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ABSTRACT

The rheological behavior of alginate and Laponite/alginate solutions was studied. It was observed that the
Cross viscosity model successfully describes the steady-state shear behavior of this polysaccharide. The
scaling behavior analyzed for the entangled regime is in good agreement with polyelectrolyte solutions
(Ge~cg/ 2), with interactions generated between the alginate and the charged surfaces of the Laponite
platelets. Therefore, the effect of Laponite as a rheology modifier is influenced by the alginate concen-
tration. Higher alginate concentrations hindered the formation of the house of cards microstructure.
Frequency sweep tests were performed to analyze the transition from solid-like to liquid-like behavior
in a solid-like dominated domain. Soft physical gels were obtained at low alginate concentrations. The
gel point was determined (1.65wt.% of alginate and 2 wt.% of Laponite) through the Kramers-Kronig
damping factor, and time sweep tests revealed the evolution of the storage (G') and loss modulus (G”)
as functions of the waiting time (t,,). The growing elasticity revealed that Laponite/alginate solutions
undergo aging.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Alginate is an anionic polysaccharide that can be extracted from
macroalgae or bacterial cultures. It is a copolymer of (1-4)-linked
B-p-mannuronate (M) and a-L-guluronate (G) residues (Gacesa,
1988; Percival, 1979). The ratio of guluronic to mannuronic acid
depends on the source. Alginates are block polymers; they are
linear unbranched copolymers containing similar or strictly alter-
nating blocks: MM, GG or GM. M and G acids are covalently linked,
forming different sequences or blocks. Two adjacent G blocks can
be cross-linked with multivalent cations: divalent cations such as
Ca?*, Ba%*, Fe* or Sr2* or trivalent cations such as AI3*. Hence, a
gelling mechanism occurs when those cations take part in ionic
binding zones between G blocks (Augst, Kong, & Mooney, 2006;
Rezende, Bartolo, Mendes, & Maciel Filho, 2009). Thereby, a three-
dimensional network is formed. Binding zones are often called “egg
boxes” (Larsen, Bjornstad, Pettersen, Tennesen, & Melvik, 2015;
Papajova, Bujdos, Chorvat, Stach, & Lacik, 2012; Percival, 1979;
Venkatesan, Bhatnagar, Manivasagan, Kang, & Kim, 2015).

Alginate is a biopolymer characterized by its hydrophilic-
ity. It can easily form aqueous solutions in which the viscosity
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increases with the alginate content and its molecular weight.
Aqueous alginate solutions are non-Newtonian fluids, presenting
shear-thinning behavior (Rezende et al.,, 2009). Due to its bio-
compatibility, non-toxicity and gelling mechanism, alginate has
been widely used in tissue engineering applications, cell encapsu-
lation, drug and protein delivery, and as pharmaceutical excipients,
among other functions (Rodriguez-Rivero, Hilliou, del Valle, &
Galan, 2014). Moreover, alginate is commonly used as a gelling
agent in the food industry, textile/paper industry, and for dental
impressions and wound dressings (Augst et al., 2006; Fu et al.,
2011).

