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bstract

The objective of this study was to investigate the mucoadhesive properties of pre-swelled hydrogel beads made of six types of pectin from three
anufacturers. The types of pectin differed mainly in the degree of methoxylation and degree of amidation. Zinc ions were used as cross-linking

gent. The mucoadhesive properties were tested on an inverted fresh porcine small intestine attached to a rotating cylinder. Beads made of pectin
ith a high degree of methoxylation (70%) showed superior mucoadhesive results compared to the other formulations, which could be correlated
o the lower amount of zinc in this formulation, subsequently leading to a lower amount of cross-linking and higher mobility of the polymer chains
f these beads. This study therefore also indicated the importance of doing mucoadhesive measurements on relevant formulations, and not basing
he understanding solely on investigating polymer solutions. Samples from different manufacturers produced the same results.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Achieving mucoadhesion of a formulation in the gastroin-
estinal tract could lead to a higher bioavailability of the
ntrapped drug due to increased residence time and a closer
ontact between the absorptive membrane and the formulation
Yin et al., 2006). This could also allow drug release over sus-
ained periods of time, reducing the need for re-administration
nd/or reducing the amount of drug needed.

The dominant feature of pectin ((1 → 4) �-d-galacturonic
cid units) is shown in Fig. 1, indicating the different types of
ubstitution investigated in this article. In a previous study, we
howed that only pectin with a degree of methoxylation (DM) of
bout 35% showed a selective interaction with mucin (probably
hrough hydrogen bonding), whereas the general (unspecific)
dhesion of pectin generally increased with increasing degree
f total substitution (Hagesaether and Sande, 2007). This work
as conducted on pectin solutions versus a mucin dispersion

sing a tensile test. Work on free films confirmed the selective
nteraction of pectins with a high ability to engage in hydrogen
onds (Hagesaether and Sande, submitted for publication). But,
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n contrast to the findings on solutions, the general adhesion
as higher for the films of pectin with a DM of about 35%. This
as considered to be caused by the higher cohesion of this film.
his indicated that the properties of the formulation influenced

he mucoadhesive properties, and is in line with (Koffi et al.,
006), showing a correlation between the viscoelastic properties
f gels and their bioadhesiveness. In addition, as pure pectin
ormulations dissolve too rapidly, it is important for realistic
ectin formulations that the solubility of the polymer in water is
educed, by cross-linking.

Particulate systems are generally considered to be advanta-
eous for mucoadhesive formulations, and small sized particles
re often preferred, as the size enables them to make intimate
ontact with a larger mucosal surface area (Sudhakar et al.,
006).

It is well known that the experimental set-up could influence
n the results obtained from testing of mucoadhesion (Sandri et
l., 2005), and a method mimicking the in vivo situation should
herefore be employed.

The aim of this study was consequently to test the mucoadhe-
ive properties of relevant particulate pectin formulations using

set-up mimicking the environment in the small intestine. The
ectin types chosen differ i.a. in functional groups and conse-
uently the molecular weight and viscosity. All of these proper-
ies are known to affect the mucoadhesion (Dodou et al., 2005).

mailto:ellen.hagesather@farmasi.uio.no
dx.doi.org/10.1016/j.ijpharm.2007.06.034
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Fig. 1. A schematic illustratio

ectin types were obtained from several manufacturers in order
o investigate if products from different manufacturers display
arying mucoadhesive properties. As a reference for mucoadhe-
iveness, alginate was chosen. Alginate has a chemical structure
imilar to pectin, but is neither methoxylated nor amidated. Algi-
ate is generally recognized as a substance possessing excellent
ucoadhesive properties (Duchêne et al., 1988).

. Materials and methods

.1. Materials

Alginic acid sodium salt from brown algae, low viscosity,
atch 084K0005, M/G ratio of 1.56, degree of polymerization of
0–400 and a molecular weight range of 12,000–80,000 (infor-
ation provided by the manufacturer), was purchased from
igma-Aldrich (St. Louis, USA) and used as received.

