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ABSTRACT

The linear and nonlinear rheological behavior of alginate/Ca2þ gels made through slow solubilization of CaCO3 using gluconic acid-
d-lactone was studied. Rheological modulus follows a power law at the critical point; exponents (n¼ 0.60–0.65) decrease slightly, increasing
Ca2þ ions. These values agree with those reported in the literature with similar mannuronic/guluronic residue ratios and total polymer
concentration. The strain-hardening behavior of matured gels was investigated using large amplitude oscillatory shear. The Blatz–Sharda–
Tschoegl scaling model was used to estimate their fractal dimension, whose values were 1.23–1.31; the fractal dimension is not sensible to
Ca2þ concentration. The Lissajous–Bowditch curves show a higher nonlinearity and constitute a rheological fingerprint of these gels. The
geometrical decomposition of intracycle strain in terms of strain thickening and stiffening ratios shows a weak formation of temporary net-
work junctions during the breaking process due to the convexity of their curves. Diffusion wave spectroscopy was used to determine the
mean square displacement of microspheres embedded in polymer solution exhibiting a subdiffusive process, with two slopes: m � 0.3 at short
times and m � 1 at long times. The diffusive region section decreases as the gelation progresses due to Ca2þ and disappears when gels are
formed. Gelation time was estimated to identify a terminal relaxation time, whose evolution follows almost the same exponential curve for
gels with high Ca2þ concentration due to the formation of many multiple egg-box structures. After 24 h of gelation, mean square displace-
ment curves show an apparent plateau, indicating important particle confinement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0245878

I. INTRODUCTION

Alginates are polysaccharide biomolecules extracted from brown
seaweed and some bacteria.1–3 Alginates are notable for their biocom-
patibility, non-toxicity, and biodegradability, making them suitable for
pharmaceuticals, bioengineering, and the food industry.3–8 In the food
industry, alginate applications are based on three main properties: (1)
thickening, (2) gelling in the presence of calcium salt, and (3) film-
forming properties.4,8 As a functional food ingredient, alginate is a
food additive that enhances food preservation and improves flavor,
taste, and appearance. Thickening is helpful for sauces, sirups, and
cream toppings and also is useful for stabilizing water-in-oil emulsions
like mayonnaise and dressings. Gelling is useful for different
food products such as milk desserts, jellies, bakery filling creams,
animal foods, and reformed fruit.4,8. It forms heat-stable gels at low

temperatures, which is beneficial for restructuring food items
sensitive to high temperatures, such as fish, fruits, and vegetables 4,9.
Additionally, alginate can enhance the visual appeal of foods and
enable the creation of innovative products in various shapes and sizes.

Alginate is an anionic linear copolymer of (1!4)-linked b-L-
mannuronic (M) and a-L-guluronic (G) residues.3,7 The residues are
arranged randomly with GG, MM, and GM-dimer blocks spread along
the polymer chain, as shown in Fig. S1(a) in the supplementary
material. The MM block forms a b-1,4-glycosidic bond, forming a lin-
ear flexible local structure, while the GG block forms an a-1,4-glyco-
sidic bond, introducing steric hindrance space around the carboxyl
groups. So, the GG block provides a folded and rigid structural confor-
mation responsible for the alginate chain’s significant stiffening. The
stereochemistry of the GG block enables alginate chains to create a gel
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when exposed to divalent cations, such as Ca2þ. This occurs by form-
ing a highly stable crosslinked structure called the “egg box.”10–13 In
this simple egg-box structure, two GG blocks from two alginate chains
are linked by a divalent ion by coordinating carboxylic groups [see Fig.
S1(b) in the supplementary material]. GG blocks may favor the egg-
box structure, which is also called rod-like links.11,12 The mechanical
properties of alginate gels are determined by various physiochemical
parameters, such as the M/G ratio, molecular weight, and concentra-
tions of polymer and Ca2þ ions.

The Ca-alginate gelling process methods include external or
internal gelation, with the main difference being the method for intro-
ducing Ca2þ.10,13,14 In the internal gelation, alginate exposure to Ca2þ

is controlled to achieve a uniform distribution; first, an insoluble cal-
cium salt, such as CaCO3 or CaSO4, is added to a solution of sodium
alginate, and then, an acidifier is added to the mixture, releasing Ca2þ,
usually is used glucono-d-lactone.15–17 In the external gelation method,
Ca2þ is diffused from a higher concentration region into the alginate
interior, allowing for the rapid formation of gel.10,17 These gelation
methods allow the encapsulation of reactive or volatile molecules, e.g.,
acidulants, fats, and flavors, and live probiotic cells for food and drug
delivery to the large human bowel.9,18–20

The linear viscoelastic behavior of solutions and gels made of algi-
nate and its dependence on physicochemical parameters have been
extensively studied, as well as the transition from sol to gel state, where
the transition point is called the gel point,21,22 or the critical gel.23

Several studies of physical and chemical gels using SAOS (small ampli-
tude oscillatory shear) indicate that the elasticity modulus, G0(x), and
viscous modulus, G00(x), follow a power law in the critical point with
the angular frequencyx,

G0 xð Þ � G00 xð Þ � xn; and d ¼ tan�1ðnp=2Þ: (1)

Here, n is a critical exponent similar to those in critical phenom-
ena,21,22,24,25 and d is the loss angle, tan d¼G00(x)/G0(x). The relaxa-
tion modulus, G(t), is related to the complex modulus, G�¼G0(x)
þ iG00(x); then,G tð Þ ¼ F�1 G� xð Þ=ix� � ¼ Snt�n. Sn, the gel strength,
and n are obtained by experimental fitting. At the gel point, the diverse
rheological material properties reach a universal dynamic state of less
complexity. The critical exponent can be determined theoretically using
the percolation theory.24,25 The reported critical exponents for most
physical gelations are not universal; they vary from 0.11 to 0.8,21

depending on the stoichiometry, molecular weight, and bonding mecha-
nism. For alginate gels cross-linking with different divalent cations, n
varies slightly around�0.21–0.76.26–31