Laponite is a layered nanosilicate with the empirical formula
Na+o_7[(Mg5'5Li0,3)SigOzo(OH)4]’0'7 (Perkins, Brace, & Matijevic,
1974; Thompson & Butterworth, 1992; Xavier et al., 2015). It
is a synthetic material obtained from a combination of salts of
sodium, magnesium and lithium with sodium silicate. One of
the applications of Laponite is as a rheology modifier (Ruzicka &
Zaccarelli, 2011). It is an additive that promotes shear-thinning
and thixotropic behavior in waterborne products (Willenbacher,
1996). In recent studies, Laponite was used to reinforce hydro-
gels for biomedical applications (Hong et al., 2015; Shen et al,,
2014). Moreover, as reported by Xavier et al. (2015), nanocom-
posites reinforced with Laponite can support cellular adhesion
and enhance in vitro mineralization and physiological stability,
which expands the applications in the tissue engineering (TE) field.
Laponite platelets are nanoscale disk-like particles with an aspect
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ratio of 1:25. They are formed in layers: two parallel sheets of tetra-
hedrally coordinated silica and a sheet of octahedrally coordinated
magnesium oxide between them. Oxygen and OH~ groups are
also present in the Laponite structure (Zulian, Ruzicka, & Ruocco,
2008). Furthermore, some magnesium atoms are substituted by
lithium atoms. Therefore, a negative charge is on the platelet sur-
faces, whereas positive charges are on the rim due to the interlayer
cations. In this case, the sodium ions balance the charges (Ruzicka &
Zaccarelli, 2011). Conversely, when Laponite is dispersed in water,
sodium ions are released, and the charges are unbalanced. Thus,
the platelets adopt a negative charge on their faces, while the rims
can adopt a positive or negative charge depending on the pH of the
solution (Joshi, Reddy, Kulkarni, Kumar, & Chhabra, 2008; Kumar,
Aswal, & Harikrishnan, 2016; Mongondry, Tassin, & Nicolai, 2005;
Morariu, Bercea, & Sacarescu, 2014; Sun et al., 2012; Tawari, Koch,
& Cohen, 2001).

Aqueous Laponite dispersions undergo physical aging because
they are out of thermodynamic equilibrium. Hence, the microstruc-
ture of these dispersions progressively evolves to a lower level of
energy (Jatav & Joshi, 2014; Shahin & Joshi, 2010). Thermal motion
and particle aggregation due to the electrostatic forces between
them influence physical aging (Jatav & Joshi, 2014; Labanda &
Llorens, 2008), as do the Laponite concentration and the addition of
polymers, salts or other components. It is reported in the literature
that the intensity of the positive charges on the rims decreases as
the pH increases; the rim is positively charged at pH <11 (Shahin
& Joshi, 2010; Sun et al., 2012). With positive rims, a “house of
cards” microstructure is formed by the platelets due to the electro-
static interactions between them and the faces (Liu & Bhatia, 2015;
Mongondry et al.,, 2005). This microstructure is also responsible
for the viscosity increase and the shear-thinning effect of aqueous
Laponite dispersions (Mongondry et al., 2005). Under low shear
rates, the house of cards structure is adopted, but it collapses at
high shear rates. In this case, the platelets are oriented in the flow
direction, and the viscosity decreases. Contrariwise, the negative
charges on the rims have an influence on the elastic behavior of the
dispersion due to the repulsion between platelets.

The electrostatic interaction between Laponite platelets and the
mechanism of the formation of the microstructures are yet a matter
of debate. The Laponite concentration plays an importantrole in the
dispersion microstructure. Below a 2 wt.% Laponite concentration,
the house of cards microstructure is suggested. Conversely, above
this concentration, two proposals are suggested in the literature: (i)
a house of cards or (ii) a Wigner repulsive glass microstructure. This
latter takes into account the repulsion between Laponite platelets
(Jatav & Joshi, 2014; Zulian et al., 2008). These microstructures
evolve due to aging and can be destroyed by applying a deformation
onto the sample, in a process called rejuvenation. The applied defor-
mation should generate a stress greater than the yield stress of the
sample (Jatav & Joshi, 2014). To perform rejuvenation, pre-shear
or shear melting processes are carried out before the rheological
studies. Sun et al. (2012) studied the aging phenomena in aque-
ous Laponite dispersions containing polyethylene glycol (PEG) and
NaCl. To rejuvenate the samples to set a reference initial condi-
tion for the tests, a uniform shear field was applied. As observed
in the dynamic time sweep test, a reproducible liquid state was
achieved. Nevertheless, it is observed that the aging is partially
irreversible, as described by Jatav and Joshi (2014); a shear melting
process was previously applied to the rheological characterization
of aqueous Laponite dispersions. In this case, an oscillatory shear
stress was applied to rejuvenate the samples. As demonstrated, the
shear melting rejuvenates the sample, although not completely; a
slight difference is observed in comparison with a freshly prepared
sample (Jatav & Joshi, 2014; Shahin & Joshi, 2010).

