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ARTICLE INFO ABSTRACT

Keywords: Polysaccharide-based hydrogels were prepared by the diffusion of various divalent cations (X*>*) into the
Hydrogel polygalacturonate (polyGal) solution through a dialysis membrane. The diffusion of various divalent cations
Calcium (Mg?*, Ca®*, Zn?" and Ba®*) was investigated. The polyGal gel growth was studied as a function of the initial
Zinc . cation concentration by both viscoelastic and turbidity measurements. We have demonstrated for the first time
I];/[;?;l;smm that the determination of the spatiotemporal variation of turbidity during the gelation process allowed to study

the gel front migration. For Ca-polyGal, Zn-polyGal and Ba-polyGal, the gel front migration was characterized by
the presence of a peak at the sol/gel interface. This peak was not observed in the case of Mg-polyGal where the
gel was not formed. The apparent diffusion coefficient of the gel front (D,p,) which was calculated from the
evolution of this peak increased when the initial cation concentration was increased. Moreover, we have sug-
gested a gelation mechanism based on the presence of a threshold molar ratio R* (= [X**]/[Galacturonic unit])
in which some point-like crosslinks are precursors of the formation of dimers and multimers inducing the
contraction of the gel and thus the formation of the gel front.

Polygalacturonic acid
Diffusion coefficient
Gelation mechanism
Turbiscan

1. Introduction

Polymer hydrogels have received considerable attention in the
biomaterials science because of their applications in drug delivery,
tissue engineering, and biosensor fields (Li & Mooney, 2016). Hydrogels
are three-dimensional cross-linked polymeric networks which have the
ability to imbibe large amounts of water and to swell without dissolving
(Vashist, Vashist, Gupta, & Ahmad, 2014). Among numerous polymers,
anionic polysaccharides such as pectin and alginate remain attractive
polymers due to their low toxicity, biocompatibility and availability.
The most useful property of these charged polysaccharides is their
ability to form gels in the presence of divalent cations such as Ca®*.
Pectin is an anionic polysaccharide that has linear regions formed by D-
galacturonic acid (GalA) monomers, linked by a-(1,4) glycosidic bonds,
and branched regions formed with a various type of neutral mono-
saccharides linked together (Thibault & Rinaudo, 1985). The GalA units
have carboxyl groups, which may be present as free carboxyl groups or
methyl-esterified groups depending on the origin, isolation, and pro-
cessing of pectin.

Calcium-induced polysaccharide gel can be prepared in two

different ways: internal and external gelation processes. The internal
gelation consists of the diffusion of Ca®* inside the polysaccharide
solution by using an inactivated form of calcium such as Ca-EDTA and
CaCOj3 (Stokke et al., 2000). The release of calcium ions is then trig-
gered by the decrease of the pH by using hydrolyzing molecules (e.g. 8-
gluconolactone). This gelation mode induces the formation of isotropic
gels. The external gelation occurs by the diffusion of divalent cations,
through a dialysis membrane, from a large outer reservoir into the
polysaccharide solution. In this case, the gel exhibits an inhomogeneous
polymers distribution (Maire du Poset, Lerbret, Zitolo, Cousin, &
Assifaoui, 2018; Skjak-Brek, Grasdalen, & Smidsrgd, 1989; Strom et al.,
2007). Indeed, a gradual decrease of the polymer concentration is ob-
served from the nearest to the farthest parts from the dialysis mem-
brane (Morch, Donati, & Strand, 2006; Skjék-Breek et al., 1989).
Moreover, these gels exhibit anisotropic structure with a birefringence
due to the molecular orientation as observed by several authors (Maki
et al., 2014; Wu et al., 2011).

