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ABSTRACT The objective of this study was to measure and compare the
specific- and general mucin interaction of six pectin types from three manufac-
turers, differing mainly in the degree of methoxylation and degree of amida-
tion. Mucoadhesive properties were measured using a texture analyzer. It was
found that an intermediate degree of methoxylation (35 and 36%) improved
the specific mucin interaction. Amidation did not increase mucin interaction.
Samples from different manufacturers did not alter these conclusions. This
study indicates that the general classification of pectin as a poor mucoadhe-
sive, without differentiating between the amount and type of substituents,
probably is an oversimplification.

KEYWORDS Mucoadhesion, Pectin, Texture analyzer, Degree of methoxylation,
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INTRODUCTION

The concept of mucoadhesion is appealing, since the interaction of the
drug formulation with the mucous membranes of eye, buccal membrane or
small intestine will allow increased residence time by avoiding the bodily
mechanisms for flushing foreign substances away from the membrane. This
could allow drug release over sustained periods, reducing the need for read-
ministration and/or reducing the amount of drug needed. The theories that
describe the mechanism of mucoadhesion are well known (Dodou et al.,
2005).

Many polymers are known to possess mucoadhesive properties, e.g. cellu-
lose derivates, acrylates, chitosan, and chitosan derivates (Dodou et al., 2005) .
Pectin, however, is listed in standard textbooks and review articles as a poly-
mer exhibiting poor mucoadhesive properties (Duchéne et al., 1988). This is
supported by several studies comparing pectin with other polymers in vitro.
Smart et al. (1984) measured a low force required to detach a pectin-coated
glass plate from an isolated mucous gel. It has been found that few pectin-
coated particles remained on rat jejunum or stomach after washing (Ranga Rao
& Buri, 1989). Lehr et al. (1992) measured the force of detachment as zero for
swollen pectin films on porcine intestinal mucosa and Baloglu et al. (2003)
found poor values for pectin tablets on cow vaginal mucosa. More recently,
however, positive values have also been reported (Miyazaki et al., 2000),
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concluded that an increase in the pectin content in
mixed tablets of pectin and hydroxypropylmethylcellu-
lose led to greater adhesive properties measured as ten-
sile strength on a sublingual membrane. The pectin
types used in these studies have generally not been well
classified. There are exceptions, however (Nafee et al.,
2004) tested tablets of pectin with high degree of meth-
oxylation (DM). They found low tensile strength val-
ues when detaching the tablet from a buccal mucosal
surface. (Schmidgall and Hensel, 2002) found in an in
vitro system based on porcine colonic tissue that
highly esterified pectins were not mucoadhesive, but
that pectin-like rhamnogalacturonan with a low degree
of esterification showed promising results.
Characterization of pectin by our group has shown
that different qualities differ to a large extent in their
pharmaceutical properties; for example they respond
differently to different granulation liquids during
manufacturing of pellets (Tho et al., 2001), and show
different permeation of drugs through free films made
of pectin and chitosan (Hiorth et al., 2003). This
knowledge in combination with the contradictory
results found in the literature regarding the mucoadhe-
sive properties of pectin, led to this study where the
aim was to compare mucoadhesion of different types
of purified and characterized pectins in an environ-
ment simulating the small intestine. The pectin types
chosen for study differ i.a. in functional groups, molecu-
lar weight and viscosity. All of these properties are
known to affect the mucoadhesion (Dodou et al.,
2005). Pectin types were obtained from several manu-
facturers in order to investigate if changing manufac-
turer would influence the mucoadhesive properties.
As a reference for mucoadhesiveness, alginate was cho-

TABLE 1

Provided by the Manufacturer)

sen. Alginate has a chemical structure similar to pec-
tin, but is neither methoxylated nor amidated.
Alginate is generally recognized as a substance with
excellent mucoadhesive properties (Duchéne et al.,
1988).

MATERIALS AND METHODS
Materials

Mucin from porcine stomach, type II, batch
034K0628 was purchased from Sigma-Aldrich,
Schnelldorf, Germany, and used as received.

Sodium alginate from brown algae, low viscosity,
batch 084K0005, M/G ratio of 1.56, degree of poly-
merization of 60-400 or a molecular weight range of
12,000-80,000 (information provided by the manufac-
turer), was purchased from Sigma-Aldrich and used as
received.