Recently, a point of interest is the nonlinear rheological character-
ization of gelling materials and their relationship with their struc-
ture.32–34 Beyond the linear regimen, the viscoelasticity moduli are not
independent of the applied strain, and drastic reconfiguration of meso-
scopic structure occurs, contributing substantially to the mechanical
response. Various mechanical processes, such as food processing,
packaging, biting, swallowing, and chewing, can be understood by
LAOS (large amplitude oscillatory shear) experiments where the shear
amplitude is large, allowing us to explore a wide range of timescales
and deformation strengths. LAOS has been used for nonlinear visco-
elasticity characterization of food, e.g., cheeses,35 yogurts,36 cool
whips,37 chocolates,38 and blenders of polysaccharides and proteins.39–41

Recently, Goudoulas et al.42 reported that a nonlinear rheological
response of a layer of alginate/Ca2þ gels shows an overshoot in the

viscous modulus, similar to gelatin-alginate layer gels.43 Several
studies have described the nonlinear rheological behavior of gels
made with polysaccharides and proteins;42–45 however, the measure-
ments usually involve gels fabricated ex situ. Concerning the analysis
of LAOS measurements, the most common practice is to extend
the liner regimen Fourier analysis to higher harmonics.34,46,47 When
the applied shear strain is sinusoidal, expressed as c¼ c0 sin xt,
where c0 represents now a large strain amplitude and x is the fre-
quency, the shear stress is an odd function of the shear direction, i.e.,
r �c tð Þ;� _c tð Þ½ � ¼ �r c tð Þ; _c tð Þ½ �; where _c tð Þ is the shear rate of
strain [_c tð Þ ¼ c0xcosðxtÞ]. Then, the nonlinear stress can be repre-
sented entirely by only odd harmonics with odd symmetry due to
the directionality of shear strain or shear rate just mentioned,

r t;x; c0ð Þ¼ c0
X
nodd

G0n x; c0ð Þsin nxtð ÞþG00n x; c0ð Þcos nxtð Þ
n o

; (2)

where G0n and G00n are the nonlinear elastic and viscous moduli, respec-
tively.34,48 Graphically, changes in shear stress due to the higher
harmonics contribution can be visually observed through the Lissajous–
Bowditch (LB) curves,34 which are 3D curves [r/ro vs c/co and _c/(cox)]
and by their projections [elastic representation: r/ro vs c/co or viscous
representation: r/ro vs _c/(cox)]. Also, the strain-hardening behavior in
the nonlinear viscoelasticity region can provide relevant information
about the fractal dimension of the network by fitting the experimental
data to the BST (Blatz, Sharda, and Tschoegl) – scaling model.49,50

In addition to rheometry, microrheology has been used to mea-
sure the viscoelasticity properties in polymer solutions, critical gels,
and aging gels of different biopolymers gels.51–59 The general principle
behind microrheology is to minimize the mechanical probe that
deforms the medium. This probe could be a colloidal microsphere.
The material’s properties can be determined by tracking the motion of
the thermally fluctuating probes, which is affected by the viscoelasticity
of the medium. Diffusing wave spectroscopy (DWS) allows the mea-
surement of the mean square displacement (MSD) of the colloidal
probe, and the viscoelasticity materials’ properties at high frequencies
can be obtained from it, spanning micrometer and sub-micrometer
scales through DWS-microrheology equations.60,61 Unlike rheometry,
the material’s strain might be almost non-existent during measure-
ments because of the small size of the probes. This is useful when
studying the gelling process since even minor applied strains can cause
structural reorganization and alter the viscoelastic properties of the
material. DWS-microrheology has been used to analyze the kinetic
gelation of physical, chemical, and hybrid gels in gelatin solutions.55 By
analyzing the high-frequency viscoelasticity spectra, changes in the
network’s mesh size and the persistence length of the unbonded flexi-
ble polymer section can be followed during gelation.

In this work, we offer a systematic study of the gelation process of
alginate. We establish correlations between rheological properties and
mesoscopic parameters at different stages, from polymer solution to
mature gel. We want to answer some questions: Does the critical expo-
nent for critical gels change by varying the Ca2þ concentration? How
is the fractal dimension in mature gels modified with the Ca2þ concen-
tration? Does the Ca2þ concentration modify the mechanical nonlin-
ear viscoelastic response? How do the MSDs of tracer particles change
during gelation?

Chemical products used to form the alginate/Ca2þ gels are cate-
gorized by the U.S. Food & Drug Administration (FDA) as generally
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recognized as safe (GRAS) products, and their concentrations are far
from the median lethal dose; the gels studied in this work are safe for
human consumption. In general, the applications of gels in the food
industry need extensive comprehension of formation mechanisms to
enable a deeper understanding and accurate prediction of the gelation
progress, particularly because they present an intricate interplay of
structure, dynamics, and rheological properties. This complexity
makes it exciting to predict their response to shear stress. Therefore,
real-time recording of gelation kinetics, such as those provided by
microrheology, can produce valuable insights into the cross-linking
reactions of alginate gels during gelation. Oscillatory time sweeps can
be used to study the temporal evolution of the mechanical properties
of gels undergoing time-dependent structural rearrangements, particu-
larly when different classes of gels are prepared with nearly identical
linear rheology but significantly different yield transitions and nonlin-
ear properties at post-yielding. With the advancement of living stand-
ards, demands for nutritious, safe, reliable, and functionally diverse
foods have increased. As a result, gels exhibiting unique advantages for
food applications will be of great significance. We expect that the non-
linear viscoelastic response and its link to the microstructure discussed
here could help understand food processing issues.

II. EXPERIMENTAL SECTION
A. Materials

Sodium alginate from brown algae [Mol. Wt. 324 138Da, man-
nuronic residue to the guluronic residue (M/G)� 1.56, Sigma-Aldrich
USA], calcium carbonate (CaCO3, purity> 99.0%, Sigma-Aldrich
USA), and D-(þ)-gluconic acid d-lactone (GDL, purity> 99.0%,
Sigma-Aldrich USA) were used. Solutions were prepared with ultra-
pure de-ionized water (NaNoPure, USA), and the chemical products
were used as received. The molecular weight of alginate was deter-
mined using the Mark–Houwink–Sakurada (MHS) equation.62 The
moisture of alginate is 10.44%.