The gel formation between such polysaccharides and calcium ions
exhibits a gelation front that subsequently progresses across the liquid
polymer to leave gelled calcium-polysaccharide behind (Hills et al.,
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2000). In this process, the diffusion and reaction compete and lead to
the formation of a physical gel with controlled structure. Many authors
have demonstrated that the diffusion of calcium ions through the gel
network is dependent on the initial concentration of calcium ions, the
ionic strength of the alginate solution and the size of pores formed in
the gel (Caccavo, Strom, Larsson, & Lamberti, 2016; Hills et al., 2000;
Kim, 1990; Potter, Balcom, Carpenter, & Hall, 1994; Skjak-Brak et al.,
1989; Wu et al., 2014). The diffusion coefficient increased when the
Ca®* concentration increased. The increase in polymer concentration
decreased the diffusion coefficient of Ca®?* due to the consumption of
more cations for complexation and the gel matrix hinders the diffusion
of free cations (Braschler et al., 2011; Thu et al., 2000). The localization
and the characterization of the gel front migration during the gelation
process was studied by using many techniques such as polarizing op-
tical microscopy (Maki et al., 2014; Maki et al., 2011; Wu et al., 2014),
magnetic resonance imaging (Hills et al., 2000; Skjak-Brek et al., 1989;
Thu et al., 2000), fluorescence microscopy (Bjorngy et al., 2016;
Braschler et al., 2011; Mgrch et al., 2006). The structure of such gel was
studied by small angle x-ray and light scattering (SAXS), small angle
neutron scattering (SANS) which gave information on the final orga-
nization of polymer chains and the size of the gel network in relation to
its mechanical properties (Agulhon, Robitzer, Habas, & Quignard, 2014;
Maki, Furusawa, Dobashi, Sugimoto, & Wakabayashi, 2017; Ventura,
Jammal, & Bianco-Peled, 2013; Wu et al., 2011).

In this paper, we have developed a new method to study the gel
front migration during the gelation of an anionic polysaccharide (so-
dium polygalacturonate noted polyGal). This method is based on the
determination of the spatiotemporal variation of the turbidity in the
polyGal sample during the gelation process by using a commercial in-
strument (Turbiscan®). The gelation process which occurred inside the
Turbiscan® apparatus is due to the diffusion of the divalent cations
(X2%) through a dialysis membrane into the polyGal solution. PolyGal,
which is the skeleton of the pectin, is an anionic linear homopolymer
that can form a gel, in specific conditions, only via the formation of Gal-
divalent cation-Gal bridges. We have studied the spatiotemporal var-
iation of the turbidity for four divalent cations (Mg?*, Zn®*, Ca®* and
Ba*). It must be noted that the ionic radius of these cations increases
in the following order: Mg®* ~ Zn®** < Ca®* < Ba®*. Mg?" is a
‘negative’ reference since it is well known that this cation does not form
gels in presence of pectin (Donati, Asaro, & Paoletti, 2009). We have
chosen to study Zn?", because it has been used to design pectin drug
delivery systems with specific properties (Assifaoui, Chambin, & Cayot,
2011; Assifaoui et al., 2015). We have established a state diagram in
which the initial cation concentrations and the gelation time were
varied from 10 to 750 mM and from 10 to 1440 min, respectively. The
viscoelastic properties (G’ and G”) of the obtained hydrogels were then
investigated by rheological measurements.

2. Materials and methods
2.1. Materials

Polygalacturonic acid (95% of purity, Mw ~ 50kDa), calcium
chloride dihydrate, and barium chloride were purchased from Sigma (St
Louis, MO). Sodium chloride, zinc chloride, and magnesium chloride
anhydrous were purchased from VWR, BDH Prolabo. All reagents were
analytical grade.

2.2. Preparation of PolyGal gels

Polygalacturonic acid solution (10gL~! which corresponds to
55mM of Gal unit) was prepared by dissolving the polygalacturonic
acid powder in a solution of NaCl (10 mM). The concentration of the
polysaccharide is close to the overlap concentration
(c* =12 = 2gL™ 1) as determined by viscosity measurements (Maire
du Poset et al., 2018). The pH was adjusted to 5.5 with sodium
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hydroxide in order to have a fully negatively charged polysaccharide
(polygalacturonate (polyGal)). Then, 10 mL of the viscous polyGal so-
lutions were placed in a plastic box with an inner diameter of 3.8 cm
and covered by a hydrated dialysis membrane (SnakeSkin®, with a cut-
off of 10 kDa). This box was then immersed in a cross-linking solution
containing divalent cations (CaCl,, ZnCl,, BaCl, and MgCl,) at various
concentrations (10, 50, 100, 250, 500 and 750 mM). All experiments
were done at room temperature and in triplicate. For low divalent ca-
tion concentrations and short gelation time, gels were not formed for
Zn®*, Ca®>* and Ba®*. For Mg>", polyGal did not form a consistent gel
whatever the initial concentration of Mngr tested (< 750 mM) and the
gelation time (24 h). For the obtained gels, the amount of dry matter
(Mgried get) Was determined by drying the gel at 105 °C for 40 h. Taking
into account the thickness of the gel (d) and the radius of the cylindrical
gel which was constant (r = 1.9 cm), the gel density (pge)) was de-
termined according to the following equation (Eq. (1)).