All the pectin types were derived from citrus and
kindly provided by the manufacturers. A fractional
factorial design involving six pectin types, listed in
Table 1, was chosen. The factors varied among the
pectin types were; DM (three levels; high, low, and
medium), degree of amidation (DA) (two levels; ami-
dated or nonamidated) and manufacturer (three lev-
els). Due to the manufacturing process, the molecular
weight was correlated with the DM. All other chemi-
cals used were of analytical grade.

Purification of Pectin

In order to minimize expected batch to batch varia-
tions, the pectin types were purified. A 1.5 wt. %

Degree and Type of Substitution, Galacturonic Acid Content and Manufacturer of the Pectin Types Investigated (Information

Pectin classic

Genu® pectin GRINDSTED® pectin

CU 902 CU 701 X-920-02 X-917-02 LA 410 RS 400
Batch 00406002 00501087 BA-2005-28 4450099 4010175812 0412744
DM Low (4%) Medium (35%) Medium (36%) Medium (31%) Medium (27%) High (70%)
DA No (0%) No (0%) No (0%) Yes (19%) Yes (21%) No (0%)
Total 4% 35% 36% 50% 48% 70%
substitution
Galacturonic 86% 89% ~90% (not ~90% (not ~80-95% (not  ~80-95 % (not
acid content analyzed) analyzed) analyzed) analyzed)
Manufacturer Herbstreith & Fox Herbstreith & Fox CPKelco, CPKelco, Dansico, Dansico, Czech
KG, Germany KG, Germany Denmark Denmark Denmark Republic
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pectin solution in purified water was centrifuged for
2 x 3 hr at 3600 rpm, and the supernatant was dialyzed
against purified water. Water was changed once a day
for 7 days. The molecular weight cut off for the Spec-
tra/Por® dialysis membrane was 8000. For the Pectin
Classic DM 4% the pH was adjusted to pH = 7.0 with
1.0 M NaOH before centrifugation due to solubility
problems at low pH. The remains after dialyzing were
freeze dried and stored at low temperature.

Characterization
Viscosity

The specific viscosity My, was measured using a
Micro-Ostwald capillary viscometer (type 516 10,
Schott, Germany) at 20 £ 0.1°C. The concentrations
used were 0.0125-0.250 wt. %. The intrinsic viscosity
[n] was obtained from a plot of the reduced viscosity
Nyeds Versus C (C is the concentration and M,y = M/
C). The plot should be linear as a positive deviation
from linearity indicates polymer aggregation. In order
to suppress aggregation, purified pectin was dissolved
in 1.0 wt. % sodium hexamethaphosphate, pH 4.50
0.05 (Christensen, 1954). The Huggins’ constant &
was determined from the equation

N/ C =[]+ Ky C.

Turbidity

The wavelength dependency (380-580 nm) of the
transmittance at 25.0°C was measured with a Helios
Gamma (Thermo Spectronic, Cambridge, UK) spec-
trophotometer for purified samples of 0.5 wt. % and
1.0 wt. % Pectin Classic DM 35% and Genu® pectin
DM 36%, respectively, all in phosphate buffer having
pH 6.8. The turbidity, 1, was calculated using the
equation T = (-1/L)In(//I,), where L is the light path
length in the cell (0.95 cm), 7, is the transmitted light
intensity, and /; is the incident light intensity.

To relate the wavelength dependency of the turbid-
ity to the conformation of the polymer aggregates in
the samples, it has been suggested to fit the data to the
following equation: T~A~** B, For particles much larger
than the wavelength, the value of B is one for rods and
two for spheres and coils. This way of interpreting tur-
bidity data has previously been used by (Erbil & Sarag,

2002; Hiorth et al., 2005), but is still not properly
tested and is probably not valid for all systems.

