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erties of a b-1,3-polyglucuronic
acid derivative from 4-acetamido-TEMPO-
mediated oxidation of curdlan

Jing-Kun Yan, * Li-Xia Wu, Wen-Yi Qiu, Yao-Yao Wang, Zhi-Chao Ding
and Wu-Dan Cai

The rheological properties of a carboxylic curdlan bearing a b-1,3-polyglucuronic acid structure were

investigated as a function of concentration and temperature. Carboxylic curdlan solutions exhibited

shear thinning behavior that became more evident with increasing concentration. This behavior was

further described by a consistent index (k) and a flow behavior index (n) based on the power law model.

Activation energy (Ea) decreased with increasing concentration, as calculated by the Arrhenius rule. The

mechanical spectra of carboxylic curdlan were classified as dilute solution (<1.0%, w/v), entanglement

network (2.0%, w/v), and weak gel (4.0%, w/v or above) according to frequency sweep, complex viscosity

h*, and tan d results. Moreover, changes in the storage modulus (G0) and the loss modulus (G00) were

found to be dependent on frequency and concentration. This finding suggested that carboxylic curdlan

could be explored as a potential thickener or stabilizer for various applications in the food industry.
Introduction

Polysaccharides represent a major class of bioactive macro-
molecules derived from renewable sources, including plants,
animals, and microorganisms. Owing to their excellent
biocompatibility, biodegradability and biodiversity, a consider-
able number of polysaccharides and their derivatives, such as
agar, alginate, carrageenan, xanthan, pectin, and carboxymethyl
cellulose, among others, have been frequently employed in food
systems as an important type of food hydrocolloid.1 These
polysaccharides are used as thickening, stabilizing, gelling,
texture-producing, emulsifying, crystallizing, and syneresis-
preventing agents to improve food shelf life and maintain
food avor compounds.2–4 The functional properties of these
hydrocolloids are closely related to their unique rheological
properties. Rheological properties are generally dened as
mechanical properties that cause deformation and the ow of
material in the presence of a stress.5,6 Because a great number of
foods are frequently in the liquid form during production and
processing, rheological behavior is widely studied in the food
science.7 The study of rheological characterizations is impor-
tant for expanding the potential applications of polysaccharides
in functional properties (such as in manufacture, storage, and
texture). Moreover, the rheological properties of poly-
saccharides considerably inuence their molecular structures
and chain conformations.8,9 Specically, in recent years, many
naturally and synthetically occurring polyanion polysaccharides
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and their derivatives such as okra pectins,10 low-methoxyl pectin
from sunower head,11 fucoidan from sea cucumber Apos-
tichopus japonicas,12 sulphated polysaccharides from chlor-
ophytan seaweeds Ulva fasciata,13 acidic polysaccharide from
boat-fruited sterculia seeds,14 phosphorylated exopoly-
saccharide produced by Sporidiobolus pararoseus JD-2,15 car-
boxymethyl curdlan,16 carboxymethyl guar gum,17 have been
employed as gelling agents, thickeners, and emulsiers owing
to their unique rheological properties under various conditions.
Therefore, to explore and facilitate industrial applications in
food, medicine, and cosmetics, researchers should focus on
searching for new sources of food hydrocolloids with greater
efficiency and economy from natural or chemically synthesized
polysaccharides and their derivatives.

Curdlan, a bacterial exopolysaccharide produced by Alcali-
genes faecalis, possesses a linear structure composed entirely of
b-(1,3)-D-glucan.18,19 Curdlan is widely used in food, pharma-
ceutical, and cosmetic applications because of its excellent
bioactivity and characteristic rheological properties.20,21 This
substance has been widely utilized as a food additive because of
its unique ability to form either low-set (thermo-reversible) or
high-set (thermo-irreversible) hydrogels based on heating
temperature alone. In general, the low-set gel is typically ob-
tained when the aqueous suspension is heated between 55 and
60 �C and then cooled below 40 �C, whereas the high-set gel is
obtained when the aqueous suspension is heated above 80 �C.22