Maried gel

Poel = ———————
T oo xr2xd

@

2.3. Rheological measurements

For each gel, the viscoelastic properties were recorded using a
stress-controlled dynamic rheometer (MCR 302 from Anton Paar)
equipped with parallel plates geometry with a diameter of 25 mm at
controlled temperature (T = 25 °C). In order to maintain a good contact
between the plate and the gel and to reduce potential adverse effects
due to slipping, the normal force was adjusted to 0.5 N. The application
of a larger normal force (1.5 N) induced a syneresis phenomenon. The
elastic modulus (G’) and the viscous modulus (G”) were recorded for
polyGal gels for each gelation time and as a function of the con-
centration of divalent cations. We firstly performed frequency sweep
experiments from 0.5 to 100 rad s~ 1 at a fixed shear stress (t = 50 Pa).
Then, shear stress sweep experiments from 10 to 100 Pa at a fixed an-
gular frequency (w = 10rads™ ') were performed. These experiments
allowed us to define the linear viscoelastic region (LVR), where the
viscoelastic properties are independent of the angular frequency and
the shear stress. Each experiment was triplicated in order to check the
reproducibility and the coherence of registered data.

2.4. The gel front migration determination

During the gel formation, divalent cations (X2%) diffused through
the dialysis membrane and bound the polyGal chains. This binding
induces changes in the turbidity of the polyGal solution. By using a
Turbiscan® apparatus (Formulaction, France) with an adapted experi-
mental lab-made set-up (Fig. 1), we were able to follow the evolution of
the turbidity as a function of both the gelation time and the height of
the gel. The Turbiscan device works with a pulsed near-infrared light
source (A = 880 nm) and two synchronous detectors for transmittance
(at 180°) and backscattering (at 45°), which move up and down along a
cylindrical glass tube containing the sample, with data collection every
40 um (Bru et al., 2004). The experimental lab-made set-up is composed
of two tubes with different diameters in order to put one tube inside the
other (Fig. 1). The large tube was the standard Turbiscan tube; where
15 mL of polyGal solution (10 gL~ 1) was introduced. The second tube
contained the divalent cations solution with various concentrations.
The two tubes were separated by a dialysis membrane (SnakeSkin®,
with a cut-off of 10 kDa). In this case, the diffusion of the divalent
cation occurred from the top to the bottom. The temperature inside the
two tubes was around of 25 + 2 °C. The light transmittance was re-
corded from the bottom to the top of the Turbiscan tube for various
gelation time (0-24 h).
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3. Results and discussion
3.1. Phase diagram

For each divalent cation (Zn2", Ca?*, Ba?"), the formation of the
polyGal gel depends on the gelation time and on the initial con-
centration of the divalent cation (Fig. 2a and Fig. S1 in Supplementary
information). For Zn-polyGal, Ca-polyGal and Ba-polyGal gels, we have
observed the presence of three regions (Fig. 2a and Fig. S1.1). In the
region 1 (low gelation time and low cation concentration), the gel was
brittle and its thickness was too thin to be measured correctly. In the
region 2, whatever the nature of the divalent cation, the gel thickness
was both time and cation concentration dependent (the gelation process
was not fully finished). When the gelation was achieved (region 3), we
have observed that the thickness of Ca-polyGal gels and Ba-polyGal gels
were slightly higher than Zn-polyGal gels (Fig. S1.2). For the shorter
gelation time (t < 120 min), whatever the calcium ions concentration,
a linear relationship was observed between the square of the gel
thickness (d?) and the gelation time (t) (insert in Fig. 2b) according to
the following equation of d? = 2Dt (Sherwood & Pigford, 1952;
Skjak-Braek et al., 1989). The apparent diffusion coefficient (Dapp) of the
gel front can be determined by the slope of d*/t. Thus, D, values were
equal to 15 x 10" ®cem?s™ 1, 21 x 10 ®cm?s ™! and
28 x 10 %cm?s™! for 250 mM, 500 mM and 750 mM, respectively.
The increase of this coefficient with calcium concentration was pre-
viously observed by several authors (Bjgrney et al., 2016; Braschler
et al., 2011; Skjak-Braek et al., 1989; Wu et al., 2014). This linear re-
lationship was also observed in the case of Ba-polyGal and Zn-polyGal
and was observed only for short gelation times (< 120 min) (Fig. S1.2)