Mucoadhesion Test

Mucoadhesive properties of the polymers were eval-
uated by optimization of several tensile tests described
in the literature (Rossi et al., 1996; Sandri et al., 2005) .
The experimental conditions were chosen to optimize
the limit of detection and precision. 250 puL of a 3.0
wt % solution of polymer or a 3.0 wt % dispersion of
mucin, both in phosphate buffer pH 6.8, were evenly
spread on a filter paper with an inert backing layer
(Watman® Benchkote) of 2.5 x 2.5 cm. The samples
were allowed to rest for 45 min to assure proper inter-
action between the polymer and the filter paper. The
mucin sample was attached with double sided adhe-
sive tape to the lower, stationary part of a TA-XT2i
Texture Analyzer (Stable Micro Systems, Surrey,
England), and the polymer sample was attached to the
upper, movable part (Fig. 1). The upper, movable part
was lowered until it reached contact with the polymer
sample, and a preload of 200 g was applied for 100 s,
after which the upper part was raised with a speed of
0.01 mm/s. Displacement and force of detachment
were recorded. To adjust for nonspecific interactions,
the polymer samples and a mucin sample were also
tested against pure buffer samples.

Polymer

/

FIGURE 1 Set up for the Mucoadhesion Measurements. The
Arrows Indicted With Capital Letters Represent Relevant Forces
in Action. A = Unspecific Adhesion of Polymer; B = Unspecific
Adhesion of Mucin; C = Specific Interaction Between the
Polymer and mucin.
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In order to test the effect of a substance known to
break hydrogen bonds, urea was added to a sample
consisting of 3.0 wt. % Genu® pectin DM 36 % in
buffer and one sample of 3.0 wt. % mucin. The final
urea concentration was 8 mol/kg solvent.

The procedure was repeated nine times for each
measurement, with the exception of the measure-
ments involving Genu® pectin DM 36% (without
added urea) and amidated GRINDSTED® pectin, for
which the intermediate precision was tested by prepar-
ing new solutions and repeating the measurements on
different days. Measurements outside the quartiles
+1.5 times the interquartile range of the repeated mea-
surements were excluded as outliers (Q1 - 1.5¥IQR;

Q3 + 1.5IQR).

Interpretation of Mucoadhesion Data

A representative graph obtained from a Texture
Analyzer is shown in (Higerstrom et al., 2004). The
maximum force, F,,., and area under the force ver-
sus time curve, AUC, from 0 force to 30 sec to
ensure that all the graphs had levelled off, were
obtained. AUC (g.s) is used to estimate the total
work of detachment, and F,,, (g) is used to estimate
the maximum force of detachment. As illustrated in
Fig. 1, three forces may be regarded as significant for
the measured results. A is the unspecific adhesion of
the polymer, B is the unspecific adhesion of mucin
and C is the specific interaction between the poly-
mer and mucin. Testing of polymer versus buffer
allowed evaluation of force A (AUC, ., and F,,,
buffer)> While testing of mucin versus buffer allowed
evaluation of force B (AUC, i, and F, .\ mucin)- BY
deducting these values from the measured AUC and
F,.. obtained when testing polymer versus mucin,
the specific interaction between mucin and polymer
could be found. As the values for mucin's unspecific
adhesion are supposed to be independent of poly-
mer type it could be ignored in the comparison

between the polymers.

In ranging the polymers, data may be interpreted at
two levels. The first level is the total mucoadhesion
represented by AUC and F,,,. The second level is the
specific mucin interaction, represented by AAUC and

A Fmax (AUC - AUCbuffer and Fmax - Fmax buffers TESPEC-
tively), or the normalized parameters AAUC/

AUC, ¢, and A F_ /F, .« bufer Ihe normalized
parameters indicate the relative increase and are used
to compare samples of different cohesive properties
and viscosity (Ferrari et al., 1997).

Standard errors for differences and quotients were

calculated using error propagation theory.

RESULTS AND DISCUSSION
Characterization
Viscosity

The pectin types were characterized by capillary
viscometry, which provides valuable information
about the polymers. Most substantial are the intrinsic
viscosity and the Huggins constant of the systems,
which are summarized in Table 2.

There are large differences between the pectin types
with respect to the maximum nonaggregated concen-
tration (C without significant nonlinear deviation).
Most of the qualities allow concentrations up to 0.20-
0.25 wt. %. For Pectin Classic DM 35% and Genu®
pectin DM 36%, however, the curves deviate from lin-
earity at concentrations of only 0.064 wt. % and 0.038
wt. %, respectively, thereby indicating a very high ten-
dency for self aggregation. The self aggregation of Pec-
tin Classic DM 35% has been investigated (Kjeniksen
et al., 2003; Kjgniksen et al., 2005), and mainly
explained by extensive hydrogen bonding between the
different polymer chains. The limited concentration
range investigated for these two polymers renders the
values obtained for the intrinsic viscosity and Huggins
constant somewhat uncertain.

