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The nanostructure of calcium-low-methoxyl-pectin gels is still not fully understood despite its wide
use in food and biomedical devices. In this study we present a comprehensive small angle X-ray scat-
tering (SAXS) analysis of calcium-pectin gels with various calcium concentrations. Several modeling
approaches were examined taking into account the contribution from both junction zones and chains
between cross-links. The SAXS studies are supplemented by determination of the gels’ mechanical prop-
erties and swelling behavior. The model of semiflexible chains without excluded volume effects was

{f?cl :;’r?rds" found to be most suitable for describing calcium-pectin gels. The SAXS analysis suggests that both rod-
Calcium—pectin gels like junction zones and point-like cross-links between neighboring chains are formed in calcium-pectin
SAXS gels. Moreover, as the calcium content increases, the number of the rod-like junction zones decreases
Nanostructure while the number of the point-like cross-links increases.
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1. Introduction

Pectin is a complex group of heteropolysaccharides found
mainly in primary cell walls and middle lamella of most plants. The
exact composition and molecular architecture of pectin is still being
debated, although this molecule was discovered over two hundred
years ago (Coenen, Bakx, Verhoef, Schols, & Voragen, 2007; Vincken
et al., 2003). At present, the most accepted structure describes
a linear backbone composed of (1— 4)-linked-a-D-galacturonic
acid (GalA) units, some of which are naturally methylesterified at
position 6 or acetylated at position 2 and/or 3. These homogalac-
turonans are interrupted by branched residues carrying natural
sugars side chains, predominantly galactose, arabinose and xylose
(Alistair, Stephen, & Williams, 2006). The percentage of GalA
residues that are methylesterified is defined as the degree of
methylesterification (DM) and is considered to be a key parame-
ter determining pectin functionality. Pectins in which the DM is
higher than 50% are usually classified as high methylester content
(HM) pectins and pectins in which the DM < 50% are usually classi-
fied as low methylester content (LM) pectins (Sriamornsak, 2003).
Commercially, pectin is mostly produced from citrus peel or apple
pomace, both by-products of juice production (Rolin, 2002). Pectin
is widely used in the food industry as a texturizer or stabilizer. In
addition, applications in the area of pharmaceutical and biomedical
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engineering have recently emerged (Liu, Fishman, & Hicks, 2007;
Munarin, Tanzi, & Petrini, 2012).

Many functional attributes of pectin are based on its ability to
form gels. The conditions required for gelation depend on the per-
centage of the methylester groups in the pectin. HM pectin can
only form gels in the presence of sugars and an acidic environment,
whereas the presence of divalent ions such as calcium induces LM
pectin to form gels (Thibault & Ralet, 2003). Traditionally, the for-
mation of CaZ*-pectin gels has been described by the “egg-box”
mode (Morris, Powell, Gidley, & Rees, 1982; Powell, Morris, Gidley,
& Rees, 1982) originally suggested for alginates (Grant, Morris,
Rees, Smith, & Thom, 1973). According to this model, cross-links
are formed by calcium ions occupying electronegative cavities in
the twofold buckled ribbon structure of the non methylesterfied
residues. The mechanism of binding involves two or more chains;
itis cooperative and leads to the formation of junction zones rather
than point-like cross-links. In order to form a stable junction zone,
there is a requirement of a minimal length of subsequent non
methylesterfied units, estimated to be between 6 (Luzio & Cameron,
2008) and 20 (Braccini & Perez, 2001). The “egg box” model pos-
tulated a two-stage process consisting of an initial dimerization
and subsequent aggregation of these pre-formed dimes (Powell
et al.,, 1982). A modified model for pectin—calcium gels, termed the
“shifted egg-box” model (Braccini & Perez, 2001), was suggested
based on a molecular modeling simulation study. This model was
purported to provide a better description of these systems since
in pectin—-calcium gels, a small change in the dimmer conforma-
tion (as opposed to alginate) occurs where one chain is slightly
shifted with respect to the other. Recent studies have shown thatin
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Table 1
Pectins used in this study.

M,," (kDa) Origin GalA? (%) DE? (%) Sample name Commercial name
89 Citrus 86 34 CU34 Classic CU-L 052/11
67 Apple 83 34 AU34 Classic AU 710

80 Apple 84 41 AU41 Classic AU 701

83 Apple 86 45 AU45 Classic AU-L 050/11

some cases, in addition to or instead of dimerization, Ca2* ions can
interact with single dissociated carboxyl groups, forming mono-
complexes by charge reversal on a single chain thus creating an
unspecificor random cross-linking between the pectin chains (Fang
et al., 2008; Kastner, Einhorn-Stoll, & Senge, 2012; Siew, Williams,
& Young, 2005).

