of tissue from different
parts of GI tract and its relevant test medium on mucoad-
hesion of various types of pectin, buccal mucosa with SSF,
stomach mucosa with SGF or citric-phosphate buffer, pH
4.8, small intestinal (duodenal section) and large intestinal
mucosa with SIF were used. A pectin disc was hydrated in
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Fig. 6. Effect of probe withdrawal speed of pectin discs (CU201 and
CU701) on (a) maximum detachment force, and (b) work of adhesion,
against porcine small intestinal mucosa (n = 6–10).

Fig. 7. Effect of GI mucosa and test medium on (a) maximum detachment
force, (b) work of adhesion, of various types of pectin (n = 6–10).
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each medium for 5 min prior to contact with GI mucosa at
a force of 0.05 N for 60 s. Probe withdrawal speed was
0.5 mm/s.

The Fmax and Wad of various pectins tested on different
GI mucosa are shown in Fig. 7. The common mucoadhe-
sive polymers, carbomer934P and chitosan, were used for
comparison, as they showed good mucoadhesive properties
in many reports, e.g. [7,10,27]. However, the test on chito-
san discs was limited as they, unfortunately, disintegrated
within 30 s after immersing in all media. The chitosan films,
on the other hand, could be tested and reported [7].

Among various types of GI tissue, all pectins showed the
strongest Fmax and Wad on the large intestinal tissues (dis-
cuss later). The Fmax of all pectin discs on the buccal, stom-
ach (both in the pH 1.2 and 4.8 media), and small intestinal
mucosa were not significantly different, ranging from 55 to
85 mN. The Wad of pectins on the gastric mucosa at pH 1.2
(fasted state) showed lower value than those on the gastric
mucosa at pH 4.8 (fed state), buccal mucosa, small intesti-
nal mucosa and large intestinal mucosa. This may be due to
the difference in anatomy and characteristics of mucosa in
different regions of GI tract [28]. The content of mucin, a
major component in GI mucosa, was different in different
parts of GI tract. In the stomach and intestines, the mucin
released by goblet cells forms parts of mucus blanket cov-
ering the epithelia [28], resulting in viscous gel depending
on the pH of the environmental medium. Buccal tissues
do not have mucus layer, however, the mucin could be
found in the saliva. This would attribute to the difference
in bioadhesive properties of different GI mucosa. Accili
et al. [22] reported that mucoadhesive properties of carbo-
mer974 depended on the mucosa characteristics. The high
mucoadhesion of carbomer974 in the sublingual and
esophageal mucosa took place on the basis of their low
amount of sialic acids (residues found in mucin) in these
regions, thus of water bound, which reduces the gelation
rate of carbomer.
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Although, the medium used for testing of small and
large intestinal mucosa was the same (i.e. SIF), large
intestinal mucosa showed a stronger mucoadhesion than
small intestinal mucosa. This is probably due to the fact
that there is a difference in the functional histology of epi-
thelia of small and large intestinal mucosa [28]. The
absence of villi in large intestine, at the tissue level, may
benefit the mucoadhesion as the attachment between the
sample disc and mucosa or epithelia can occur easily.
Moreover, in the cellular level, the ratio of goblet cells
in large intestine is higher than in other parts of GI tract
resulting in higher mucin level, and thus the mucoadhe-
sion onto the large intestinal mucosa is higher. Mucoad-
hesive properties of pectins onto gastric mucosa
depended on the environmental pH; a better mucoadhe-
sion at pH 4.8 than at pH 1.2. This is probably due to
the fact that pectin (pKa of 3–4) is rapidly converted from
carboxylate anions (pectin salt) to free carboxyl groups or
unionized forms (pectinic acid), as the concentration of
hydrogen ions increases at pH 1–2, which has the ability
to swell less on hydration being virtually insoluble [26].
At higher pH, pectin can be ionized, swelled and form
hydrogel [26], which contribute to the interdiffusion and
the formation of interchain bridges between the polymer
and biological substrate [15]. Furthermore, the sialic acid
and sulphate residues in mucin glycoprotein of mucus
were fully ionized at the pH more than 2.6; this confers
a net negative charge to the molecule [15]. These findings
demonstrated that mucosa from different parts of GI tract
and test medium largely influenced the mucoadhesive per-
formance of pectin.

In the case of carbomer934P, it showed a higher Wad

onto the stomach (both at pH 1.2 and 4.8) and small intes-
tinal mucosa than those onto the large intestinal and buccal
mucosa. Carbomer934P showed a significantly higher
mucoadhesion than pectin, only on the stomach mucosa
at pH 1.2. Carbomer has been claimed to be a potential
mucoadhesive polymer, because of a lot of carboxylic
groups (56–58%, calculated on a dry basis) that could inter-
act with the functional groups of mucus [25,27].