3.2. Characterization of the hydrogel: rheological properties

For each divalent cation (Zn?*, Ca2*, Ba®™"), the linear viscoelastic
region (LVR) was determined for two types of hydrogels: the thinnest
(100 mM/gelation time of 2.5h) and the thickest (750 mM/gelation
time of 17h) (data are not shown). For all samples, the following
conditions (w = 10rads™! and t = 50 Pa which corresponds to 0.1 %
of deformation) allowed us to compare the viscoelastic properties
within the LVR region. The evolution of G’ and G” for Ba-polyGal and
Zn-polyGal are presented in Fig. S2 in SI. For the three polyGal gels, no
crossover point between G’ and G” was detected throughout the
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frequency range studied; whatever the divalent concentration and the
gelation time (data not shown). The evolution of G’ and G” as a function
of gelation time was presented for two initial cation concentrations 250
and 750 mM (Fig. 3 and Fig. §2). It can be noted that the elastic con-
tribution was predominant (G’ > G”), whatever the calcium con-
centration and the gelation time. Moreover, the loss tangent (tan
(8) = G”/G’) corresponding to the ratio of the viscous portion to elastic
one, remained low (~0.2) and constant as the gelation time increased.
As the gelation time was increased, elastic modulus increased pro-
gressively until reached a plateau at 60 kPa and 80 kPa for 250 mM and
750 mM of calcium cations, respectively (Fig. 3). The time at which this
plateau appeared (t,) was shorter for high cation concentration what-
ever the nature of the cation (~70 min for 750 mM and ~ 150 min for
250 mM). For Ba-polyGal, the G’ and G” did not change significantly
with the gelation time (Fig. S2). For high initial cation concentration
(750mM), the elastic modulus at the plateau of Ca-polyGal
(G’, ~ 80 kPa) was higher than those obtained with Zn-polyGal and Ba-
polyGal (G’, ~ 40kPa) (Fig. S2b). The increase of calcium concentra-
tion induced an increase of the gel migration (Bjgrnoy et al., 2016; Wu
et al., 2014). The elastic modulus values obtained for the three polyGal
gels can be compared to the copper alginate gel obtained by (Agulhon
et al.,, 2014) where both alginate and divalent cations concentrations
were fixed to 20 g L.~ ! and 100 mM, respectively. They have found that
the gels prepared with Cu®** (100mM) had the higher G’ value
(51 kPa), whereas, for Co?>* and Mn? ", the G’ was smaller (5 and 2 kPa)
and was frequency dependent.