Six types of citrus pectin (purified and characterized by cap-
llary viscometry (Hagesaether and Sande, 2007)), listed in
able 1, were studied. A fractional factorial design was used.
he factors varied among the pectin types were: DM (two levels;
igh and low), degree of amidation (DA) (two levels; amidated

r non-amidated) and manufacturer (three levels). Due to the
anufacturing process, the molecular weight will be correlated
ith the DM.
All other chemicals used were of analytical grade.

b

w
r

able 1
he pectin types investigated (*information provided by the manufacturer)

Pectin classic Genu® pectin

CU 701 X-920-02 X-917-

Batch* 00501087 BA-2005-28 445009
DM* Low (35%) Low (36%) Low (3
DA* No (0%) No (0%) Yes (19
Total substitution* (%) 35 36 50
Manufacturer* Herbstreith &

Fox KG,
Germany

CPKelco, Denmark CPKelc

Intrinsic viscosity 3.8 3.5 3.9
Huggins′ constant 0.23 0.44 0.42
e dominant feature of pectin.

Fresh porcine small intestine was delivered by Fatland
laughter house, Oslo, the same day as the experiments were
erformed.

.2. Manufacturing of hydrogel beads

A standard ionotropic gelation technique was used for the
anufacturing of the hydrogel beads. 3.0 wt.% polymer solu-

ions were added dropwise, using a constant force, with a
isposable syringe (a nozzle of 1.0 mm inner diameter) to a
00 ml of a gently agitated solution of the crosslinking agent
1.0 wt.% ZnCl2). The falling distance was 5 cm. The gelled
articles thus formed were allowed to remain in the crosslink-
ng solution for 30 min. The particles were subsequently washed
wice for 10 min in purified water, in order to remove Cl−- and
xcess of Zn2+ ions. The particles were dried for 20 h at room
emperature and stored at a constant relative humidity of 22.5%
t room temperature.

.3. Characterization

.3.1. Weight, size and shape characteristics of hydrogel

eads

Ten individual hydrogel beads of each formulation were
eighed on a Sartorius weight (ME235S, Germany) with a

eproducibility of 0.024 mg (standard deviation), leading to an

Grindsted® pectin Pectin classic

02 LA 410 RS 400 CU 201

9 4010175812 0412744 00412079
1%) Low (27%) High (70%) High (70%)
%) Yes (21%) No (0%) No (0%)

48 70 70
o, Denmark Dansico, Denmark Dansico, Czech

Republic
Herbstreith &
Fox KG,
Germany

4.3 5.1 5.4
0.63 0.76 0.85
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pproximate relative standard deviation of 3.5%. Ten individual
ydrogel beads of each formulation were characterized accord-
ng to projected equivalent diameter (the diameter of a circle with
he equivalent area) and aspect ratio (the longest Feret’s diame-
er (length)/the shortest Feret’s diameter (width)) using an image
nalysis system (Leica Q500MC, Qwin, Cambridge, UK). One
ixel corresponds to 54 �m. The height (perpendicular to the
rojection) was tested using a TA-XT2i texture analyzer (stable
icro systems, Surrey, UK) in a “measure force in compression”
ode.

.3.2. Moisture content
The moisture content of ten individual particles of each type

as determined gravimetrically by drying at 130 ◦C until con-
tant weight.

.3.3. Swelling
Ten individual particles of each type were swelled in 20 ml

f phosphate buffer pH 6.8 for 10 min. Thereafter, the weight
nd projected equivalent diameter were measured as described
n Section 2.3.1. The height after swelling was not tested, as the
exture analyzer was unsuitable for the purpose.

.3.4. SEM-micrographs of the hydrogel beads
The beads were mounted on aluminium stubs using double-

ided sticky tape sputter-coated with Au/Pd in combination
0/40 (Polaron E500 Sputter-coater, UK) and examined using
canning electron microscope (JMS-6400 SEM, JEOL, Japan).

.3.5. Determination of zinc content in the beads
Ten individual beads of each formulation were weighed and

issolved in nitric acid 65% at approximately 70 ◦C, and the
mount of zinc released was determined by atomic absorption
pectroscopy (AAS). The procedure was repeated with beads
llowed to swell in 20 ml of phosphate buffer pH 6.8 for 10 min,
efore dissolution.