The main objective of the current research is to apply small
angle X-ray scattering (SAXS) in order to better understand the
gel structure of Ca2*-LM pectin gels. SAXS is an accurate and non-
destructive analytical method for the characterization of structural
features in the size range of 1-100 nm (Glatter & Kratky, 1982).
Several research papers describe SAXS investigations supporting
the “egg-box” structure of alginate gels (Draget et al., 2001; Li,
Fang, Vreeker, Appelqvist & Mendes, 2007; Stokke et al., 2000);
however, similar studies related to pectin are scarce. Early SAXS
studies applied a Kratky analysis to data from gels and identified
rod-like objects, postulated to be junction zones (Axelos, 1990;
Axelos, Garnier, Renard, & Thibault, 1996). The cross-section of
these objects increased with calcium concentration, up to a max-
imum value of 18 A. A recent SAXS study of calcium-pectin gels
applied a Guinier analysis and estimated cross-sectional radius of
gyration values smaller than 8.5 A. Molecular modeling allowed
estimation of the number of chains involved in junction zone for-
mation (Schuster, Cucheval, Lundin, & Williams, 2011). A small
angle neutron scattering (SANS) study, which investigated the
local conformation of LM pectins in solutions and gels using SANS
(Durand et al., 1990), applied the Kratky method and estimated the
persistence length (Ip) of the polymer at between 60 and 90 A.

For our SAXS study of Ca%*-LM pectin gels, we used several mod-
eling approaches taking into account the contribution from both
the junction zones and chains between cross-links. The SAXS stud-
ies are supplemented by determination of mechanical properties
and swelling properties of the gels, seeking possible relationships
between the structure on a local scale and macroscopic proper-
ties. Revealing and understanding the gel nanostructure and its
influence on the gel properties is a necessary step toward develop-
ing existing and opening new engineering opportunities associated
with these important materials.

2. Materials and methods
2.1. Materials

Pectins (for details, see Table 1) were kindly provided by Herb-
streith & Fox KG (Germany). CaCl, was purchased from J.T. Baker.
D(+)-Gluconic acid p-lactone (GDL) and ethylene glycol tetraacetic
acid (EGTA) was purchased from Fluka. Milli-Q water was used
for gel preparation and swelling measurements. All chemical were
used as received.

2.2. Molecular weight determination

The molecular weight of pectins was evaluated by intrinsic
viscosity analysis according to previously published procedures
(Hourdet & Muller, 1991). Briefly, pectin samples were dissolved in
0.1 M NacCl at 25°C and pH 7. The average viscosimetric molecular

weight was calculated by applying the Mark-Houwink equation
where K=0.0436, o =0.78 (Garnier, Axelos, & Thibault, 1993).

2.3. Preparation of Ca%*-pectin gels

Cross-linking was performed using a gelation approach that
was shown to yield homogenous gels from alginate solutions
(Stokke et al., 2000). All CaZ*-pectin gels were prepared at the
same pectin concentration of 10 mg/ml and at different calcium
concentrations represented by the stoichiometry ratio R defined
using the ratio between the concentrations of calcium ion and
the non-methoxylated GalA residues as R =2[Ca2*]/[COO~] (Fraeye,
Duvetter, Doungla, Van Loey, & Hendrickx, 2010; Garnier, Axelos,
& Thibault, 1993; Strom et al.,, 2007). Pectin stock solutions at
a concentration of 20mg/ml were prepared by dissolving the
appropriate amount of pectin in hot water (60-70°C) and stir-
ring overnight. Ca2*-pectin gels were prepared by adjusting the
pH of stock solution to 6 by the addition of NaOH followed by
immediately diluting with freshly prepared GDL solution. The con-
centration of the GDL was calculated to give a stoichiometric ratio
of [GDL]=2[Ca2*]. Finally, an appropriate amount of calcium was
added from a 100 mM Ca-EDGT stock solution, which was pre-
pared as describe elsewhere (Stokke et al., 2000). The final solution
was mixed for a few seconds and then loaded into molds and left
overnight to complete gelation.