3.3. Measurement of the gel front migration

Fig. 4 presents the spatiotemporal variation of the transmittance
intensity during the diffusion of divalent cations (Mg?*, Zn?*, Ca%*
and Ba®*) through a dialysis membrane into a polyGal solution (set up
presented in Fig. 1). Before adding divalent cations (t = O min), the
transmittance intensity of polyGal solution was around 80% which in-
dicated that the solution was slightly turbid and stable all along the
tube. As the gelation time increased, the divalent cations (X2") diffused
through the dialysis membrane and interacted with galacturonate units.
These interactions induced changes in the turbidity of the mixture
(Fig. 4). When the transmittance intensity was around 80 %, the cation-
polyGal mixture was considered in a liquid state (part from 0 to 30 mm
in Fig. 4). The decrease of this value at a low distance may be associated
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with the formation of a gel in the case of Zn®>*, Ca®>* and Ba®™". Thus,
the sol-gel transition (gel front) can be correlated to the beginning of
the decrease of the transmittance intensity. Before this decrease, we
have observed a peak with a high transmittance intensity (around
100%) which was due to a change in the refractive index between two
phases and could be attributed to a local depletion of polymer chains as
interpreted by Braschler et al. (2011). Indeed, they have shown that the
depletion zone can be located by a dip in the fluorescence intensity
profile. As the gelation time increased, the peak observed in the tur-
bidity profile was shifted to large distances (Fig. 4a—c). The distance
from the dialysis membrane to this peak could correspond to the
thickness of the gel layer (d) and thus to the gel front migration dis-
tance. In the gel zone (d), some fluctuations in the turbidity were ob-
served (Fig. 4a—c). These fluctuations remained at the same position
and could be due to the presence of some macroscopic heterogeneities
in the gel. In iron(ID)-polyGal gels, gradients of both polymer con-
centration and Young modulus were observed following the direction of
the reaction zone (Maire du Poset et al., 2018). However, the local
organization of the polyGal chain's network remained identical all
along the hydrogel (the mesh size of the gel is about 7.5 nm). Thus the
progressive decrease of chains concentration was attributed to the ex-
istence of heterogeneities at mesoscopic scale with the presence of low
density zones within the gel (Maire du Poset et al., 2018). When
magnesium ions are in contact with the polyGal solution, a jump of the
transmittance is observed indicating that the Mg-polyGal mixture be-
came turbid (Fig. 4d). The increase of the turbidity could be due to the
formation of some aggregates caused by an increase of the ionic
strength. Indeed, the interaction of Mg>* with polyGal is a weak pro-
cess (non-gelling) governed by only electrostatic interactions
(Selvarengan, Kubicki, Guégan, & Chatellier, 2010) and it can be at-
tributed to the polycondensation process (. Donati, Cesaro, & Paoletti,
2006; Manning, 1977). Thus, the transmittance jump could be attrib-
uted to the transition between the polyGal solution and the aggregated
domains. The observed transmittance jump was shifted to large distance
and could be associated to the magnesium cations diffusion (Fig. 4d).
Skjak-Breek et al. (1989) have suggested a gelation model based on
the theory developed by Sherwood & Pigford, 1952 allowing to calcu-
late the diffusion coefficient (D) of calcium ions through the gel net-
work provided that the diffusion of the polysaccharide molecules is
very low. Furthermore, they have assumed that the polysaccharide
gelation by calcium ions is stoichiometric, irreversible and very rapid
compared to the rate of diffusion of the reactants (Sherwood & Pigford,
1952; Skjak-Braek et al., 1989). Thus, the dependence of the d? (squared
gel thickness) was proportional to the gelation time (t), implying that
the gelation process was diffusion limited (Potter et al., 1994). In the
present study, a linear relationship between the square gel thickness
(d® and the gelation time (t) was observed (Fig. 5a). According to the
theory of free molecular diffusion, the dependence of d on ¢ is given by
the equation d* = 2D,,t (Sherwood & Pigford, 1952). The apparent
diffusion for the four divalent cations (Mg>", Zn**, Ca®>* and Ba®*)
are listed in Table 1. For Mg-polyGal, the calculated diffusion coeffi-
cient can be attributed to the transition between the polyGal solution
and aggregated domains and not to the gel front migration. It can be
observed that the diffusion coefficients of the gel front (D,pp) increased
with the initial concentration of the divalent cations (Fig. 5b). The same
trend was observed in previous studies with other anionic poly-
saccharides (Bjorngy et al., 2016; Kim, 1990; Potter et al., 1994; Wu
et al., 2014). Kim showed that the diffusion coefficient increased with
increasing calcium ions concentration, and he attributed this to the
formation of macropores (~10pum) at high calcium concentration
(> 125 mM) (Kim, 1990). More recently, Caccavo et al. have presented
a quantitative approach to describe the formation of capillarity during
the gelation process of calcium-alginate systems (Caccavo et al., 2016)
and have shown that the higher the ionic concentration, the longer
were the capillaries (Potter et al., 1994). Based on the mass balance of
ions in the gelling zone, Skjdk-Brak et al. (1989) have proposed the
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centration of cations in the solution, the concentration of cations re-
quired for the gelation and the diffusion coefficient of the divalent
cations in the gel, respectively. It can be noted that the diffusion of ions
in porous gels is reduced compared to that in water (Skjak-Brak et al.,
1989; Strom et al., 2007). Nobe, Dobashi, and Yamamoto (2005) have
found that the diffusion coefficient of calcium inside curdlan gel was 4
times lower than the diffusion coefficient of calcium cation in pure
water; they have attributed this to the effect of an excess amount of
friction resulting from curdlan network of the gel. The diffusion
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Table 1

Diffusion coefficients of the gel front (Dapp) and of the cation in the gel (D) for each
divalent cation (Zn?*, Ca2", and Ba?*) at three cation concentrations (50, 250 and
750 mM). Dy is the diffusion coefficient of the divalent cation in pure water.