As previously described, the addition of salts and polymers
modifies the aging of dispersions. Salt reduces the electrostatic

repulsion between Laponite platelets, accelerating the aggregation
for low concentrations of Laponite because the surface charge is
screened (Sun, Wang, Wang, Liu, & Tong, 2013). The addition of salt
also modifies the microstructure from glass-like to gel-like. The gel
state has a fractal network, while the glass state does not have an
ordered microstructure (Joshi et al., 2008).

The pronounced shear-thinning and solid-like behaviors
provide interesting results for additive manufacturing (AM) appli-
cations in tissue engineering. Solutions rheologically modified
could easily flow through nozzle tips due to the shear rate gen-
erated along their walls. Once out of a nozzle, the material could
maintain its shape as result of the high viscosity (Barry et al., 2009;
Hong et al., 2015). Subsequently, a crosslinking process can be
applied to form hydrogels, thereby improving the geometric accu-
racy. In this work, the rheological behavior of alginate aqueous
solutions and Laponite/alginate solutions was studied. A steady-
state shear master curve for alginate solutions was obtained. When
Laponite was added to the alginate solutions, a pronounced shear-
thinning behavior was observed in steady-state shear tests. Then,
frequency sweep tests were performed to analyze the physical
gelation due to the electrostatic interactions between the Laponite
platelets and alginate chains. The damping factor of the solutions
was analyzed as a function of the alginate concentration, where the
gelation mechanism, which arises due to the dispersed Laponite
platelets, was studied. Finally, time sweep tests were performed to
analyze the aging evolution of the Laponite/alginate samples under
the gel point concentration.

2. Experimental
2.1. Materials and solution preparation

Medium-viscosity sodium alginate from brown algae was pur-
chased from Sigma-Aldrich Corp., USA. Its molecular weight ranges
between 80,000 and 120,000 g mol~!, and it is composed of approx-
imately 61% mannuronic acid and 39% guluronic acid. Laponite XLG
was obtained from Southern Clay Products, Inc., USA. Sodium chlo-
ride was purchased from Labsynth, Brazil. 0.1 M NaCl was added
to the dilute alginate solutions to determine the viscosity-average
molecular weight using the Mark-Houwink-Sakurada correlation,
which is given by

[n] = KM* (1)

where [n] is the intrinsic viscosity, K=7.3 x 10-3 gml~! and & =0.92
for an M/G ratio of 1.56 (Thu et al., 1996). The specific and reduced
viscosities are given by Eqs. (2) and (3), respectively,

Mo — Ns
05 2
Nsp s (2)
Nred = ? (3)
p

where 7o is the zero shear viscosity, ns the solvent viscosity
(ns=0.001003 Pas at 20°C) and ¢, the polymer concentration. The
intrinsic viscosity is given by

: Nsp

[n]= cLlElo (Cp) (4)

All solutions were prepared using deionized water without
added NaCl, except that to determine the viscosity-average molecu-
lar weight. Alginate solutions and Laponite/alginate solutions were
prepared using a magnetic stirrer for 6 h with a plate temperature
of 60°C to ensure homogeneity. All samples were stored for 16 h
before the rheological tests. The Laponite/alginate solutions were
prepared using 2 wt.% Laponite. The alginate concentration was
varied in the range of 0.25-4wt.% for the steady-state shear and
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frequency sweep tests. For the time sweep tests, alginate concen-
trations with a solid-like behavior (0.25-1 wt.%) were analyzed. To
prepare the solutions, it was necessary to completely disperse and
hydrate the Laponite before the addition of the alginate. Laponite
was dispersed in deionized water using a vortex agitator. It was
added gradually into the water over a period of 10-30s to reduce
the dispersion time, and a clear colorless solution was obtained in
approximately 20 min. The pH of the solutions was measured using
samples of approximately 10 ml in a Tecnal TEC-5 pH meter.

2.2. Rheological characterization

The rheological characterization of the solutions was performed
using an Anton Paar MCR-102 Modular Compact Rheometer. Tests
were conducted using a cone-plate geometry (CP50-1) with a
50mm diameter, a cone angle of 0.9815° and a truncation of
0.97 pm. To determine the viscosity-average molecular weight,
steady-state shear tests were performed at 20°C (Fig. S1 of the
supplementary material), while all the other experiments were
performed at 25°C. The rheological characterizations were car-
ried out using a solvent trap to prevent water evaporation. Before
each test, a constant pre-shear of 200s~! was applied for 300 to
avoid any memory effect and rejuvenate the samples (pre-shear
curves are illustrated in Fig. S2 of the supplementary material).