2.4. SAXS

Samples for SAXS measurements were prepared by pouring
a solution containing pectin, GDL and Ca-EDGT (see Section 2.3)
into a thin-walled glass capillary glass having 0.01 mm wall thick-
ness and 2 mm diameter. The solution was cured overnight to
complete gelation. SAXS measurements were performed using a
small-angle Molecular Metrology SAXS diffractometer system with
Cu Ka radiation from a sealed microfocus tube (MicroMax-002+S),
two Gobel mirrors, and three-pinhole slits. The generator pow-
ered at 45kV and 0.9 mA. SAXS patterns were collected using a
two-dimensional position sensitive wire detector (20cm x 20cm
gas-filled proportional type of Gabriel design with resolution of
200 pm), which was located at a distance of 150cm from the
sample. The scattered intensity I(q) was recorded in the range
of 0.008<q<0.25A-1, where q is the scattering vector defined as
q=(4m[A)sin(0), where 26 is the scattering angle and A is the radi-
ation wavelength (1.542A). The sample capillary was placed in
the instrument cell and the measurements were performed under
vacuum at T=293K. Data analysis was performed using home-
made software written in Matlab (Josef & Bianco-Peled, 2012).
The scattering curves were normalized by subtracting the sol-
vent scattering, as well as correcting for counting time and sample
absorption.

2.5. Mechanical properties

Samples for mechanical characterizations were prepared by
transferring 600 .1 of solution containing pectin, GDL and Ca-
EDGT (see Section 2.3) into a 14 mm diameter Teflon ring mold
and left covered overnight to complete gelation. The mechanical
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properties of the gels were measured using a Lloyd tensile machine
in compression mode. The samples were compressed at a con-
stant deformation rate of 25 mm/min. The Young’s modulus, E, was
determined from the slope at the linear region of the stress—strain
curve, typically between 1% and 10% extensions (Krupa, Nedelcev,
Racko, & Lacik, 2010). The final average values and standard
deviations were obtained from the analysis of at least eight mea-
surements. Characterization of swollen gels was performed using
the same procedure; however, the samples were immersed in
water until reaching equilibrium (see Section 2.6). The shear mod-
ulus G was assumed to be given by G~ E/3 (Rubinstein & Colby,
2003). Statistical tests (one-way ANOVA) were applied to Young’s
modulus values and to data from swelling tests. In all the analyses,
the level of significance was set at p <0.05.

2.6. Swelling experiment

Samples were prepared as described in Section 2.5. In order
to determine the time required for swelling equilibrium, Kinetics
experiments were performed first. These were followed by exper-
iments aimed at determining the swelling degree at equilibrium
(Davidovich-Pinhas & Bianco-Peled, 2010). Ca2*-pectin gel tablets
were placed on a stainless steel grid submerged in a Petri dish con-
taining 50 ml water that was covered during the experiment in
order to minimize water loss caused by evaporation. At least eight
tablets were tested for each calcium concentration. The kinetics
of the hydrogel swelling was tested by periodically measuring the
weight of each tablet separately and immediately returning the gels
to the plate until the next weighing. Pectin samples were found to
reach equilibrium after a swelling time of no more than 1440 min.
The equilibrium swelling tests used the same method described
above but here the samples were weighed only at the beginning of
the experiment and after sufficient time had passed so that equi-
librium determined from the kinetics tests was achieved. The final
values and standard deviations were averaged for each calcium
concentration.

3. Results and discussion
3.1. Nanostructure investigation

Calcium-pectin hydrogels with no added salt, constant pectin
concentration of 10 mg/ml and different calcium/pectin ratios were
studied by SAXS. The study design included investigation of three
apple pectin samples with varying DM (DM = 34,41 and 45) in order
to assess the influence of DM on the nanostructure. In addition, we
included an additional sample from citrus with DM of 34, in order
to examine the influence of the pectin origin.

3.1.1. Selecting a model for data analysis

Since, traditionally, LM pectin is believed to be structurally sim-
ilar to alginate gels (Morris et al., 1982; Powell et al., 1982), we
initially attempted to fit the experimental data using the broken
rod model (Stokke et al., 2000), which was successfully applied for
calcium-alginate gels (Stokke et al., 2000). This model allows poly-
dispersity of the junction zone dimensions by taking into account
contributions from two long rod-like components representing the
junction zones, each having a cross-section radius of R;, and a rela-
tive weight of k;.

2 20
(@)=Y [ki : q”](q;q;')} +ksq? (1)

i=1 i

where J; is the first order Bessel function and ks represents the
random spatial correlation between components.