B. Gel preparation

Alginate was dissolved in ultrapure de-ionized water under mag-
netic stirring at �30 �C overnight. Then, CaCO3 was dispersed in the
alginate solution under vigorous vortex stirring for �1min, and subse-
quently, GDL was added to the mixture under vortex stirring to pro-
mote the gelation mechanism. The alginate concentration was fixed
(Calginate¼ 1.8%), and the quantity of CaCO3 and GDL was varied
([CaCO3]¼ 0.3, 0.4, and 0.7mM, and CGDL¼ 6–18mg/mL). GDL is a
slowing-down acidification substance promoting the solubilization of
CaCO3. The solubility equilibrium of CaCO3 is given by
CaCO3ðsÞ! Ca2þ þ CO�23 (solubility constant of Ks¼ 10�6.05);63 due to
the release of Hþ groups from GDL, carbonic acid (H2CO3) is produced
(H2CO3! 2Hþ þ CO�23 ), and the solubilization of CaCO3 takes place.
In this way, it is possible to obtain a slow Ca2þ source for studying the
gel formation from sol to gel through different stages; in contrast to algi-
nate gels formed with CaCl2, where using CaCl2, the gelation is too fast
due to the instantaneous solubilization of Ca2þ.10,17,26

C. Rheological measurements

SAOS and LAOS protocol measurements were performed
with an MCR-702 Twin Drive rheometer (Anton Paar, Austria)
using a cone-plate geometry (2� cone angle, Diam.¼ 40mm) with

temperature control (60.1 �C). A solvent trap was used to avoid water
evaporation.

1. Estimation to reach the gel-point time and viscoelas-
tic spectra at the gel point

An estimation of the gelation time is given by the time needed
to reach the gel point, i.e., the elapsed time to reach G0(t) � G00(t) along
an isothermal time sweep experiment with a constant frequency
(x¼ 0.5 rad s�1) and a constant strain (c¼ 0.8%), i.e., in the linear visco-
elasticity region (LVR). The viscoelastic spectra are determined after
starting the gelation process. The viscoelastic spectra are measured for a
wide range of frequencies,x¼ 0.2–350 rad s�1 at fixed strain (c¼ 0.8%).
All measurements aremade at 25 �C and performed at least twice.

2. Linear and nonlinear viscoelastic response of mature
gels

The nonlinear viscoelastic response is obtained on matured gels
after 5–6h of starting the gelation process. It is considered a matured gel
when the viscoelastic moduli do not change with time for at least 30min
in an isothermal time sweep experiment (x¼ 0.5 rad s�1 and c¼ 0.8%
are fixed). Frequency sweep measurements are carried out in the range
of x¼ 0.1–100 rad s�1 in the LVR (c¼ 0.8%). Afterward, strain-sweep
measurements are developed in a wide range of strains for LAOS mea-
surements, c0¼ 0.1%–5000% (x¼ 1 rad s�1). Lissajous–Bowditch
curves are obtained for one imposed intracycle shear strain. All measure-
ments are made at 25 �C and performed at least twice.

D. Diffusive wave spectroscopy (DWS) and
microrheology

The mean square displacement (MSD, hDr2(t)i) of microspheres
embedded in alginate solutions is measured using the DWS technique.
The connection between MSDs and complex modulus is given
by a generalized Stokes–Einstein (GSE) relationship, ~G sð Þ ¼ kBT=
pasD~r2ðsÞ,60,61 where ~X sð Þ denotes the Laplace transform in s-space of
X(r), kB is Boltzmann’s constant, T is the absolute temperature, and a
is the radius of microspheres. A recent review describes our homemade
DWS setup in detail.60 Polystyrene (PS) microspheres (dia. 784nm,
vol. fraction �0.025; Bangs Labs, USA) were added to the alginate/
CaCO3 solutions and mixed under vigorous vortex stirring.
Subsequently, a fresh aliquot of GDL was added, mixed, and placed in
a rectangular optical glass cuvette (�2mm optical-path length, Sterna
Cell, Inc.) at 25 �C. The gelation process of alginate starts when GDL is
added to the alginate/CaCO3/PS microspheres solution and mixed; this
time corresponds to the starting point of the gelation process for mea-
suring the MSDs. The elapsed time since the GDL addition will be
referred to as tq. The MSDs of probe microspheres are determined by
collecting their scattered light from a speckle over 180–300 s, and the
intensity auto-correlation function is evaluated; scattered light collected
for 180 s is enough to consider local thermodynamic equilibrium with
good statistics. After gelation starts, measurements are taken along
�8h for different tq. From the MSD, the viscoelastic spectra can be
evaluated up to high frequencies (x � 102–106 rad s�1), as shown for
living polymers64–67 and gels.55,68 The experimental MSD curves for
the sol state are fitted using a power law with two terms (hDr2(t)i
¼A1�ta1 þ A2�ta2, where A1, A2, a1, and a2 are fitting constants).
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III. RESULTS AND DISCUSSION
A. Linear viscoelasticity spectra around sol-gel
transition

The GDL concentration was chosen in such a way that the gela-
tion process was slow enough to allow time to make accurate measure-
ments using mechanical rheology close to the gel point. Gelation time
was estimated as described in Sec. II C 1. The results are shown in
SM2a, where the gelation time can be identified by the intersection of
G0(t, x0) and G00(t, x0) with x0¼ 0.5 rad s�1. Gelation times for GDL
concentrations of 6, 12, and 18mg/mL, with fixed [CaCO3]¼ 3mM,
were found to be �143, �59, and �41min, respectively. Therefore, a
GDL concentration of 6mg/mL was chosen to study critical gels. In
the studied gels, Ca2þ concentration was varied, i.e., [CaCO3]¼ 3, 5,
and 7mM. Figure 1 shows the viscoelastic moduli close to the gel
point; we use various vertical scales (y-axes) in different colors to
accommodate all measurements in a single figure. The time delay
before the current start of the viscoelastic spectra measurements (G0