Measurements of the shear rate in the steady state were performed
in the range of 0.001-700s~!. Amplitude sweep tests were carried
out at an angular frequency of 10rads~! to obtain the linear vis-
coelasticity (LVE) range (yo=1% for all samples). Next, frequency
sweep tests were conducted in the range of 0.1-200 rad s~!. Finally,
time sweep tests were performed to study the aging evolution.
Each time sweep test was carried out for 1000s, and the angular
frequency was varied from 10 to 100rads—1.

3. Results and discussion
3.1. Steady-state shear characterization

Initially, the intrinsic viscosity was obtained by a linear
fit of the curve of reduced viscosity versus alginate concen-
tration (Fig. S1 of the supplementary material). Then, using
the Mark-Houwink-Sakurada correlation, a viscosity-average
molecular weight of 99,986gmol~! was calculated, which is
inside the range of molecular weights provided by the supplier
(80,000-120,000 g mol~'). Next, different concentrations of algi-
nate solutions were studied. As observed in Fig. 1a, when the
alginate concentration increases, the viscosity of the solution also
increases. Shear-thinning behavior can be observed for all cases,
even in low-concentration solutions. In the range of shear rates
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Fig. 1. (a) Viscosity curves for aqueous alginate and Laponite/alginate solutions. Open symbols correspond to experimental data. Solid lines correspond to the Cross model
fitting for alginate. Inset schemes describe the mechanisms that contribute to the shear-thinning behavior, (b) alginate viscosity master curve (reference concentration
1wt.%), (c) and (d) horizontal (ay) and vertical (ay) shift factors vs. concentration and (e) plateau modulus as a function of the alginate concentration (results were scaled for

the entangled regime).
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Table 1

Shift factors for experimental viscosity master curve and fitting parameters for Cross

model.
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Experimental

cp (Wt.%) 0.25 0.5 1 2 3

ay 16 4.5 1 0.15 0.075
ay 0.0574 0.178 1 14.072 47.607
Fit

cp (Wt5%) N (Pas)  no(Pas) Ye(s) n MRD (%)
0.25 0.0039 0.0165 11111 09999 04

0.5 0.0143 0.0517 384.6 0.9999 0.6
0.75 0.0319 0.1327 200.0 0.9998 0.8

1 0.0413 0.2806 166.7 09164 05

2 0.0169 3.9892 32.7 0.7415 05

3 0 13.5352 15.6 0.7094 15
Master curve 0.0036 0.2847 204.08 0.7484 1.9

studied, all compositions, except for the one with 4wt.% of algi-
nate, exhibit a Newtonian plateau. The shear-thinning is associated
with an entangled network and is the typical behavior of poly-
mer solutions (Yu, Zhang, Luan, Zhang, & Zhang, 2014). Next, using
the steady-state shear viscosity data obtained, a master curve was
constructed. This method has been applied successfully in other
polysaccharide solutions (Gorret, Renard, Famelart, Maubois, &
Doublier, 2003; Payet, Ponton, Grossiord, & Agnely, 2010). The ver-
tical and horizontal shift factors were calculated using as references
a1 wt.% alginate concentration, the zero shear viscosity for the ver-
tical axis and the initial point of shear-thinning behavior for the
horizontal axis. As observed in Fig. 1b, the viscosity master curve
shows that the superimposed data have a common mechanism that
governs the alginate viscoelasticity. The shear-thinning behavior is
generated due to the disentanglement of the polymer chains. These
chains need time to relax, and then the transition from the New-
tonian plateau to shear-thinning behavior occurs at a critical shear
rate equal to the inverse of the relaxation time. In addition, Fig. 1b
shows the fitted master curve using the Cross model, which suc-
cessfully describes the shear-thinning behavior of polysaccharide
solutions (Roger et al., 2015). This model is given by

— = (5)
1+ (V/yc)

where 7)., is the infinite shear viscosity, ng the zero shear viscos-
ity, y the shear rate, y, the critical shear rate, and n the power-law
index. As observed in Fig. 1b-d, the Cross model fits the experi-
mental results quite well, especially for the lower shear rates. The
Carreau model also describes the shear-thinning behavior, but as
reported by Payet et al. (2010), the Cross model fits better, espe-
cially at high shear rates. Table 1 summarizes the experimental and
fitting parameters and the mean relative deviations (MRD) of the
fitted curves.