The broken rod model provided a good fit to scattering profiles
of Ca-pectin gels (as demonstrated in Fig. S1 in the supplemen-
tary information for a representative sample). For most samples
tested, radii of around 5 A and 20 A were obtained. In line with pre-
vious studies of Ca-alignate gels, these values could be attributed
to the radii of a dimmer and an assembly of junction zones formed
from several chains, respectively (Stokke et al., 2000). A critical
examination of the fitted parameters, nevertheless, raised some
concerns. First, in about 20% of the samples, fitted values lower
than 4 A were obtained—which are smaller than the diameter of a
single sugar ring (about 4.35 A (Durand et al., 1990). Another lim-
itation of this model was its high sensitivity to the values used as
an initial guess. In some cases, the fitted parameter obtained from
two runs with different initial guesses differed in almost an order
of magnitude (data not shown). Reducing the number of parame-
ters in the “broken rod” by using only one rod (n=1 in Eq. (1)) did
not improve model sensitivity, and in many cases radii of 1.5-3 A
was obtained. Therefore, we concluded that the broken rod model
is not suitable to describe scattering from pectin gels. It is noted
that the shifted egg-box model (Braccini & Perez, 2001), which is
supposed to provide a better discription of pectin gels, is identi-
cal to the egg-box model on the nanometric scale since they both
describe an elongated rod. Consequently, separate calculations was
not required for this model.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
2013.05.055.

Another model, commonly used to describe the scattering
intensity from polymer gels, takes into account a solution-like
contribution, often described by the Orenstein-Zernike equation
(Cohen, Ramon, Kopelman, & Mizrahi, 1992), and an excess scatter-
ing term representing inhomogeneities in the gels, often described
by the Debye-Bueche function (Debye & Bueche, 1949). The com-
bined model is given by

_ Kanet Kage
1+@%8e  (1+q28%,)

I(q) (2)

where &yt is the correlation length (or the “mesh size”), Zagg is the
typical size of inhomogeneities in the gel, and Knet and Kagg are the
corresponding relative weights. The fit of model to the data was
not satisfying (Fig. S1 in supplementary information), in particu-
lar in the small q range where q<0.05. As a result, we attempted
to replace the inhomogeneities term in Eq. (2) with long rod-like
components representing the junction, analogous to the broken rod
model:

2
I(q) _ Knet > 1K - q—ljl (qR;)
1+ qzénet (qRq)

This modified model gave a good fit to the experimental data
(Fig. S1). However, as in the case of the broken rod model, the fitted
radius was in many cases smaller than 5 A and the sensitivity to the
initial guess was still very high.

Based on the above description, we concluded that no physi-
cal insights can be deduced from either the broken rod or the two
other models represented by Egs. (2) and (3). We suspected that
the limitations of these models were due to inaccurate description
of the solution-like contribution. In order to examine this hypoth-
esis, we replaced this term with a more accurate model that take
into account both the rigid and flexible character of the chain. We
selected a model that was originally developed by Pedersen and
Schurtenberger to describe the scattering from semiflexible chains
with excluded volume effects (Pedersen & Schurtenberger, 1996)
with the alternations suggested by Chen, Butler, and Magid (2006)
and that was recently applied to alginate solutions (Josef & Bianco-
Peled, 2012). The second term representing the junction zones was

(3)
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Fig. 1. SAXS curves for calcium-pectin hydrogels. (A) AU34, (B) CU34, (C) AU41 and (D) AU45. The calcium concentrations from top to bottom: R=3, 2.5, 2.0, 1.5 and 1.0. The

black lines represent fits to Eq. (4). The curves are shifted for better visualization.

adopted from the broken rod model. The equation used to fit the
results takes the form:
_1J3an)

v (4)

I(q, L, b, 1) = Kehain - P(q, b, L) + Kroq - q >
(qr)

where P(q,b,L) is given by
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where Lis the contour length, b is Kuhn’s length, K j,ins iS @ constant
proportional to the number of polymer chains, K;yq is a constant
proportional to the number of the rod-like objects, r is the radius
of the rod, and Ry is the radius of gyration of the polymer chain.
Details of the functions can be found in Pedersen and Schurten-
berger’s manuscript (Pedersen & Schurtenberger, 1996). In order
to reduce the number of calculated parameters, the contour length
was precalculated from the relation

[ _ My x%GalA
T M

where M,, is the average molecular weight of the pectin, %GalA is
the presentge of the linear portion of the chain, M is the molecular
weight of the monomeric GalA unit (equal to 194 g/mol) and [ is
the length of the repeat unit, 4.35 A (Hourdet & Muller, 1991). Fit
of the SAXS data from calcium-pectin hydrogels at different cal-
cium concentrations between R=1-3 in Eq. (4) are presented in
Fig. 1. As can be seen, a good fit was obtained for all samples. This
model proved to be insensitive to the initial guess of the parameters
values.