.4. Mucoadhesion

Mucoadhesion was tested using a modified version of the
otating cylinder method (Grabovac et al., 2005). A fresh porcine
mall intestine was cleaned, cut into pieces of 7 cm, inverted and
hreaded on a cylinder (diameter: 2 cm). 25 hydrogel beads of
he same formulation were allowed to swell for 10 min in 50 ml
f phosphate buffer pH 6.8 and subsequently placed gently onto
he mucosa without application of any force within 2 min. The
ylinder with the mucosa was placed in a chamber containing
00 ml of phosphate buffer pH 6.8 at 37 ◦C, and rotated with
00 rpm for 10 min. The amount of beads remaining attached
o the intestine was counted, and as a control, the amount that
ad fallen off. 11 parallels of each bead formulation were tested
nd one parallel of each bead formulation were tested on every
ntestine (a total of 11 intestines), so that varying properties of

he intestines employed would not influence the results. The
esting sequence for the formulations was randomized.

The means and standard errors for all values were calculated.
or group comparisons a one way analysis of variance (ANOVA)

w

a
d
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ollowed by post hoc Tukey’s test (SAS 9.1., SAS institute inc.,
ary, NC, USA) was applied. A difference was considered to be

tatistically significant when p < 0.05.

. Results and discussion

.1. Manufacturing of hydrogel beads

The acid groups of pectin are known to engage in coordina-
ion bonds with divalent cations forming the well known egg-box
tructure. Stability is improved when there are at least seven
onsecutive carboxyl groups on each participating chain. Pectin
ith a low DM will consequently be expected to show a more

xtensive bonding. Amidation of pectin is known to increase
he sensitivity towards gelation by calcium (Sande, 2005), and
educed diameter has been observed for amidated pectin beads
Bourgeois et al., 2006). This observation was explained by
educed hydrophilicity and internal hydrogen bonding between
he amide groups, leading to the formation of a more compact
etwork. Calcium-ions are commonly used for these systems,
owever, pectin with a DM as high as 70% will not form a gel
ith calcium-ions. (El-Gibaly, 2002) has reported a lower drug

elease from Zn-pectinate gel microparticles compared to cal-
ium pectinate beads. According to (Pillay et al., 2005), this
bservation is due to the different crystal structures and coordi-
ation numbers of Zn and Ca. Consequently zinc ions were used
s cross-linking agent, and indeed, hydrogel beads were formed
rom all pectin qualities. To our knowledge, this is the first time
anufacturing of hydrogel beads with pectin DM 70% has been

eported.

.2. Characterization of hydrogel beads

The moisture content of the beads varied from 5–9% (data
ot shown), and no correlation could be observed between type
f pectin and moisture content. The weight, projected equiv-
lent diameter and height of the different beads are shown in
able 2. The beads made of alginate have a slightly lower
eight than the other types (about 0.63 mg). The beads made
f the different types of pectin had a comparable size and
he weight was about 0.66–0.68 mg. The lower diameter for
eads made of amidated pectin reported in (Bourgeois et
l., 2006), was not detected. The aspect ratio for the tested
eads was 1.19 ± 0.08 indicating acceptable roundness. How-
ver, the height (0.62–0.82 mm) was somewhat lower than the
quivalent diameter (1.07–1.20 mm), indicating that some defor-
ation occurred in the vertical direction during the drying

rocess.
As the surface roughness could be a factor influencing the

ucoadhesive properties, magnified and SEM-pictures of the
eads were taken (Fig. 2). There were no obvious differences
etween the formulations, neither with respect to polymer type
or manufacturer. All the beads appeared smooth on the surface,

ith no pores or cracks.
The increase of weight and size of the beads after swelling

re presented in Table 2. As can be seen, there are pronounced
ifferences between the beads. The increase of weight for beads
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Table 2
Weight and size of hydrogel beads before- and after swelling (results are expressed as the mean ± S.D., n = 10)

Pectin classic,
DM 35%

Genu® pectin,
DM 36%

Genu® pectin, DM
31%, amidated

Grindsted®, DM
27%, amidated

Grindsted®,
DM 70%

Pectin classic,
DM 70%

Alginic acid

Weight (mg) 0.68 ± 0.02 0.68 ± 0.06 0.67 ± 0.01 0.66 ± 0.02 0.66 ± 0.04 0.68 ± 0.02 0.63 ± 0.02
Equivalent diameter (mm) 1.20 ± 0.02 1.12 ± 0.08 1.18 ± 0.02 1.10 ± 0.01 1.11 ± 0.05 1.18 ± 0.04 1.07 ± 0.05
Height (mm) 0.72 ± 0.04 0.62 ± 0.07 0.70 ± 0.03 0.68 ± 0.01 0.82 ± 0.03 0.65 ± 0.04 0.70 ± 0.12
Average percent weight gain of 10 individual beads after swelling