The intrinsic viscosity can be related to the volume
an individual polymer chain occupies in the solution,
and through the Mark-Houwink equation indicates

TABLE 2 Intrinsic Viscosity and Huggins Constant for the Investigated Pectin Types
Pectin classic, Pectin classic, Genu® pectin, Genu® pectin, GRINDSTED®, GRINDSTED®,
DM 4% DM 35% DM 36% DM 31%, amidated DM 27%, amidated DM 70%
[n] 0.8 3.8 3.5 3.9 4.3 5.1
Kk’ 0.85 0.23 0.44 0.42 0.63 0.76
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the molecular weight (Christensen, 1954; Anger &

Berth, 1986). The intrinsic viscosity decreases with a ° 9 T e
decreasing DM, indicating a corresponding decrease § f: f‘/ f/ ::I,
in the molecular weight. This is reasonable; since it is % LY
known that the manufacturing process used to manu- <|882m®
facture low DM pectin from high DM pectin also can
invokes hydrolysis of the pectin backbone. ——

In relating the intrinsic viscosity to molecular weight, T 5:"\ EI'?
the Huggins constant should also be taken into account. = :E i; £s
The Huggins constant indicates the thermodynamic c S| Aamg
conditions of the polymer in the system; a value of 0.5 * S AR
representing theta-conditions. The general picture is a g' E E’ M N
correlation between degree of substitution and the a =
Huggins constant. This is reasonable as increased hydro- g* - ® =
philicity should lead to better thermodynamic condi- 213 J:I/ J:I/ o
tions (lower Huggins constant). The exception is Pectin VIRE © o~ ::r’ ij
Classic DM 4% whose high Huggins constant indicate 2 % MBIV
poor thermodynamic conditions. The difference in N % m o
molecular weight between Pectin Classic DM 4% and _ N =
the other qualities is consequently not as profound as % & ~ ~
the large difference in intrinsic viscosity would indicate. g O T

The molecular weight for Pectin Classic DM 35% s ; £ E E f; f;
has previously been calculated to about 50,000, using % = '-g TS T
a similar method (Hiorth et al., 2003). £ £ laggn

5| @ Neon
. ) g ;‘_-3? oo
Turbidity = é ) N ﬁ ﬁ

The values of B found from turbidimetric measure- % § ;rs :nc/ ss
ments of Pectin Classic DM 35% and Genu® pectin : s m2R8K
DM 36% are below one for all samples. This indicates 8 IR AR AR
that the aggregates probably will have an extended £ E =& <
conformation. A possible explanation could be the E N
existence of hairy regions within the pectin molecule, po RN
which may induce sterical hinderences towards aggrega- é glsell

. . . . <= Llwom=—=
tion in the interior parts of the molecule and thereby g g Mmoo m
favoring aggregation at the ends of the molecules. 8| o o|HHaaH

“5 A o™~ O N
2§ &~
Mucoadhesion é g [N

From the results summarized in Table 3, the values of ;é % 5 ‘,i’ ,‘f’ f’
AAUC, A F_,, and normalized parameters were calcu- o B
lated and presented in Figs. 2 and 3. There were no signif- < % g 3 &
icant differences observed between comparable qualities S -
from different manufacturers. It is also worth noting that g 3
for all measured and calculated values alginate displays = T2 B
intermediate values. Depending on the circumstances ™M q‘é,\:%,_\ 5

. .. . . L £9 5
different qualities of pectin will consequently be = At
expected to perform both better and worse than alginate. g 22 ELE
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FIGURE 2 The Calculated Specific Mucin Interaction (Total Work and Maximum Force of Detachment) for the Investigated Polymers.
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FIGURE 3 The Calculated Values of the Normalized Total Work and Maximum Force of Detachment Parameters for the Investigated
Polymers.
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The values of AUC, AAUC and AAUC/AUC, .,
correlate well with the values of F AF and

max> max
AF, o/ F s buffers TEsPectively. It is therefore not neces-
sary to discuss changes in the AUC values separately
from the changes in the F,,  values, as both parame-
ters can equally be used for assessing mucoadhesion
and mucin interaction in this study.