I (5)

3.1.2. Results of model fitting

Fitting the SAXS profiles to the model of semiflexible chains
with rod-like objects enabled us to characterize the two main struc-
tural features of pectin gels: Kuhn’s length, b, characteristic to the
polymer’s chain flexibility, and the radius of the junction zone r.
Fig. 2 presents the dependence of these two parameters on the

gel’s calcium content. The figure also shows the pre-factors Kpain
and K;q representing the relative concentrations of the polymer
chains and the junction zones, respectively. For all pectin samples,
the Kuhn's length of the hydrogels is larger than the Kuhn'’s length
obtained for pectin solutions, i.e., R=0 (Fig. 2A). These results indi-
cate higher stiffness of polymer chains when found in Ca-pectin
gels. The radius of the rod-like objects does not vary considerably
with changes in the calcium content or DM (Fig. 2A). The radius
was found to be about 12 A for all samples, the same order of mag-
nitude of dimmer values reported in an early SAXS study (Axelos,
1990) and a more recent molecular simulation (Braccini & Perez,
2001). Traditionally, Ca-induced gelation is considered to be a two-
stage process with initial dimerization and subsequent aggregation
of these dimmers. However, the constant dimension of the rod-
like objects suggests that either no dimmer association occurs or
that the process does not depend on the calcium concentration.
Previous studies suggested that the first suggestion is more likely
to occur in pectins. ITC studies detected three thermal processes
occurring when calcium with increasing concentrations was added
to the alginate. The first process was described as monocomplexa-
tion, the second as dimerization and the third as lateral association,
i.e., aggregation of dimmers (Fang et al., 2008, 2007). In contrast,
only two thermal transitions, attributed to monocomplexation and
dimerization, were observed in pectins (Fang et al., 2008). Molec-
ular modeling study concluded that dimers aggregation may occur
in Ca-pectin gels, but the formed aggregates were weaker associ-
ations that are less specific, governed by electrostatic interactions
(Braccini & Perez, 2001). Schuster et al. studied a series of pectin
gels and in some of the cases lateral aggregation of the dimmers
were not found (Schuster et al., 2011).

The weighting factors of the polymer chains are larger by two
orders of magnitude from those of the rod-like objects (Fig. 2C and
D). Therefore, it was of interest to analyze the relative contribu-
tion of each term to the total scattering intensity and overrule the
possibility that the scattering is dominated by the solution-like
contribution. Fig. 3 displays a typical fit of the data to the model
along with the contributions of both terms. It can be seen that
even though the contribution of scattering from the rod-like junc-
tion zones is somewhat larger than the contribution of the polymer
chains, it is not negligible.
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Another finding presented in Fig. 2C and D is a pronounced
dependence of the weighting factors K;,q and K¢pa,in, 0n the calcium
concentration, observed for all tested pectins. Generally speaking,
these pre-factors are proportional to the squared contrast (electron
density difference between the scattering object and the medium),
the squared volume of the scattering object, and the number of
the scattering objects. For K4, the weighting factor of the junc-
tion zones, it can be assumed that the electron density difference is
constant. Furthermore, since the radius does not depend on the cal-
cium concentration (Fig. 2B), the volume of the scattering object is
also constant. Thus, K;q is proportional to the number of the junc-
tion zones. It can be seen in Fig. 2C that K;,q decreases with calcium
concentration for all pectins tested, implying that the larger the cal-
cium concentration, the smaller the number of junction zones. This
is a surprising result since the gel strength increases with calcium
concentration (Fraeye, Duvetter, et al., 2010), which is presumed to
be due to the larger number of cross-links in the formation of junc-
tion zones. It is noteworthy that the weighting factor of the term
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Fig. 3. A typical fit of the model to representative SAXS curve, CU34, R=1.5 (open
circles). Continuous lines are the fitted model to the scattering curve (continues line)
and the two terms constructing it: the rod like junction zones (dashed line) and the
polymer chains (dotted line).

representing the junction zones in alginate gels generally increases
with calcium concentration, as expected from a system in which
most cross-links are in the form of junction zones (Stokke et al.,
2000).