Type of gel  [X*>*],mM Diffusion coefficient  Diffusion coefficient of D/Dy
of the gel front divalent cation in the
(Dapp), 107 cm?®s™ ! gel (D), 10~ ®cm?s ™!
Ca-polyGal 50 3.9 + 0.6 1.1 7
250 16.0 £ 0.4 0.9 8
750 39.0 = 0.5 0.7 10
Zn-polyGal 50 2.7 £ 0.2 0.7 11
250 11.0 = 0.5 0.6 14
750 31.0 = 0.8 0.6 15
Ba-polyGal 50 46 = 0.1 1.3 6
250 19.0 £ 0.8 1.0 7
750 40.0 = 0.1 0.7 10

polyGal (10 gL.™1). In a recent study, it was shown that the molar ratio
in polyGal gels induced by iron(II) remained constant along the gel
(R = [X?*]/[Gal units] = 0.25) (Maire du Poset et al., 2018). This was
also demonstrated for two divalent cations (Ca?* and Zn®") (data not
published yet). Thus, C; was then equal to 13.75mM (Gal unit con-
centration was 55mM). By assuming that the C; remained constant
during the gelation process, we can determine the coefficient diffusion
of the cation in the gel (D) (Table 1). For the three divalent cations
(Zn2*, Ca®" and Ba2™), D was about ten times lower than the diffusion
coefficient of the cation in pure water (0.7-1.3 X 10 %cm?s™ ).
Moreover, D decreased as the divalent cation concentration increased
(for Ca®* and Ba®™); while for Zn-polyGal, D remained constant. We
have recently shown that the mechanism of binding divalent cations
(Zn?*, Ca®* and Ba®") to polyGal, in the dilute regime, depends on the
affinity of the cation for its water molecules shell. This affinity in-
creased following the given order: Ba®** < Ca®* < Zn®** (Huynh,
Lerbret, Neiers, Chambin, & Assifaoui, 2016). The greater this affinity
is, the more difficult the interaction between cations and polyGal is.
This may explain the low diffusion coefficient of Zn®>* in the gel.

4. Discussion

The polyGal gel growth process was evaluated by the determination
of the spatiotemporal variation of the turbidity by using a Turbiscan”
apparatus. In the case of Zn-polyGal, Ca-polyGal and Ba-polyGal, a
consistent gel was formed. The evolution of the transmittance showed
the presence of a peak at the gel front. This peak which corresponds to
the sol/gel transition is due to changes in the refractive index between
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the polyGal solution and the polyGal gel. According to Braschler et al.
(2011), we have attributed this peak to a local depletion of polymer
chains. In the case of the diffusion of divalent cation without any gel
formation (Mg-polyGal), we didn’t observe any peak at the interface
(Fig. 4b) indicating that the presence of the peak is not an artefact and it
is really associated to the gel front. For Mg-polyGal, we have noticed a
transmittance jump due to the transition between the polyGal solution
and the aggregated domains. In our recent study (Huynh et al., 2016),
we have suggested that the Mg®* cation interacted so strongly with its
hydration shell hindering the formation of monocomplexes which is the
first step in the gelation mechanism as proposed by Fang et al. (Fang
et al., 2007). Thus, the polycondensation phenomenon may be due to
the water molecules sharing from the first coordination shell of Mg?*
and the carboxylate groups of polyGal (Huynh et al., 2016).

The position of the peak at the gel front allowed us to determine the
apparent diffusion coefficient (D,pp) of the gel front. Moreover, the
diffusion coefficient values obtained by the gel thickness determination
method (method 1) and by using the Turbiscan apparatus (method 2)
were quite similar and increased with the initial calcium concentration.
When the calcium concentration was changed from 250 to 750 mM,, the
obtained D,p,, was almost doubled with both methods (for method 1,
D,pp increased from 15 to 29 X 10 ®cm?s ™! and for method 2, Dy,
increased from 17 to 39 x 10~ %cm?s™1). It can be noted that the ob-
tained D,p, values were in the same range as those obtained for cal-
cium-curdlan (Dobashi, Nobe, Yoshihara, Yamamoto, & Konno, 2004)
or for calcium-poly(2,20-disulfonyl-4,40-benzidine terephthalamide)
systems (Wu et al., 2011).