Ranging of the polymers with respect to AAUC
and A F,,,, correlate well with the order obtained by
evaluating the normalized parameters. The only
exception is amidated GRINDSTED® pectin, which
has moderate values for AAUC and A F,_,, but
because of high values of unspecific adhesion
(AUC, ., and F, ., pufrey) the values for the normal-

ized parameters are low.

Specific Mucin Interaction

The measurements of mucin and buffer alone gave

an AUC_ ., value of 572 g.sec (SD = 82, » =15) and
a F . mucin value of 68 g (SD = 14, n = 15). Deducting

these values from the estimated AAUC and A F,,,
yields the polymer’s specific interaction with mucin
(C in Fig. 1). Only Pectin Classic DM 35% and
Genu® pectin DM 36% display values significantly
different from 0 (353 + 70 g.s and 53 + 9 g for Pectin
Classic DM 35% and 550 + 85 g.s and 92 + 14 g for
Genu® pectin DM 36%). It is, therefore, reasonable
to conclude that only Pectin Classic DM 35% and
Genu® pectin DM 36% showed specific interaction
with mucin in these experiments.

The first step in mucoadhesion that has to take
place prior to the polymer engaging in bonding with
the mucin, is wetting of the two surfaces and interpen-
etration of the polymers (Saiano et al., 2002). Hydro-
philic polymers are therefore generally considered
more mucoadhesive than more hydrophobic poly-
mers (Garcia & Ghaly, 2001). The polymers' contact
angles with water have been found to correlate well

with the mucoadhesion (Li et al., 1998). It has also
been found that polymers are more mucoadhesive if
the polymer and mucin can obtain intimate surface
contact (Higerstrom et al., 2003). Consequently
hydrophobicity and contraction of pectin types
(reflected in the Huggins constant) can hinder
mucoadhesion. This can partly explain the poor
mucin interaction of Pectin Classic DM 4% and
GRINDSTED® pectin DM 70% and the high mucin
interaction of Pectin Classic DM 35%.

Our results indicate that mucin interaction of pec-
tin is increased upon lowering the level of substitu-
tion, up to a certain level (pectin with a very low level
of substitution is known to have poor solubility (Tho
et al., 2003), as is also reflected in the Huggins con-
stant of Pectin Classic DM 4%). This indicates that
hydrogen bonding between the free carboxyl groups
of pectin and mucin is the dominating mechanism.
The strength of this force is illustrated by the fact that
they manage to overcome the electrostatic repulsion
of the charged carboxylic acid groups of both pectin
and mucin, which are both almost fully dissociated at
pH 6.8. The importance of hydrogen bonding in
mucoadhesion has been highlighted several times, and
the presence of -COOH groups and ~-OH groups are
generally regarded as beneficial with respect to
mucoadhesion (Saiano et al., 2002; Mortazavi, 2003).

It is also possible that Pectin Classic DM 35% and
Genu® pectin DM 36% have some, up till now
unknown, features that make them particularly favor-
able for hydrogen bonding. The results from capillary
viscometry could indicate this, as the polymer chains
start to aggregate at extremely low concentrations. To
investigate the effect of hydrogen bonds further, urea,
a well-known hydrogen bond breaking agent, was
added to the pectin and mucin samples used in the
Genu® pectin DM 36% measurements, and the mea-

surements were repeated. The results are summarized
in Table 4.

TABLE 4 Comparison of Total Work and Maximum Force of Detachment for Genu® Pectin DM 36%

With and Without Urea (Mean + SD)

Force Without urea

With added urea Change

AUC (g.s)
AUCbuffer (gs)
AUCmucin (gs)

2286 + 354 (n = 21)
1164 £ 135 (n = 21)
572+82 (n=15)

Finax (9) 283+ 58 (n = 21)
Fmax bufter (9) 123+ 26 (n = 21)
Frnax mucin (9 68+ 14 (n = 15)

1179£71(n="9)
1042 £ 130 (n =9)
290+ 97 (n=6)
149+19(n=9)
124+21(n=9)

42 +£20 (n=6)

—-1107 (- 48%)
-122 (-10 %)
—-282 (-51 %)
—-134 (-53 %)
-1(-1 %)

—-26 (38 %)
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As can be seen from Table 4, both the cohesiveness
of the mucin sample and pectin sample decrease upon
adding urea, but the most substantial decrease is seen
in the specific interaction between Genu® pectin DM
36% and mucin, which is no longer significant. This
finding supports the theory that hydrogen bonding is
the dominant mechanism in the current system.