Suggesting that an increased calcium concentration reduces
the amount of the junction zones unavoidably raises the question
of where the excess calcium is located. One possibility is forma-
tion of monocomplexes which was previously described by (Fang
et al., 2008; Kastner et al., 2012; Siew et al., 2005). Monocom-
plexes, formed by charge reversal, are composed of few calcium
ions and a single pectin chain. The scattering from moncomplexes
isexpected to be higher than of the bare polysaccharide chains since
the electron density of calcium is higher than that of the polymer.
The increase in Kg,i, that increases with calcium concentration,
observed for all pectin samples (Fig. 2D), indicates that addi-
tional monocomplexes are formed as the calcium concentration is
increased. Another indication of the formation of monocomplexes
is the background scattering that also increases with calcium con-
centration. Since the polymer concentration was constant in all
experiments, increased background scattering implies that con-
trast is enhanced; see Fig. S2 in the supplementary information.
Formation of monocomplexes was previously reported by Siew and
Willams, who studied the binding of Mn%* and Ca2* ions to low
ester amided pectin, alginate and polyacrylic acid using electron
spin resonance spectroscopy (Siew et al., 2005). Alginate and pectin
gelation was attributed to formation of polymer-metal complexes
involving one or two carboxylate groups resulting in charge rever-
sal or charge annihilation (Siew et al., 2005). Other studies have also
suggested that less specific interactions contribute to gel strength
(Ngouemazong, Nkemamin, et al., 2012; Ngouamazong et al., 2012;
Ngouemazong, Twngweh, et al., 2012).

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
2013.05.055.

3.1.3. Suggested structural model

The SAXS analysis discussed above suggests that both rod-
like junction zones and monocomplexes are indeed formed in
calcium-pectin gels. However, monocomplexes, i.e., complexes of
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(A) Low Ca*2 concentration

(B) High Ca*? concentration

Fig. 4. Suggested scheme for calcium-LM pectin gels, based on the nanostructure obtained from the SAXS investigation. (A) Calcium-pectin gel with low calcium concen-

tration. (B) Calcium-pectin gel with high calcium concentration.

a single polymer chain and calcium ions, coexist with the junc-
tion zones. Moreover, as the calcium content increases, the number
of the junction zones decreases while the number of the mono-
complexes increases. It must be emphasized that formation of
junction zones involves two or more chains, and therefore, this
process contributes to the mechanical stability of the gel. If junc-
tion zones are the only route leading to cross-linked networks,
one would expect that increasing the calcium content will lead
to reduction in gel stiffness due to lower cross-linking densities.
Considerable experimental evidence showing an opposite trend
(Fraeye, Colle, et al., 2010) implies that cross-linking may take
other forms in calcium pectin gels. Cross-linking appears to involve
not only junction zone formation but also point-like cross-links
between neighboring chains or monocomplexes. These point-like
cross-links do not contribute to the scattering intensity due to their
small size. The physical picture gathered from the SAXS findings is
quite different from the way calcium-pectin hydrogels are com-
monly described. Furthermore, it is considerably unlike alginate
gelation, even though these two types of polysaccharide gels are
often described as similar. Fig. 4 presents the suggested scheme
for calcium-LM pectin gels, based on nanostructure obtained from
comprehensive SAXS investigation. It illustrates the main fea-
tures of the suggested gelation scheme and its dependence on
the calcium concentration. At low calcium concentrations, rod-
like junction zones coexist with monocomplexes and point-like
cross-linking. At high calcium concentrations, fewer junction zones
are found alongside more point-like cross-linking as well as cal-
cium located on the polymer chains. The nanostructure described
here, and its differences in gelation in comparison to alginate
gelation, is mainly governed by the branched nature of pectins,
as opposed to the linear nature of alginate. The pectin backbone
contains branched regions (Alistair et al., 2006), which can cause
steric constraints and prevent formation of junction zones. In addi-
tion, commercial LM pectin, such as the ones used in the current
study, are produced industrially from HM pectin by a chemical
de-esterification process that results in a random distribution of
methyl-ester (Alistair et al., 2006). This random distribution might
limit the number of sequences with length exceeding the minimal
value required for junction zone formation (Braccini & Perez, 2001;
Luzio & Cameron, 2008; Powell et al., 1982). These structural fea-
tures of pectin and its branched backbone can also explain the lack
of the dimmers’ lateral associations, which might be prevented due
to steric limitations. Thus the molecular level dissimilarity between
the branched pectin with randomly distributed residues and the
linear alginate characterized by a relatively blockwise distribution
of residues is manifested in the gelation mechanism. This con-
clusion is in line with a previous study that demonstrated some
differences in gelation mechanisms of pectin and alginate (Fang
et al., 2008).