(x), and G00(x) vs x) close to the gel point was estimated with isother-
mal time sweep experiments [see Fig. S2(b) in the supplementary
material]. According to Chambon and Winter criteria,22,23 the
critical points G0(x) and G00(x) are parallel along more than three
orders of magnitude in frequency, i.e., G0(x) and G00 (x) � xn with
n¼ 0.60–0.65, whereas as [Ca2þ] increases, the critical exponent
decreases slightly. Liu et al.28 showed the same dependence between n
and [Ca2þ]. They associated this behavior with a corresponding
increase in the junction density as [Ca2þ] increases, leading to a slight
reduction of n. This behavior is similar to the case of chemical gels,
where an increase in cross-linking leads to a decrease in n.28

The rheological properties are intimately related to the network’s
structure close to the gel point. According to the percolation theory,
the divergence of the shear zero viscosity and elastic modulus close to
the gel point can be expressed as power law behavior,

g0 �
p� pcj j
pc

� ��k
with p < pc; (3)

G0 �
p� pcj j
pc

� �z

with p > pc; (4)

where k and z are critical exponents, where the critical exponents are
related to n¼ z/(kþ z). Martin et al.69 described the sol-gel transition
phenomena by distributing relaxation times for branched polymers in
a dilute concentration regimen. They found k ¼1.33 and z¼ 2.67, so
n¼ 0.667, which is close to our n values. This result suggests that the
percolation network of the gel under study here is similar to that of
branched polymers.69 Experimentally, for alginate critical gels, differ-
ent values of n are reported by several authors, as shown in Table I.
Our results agree with the n values reported for similar M/G ratios
and Calginate. It is important to note that the dispersion of n shows a
strong dependence on the nature of the alginate chain, e.g.,M/G ratio,
polymer concentration (CAlginate), and molecular weight (MW), as well
as the nature of divalent ions and the network’s structure around the
gel point.

B. Strain hardening of matured gels and fractal
dimension

As mentioned in Sec. II C 2, rheological measurements of
matured states correspond to those where the viscoelastic moduli do
not change over time for at least 30min in isothermal time sweep
experiments (see Fig. S3 in the supplementary material); on average,
the rheological measures started�5–6 h after starting the gelation pro-
cess. For all matured gels, the linear viscoelasticity spectra show a
solid-like behavior [G0 (x) > G00(x)] in a wide range of frequency,
x¼ 0.1–100 rad s�1 (see Fig. S4 in the supplementary material).
Figure 2 shows the G0(co) and G00(co) vs co for different matured gels in
a wide range of strain, 0.1%–5000%, for a fixed frequency (x¼ 1 rad s�1).
Here, G0(co) and G00(co) exhibit a similar trend, which could be

FIG. 1. Linear viscoelastic spectra [G0 (x), G0 (x) vs x] close to gel point for algi-
nate critical gels (Calginate¼ 1.8 w/v % and CGDL¼ 6mg/mL) varying the
[CaCO3]¼ 3, 5, and 7mM at 25 �C. Experiments performed at c0¼ 0.8%.

TABLE I. Critical exponents for alginate critical gels made with different alginates
crosslinked with several ions.

Gel system
Mw 	 104

(Da) M/G
CAlginate

(Wt %) n Ref.

Alginate/Ca2þ 32 1.56 �1.8 0.60–0.65 Our
results

Alginate/Ca2þ 62 0.6 2–6 0.72–0.68 26
330 0.91 2 0.72

3 0.50
4–6 0.37

Alginate/Ca2þ 41 0.6 3 0.689 27
122 1.85 0.620
323 1.85 0.580
349 0.91 0.562

Alginate/Ca2þ 10–15 1.67–2 2 0.756 28
3 0.728
4 0.694
5 0.666

Alginate/Cu2þ 21 1 1 0.678 29
Alginate/Cu2þ 62 0.6 1 0.6 30

122 1.85 0.65
323 1.85 0.66
330 0.91 0.5

Alginate/Fe2þ 10–20 � � � 1 0.21 31
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described with three regions as in the case of gelatin matured gels.55 In
the linear viscoelastic region, G0(co) and G00(co) are constant with G0 (co)
> G00(co). In a second region, G0(co) and G00(co) increase with a positive
curvature strain. A sudden overshoot produces a third region where G0

(co) and G00(co) decrease as the strain increases until reaching a crossing
point G0(co) � G00(co), suggesting a network failure point where it starts
to break. As co increases, G00(co)> G0(co), which is related to the flow of
a broken gel, as will be discussed below. The overshoot can be easily
seen in the r vs c0 curves in the inset of Fig. 2.

We used the BST-scaling model to determine the fractal dimen-
sion to fit the nonlinear viscoelastic data to obtain information about
the gel network’s microstructure. BST proposed a model involving a
non-Hookean relation between deformation energy and deforma-
tion.49 For an applied shear stress, the relationship to the shear stress is

r ¼ 2G0

nBST

knBST � k�nBST

k� k�1
; (5)

where k ¼ 1=2 co þ 1þ 1=4 co
2

� �1=2
(or co ¼ k� k�1), G0 is the

elasticity modulus (G0 ¼ lim
co!0

G0ðcoÞ), and nBST is a nonlinear fitting

exponent. Interestingly, for nBST¼ 2, the last equation reduces to the
ideal rubber elasticity case: r¼Gco. A molecular interpretation of nBST

was developed by Groot et al.50 using scaling arguments. The fractal
dimension of the network, df, of the network could be related to the
BST model as

nBST �
df

df � 1
: (6)

The fittings of r vs co curves correspond to the continuous lines in the
insets of Fig. 2 (R2 > 0.99 for all cases; R is the regression coefficient).
Table II presents all parameters for the BST scaling model and strain
breaking.