Gu et al. [29] proposed that the mucoadhesion of car-
bomer at high pH medium (e.g. pH 6.2) could be due to
dissociation of the carboxyl groups of carbomer and elec-
trostatic repulsions between the negatively charged car-
boxyl groups causing the uncoiling and expansion of the
molecule. This resulted in swelling and gel formation, thus
making the polymer more susceptible to mechanical chain
entanglement and secondary interactions with the mucus
glycoprotein [29]. Water movement from mucus gel to
dry polymer compacts (e.g. carbomer934 discs) also con-
tributed to the dehydration of mucus layer which
increased the adhesive and cohesive properties and caused
the strengthening of the mucoadhesive joint [30]. Howev-
er, excess polymer hydration led to a reduction in the
strength of polymer–mucosa bond since the density of
the functional groups promoting the adhesion decreases
[3] or the polymer hydrates, gels and eventually forms
slippery mucilage [30]. Smart [10] noted that the adhesive
failure of carbomer934P discs resulted from cohesive fail-
ure of the formed gel layer. Therefore, the force and work
required to separate from mucosa were decreased. Similar
results have been reported by Tobyn et al. [18] that
mucoadhesion of carbomer934P tablets was largely
decreased during the first 5 min of pre-hydration time
due to the decreased mucoadhesive bond strength. In this
study, the same conditions with pectin discs were used, i.e.
the carbomer934P discs were pre-hydrated in medium for
5 min before testing with soaked GI tissue. It is assumed
that the dry carbomer disc would absorb excess water to
form a mucilage gel surface, thus weakening the mucoad-
hesive bonding.

3.5. Effect of pectin types on mucoadhesive properties

Pectins with different DEs and molecular weights (see
Table 1) were selected to assess the mucoadhesive perfor-
mance. The results showed that mucoadhesive perfor-
mance of low DE pectin (CU701) was significantly lower
than that of high DE pectin (CU201, CU501), when tested
in all GI tissues and test media. The presence of amide
groups in the structure (i.e. CU020) enhanced the mucoad-
hesion of low DE pectin as its Wad value came close to that
of high DE pectins, except for the stomach tissue at pH
4.8.

This result, somewhat, differed from those reported ear-
lier [12,13], in which low DE pectin demonstrated a stron-
ger interaction with porcine colonic tissues than high DE
pectin. Liu et al. [13] suggested that the higher mucoadhe-
sion of low DE pectin was possibly due to its higher net
negative charges than those of high DE pectin, when both
pectins were similar in the ratio of molecular weight to
molecular size. However, in this study, it is likely that the
molecular size of pectin played an important role on the
mucoadhesion of pectin, and probably showed a stronger
influence than the number of H-bond forming groups
(i.e. –COOH) represented by a lower DE.

The mucoadhesive performance of high DE pectin
(CU201) containing low amount of H-bond forming
groups was mainly influenced by its high molecular weight
which facilitates coil entanglement [14]. The mucoadhesion
of low DE pectin (CU701), however, could be explained by
a large amount of H-bond forming groups (about 64%),
which promote secondary chemical bond formation in
mucoadhesion process. The results showed that a higher
degree of esterification and molecular weight of pectin
demonstrated a stronger mucoadhesion. In case of amidat-
ed pectin (CU020), some carboxylic groups in the structure
of low DE pectin were substituted with amide groups,
resulting in strong H-bond forming groups to strengthen
the mucoadhesive bonding. The rank order of mucoadhe-
sive performance of examined pectins on to the GI mucosa
appeared to be similar to the rank order of their degree of
esterification and molecular weight (i.e. CU201 >
CU501 > CU020 > CU701).
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4. Conclusions

A texture analysis method, similar to other mechanical
methods, is a convenient way of comparing new mucoad-
hesive polymers. The measurement of mucoadhesion could
be influenced by the instrumental parameters and test con-
ditions such as pre-hydration time of pectin disc, contact
time, contact force, test speed of probe withdrawal, GI tis-
sue and test medium. Therefore, a test system should be
adequately assessed, as presented in this study, to optimize
the conditions for conducting the measurements. Under the
experimental conditions selected, the mucoadhesive perfor-
mance of pectin onto different GI mucosa could be com-
pared. It was found that the molecular weight and degree
of esterification of pectin influenced its mucoadhesive
performance.

The results suggest that pectin appears to be a potential
mucoadhesive polymer for GI-mucoadhesive drug delivery
system. We are continuing the experiments with these pec-
tins, in particular to investigate its mucoadhesive properties
in both ex vivo and in vivo tests. These issues will be dis-
cussed in future publications.
Acknowledgements

The authors wish to acknowledge The Thailand Re-
search Fund and Commission of Higher Education, Thai-
land, for the research funding (Grant No. RMU4880042).
Financial support from The Thailand Research Fund
through the Royal Golden Jubilee Ph.D. Program (Grant
No. PHD/0102/2548) to NT and PS is gratefully acknowl-
edged. We are very pleased to acknowledge Herbstreith &
Fox KG (Germany) who kindly donated the pectin sam-
ples and G.M.P. Co., Ltd. (Thailand) who kindly supplied
carbomer934P.
References

[1] V. Grabovac, D. Guggi, A. Bernkop-Schnurch, Comparison of the
mucoadhesive properties of various polymers, Adv. Drug Deliv. Rev.
57 (2005) 1713–1723.