3.2. Physical properties

The physical properties of pectin gels are strongly influenced by
several factors. Intrinsic variables of the pectin molecule such as
the molecular weight, DM, charge density and the distribution of
the methyl ester along the backbone chain are of great importance.
Apart from the innate characteristics of pectin, extrinsic factors
such as pH, ionic strength, pectin and calcium concentrations and
temperature also have an important influence on the strength, tex-
ture and viscoelastic properties of CaZ*-pectin gels. Although the
mechanical properties of CaZ*-pectin gels were previously exten-
sively studied (Fraeye, Colle, et al., 2010; Fraeye et al., 2009; lijima,
Hatakeyama, & Hatakeyama, 2005; Strom et al., 2007), investiga-
tion relating these parameters to the nanostructure is still missing
in the literature.

3.2.1. Young’s modulus

The mechanical properties of calcium-pectin hydrogels were
characterized in an attempt to correlate them and the gels’ nano-
structure. Young’s modulus is presented in Fig. 5. The stiffest gel
was found to be CU34 followed by AU34. Both gels were pre-
pared from pectins with the same DM, 34. The two other samples,
with DM of 41 and 45, respectively, had much lower moduli.
This result is in line with a previous study reporting that the
strength of the LM pectin gels increases when the DM decreases
around 25-45% (Kim, Rao, & Smit, 1978). Additionally, for all
pectin samples, Young’s modulus significantly increased with cal-
cium concentration (p<0.05) up to a relatively constant plateau
value. This observation is in agreement with previous works
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Fig. 5. Young's modulus, E, as a function of calcium concentration (. ) CU34, (D )
AU34, (W) AU41 and (O) AU45.
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Fig. 6. Equilibrium swelling ratios as a function of calcium concentration. (. )
CU34, (A ) AU34, (®) AU41 and (¢) AU45. The error bars representing the standard
deviation are in some cases smaller than the size of the symbols.

showing that above a certain calcium concentration, the gel stiff-
ness will not increase further (Ngouemazong, Nkemamin, et al.,
2012; Ngouamazong et al., 2012). The R value at which the maxi-
mum was obtained was in the range of R=2.5-3 for all samples.

No clear correlation between Young’s modulus and the nanos-
tructural parameters obtained in Section 3.1.2 was found. The
hydrogel stiffness depends on many parameters including DM,
macromolecular structure of the pectin backbone, the polymer and
the calcium concentrations (Alistair et al., 2006). Presumably the
influence of these parameters masks the influence of the nanostruc-
ture, if such exists.

3.2.2. Swelling behavior

Swelling of the hydrogel network is one of its important char-
acteristics. Swelling is driven by the favorable free energy of
mixing with a solvent (osmotic pressure) and is resisted by the
energy required to stretch network strands (modulus). The swelling
reaches an equilibrium state when the osmotic and elastic parts of
the free energy balance (Rubinstein & Colby, 2003). It has been pre-
viously shown that swelling alginate gels could not be described
using classic theories developed for hydrogels with point-like
cross-links (Davidovich-Pinhas & Bianco-Peled, 2010). Therefore,
the swelling behavior of pectin gels was characterized in an attempt
to gain further support for the validity of the nanostructural model
describing coexistence of point-like and junction zone cross-links.

The equilibrium swelling ratios as a function of calcium con-
centration are presented in Fig. 6. We found that the swelling of
all studied pectins could be empirically described by a single low
exponent power model, Q =A[R]". The best power values, n, of this
fit were —0.866, —0.663, —0.583 and 0.377 for CU34, AU34, AU41
and AU45, respectively. This empirical relation has also been fitted

(A)

E [KPa]
O =~ N W b OO N

1 1.5 2 25 3 3.5
R

previously to alginate swelling, where all alginate tested displayed
similar power values of about —0.49 (Davidovich-Pinhas & Bianco-
Peled, 2010), which are similar to the values obtained here for all
pectins apart from AU45.