For alginate-matured gels, G0 increases as the concentration of
Ca2þ increases. With [Ca2þ]¼ 3mM, the elastic modulus is � 27Pa;
this modulus increases almost by one order of magnitude for
[Ca2þ]¼ 7mM, suggesting that as the amount of calcium increases,
the density of cross-linking points also increases, which agrees with the
results of the last section (Sec. III A). On the contrary, cbreak decreases
as the concentration of [Ca2þ] increases. The network formed with
[Ca2þ]¼ 7mM requires a lower strain to be broken than the gel struc-
ture formed with 3mM of [Ca2þ] as if it were more brittle as [Ca2þ]
increases. The physical mechanism to break the alginate gels seems to
involve an unzip mechanism of two alginate chains.12,13,42 Larobina
et al.12 reported that alginate gels present multi egg-box structures by
slowly hydrolyzing CaCO3, using GDL, resulting in rod-like junctions
and bundles of several chains. Therefore, as Ca2þ increases, there are
more multi egg-box structures, explaining the relationship between
cbreak and calcium. However, the alginate-matured gel fractal dimen-
sion is not sensible to the [Ca2þ] concentration. Our results for df agree
well with those reported by Posbeyikian et al.70 for alginate beads.
Using SAXS experiments, they reported a fractal dimension of 1.25 for
alginate beads formed in a calcium solution of [CaCl2]¼ 100mM. The
relationship between the df and [Ca2þ] concentration indicates that
the self-similarity of the mature network essentially does not change
with the amount of added [Ca2þ]; on amplification, statistically, we
must observe the same surrounding structure.

C. Lissajous–Bowditch curves and nonlinear
decomposition

1. Alginate solution

Figure 3 shows the nonlinear response of G0(co) and G00(co) vs co
for alginate solution in a wide strain range (0.1%–5000%) for a fixed x
(¼1 rad s�1). These spectra show two regions: In the first one, G0(co)
and G00(co) are constant with G00 (co) > G0(co) when co � 46%, and in
the second region, G0(co) and G00 (co) decrease with a negative curva-
ture as strain increases. Here, alginate solutions exhibit shear thinning,
apparently due to chain alignment along the flow direction.34 Previous
reports found that as the shear rate increases (_c0 ¼ c0x; _c0 is the max-
imum shear rate for an intracycle shear strain), the flow alignment

FIG. 2. G0(co) and G00(co) vs co for alginate matured gels (Calginate¼ 1.8 w/v % and
CGDL¼ 6mg/mL) varying the [CaCO3]¼ 3, 5, and 7mM at 25 �C. Inset: r vs co,
and the fittings to the BST model (continuous line, R2 > 0.99 for all cases).
Experiments performed at x¼ 1 rad s�1.

TABLE II. Parameters associated with BST scaling model and cbreak for alginate matured gels.

G0 (Pa) nBST df cbreak ð%Þ
[CaCO3]¼ 3mM 27.076 2.46 4.256 0.002 1.31 6 0.001 149 6 0.0
[CaCO3]¼ 5mM 69.886 16.66 4.976 0.48 1.25 6 0.03 97.0 6 19.8
[CaCO3]¼ 7mM 177.19 6 49.98 5.466 0.50 1.23 6 0.03 63.7 6 18.5
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increases, and the shear viscosity decreases further.71 Figure 3 inset
shows G0 (x), G00(x) vs x (c¼ 0.8%) in the LVR, where spectra
show a liquid-like behavior [G0 (x) < G00(x)]. At low frequencies
(<10 rad s�1), the viscoelasticity moduli exhibit a power law behavior
with x; G0 (x) � x3/2, and G00(x) � x. The viscous modulus aligns
well with the Rouse–Zimm polymer theory (G00(x) � x), and the
elastic modulus deviates from theory (G0 (x) � x2).24 This deviation
may be attributed to the wide molecular weight distribution of the
sample.27 Measurements at x < 0.1 rad s�1 are unreliable since noise
is relatively high.

2. Alginate solution and matured gels with different
content in [Ca12]

Figure 4 shows the normalized 3D Lissajous–Bowditch curves (in
red) and their projections in the elastic representation (r/r0 vs c/c0) in
green and viscous representation (r=r0 vs: _c= _c0Þ in blue for an algi-
nate solution and three matured gels with different content in Ca2þ.
Here, r0, c0, and _c0ð¼ c0xÞ are the maximum shear stress, shear
strain, and shear rate in an oscillation cycle, respectively. Diagrams
with a blue shadow indicate the LB curves corresponding to an
imposed strain of c0¼ cbreak, and diagrams with a green shadow corre-
spond to LB curves for a c0 where G0(c) is approximately close to G00

(c) (see Fig. 2). The elastic and viscous representation loci for alginate
solutions in the linear viscoelastic regime are essentially a circle or a
diagonal line, respectively. Outside the linear regime, the alginate solu-
tion shows no significant deformation in the LB curves. However,
when co is greater than 642% in the viscous representation, the diago-
nal lines slightly bend close to r/r0¼61.

For matured gels, the change of the elastic curves when Ca2þ and
c0 are varied is quite complex, as observed in Fig. 4. Below a c0� 14%,
gels behave according to the linear regime (see Fig. 2). At c0¼ 14.3%,

the LB curves are ellipses. The area of these ellipses decreases as Ca2þ

ions increase (first row); actually, they tend to form a diagonal line,
indicating that the elastic contribution in these gels increases with
Ca2þ ions, which agrees with the increment of G0 (c) over G00(c) when
the Ca2þ concentration increases (see Fig. 2). The elastic contribution
in these gels can also be observed in the circular curves presented in
the viscous representation. When c0 is varied (vertical columns) and
<cbreak, the loci in the viscous and elastic representations are
deformed. Circles become rhomboid-like in the viscous representation,
and the slim ellipses deform with a shoulder-like shape in the elastic
representation. At cbreak, in the viscous representation, the rhomboid-
like curves begin to rotate rightward. For cbreak < c0 � c0 (where
G0(c0)�G00(c0)), the rhomboid-like curves tend toward a
parallelogram-like shape, which is a characteristic of the LAOS behav-
ior of yield stress fluids,72 and as c0 increases, these shapes are entirely
deformed. The loci change and widen in the elastic representation,
increasing viscous dissipation.73 Goudoulas et al.42 obtained the non-
linear spectrum of alginate/Ca2þ gels created ex situ (Calginate¼ 2
wt.%, [CaCl2]¼ 100–200mM); they show that their LB curves for
alginate layers, are different from ours, indicating that the protocol
used to prepare alginate gels influences the nonlinear rheological
behavior. Our LB curves are similar at the higher strain (c0¼ 4980%,
lowest row), indicating a destroyed gel network independent of Ca2þ

concentration. The shape of these LB curves is similar to that of the
alginate solution, indicating that the broken gel has nonlinear rheologi-
cal properties comparable to that of the precursor solution.