[2] D. Duchene, F. Touchard, N.A. Peppas, Pharmaceutical and medical
aspects of bioadhesive systems for drug administration, Drug Dev.
Ind. Pharm. 14 (1988) 283–318.

[3] R. Gurny, J.M. Meyer, N.A. Peppas, Bioadhesive intraoral release
systems: design, testing and analysis, Biomaterials 5 (1984) 336–340.

[4] N.A. Peppas, P.A. Buri, Surface, interfacial and molecular aspects of
polymer bioadhesion on soft tissues, J. Control. Release 2 (1985)
257–275.

[5] C. Rolin, Pectin, in: R.L. Whistler, J.N. Bemiller (Eds.), Industrial
Gums: Polysaccharides and their Derivatives, Academic Press, New
York, 1993, pp. 257–293.

[6] J.D. Smart, I.W. Kellaway, H.E.C. Worthington, An in vitro
investigation of mucosa-adhesive materials for use in controlled
delivery, J. Pharm. Pharmacol. 36 (1984) 295–299.

[7] C.M. Lehr, J.A. Bouwstra, E.H. Schacht, H.E. Junginger, In vitro
evaluation of mucoadhesive properties of chitosan and some other
natural polymers, Int. J. Pharm. 78 (1992) 43–48.

[8] S.H.S. Leung, J.R. Robinson, Polymer structure features contributing
to mucoadhesion II, J. Control. Release 12 (1990) 187–194.
[9] H. Park, J. Robinson, Physico-chemical properties of water insoluble
polymers important to mucin/epithelial adhesion, J. Control. Release
2 (1985) 47–57.

[10] J.D. Smart, An in vitro assessment of some mucosa-adhesive dosage
forms, Int. J. Pharm. 73 (1991) 69–74.

[11] A.H. Shojaei, J. Paulson, S. Honary, Evaluation of poly(acrylic acid-
co-ethylhexyl acrylate) films for mucoadhesive transbuccal drug
delivery: factors affecting the force of mucoadhesion, J. Control.
Release 67 (2000) 223–232.

[12] J. Schmidgall, A. Hensel, Bioadhesive properties of polygalacturonides
against colonic epithelial membranes, Int. J. Pharm. 30 (2002) 217–225.

[13] L. Liu, M.L. Fishman, K.B. Hicks, M. Kende, Interaction of various
pectin formulations with porcine colonic tissues, Biomaterials 26
(2005) 5907–5916.

[14] A. Ahuja, R.K. Khar, J. Ali, Mucoadhesive drug delivery systems,
Drug Dev. Ind. Pharm. 23 (5) (1997) 489–515.

[15] N.A. Peppas, J.J. Sahlin, Hydrogels as mucoadhesive and bioadhesive
materials: a review, Biomaterials 17 (1996) 1553–1561.

[16] C. Robert, P. Buri, N.A. Peppas, Experimental method for bioadhesive
testing of various polymers, Acta Pharm. Technol. 34 (2) (1988) 95–98.

[17] A.P. Sam, J.T.M. van den Heuij, J.J. Tukker, Mucoadhesion of both
film-forming and non-film-forming polymeric materials as evaluated
with Wilhemy plate method, Int. J. Pharm. 79 (1992) 97–105.

[18] M.J. Tobyn, J.R. Johnson, P.W. Dettmar, Factor affecting in vitro
gastric mucosa adhesion I. Test conditions and instrumental param-
eters, Eur. J. Pharm. Biopharm. 41 (4) (1995) 235–241.

[19] M.J. Tobyn, J.R. Johnson, P.W. Dettmar, Factor affecting in vitro
gastric mucosa adhesion II. Physical properties of polymers, Eur. J.
Pharm. Biopharm. 42 (1) (1996) 56–61.

[20] C.F. Wong, K.H. Yuen, K.K. Peh, An in-vitro method for buccal
adhesion studies: importance of instrument variables, Int. J. Pharm.
180 (1999) 47–57.

[21] C. Eouani, Ph. Piccerelle, P. Prinderre, E. Bourret, J. Joachim,
In-vitro comparative study of buccal mucoadhesive performance
of different polymeric films, Eur. J. Pharm. Biopharm. 52 (2001) 45–55.

[22] D. Accili, G. Menghi, G. Bonacucina, P.D. Martino, G.F. Palmieri,
Mucoadhesion dependence of pharmaceutical polymers on mucosa
characteristics, Eur. J. Pharm. Sci. 22 (4) (2004) 225–234.

[23] D.S. Jones, A.D. Woolfson, A.F. Brown, M.J. O’Neill, Mucoadhe-
sive, syringeable drug delivery systems for controlled application of
metronidazole to the periodontal pocket: In vitro release kinetics,
syringeability, mechanical and mucoadhesive properties, J. Control.
Release 49 (1) (1997) 71–79.

[24] S. Tamburic, D.Q.M. Craig, A comparison of different in vitro
methods for measuring mucoadhesive performance, Eur. J. Pharm.
Biopharm. 44 (2) (1997) 159–167.

[25] G. Ponchel, F. Touchard, D. Duchêne, N.A. Peppas, Bioadhesive
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