The scaling behavior of the plateau modulus, which describes
the chain entanglement effects (Yu et al., 2014) in the alginate solu-
tions, was determined by rheological data. This modulus can be
calculated by

n(Y) = Neo +

Ge = % (6)
where A is the relaxation time, calculated as the inverse of the shear
rate at which the transition from Newtonian to shear-thinning
behavior occurs. In Fig. 1e are shown the scaled results for entan-
gled solutions. As observed, they are consistent with the scaling
law for polyelectrolyte solutions (Ge~c;’/2) (Colby, 2010; Yu et al.,
2014). Nevertheless, a recent study reported that the exponen-
tial value of the scaling behavior could be higher than (3/2); an
exponent between 2 and 3 is suggested due to the monomers’
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Fig. 2. (a) Dependence of G’ (solid symbols) and G” (open symbols) on the angular
frequency for alginate solutions in entangled regime (data are vertically shifted to
avoid overlapping) and (b) damping factor plotted against the alginate concentration
for different angular frequencies.

dipolar interactions through counterions (Roger et al., 2015). For
high polymer concentrations, the electrostatic interactions of the
polyelectrolytes can be neglected, and the behavior could be simi-
lar to that of a good solvent scaling exponent (2.25) (Dou & Colby,
2006). Charged surfaces cause the adsorption of polyelectrolytes.
Therefore, the anionic polyelectrolyte behavior of the alginate solu-
tions generates interactions with the charged Laponite particles. As
observed in Fig. 1a, the viscosity curves of Laponite/alginate solu-
tions show the influence of Laponite on the rheological behavior. In
all cases, the viscosity decreases when the shear rate increases. At
low shear rates, a high viscosity is observed in comparison to that
of the alginate solutions. Conversely, a low viscosity is observed for
high shear rates. In Laponite/alginate solutions, the shear-thinning
effect would be associated with the disentanglement of polymer
chains and the Laponite platelet orientation in the flow direction
(Aalaie, 2012). As aresult, at high shear rates, these solutions exhibit
little resistance to flow. When the shear rate is reduced, the alginate
chains become entangled. Moreover, the Laponite platelets form a
house of cards structure, considerably increasing the viscosity in
comparison to that of alginate solutions. This structure is formed
due to electrostatic interactions (Mongondry et al., 2005). At low
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Fig. 3. Dependence of G’ (solid symbols) and G” (open symbols) on the angular
frequency for 2wt.% Laponite in the presence of different alginate compositions
(data are vertically shifted to avoid overlapping).

shear rates, a gel structure forms if Laponite is properly incorpo-
rated into the solution. Contrariwise, at high shear rates, the house
of cards structure completely disappears due to shear forces. Hence,
a pronounced shear-thinning behavior is observed. Additionally, as
observed in Fig. 1a, higher alginate concentrations hinder the effect
of Laponite as arheology modifier due to polymer adsorption on the
Laponite surfaces. This is associated with the polyelectrolyte behav-
ior previously described. Therefore, in Laponite/alginate solutions,
for high alginate concentrations, the viscosity curves differ slightly
from those of alginate solutions.