A comprehensive framework is needed for quantifying, in a
physically meaningful way, the nonlinear viscoelastic response of these
gels that arises from the imposed deformation protocol where the
strain amplitude is increased systematically. To that end, the nonlinear
stress response must be decomposed into an elastic stress r0 and a vis-
cous stress r00. The total oscillatory stress is the sum of these two
contributions that can be represented by Fourier and Chebyshev
decompositions,48

r0 ¼ c0
X
n¼odd

G0n x; c0ð Þsin nxt ¼ c0
X
n¼odd

en x; c0ð ÞTn
c
c0

� �
; (7)

r00 ¼ c0
X
n¼dd

G00n x; c0ð Þcos nxt ¼ _c0
X
n¼odd

vn x; c0ð ÞTn
_c
_c0

� �
: (8)

Here, Tn is the nth-order Chebyshev polynomial of the first kind, and
en x; c0ð Þ and vn x; c0ð Þ are the elastic and viscous Chebyshev coeffi-
cients, respectively, which are independent of each other. These coeffi-

cients are related: en¼G0n �1ð Þðn�1Þ=2 and vn¼ Gn
00

x ¼ gn
0 , for n odd in

both cases. The third harmonic Chebyshev coefficients are needed to
interpret the nature of elastic and viscous nonlinearities. e3 > 0 corre-
sponds to strain-stiffening in the intracycles of the elastic stress,
whereas e3< 0 specifies the strain-softening ones. Likewise, v3> 0 rep-
resents shear-thickening in the intracycles of the viscous stress, and
v3 < 0 describes the shear-thinning ones. This physical interpretation
is not apparent in the time domain with the Fourier coefficients but
becomes immediately apparent from the sign of the Chebyshev coeffi-
cients. Consequently, the first-harmonic coefficients in Eqs. (7) and (8)
measure the average elasticity or dissipation per cycle in the material
response at each imposed pair of LAOS coordinates x; c0ð Þ, but they
cannot represent the local elastic response of materials at small and
large instantaneous strains nor differentiate between any local changes

FIG. 3. G0(co) and G00(co) vs co for alginate solution with Calginate¼ 1.8 w/v % at
25 �C; experiments were performed at x¼ 1 rad s�1. Inset: G0 (x), G0 (x) vs x at
fixed strain c0¼ 0.8%, and crosses indicate the error bar.
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FIG. 4. Normalized 3D Lissajous–
Bowditch curves and their projections
(elastic representation: r/r0 vs c/c0 in
green and viscous representation:
r=r0 vs: _c=_c0 in blue) for an alginate
solution and several matured alginate gels
for different c0 (Calginate¼ 1.8 w/v %,
CGDL¼ 6mg/mL, and [CaCO3]¼ 3, 5,
and 7mM at 25 �C). Blue shadow corre-
sponds to c0¼ cbreak, and green shadow
corresponds to c0 where G0(co) � G00(co).
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in the coefficient of viscous dissipation between the lowest and highest
instantaneous shear rates experienced during an oscillatory deforma-
tion. To get a better physical insight, it is necessary to introduce new
parameters to quantify intracycle nonlinearities that distort the linear
viscoelastic ellipse, as the strain-stiffening ratio (S) and shear-
thickening ratio (T) defined as48

S ¼ G0L � G0M
G0L

; (9)

T ¼ g0L � g0M
g0L

: (10)

For the strain-stiffening ratio, G0L 
 r
c jc¼6c0

¼P
n oddG

0
n �1ð Þðn�1Þ=2

¼ e1 þ e3 þ � � � is the large-strain modulus at the maximum imposed
strain, and G0M 
 dr

dc jc¼0 ¼
P

n oddnG
0
n ¼ e1 � 3e3 þ � � � is the

minimum-strain modulus at c¼ 0. For the shear-thickening ratio, g0L

 r

_c j _c¼6 _c0
¼ 1

x

P
noddG

00
n¼ v1þ v3þ��� is the large-shear rate dynamic

viscosity, and g0M 
 dr
dc j _c¼0 ¼ 1

x

P
n oddnG

00
n �1ð Þn�12 ¼ v1� 3v3 þ � � � is

the minimum-rate dynamic viscosity.48 Different authors have discussed
the geometrical decomposition of shear stress.34,42,45,48,74

The rheological response is linear when S¼ 0 and T¼ 0, as
described in Ref. 48. S> 0 and T> 0 represent strain-stiffening and
shear-thickening in the intracycles, respectively. For negative values,
S< 0 represents strain-softening and T< 0 shear-thinning in the
intracycles. Figure 5 shows the S and T parameters determined
using the RheoCompass Software (Anton Paar, Austria). For the
alginate solution, S¼ 0 and T¼ 0 in the LVR (c0 � 46%), and as
c0 increases, the shear-thickening ratio presents negative values, i.e.,
the material is shear thinning, in agreement with the discussion
above (see Fig. 3). Regarding strain-stiffening ratio, S slightly oscil-
lates around zero in the LVR. For higher strains, S> 0 increases