76 ± 10 63 ± 24 67 ± 14 64 ± 16 253 ± 40 235 ± 36 100 ± 23

Average percent increase in equivalent diameter of 10 individual beads after swelling
26 ± 4 31 ± 12 26 ± 3
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ig. 2. Magnified and SEM-picture of a representative hydrogel bead consisting
f Genu® pectin, DM 31%, DA 19%.

f pectins with DM 35 and 36% as well as the amidated pectins
aried from 63–76%, whereas the weight increase for beads
ade of pectin DM 70% was 235 and 253% (Grindsted® and

ectin classic, respectively). The increase of weight for the beads
ade of alginate was 100%. Despite the fact that pectin with
high DM is more hydrophobic, the beads made of this type

f pectin swelled to a larger extent than the other types. It is
easonable to assume that this is due to the weaker cross-linking
etween pectin DM 70% and zinc.

The results from the AAS-analysis are presented in Table 3.
eads of pectin DM 70% had the lowest amount of zinc (4.3
nd 5.1 wt.% for Grindsted® and classic pectin, respectively)
ollowed by beads made of amidated pectin (6.8 and 6.9 wt.%
or Genu® and Grindsted® pectin, respectively) closely followed
y beads made of pectin DM 35 and 36% (7.7 and 8.3 wt.% for
lassic pectin and Genu® pectin, respectively). Beads made of

lginate had the highest amount of zinc (13.4 wt.%). This is prob-
bly related to the amount of unsubstituted acid groups. Only
eads made of pectin DM 70% had a significantly lower amount
f zinc after swelling for both types (a decrease of 14 ± 5% and

a
i
G
s

able 3
mount of zinc before- and after swelling (results are expressed as the mean ± S.D.,

Pectin Classic,
DM 35%

Genu® pectin,
DM 36%

Genu® pectin, DM
31%, amidated

n (wt.%) 7.7 ± 0.4 8.3 ± 0.4 6.8 ± 0.5
n (wt.%) swelled 7.5 ± 0.4 7.7 ± 0.4 6.5 ± 0.3
(%)
34 ± 6 69 ± 6 63 ± 7 37 ± 7

8 ± 7% for Grindsted® and classic pectin, respectively). This
gain indicates a weaker cross-linking for this type of pectin.

.3. Mucoadhesion

In order to avoid false positive results, the method used was
ntentionally designed to provide poor conditions for mucoad-
esion. This was done by swelling the beads prior to carrying out
he experiments, placing the beads on the mucosa without using
ny force, carrying out the experiments with a large amount of
ater present and using a rotational speed as high as 300 rpm.
The use of fully hydrated dosage forms when testing mucoad-

esion, is uncommon. As stated above, this will probably lead to
oorer conditions for mucoadhesion. This is due to the elimina-
ion of adhesion as a consequence of the formulation extracting
ater from a hydrated mucosa. Differences between the pectin

ypes that might otherwise be camouflaged by the dominat-
ng hydration processes could then hopefully be detected. In
ddition, this is probably a more realistic setup for an in vivo
ituation, as it is unlikely that the formulations will be able to
each the mucosa of the small intestine in a dry form.

Results showing percent of beads still adhering to the intes-
ine after 10 min are shown in Fig. 3. For beads made of
ectin DM ∼35% and amidated pectin, the results showed only
nsignificant differences between similar pectin types from dif-
erent manufacturers. For beads made of pectin DM 70%, the
lassic pectin from Herbstreith & Fox KG showed significantly
igher mucoadhesion (86% adherence) than Grindsted® pectin
rom Danisco (79% adherence).

The mucoadhesiveness was significantly different for all
hree types of pectin. The mucoadhesiveness was highest for
rindsted® and classic pectin both DM 70%, followed by the
midated pectins Genu® and Grindsted® pectin (52% of adher-
ng beads for both types) while classic pectin DM 35% and
enu® pectin DM 36% showed poorest results (35 and 24%

till adhering, respectively). The alginate beads performed on

n = 10)

Grindsted®, DM
27%, amidated

Grindsted®, DM
70%

Pectin classic,
DM 70%

Alginic acid

6.9 ± 0.5 4.3 ± 0.2 5.1 ± 0.3 13.4 ± 0.9
7.2 ± 0.4 3.7 ± 0.0 4.2 ± 0.2 13.8 ± 0.5
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Fig. 3. Percent adhering beads. Results are expr

he average comparable to the pectin DM ∼35% beads (36%
dherence), but due to a large variance, their adhesion was not
ignificantly different from neither pectin DM ∼35% beads nor
midated beads.