Pectins with a high DM generally have a higher
molecular weight as seen from the intrinsic viscosity
results. Up to a certain level, a high molecular weight
is known to enhance mucoadhesion due to a more
pronounced interpenetration with the mucin (Batche-
lor et al., 2004; Bromberg et al., 2004). In our study,
the molecular weight represented by the intrinsic vis-
cosity was not found to be an important factor for
mucin interaction. Interpenetration might, however,
be important if the pronounced self aggregation
observed for Pectin Classic DM 35% and Genu® pec-
tin DM 36% yields aggregates of elongated shapes that
go way beyond the range of molecular weight of the
pectin types, leading to the observed strong mucin
interaction. The turbidity data indicate that this could
be a possible explanation.

The low values measured for GRINDSTED® pec-
tin DM 70%, indicate that hydrophobic associations
between the hydrophobic methyl groups of pectin
and mucin seem to be a negligible mechanism. Intro-
ducing amide groups on pectin, does not increase the
mucin interaction. In fact, total degree of substitution
displays a higher correlation to mucin interaction than
discriminating between methyl groups and amide
groups, again pointing at hydrogen bonding involving
free carboxyl groups of pectin as the dominating
mechanism. This is not surprising taking into account
the greater polarization of O—H bonds compared to
N-H bonds.

General Mucin Interacion

The main empbhasis in this discussion has been laid
on the specific interactions between the different pec-
tin types and the mucin. The in vivo relevance for
these measurements compared to the values for
mucoadhesion, represented by the total values of
AUC and F,_, is, however, unclear. A higher degree of
substitution leads to higher values of AUC and F,,
for pectin. The exception is amidated GRINDSTED®
pectin (total substitution of 48%), which has the over-

all highest values. The explanation for the general

E. Hagesaether and S. A. Sande

correlation is that when no specific interaction
between the mucin and polymer can be detected, the
values of AUC, ., and F, . purer Will correlate with
the values of AUC and F,, (Higerstrom et al., 2004).
The values of AUC ., and F,_,, puse, are generally
regarded to reflect the rheologic properties (viscosity)
and the intrinsic cohesiveness of the samples (Ferrari
et al., 1997; Higerstrom et al., 2004). Pectin types with
a high degree of substitution are more viscous. This is
probably due to poorer solubility (leading to more
hydrophobic interactions) when decreasing the
amount of charged acid groups. It might also be due
to higher molecular weight leading to entanglements
within the pectin network, even though the higher
molecular weight was not found to increase specific
mucoadhesion by diffusing into the mucin network.
For an in vivo situation, it is reasonable to expect that
a high general adhesion of a formulation would be
beneficial. Based on this presupposition the amidated
GRINDSTED® pectin is the most promising candi-
date as it has the highest value of AUC and F,,, (see
Table 3), even though it was not possible to detect any
specific interaction with mucin. Which of the mea-
surements that are the most relevant in vivo, can only
be investigated by performing in vivo measurements.
The important issue is, however, that by varying the
amount and type of the substituents, pectin may be
tailored to display high values of either specific or gen-
eral interactions.

CONCLUSION

In this study, DM and DA were indeed found to be
important parameters for the specific and general
interaction of pectin with mucin, while the observed
effects are only insignificantly dependent on the man-
ufacturer. The pectin types with a moderate DM
(35%) displayed a particularly strong specific interac-
tion with mucin. The two pectin samples stood out
from the rest in their ability to aggregate, interpreted
as an unusual high ability to engage in hydrogen
bonding. Introducing amide groups on the pectin did
not increase the interaction with mucin. In fact, total
substitution of the carboxylic acid groups seemed to
be a better indication of specific mucin interaction.

The pectin types with the highest degree of total
substitution (amidated and DM 70%) showed the
highest tendencies for general interaction. This could
be relevant parameters for an in vivo situation, even
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though the ability to engage in specific interactions with
mucin was limited. This study indicates that the general
classification of pectin as a poor mucoadhesive sub-
stance, without differentiating between the amount and
type of substituents, probably is an oversimplification.
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