with a positive curvature; this stiffening effect indicates a strong
interaction among polymer chains that avoid alignment during
shear deformation.34,48 For all alginate/Caþ2 matured gels, S¼ 0
and T¼ 0 in the LVR at low strain (c0 < 14%). In a second stage,
increasing the strain beyond the LVR, both T and S decrease to
negative values until a minimum; here, the intracycles are shear
thinning and strain softening, consistent with a yielding process
where the polymer chains are probably stretching. Subsequently
increasing c0, although T and S are negative, they grow up until
reaching a small maximum positive value; here, the shear thinning
and strain softening are reduced as if the network junctions are try-
ing to maintain the superstructure.75 After that maximum, the net-
work is broken; as the deformation increases, T becomes more
negative, i.e., the shear-thinning is similar to alginate solutions. S is
slightly positive; however, this small strain-stiffening is lost, increas-
ing c0 beyond the positive maximum, similar to the strain softening
in hydrogels.44 The values of the mentioned minimum and maxi-
mum approximately correspond to the breakpoint and the cross
point between G0(c) and G00(c) (see Fig. 2), respectively. These
effects of shear-thinning and strain-thinning are larger for lower
Ca2þ concentrations, which is associated directly with the density of
cross-linking points in the network that increases with [Ca2þ]. At
the highest c0 (�4980%), S and T ratios for broken gels are essen-
tially the same. When comparing the alginate/Ca2þ gels ex situ
created by Goudoulas et al.42 (Calginate¼ 2 wt.%, [CaCl2]¼ 100–
200mM) with our in situ gels, we observed notable differences in
the nonlinear viscoelastic behavior, specifically in terms of T and S
ratios. In their study, the S and T curves did not exhibit convexity,
contrary to our results, where the minima of T and S took negative
values. Unlike the gels studied by Goudoulas et al.,42 our results
show a weak formation of temporary network junctions during the
breaking process, which contrasts with the behavior of gels made of
alginate, gelatin,45 and alginate-gelatin in a layer.42

FIG. 5. Shear thickening (T) and ratio for strain stiffening (S) ratios vs c for alginate solution (Calginate¼ 1.8 w/v %) and alginate matured gels (Calginate¼ 1.8 w/v %,
CGDL¼ 6mg/mL, and [CaCO3]¼ 3, 5, and 7mM at 25 �C) at 25 �C. For each intracycle strain, the experiments were performed at x¼ 1 rad s�1. Lines are a guide for the
eye.
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D. Kinect of gelation using DWS–microrheology

Figure 6(a) shows the MSDs for microspheres embedded in an
alginate solution (Calginate¼ 1.8 w/v %) at 25 �C determined from the
electric field time correlation function coming the scattered light using
DWS [see the inset of Fig. 6(a)]. Experimental MSD data were fit with
a two-term power function (hDr2(t)i¼A1�ta1 þ A2�ta2), which is
shown as a continuous red curve in Fig. 6(a). At short times (t � 5
	 10�3 s), the first slope is� 0.28, which corresponds to a subdiffusive
motion (lnhDr2(t)i¼ ln 6D þ a1 ln t); D is a diffusive coefficient).
Here, the interaction of particles with the polymer chains limits their
displacements mainly elastically, as described by the linear viscoelastic
spectra at high frequencies. For long times (t� 5	 10�2 s), the tracer
particle describes simple diffusion with a slope¼ 0.98; here, the algi-
nate solution is mainly viscous. This behavior has been reported for
synthetic polymers.68,76 We can identify a relaxation time, s, from the
cross point between these two different diffusive regions: a sub-
diffusive one [hDr2(t)i � t0.28; green dashed line in Fig. 6(a)] and a
simple diffusive [hDr2(t)i � t); pink dashed line in Fig. 6(a)]. This
method would be exact for a Maxwellian fluid with a single relaxation
time.76,77 However, in our case, the polymer chains present several
relaxation modes operating when t� s as reptation, contour of length
fluctuations, intra-tube Rouse modes, etc.24,25 When a sol-gel transi-
tion starts, the value of s changes due to the formation of the infinite
gel network, as discussed below. Figure 6(b) shows the viscoelasticity
spectra obtained from the MSDs of the mentioned alginate solution, as
described in Sec. IID. Here, microrheology and mechanical rheology
agree, validating our procedure. High-frequency rheology is similar to
solutions of synthetic polymers,68,76,77 and biopolymers.51–54,59 From
viscoelastic moduli crossover, a relaxation time sr (¼1/x0¼ 0.001 s),
an order of magnitude less than s¼ 0.021 s, can be obtained.

Figure 7 shows the MSD of PS tracer microspheres embedded in
alginate solutions using the DWS technique measured at different
times after starting gelation due to the Caþ2 release, following

Sec. IID. Tracer motion shows the evolution from a sol to a gel as time
elapses since gelation started. The MSD curves present a similar behav-
ior for different Ca2þ concentrations. The elapsed time since gelation
started will be named tq. As gelation progresses, the diffusive region
section, with a slope �1, decreases as tq increases. As an example, for
[CaCO3]¼ 3mM alginate solution [see Fig. 7(a)] at tq< 160min, trac-
ers move similarly to the polymer solution described above, showing
two slopes at short and long times. However, when tq �160min, the
diffusive region section has disappeared (the slope of the MSD curves
is far from m< 1), i.e., the motion of the tracers is not diffusive any-
more. Here, G0 dominates, and particles are trapped since MSDs show
the onset of a plateau that will be more pronounced as the number of
network bonds increases, which is a function of Caþ2 concentration.
The higher concentration of Ca2þ ions leads to multiple egg-box struc-
tures. The measured MSD curves were fitted as before with a two-term
power function (hDr2ðtÞi¼A1ta1 þ A2ta2 ), imposing a2¼ 1. In this
way, it is easy to observe clearly how the size of the diffusive region
decreases as time elapses. For t� s, motion is diffusive. Therefore, the
crossing point given by s, which is a function of tq, can help to estimate
the gelation time for each alginate Ca2þ solution due to the change of
curvature of the MSD curves. We expect that the gelation time corre-
sponds approximately to where the diffusive region disappears, i.e.,
where a terminal relaxation time is reached. Here, the incipient gel net-
work hinders particle motion and limits polymer reptation. As tq
increases and the gel matures, particle motion is confined, and there is
no polymer reptation.24,25 After 24 h of gelation, mean square displace-
ment curves show the onset of a plateau, indicating an important parti-
cle confinement. Also, the slope at short times decreases according to
increases in the Ca2þ ions, showing an increase in elasticity. This is
consistent with the dependence of elasticity modulus with [CaCO3]
(see Table II). Figure S5 in the supplementary material shows the vis-
coelastic spectra for all alginate/Ca2þ solutions, at high frequencies, for
different tq before they reach the gel state evaluated from their MSD