In this experimental setup, debonding between the bead and
ntestine may occur via three different modes of failure: (1) a
ailure within the intestine. (2) a mucoadhesive failure between
he mucosa and formulation/bead. (3) a cohesive failure within
he formulation. The beads were rather cohesive, in addition a
igher amount of zinc should lead to higher cohesion. As the
ost cohesive beads (beads with the highest amount of zinc)

isplayed the lowest mucoadhesion, it is unlikely that the frac-
ure occurred within the formulation. The intestine showed some
hedding, which could indicate a mucosal failure. But if this was
he primary mechanism of failure, no differences between the
ormulations should be observed. Thus, the results indicate that
mucoadhesive failure did occur.

Different theories or mechanisms for mucoadhesion exist
Dodou et al., 2005). As mucoadhesion occurs as a combined
esult of all of these theories, no single theory gives a complete
escription of the process. It is well accepted that the first stage of
ucoadhesion can be related to wetting leading to intimate con-

act between the two substances. Then the molecules can diffuse,
eading to interpenetration and entanglements (diffusion theory).
ollowing this process, secondary chemical bonds like elec-

rostatic attractions (electronic theory) and/or other attractions
esulting from hydrophobic interactions, hydrogen or van der

aals bonds could occur (adsorption theory). Hydrogen bond-
ng is especially often used to explain mucoadhesion (Saiano et
l., 2002; Mortazavi, 2003).

In this experiment, the beads were fully hydrated before the
tudy started. In addition, a large amount of water was present. It
s therefore unlikely that the formulations extracted water from

he mucosa thereby leading to attractions as a result of wetting.
aving in mind the results from the testing of polymer solutions

Hagesaether and Sande, 2007), showing that only pectin DM 35
nd 36% selectively bonded with mucin, it is also unlikely that

f
t

f

as the mean with the bar showing S.D. (n = 11).

he electronic or adsorption theory is relevant for explaining the
trong mucoadhesion of pectin DM 70% beads. The diffusion
heory is then probably the most important theory for explaining
he results from this experiment.

The mucoadhesive properties of the pectin beads can be
elated to the amount of zinc in the beads after swelling, as
llustrated in Fig. 4. Swelling and AAS-analysis revealed that
he formulations of pectin DM 70% had the lowest amount of
inc and the weakest zinc interaction. Formulations of pectin
M 70% also showed the highest mucoadhesion. For the for-
ulations of pectin DM ∼ 35%, the situation was vice versa;

hese formulations had the highest amount of zinc and the low-
st mucoadhesion. Cross-linking pectin with zinc will probably
educe the polymer mobility, and thereby impede their ability to
iffuse and interpenetrate the mucin molecules.

This finding is in line with other work showing that cross-
inking a polymer will disturb its mucoadhesive properties.
his was shown for films based on blends of poly(acrylic
cid) and (hydroxypropyl)cellulose by (Dubolazov et al., 2006)
nd for alginate/chitosan microparticles by (Wittaya-areekul et
l., 2006). (Goto et al., 2006) working on microparticles of
oly(methacrylic acid-grafted-ethylene glycol) and (Limer et
l., 2006) synthesising star polymers of dimethylaminoethyl
ethacrylate, showed that an increased flexibility of polymer

hains will lead to better mucoadhesive properties, even though
he theory has been questioned by (Lehr et al., 1992).

The high selective interaction of pectin DM ∼ 35% with
ucin, as observed for pectin solutions (Hagesaether and Sande,

007), was hence not recognised as an important factor for
xplaining the results for hydrogel beads. Measured mucoadhe-
ion of hydrogel beads was on the other hand mainly explained
y degree of cross-linking. This study therefore indicates the
mportance of doing mucoadhesive measurements on relevant

ormulations, and not basing the understanding solely on inves-
igating polymer solutions.