For low gelation time (t < tp), the gel density (Eq. (1)) was low and
stable (data are not shown); while the thickness, G’ and G” of the gel
continued to increase (Figs. 2b and 4). The increase of the elastic
modulus may be due to the increase in the number of crosslinked
polymers chains. At a fixed divalent cation concentration (250 mM), the
t, seemed to be constant (~ 150 min) whatever the nature of divalent
cation (Fig. 3); while, the diffusion coefficient was cation-dependent
and was equal to 11, 16 and 19cm?s~ ! for Zn?*, Ca®* and Ba®™*,
respectively (Table 1). As the gelation time increased (t > t;), both the
gel density and the viscoelastic properties became higher and did not
evolve significantly indicating that the gelation was achieved. The es-
tablishment of the cation-polysaccharide network depended on the
molar ratio, (R = [X**]/[GalA]) (Fang et al., 2007; Ventura et al.,
2013). Moreover, we have recently shown, in the diluted regime, the
presence of a threshold molar ratio (R*) which was linked to the
number and the flexibility of the crosslinks (Huynh et al., 2016). When
the crosslinks were low or high flexibles, the formation of dimers was
shifted to the high molar ratio (R*). For the three types of hydrogels
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(Zn-polyGal, Ca-polyGal and Ba-polyGal), the gel density became
higher with the gelation time which is correlated to the molar ratio (R).
During the gelation process, we suggested the presence of two
successive steps which are time-dependent (Fig. 6): i) the diffusion of
divalent cations induced the formation of monocomplexes and some
point-like crosslinks (Gal-Ca-Gal) (Borgogna, Skjak-Brek, Paoletti, &
Donati, 2013; Huynh et al., 2016; Ventura et al., 2013). ii) for the
higher molar ratio (R > R*), the increase of calcium ions concentra-
tion induced the formation of dimers (junction zones) and multimers
(lateral association of dimers) (Huynh et al., 2016). The formation of
these dimers and multimers could improve the gel density and induced
an internal stress that created a depletion zone at the sol-gel interface
(Wu et al., 2014). The gel front migration was fast when the initial
calcium cation concentration was high (Fig. 5). Thus, we can conclude
that for high calcium concentrations, the two steps (i) and (ii) were very
close in time. The step (i) could be considered as a precursor for the
formation of dimers and multimers in the second step (ii). For the two
others divalent cations (Ba®>* and Zn2™"), the gelation process could be
described by these two steps but with different gelation kinetics. Recent
molecular dynamics simulations studies have shown that Ba®>* con-
tribute to the creation of a high number of crosslinks (Gal-Ba-Gal) with
low stability; while Zn®* contribute to the creation a low number of
crosslinks (Gal-Zn-Gal) with high stability (Huynh et al., 2016). We
assumed that high stable crosslinks slow down the formation of dimers
and multimers. This can explain the high-speed gel front migration
observed for Ba-polyGal in comparison with Zn-polyGal (Fig. 5b).

5. Conclusion

The diffusion of calcium ions into a polyGal solution through a
dialysis membrane allowed the formation of a Ca-polyGal gel. As the
gelation time increased, both the thickness of the gel and the viscoe-
lastic properties (G’ and G”) increased. Moreover, changes in the tur-
bidity of the polyGal solution during the gelation process were ob-
served. Thus, by using a Turbiscan apparatus, the evolution of the gel
front was visualized and studied as a function of the gelation time. We
have demonstrated that the gel front can be characterized by a peak in
the turbidity profile. This peak corresponded to a change in the re-
fractive index between the polyGal solution and the Ca-polyGal gel. The
study of three other divalent cations (Mg>*, Zn?>*, Ba®>*) confirmed
these conclusions. Indeed, we have observed a peak at the gel front for
Zn-polyGal and Ba-polyGal gels. While for Mg-polyGal mixture, the gel
was not formed and in this case, only a transmittance jump was ob-
served due to a transition between the polyGal solution and aggregated
domains. For a given gelation time, the diffusion of X** induced an
increase of the molar ratio. We suggested that for the low molar ratio
(R=[Cation]/[Galacturonate unit]), monocomplexes and point-like
crosslinks were formed. When the number and the flexibility of these
crosslinks are adequate (R =R*), the formation of dimers and multimers
will occur. In addition, we have calculated the gel front diffusion
coefficients (D,pp) and have found that D, increased when the initial
calcium concentration was increased which was in line with previous
studies. The diffusion coefficient of gel front for Zn-polyGal was lower
than that of Ca-polyGal and Ba-polyGal. This could be attributed to the
high stability of crosslinks formed in the case of Zn®>* in comparison
with the two other cations (Ca®>™ and Ba®*).
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