FIG. 6. Microrheology of an alginate solution with Calginate¼ 1.8 w/v % at 25 �C. (a) MSD vs time for microspheres embedded in the alginate solution (dia. 784 nm and vol. frac-
tion 0.025); open circles correspond to experimental MSD data, and continuous lines correspond to the best fit to a two-term power function: hDr2(t)i¼A1�ta1 þ A2�ta2 and
R2¼ 0.99. Inset: Scattered light electric field correlation function vs t. (b) Viscoelastic spectra from MSD (DWS microrheology) and mechanical rheometry.
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curves. These viscoelastic spectra are similar to those of alginate solu-
tions [see Fig. 6(b)]. However, as the gelation process evolves, i.e., as
increases tq, the cross point between G0(x) and G00(x) moves to low
frequencies and the interval where G0(x) > G00(x) increases. G00(x)
>G0(x) disappears due to the formation of the infinite network. This
displacement follows a similar trend as the s displacement, which
moves at long times according to increasing tq.

Figure 8 shows the evolution of the crossing point given by s as a
function of tq for the different alginate/Ca

þ2 solutions, which follows
approximately an exponential curve [s¼A exp(tq/T)], A and T are fit-
ting constants. Gelation times are �160, �130, and �124min for
Ca2þ ions concentrations of 3, 5, and 7mM, respectively. They corre-
spond to the last s points that can be measured due to the vanishing of
the diffusion region (terminal relaxation time). The evolution of s is
similar for higher Ca2þ concentrations due to the formation of many
multiple egg-box structures, in contrast to that for lower Ca2þ ions,
where s evolution is slow. The exponential decay of s suggests a kinetic
process of first order according to thermodynamics out of equilibrium
where s corresponds to the extent of the reaction,78 in agreement with
Funami et al.79 These authors proposed a first-order kinetic equation
to describe the temporal evolution of the storage modulus. Our meso-
scopic results suggest that the evolution of the elasticity given during
gelation follows the same kinetics process where reptation chain modes
are disappearing, and G0 is growing, adequately describing the net-
work’s evolution during the gelation process.

IV. CONCLUSIONS

We studied the linear and nonlinear rheological properties of
alginate/Ca2þgelation and how Ca2þ modifies them. At the critical
point, as expected, G0(x) and G00(x) follow a power law with an
exponent n¼ 0.60–0.65, which decreases slightly with increasing
Ca2þ. The strain-hardening of the matured alginate gels at large

FIG. 8. s vs tq at different times after starting the gelation, varying the quantity of
CaCO3 at 25 �C. Continuous lines correspond to fitting to exponential curve;
s¼ 0.0034 exp(tq/40) for [CaCO3]¼ 3mM (black curve, R2¼ 0.98); s¼ 0.0012
exp(tq/22.8) for [CaCO3]¼ 5mM (blue curve, R2¼ 0.93), and s¼ 0.0041 exp(tq/
27.5) for [CaCO3]¼ 7mM (red curve, R2¼ 0.97).

FIG. 7. MSD vs t for microspheres embedded in alginate solution (Calginate¼ 1.8 w/v %
and CGDL¼ 6mg/mL) for different times after starting the gelation varying the quantity
of CaCO3 at 25 �C: (a) [CaCO3]¼ 3mM, (b) [CaCO3]¼ 5mM, and [CaCO3] ¼ 7mM.
The insets show the last s that can be determined because the diffusive region is nearly
vanishing; the continuous line corresponds to bets fitting using a two-term power func-
tion, hDr2(t)i¼ A1t

a1 þ A2t, with R
2 � 0.98 for all cases.
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strains shows an overshot in G0(co) and G00(co) near the breaking
point. Using the BST scaling model, df � 1.23–1.31, whose values
are close to df � 1.25 for alginate beads using [CaCl2]¼ 100mM.69

The fractal dimension is not affected by Ca2þ. The Lissajous–
Bowditch curves show a higher nonlinearity and constitute a rheo-
logical fingerprint of these gels. These curves are similar at very
high strains, indicating that the gel network is destroyed no matter
the Ca2þ concentration. The geometrical decomposition of the
intracycle strain in terms of strain-stiffening and shear-thickening
ratios shows that prior to the breakpoint, we observe a sink whose
bottom is at the breakpoint. Increasing the strain, although T and S
are negative, they grow up until reaching a small positive maximum
value corresponding to the G0(co) and G00(co) cross point, indicating
temporary weak network junctions. After that maximum, the net-
work is broken. As the deformation increases, T becomes more neg-
ative, the shear-thinning is similar to alginate solutions, and S is
slightly positive but fades away.

The MSDs of tracer particles during the gelation of alginate/
Ca2þ solutions exhibit a subdiffusive process, with two slopes in the
MSD curves: a first slope of �0.3 at short times and a second slope
of �1 at longer times. As gelation progresses, due to the slow
release of Ca2þ, the diffusive region section decreases and finally
disappears when the gels are formed; here, the gel network hinders
particle motion and limits polymer reptation. We identified a relax-
ation time from the cross point between these different diffusive
regions, which evolves as a fast-increasing exponential curve that is
quite similar for the cases of high Ca2þ concentrations due to the
formation of many multiple egg-box structures, in contrast to the
case with low Ca2þ ions, where this relaxation time slowly grows.
At long times, the MSD’s curves develop a plateau, indicating
important particle confinement and an increase in elasticity consis-
tent with the increase in Ca2þ.

Our results contribute to the best knowledge about the linear
and nonlinear rheological response for biopolymer gels whose gelation
mechanism involves egg-box structures.13 We expect that the nonlin-
ear viscoelastic response and its link to the microstructure discussed
here could help improve food quality and better understand processing
issues.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the molecular
structure of the alginate chain, a cartoon of egg-box structure forma-
tion in the presence of Ca2þ, images of matured gels, isothermal time
sweep curves, and linear viscoelastic spectra for alginate matured gels
using rheometry and microrheology.
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