3.2. Physical gelation

To analyze the physical gelation generated due to the interac-
tions between Laponite and alginate, frequency sweep tests were
performed. Fig. 2a shows the results for alginate solutions in the
entangled regime. For all cases, a crossover point defines the tran-
sition from a liquid-like dominated domain (G” > G’) to a solid-like
dominated domain (G’ >G"). As shown, the crossover frequency
(wx) is higher for lower alginate concentrations. This frequency
is often associated with the longest relaxation time of the mate-
rial, which is calculated as the inverse of the crossover frequency.
Hence, the relaxation time increases as a function of the alginate
concentration. This time defines the period in which the polymer
chains can disentangle as a result of the oscillating shear applied.
Longer chains cannot disentangle, which causes the transition from
liquid-like to solid-like behavior (Yu et al., 2014). Fig. 2b shows the
damping factor (tan(§)=G"/G’) as a function of the alginate con-
centration. As shown, at high frequencies, the solid-like behavior
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Fig.4. (a) Damping factor plotted against angular frequency and (b) damping factor

superimposed curve for Laponite/alginate solutions (inset table shows the horizon-
tal (ay) and vertical (ay ) shift factors. Reference concentration: 3 wt.% alginate).

Table 2
pH values for Laponite/alginate solutions.

¢ (wt.%) 0.25A 0.5A 0.75A 1A 2A 3A 4A
0 6.86 6.85 6.87 7.51 7.34 7.52 7.94
2 9.99 9.82 9.63 9.74 9.51 9.18 9.12

is dominating (tan(§) < 1). Moreover, the damping factor decreases
when the alginate concentration increases. This is, larger amounts
of polymer contribute to the solid-like behavior, thus decreasing
tan(d).

On the other hand, Fig. 3 shows the storage and loss moduli as
functions of the angular frequency for Laponite/alginate solutions.
As shown, soft gels were obtained at low alginate concentra-
tions. Taking into account that aqueous alginate solutions are
polyelectrolytes, alginate could adsorb on an oppositely charged
surface, in this case, the charged surfaces of Laponite. Table 2
shows the pH values for alginate and Laponite/alginate solutions;
as observed, pH<11 for all cases. Hence, it is suggested that
alginate, which is an anionic polymer, is being adsorbed on the pos-
itively charged surface of the Laponite, in this case, the rim of the
platelets. As a result, when the alginate concentration increases, a
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Fig. 5. Damping factor plotted against the alginate concentration. Frequency increases from (a) to (d).

transition from solid-like to liquid-like behavior is observed. At
low alginate concentrations, physical gelation occurs as a result
of Laponite-alginate interactions. Conversely, alginate adsorption
on Laponite surfaces at higher alginate concentrations hinders the
rheology modifier effect because the formation of the house of
cards structure is difficult. Fig. 4a shows the damping factor plot-
ted against the angular frequency. This curves were superimposed
by horizontal and vertical shifting, as illustrated in Fig. 4b, revea-
ling that the transition from a dominant solid-like behavior to a
liquid-like behavior follows a similar route when the alginate con-
centration increases and the Laponite concentration is maintained
fixed at 2 wt.%.

The transition from solid-like to liquid-like behavior can be ana-
lyzed through the damping factor. This transition is defined by the
gel point. The damping factor from Kramers-Krénig is defined by
Eq. (7) (Liu, Qian, Shu, & Tong, 2003), which has no dependence on
the angular frequency at the gel point:

tan (8) = % =tan (ng)

The gel point is defined by the relaxation modulus G(t) of a criti-
cal gel. This modulus was proposed by Winter and Chambon (1986),
as a power-law described by

G(t)=St"

(7)

(8)

where Sis the gel strength and n the relaxation exponent (O<n<1).
The gel strength can be determined by Eq. (9) at the gel point (Jatav
& Joshi, 2014),

"

= tan (%)

=Sw"I"(1 —n)cos (ﬂ> 9

2
where I'() is the gamma function. Therefore, the gel strength can
be calculated by obtaining n from Eq. (8) and G’ or G".