Most studied pectins (CU34, AU34 and AU41) display a decrease
in the swelling ratio with an increase in calcium concentration.
The resemblance in the trend may imply that the swelling mech-
anism is similar. This behavior is in agreement with a previously
reported study by Zsivanovits who examined the swelling behavior
of a series of pectin films whose DM and methylester distribution
in different salty environments varied (Zsivanovits, Marudova &
Ring, 2005). Tibbits, MacDougall, and Ring (1998) also observed
increased swelling with decreased calcium concentration in salt
solutions. In contrast to the pectins with DM of 34 and 41, the gel
with the highest DM (AU45) shows a reverse swelling trend: the
swelling ratio increases with the increase in calcium concentra-
tion. This unexpected behavior could be attributed to the pectin’s
high DM. Traditionally, pectins are classified as LM if the DM is
lower than 50%. It is possible that a DM of 45% is a borderline
value; hence, it is too high to be performing similarly to LM pectin
gel. Other experimental studies have also demonstrated critical DM
for calcium-mediated gelation occurring at a DM of around 40-45
(Axelos, 1990; Thibault & Rinaudo, 1986). Another point to be men-
tioned is that the swelling curves obtained for the two pectins with
identical DM, AU34 and CU34, were practically identical. This result
implies that they share the same swelling mechanism, suggest-
ing that the DM is an important factor determining the swelling
behavior. In addition, the swelling of AU41, having a higher DM,
is larger than that of AU34 and CU34 with relatively smaller DM,
which suggests that the swelling ratio increases with the DM.

Quantification of the swelling results was performed by estimat-
ing the number of segments between cross-linking points N based
on the relation

1 CRT
C=NM ()
where G is the shear modulus, C is the polymer concentration, R
is the gas constant and T is the temperature. Eq. (6), was derived
from the rubber elasticity theory, originally developed for chemi-
cally cross-linked gels (Mitchell, 1980; Rubinstein & Colby, 2003;
Treloar, 1975; Van Kleef, Boskamp, & Van Den Tempel, 1978); the
specific details can be seen in Rubinstein and Colby (2003).

The shear modulus, G, was calculated from Young’s modulus E as
G~E/3 (Rubinstein & Colby, 2003). Since Eq. (6) holds only for gels
at swelling equilibrium, Young’s modulus was measured separately
for swollen gels (Fig. 7A).

The number of segments between cross-links is plotted against
the equilibrium swelling ratios in Fig. 7B. In the equilibrium swollen
state, the gels’ modulus increased with calcium concentration
while the number of segments between cross-linking decreased

10

(B)

10 100 N 1000 10000

Fig. 7. (A) Young’s modulus of the gels at their equilibrium-swollen state. (. ) CU34, (D ) AU34, (m) AU41 and (O)AU45. (B) Equilibrium swelling ratios as a function of
cross-linking density on log-log scale. (. ) CU34, (A ) AU34, (@) AU41 and (¢) AU45. The error bars representing the standard deviation are in some cases smaller than the

size of the symbols.
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(data is not shown). This result is in agreement with the findings
obtained from the SAXS analysis presented in Section 3.2.1.
Another observation made based on Fig. 7B is that the cross-
linking density is in direct relation with the swelling ratio, which
is in agreement with Flory’s classic theory. The data from all
pectin gels collapsed into a single line represented by an empir-
ical low power correlation Q=0.31N%34, On the one hand, this
result does not meet the classic swelling theory predicting Q ~ N%-57
(Rubinstein & Colby, 2003). On the other hand, the deviation from
the classical theory is less extreme compared to alginate gels for
which Q decreased with N (Davidovich-Pinhas & Bianco-Peled,
2010). Possibly, the complexity of pectin networks limits their com-
patibility to the classic theories of Flory and rubber elasticity.

4. Conclusions

An extensive SAXS analysis of Ca2*-LM pectin gels was per-
formed on three different apple pectins having different DM and
one citrus pectin. Several models were examined, all taking into
account the contribution from both the junction zones and chains
between cross-links. Although the fit quality was good for most
models, high sensitivity to the initial guess and interpretation of
the physical meaning of fitted parameters were used to eliminate
several models. The model of semiflexible chains without excluded
volume effects was found to be the most suitable for describing
CaZ*-LM pectin gels. The SAXS analysis suggests that cross-linking
occurs not only through formation of rod-like junction zones but
also by point-like cross-links between neighboring chains and
monocomplexes. Moreover, as the calcium content increases, the
number of the rod-like junction zones decreases while the num-
ber of the monocomplexes increases. To the best of our knowledge,
this is the first time it has been shown using a structural character-
ization method that enhancing the calcium concentration does not
produce more rod-like junction zones. The SAXS findings indicate a
cross-linking mechanism that is quite different from the common
description of Ca2*-LM pectin gels. Apparently, the cross-linking
scheme is mainly governed by the branched nature of pectins, as
opposed to the linear nature of alginate. The SAXS studies was sup-
plemented by determination of mechanical properties and swelling
behaviors of the gels, which were analyzed using known swelling
theories originally developed for chemically cross-linking poly-
mers.
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