A high molecular weight is generally considered favourable
or mucoadhesion. A high molecular weight could hypotheti-
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Fig. 4. Percent adhering pectin beads and

ally lead to a deeper penetration of the mucoadhesive polymer,
ut at the same time, the flexibility of the chains will be reduced
Dodou et al., 2005). The molecular weight of pectin will
ecrease with decreasing DM, since it is known that the man-
facturing process used to manufacture low DM pectin from
igh DM pectin also invoke hydrolysis of the pectin backbone.
he high molecular weigh of the pectin types with a DM of 70%
ould therefore be an additional factor favouring mucoadhesion.

When placing the beads on the mucosa, they were already
welled and therefore of different sizes (Table 2). The beads
f pectin DM 70% weighed about twice as much as the other
eads with a corresponding increase in the feret diameters. When
eveloping mucoadhesive formulations, small sized particles are
ften preferred enabling them to make intimate contact with a
arger mucosal surface area (Sudhakar et al., 2006). This was fur-
her investigated by (Goto et al., 2006), who showed that smaller
ized poly(methacrylic acid-grafted-ethylene glycol) micropar-
icles displayed strongest mucoadhesive capacities, which was
xplained by easier and deeper interpenetration into the mucous
ayers. With particles in the mm range deep interpenetration into
he mucous layer is, however, an unlikely mechanism. On the
ontrary, the larger size of the pectin DM 70% beads will pro-
ide them with a higher area available for interaction, possibly
romoting adhesion. On the other hand, they will also have a
igher area for friction forces against the aqueous surroundings
nd a larger weight which should lead to a lower adhesion. It
s therefore unclear how the larger size of the pectin DM 70%
eads would affect mucoadhesion. However, the pronounced
ncrease in mucoadhesive properties for amidated beads over
eads of DM 35 and 36% pectin without differences in size,
oints at amount of zinc and cross-linking as the main explana-
ion for the different mucoadhesive properties of the three types
f pectin beads.
The release of drug from these systems has not been the
ocus of this work, but has been investigated by (Chambin et
l., 2006; Dupuis et al., 2006) for amidated pectin beads in
ard capsules. Even though the drug release was found to be

D

mount of Zn in the beads after swelling.

low when an enteric coated capsule was used, it is reason to
elieve that drug release from beads made of pectin DM 70%
ill be substantially faster, due to a lower and weaker cross-

inking. Our findings therefore indicate that an inherent paradox
or mucoadhesive formulations exist, with the factors leading
o an increased mucoadhesion on one hand, inevitably leading
o a faster drug release on the other. Prior to development of a
uccessful mucoadhesive product based on pectin, efforts should
herefore be put into reducing the solubility of this system. Alter-
atively, a fast release may be acceptable for buccal/nasal/ocular
ormulations for which the main purpose of bioadhesion would
e to provide intimate contact with the mucosa and avoid imme-
iate formulation detachment.

cknowledgments

All the pectin types were kindly provided by the manu-
acturers. The authors are grateful to Torill Marie Rolfsen at
epartment of Molecular Biosciences, University of Oslo, for

arrying out the SEM measurements, and to Mr. Scheie and
oworkers from the slaughterhouse Fatland Oslo A/S for supply
f porcine intestinal mucosa.

eferences

ourgeois, S., Gernet, M., Pradeau, D., Andremont, A., Fattal, E., 2006. Eval-
uation of critical formulation parameters influencing the bioactivity of
�−lactamases entrapped in pectin beads. Int. J. Pharm. 324, 2–9.

hambin, O., Dupuis, G., Champion, D., Voilley, A., Pourcelot, Y., 2006. Colon-
specific drug delivery: influence of solution reticulation properties upon
pectin beads performance. Int. J. Pharm. 321, 86–93.

odou, D., Breedveld, P., Wieringa, P.A., 2005. Mucoadhesives in the gastroin-
testinal tract: revisiting the literature for novel applications. Eur. J. Pharm.

Biopharm. 60, 1–16.

ubolazov, A.V., Nurkeeva, Z.S., Mun, G.A., Khutoryanskiy, V.V., 2006.
Design of mucoadhesive polymeric films based on blends of poly(acrylic
acid) and (hydroxypropyl)cellulose. Biomacromolecules 7, 1637–
1643.



ourna

D

D

E

G

G

H

H

K

L

L

M

P

S

S

S

S

W

E. Hagesaether et al. / International J
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