Fig. 5 shows plots of the damping factor against the alginate
concentration for different frequencies. Fig. 5a reveals that the

solid-like behavior dominates at small frequencies for alginate con-
centrations under 1wt.%, while, Fig. 5b and c show no frequency
dependence at ¢, =2.61 wt.% and ¢, =3.32 wt.%. At these concentra-
tions, transitions from solid-like to liquid-like behavior occur in a
liquid-like dominated domain (tan(§)> 1). Moreover, Fig. 5d shows
no frequency dependence at ¢, =1.65 wt.% and tan(§) =0.73. At this
concentration, a transition from solid-like to liquid-like behavior
occurs in a solid-like dominated domain (tan(8) < 1). Therefore, at
this concentration, the gel point is defined, below which, soft gels
were obtained. When the alginate concentration increases, a pro-
gressive increase in the damping factor is observed, suggesting
a reduction in the elasticity. This fact explains the considerable
reduction of the shear-thinning effect of Laponite when the algi-
nate concentration increases. Furthermore, as observed in Fig. 5,
the plotted data are mainly in the region tan(§) < 1. That is, the solid
character of the material prevails over the viscous (G’ >G”). In con-
trast, the damping factor of alginate solutions previously shown in
Fig. 2b shows that plotted data are mainly in the region tan(8)> 1.
Moreover, when the alginate concentration increases, the elastic-
ity also increases for the alginate solutions and decreases in the
Laponite/alginate solutions. For this reason, soft gels are formed
mainly at lower alginate concentrations.

3.3. Aging evolution

Fig. 6a shows the storage modulus (G’) and the loss modulus (G”)
obtained through time sweep tests carried out at different angu-
lar frequencies for the composition of 0.25 wt.% alginate and 2 wt.%
Laponite. As observed, G’ increases as a function of the waiting time
(tw) and the angular frequency (w). Similar behavior was observed
for the other compositions (for clarity, only one composition was
depicted, while the other compositions are illustrated in Fig. S3 of
the supplementary material). G” also increases with the frequency,
but slightly decreases at low waiting times and remains constant at
high waiting times. G’ is higher than G”, corroborating a solid-like
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0.25 wt.% alginate and 2 wt.% Laponite and (b-e) reconstructed frequency dependence of G’ for different waiting times (t,).

behavior when the aging was analyzed in compositions under the
gelling point. Hence, the damping factor decreases with the wait-
ing time, which demonstrates a growing Hookean elasticity (Sun
et al., 2012). Moreover, the frequency dependence of G’ was recon-
structed, which is depicted in Fig. 6b-e for different compositions
and waiting times. In these curves, there can be clearly observed a
growing elasticity as a function of the waiting time and frequency.
The storage modulus also increases with the alginate concentration
due to the structural interactions generated between the polymer
chains and the Laponite platelets over time. Then, the evolution of
the elastic behavior demonstrates that Laponite/alginate solutions
undergo aging.

4. Conclusions

Rheological studies performed in alginate and Laponite/alginate
solutions allowed the analysis of the mechanism that influences
the transition from a shear-thinning behavior in alginate solutions
to a pronounced shear-thinning behavior when Laponite is added.
Electrostatic interactions between charged Laponite platelets gen-
erate a house of cards structure when the shear rate tends to zero.
Therefore, at low shear rates, the entangled alginate chains and the
house of cards structure contribute to increasing the viscosity con-
siderably. In addition, a solid-like dominated behavior arises due to
interactions between the alginate chains and Laponite platelets. As
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demonstrated, alginate solutions have a polyelectrolyte behavior

(Gewcf,/ 2 ). Therefore, taking into account that alginate is an anionic
polysaccharide and the rim of the Laponite platelets is positively
charged at pH <11, it is suggested that the alginate adsorbs on
the positive surfaces of Laponite, which hinders the increase in
viscosity at high alginate concentrations. Frequency sweep tests
revealed that Laponite produces physical gelation in alginate solu-
tions. Moreover, the damping factor from Kramers-Kronig allowed
the determination of the gel point. This last factor defines the transi-
tion from solid-like to liquid-like behavior, which follows a similar
route, as revealed by a superimposed curve. As observed, at the
gel point, the damping factor has no dependence on the frequency.
Finally, time sweep tests revealed a growing elasticity as a function
of the waiting time. Hence, Laponite/alginate solutions undergo
aging. Furthermore, it is anticipated that Laponite/alginate solu-
tions together with AM processes have potential applications in
tissue engineering. To crosslink the solutions to form hydrogels,
the rheological characterizations of the chemical gelation will be
included in future studies.
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