Zhang & Nishinari (2009) reported that DMSO solutions of
curdlan at a critical concentration of 0.2% exhibited shear
thinning behavior in shear ow.23 By contrast, the solutions
exhibited strain thinning following strain thickening at
RSC Adv., 2017, 7, 50441–50448 | 50441
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concentrations above 0.2% but only strain thickening below
0.2%. Below their critical concentration, curdlan chains are not
entangled; above this critical concentration, the chains are both
entangled and associated. The insolubility of curdlan in water
considerably limits its applications in food industry and
biomedicine. Our group recently prepared water-soluble
carboxylic curdlan derivatives bearing a b-1,3-polyglucuronic
acid structure by using 4-acetamido-TEMPO/NaClO/NaClO2

system under mild conditions.24 The carboxylic curdlan
produced by 4-acetamido-TEMPO-mediated oxidation at pH 4.8
and 40 �C for 4 h possessed a high molecular weight (MW) (>500
kDa) and exhibited a compact random coil structure in aqueous
medium. To the best of our knowledge, however, no or limited
efforts have been made to characterize the rheological proper-
ties of carboxylic curdlan obtained from 4-acetamido-mediated
oxidation in aqueous solution.

In the present study, the rheological properties of carboxylic
curdlan aqueous solutions at different concentrations were
characterized on the basis of its corresponding ow and visco-
elastic behaviors by using steady shear and dynamic oscillatory
shear measurements. The temperature dependence of the
rheological behaviors of carboxylic curdlan solutions was also
evaluated in this paper.
Materials and methods
Carboxylic curdlan and solution preparation

Carboxylic curdlan bearing a b-1,3-polyglucuronic acid struc-
ture was prepared through 4-acetamido-TEMPO-mediated
oxidation according to our previous study.24 The carboxylate
content and weight-average MW of carboxylic curdlan are
2.07 mmol g�1 and 5.7 � 105 Da, respectively. The carboxylic
curdlan exhibited a random coil conformation in aqueous
solution.

Carboxylic curdlan aqueous solutions with various concen-
trations ranging from 0.25% to 6.0% (w/v) were prepared by
dispersing a certain amount of the solid in deionized water
under mild continuous, stirring for 3 h at room temperature,
and then storing at 4 �C overnight for complete hydration prior
to rheological measurements.
Fig. 1 Dependence of apparent viscosity h on shear rate g in
carboxylic curdlan solutions under different conditions and at 25 �C.
Steady shear test

All rheological measurements (steady shear and dynamic
oscillatory tests) were conducted on a Discovery HR-1 hybrid
rheometer (TA instruments, New Castle, USA) equipped with
a cone and plane geometry system (cone diameter, 40 mm;
angle, 1�; gap, 29 mm). The volume of each sample used was
approximately 0.30 mL. The sample was equilibrated for 10 min
prior to the test. During the experiments, a thin layer of silicon
oil was applied to the edge of the sample to prevent sample
dehydration. All rheological tests were conducted in triplicate,
and Trios 3.0 soware (available online) was utilized for data
collection and analysis. For steady shear tests, carboxylic cur-
dlan solutions of different concentrations (0.25–6.0%, w/v) were
sheared continuously at rates ranging from 0.1 s�1 to 200 s�1 at
25 �C, and the apparent viscosity (h) was determined.
50442 | RSC Adv., 2017, 7, 50441–50448
Temperature ramp tests were conducted within the temperature
range of 20–80 �C with a heating rate of 5 �C min�1 at the same
shear rate (g) range (0.1–200 s�1).
Dynamic oscillatory test

Dynamic strain sweeps between 0.1% and 200% for the studied
concentrations were previously determined at a xed angular
frequency (u, rad s�1) of 1 rad s�1 and 25 �C to establish the
region of linear viscoelastic response, where the shear stress
varies linearly with the applied strain. For oscillatory frequency
sweep measurements, the storage modulus (G0, Pa), loss
modulus (G00, Pa), complex viscosity (h*, Pa) and tan d (G00/G0) of
each carboxylic curdlan solution were determined as a function
of u ranging from 0.1 rad s�1 to 100 rad s�1 with a strain of 2%
and at 25 �C. Dynamic temperature sweeps were measured in
the temperature range of 20–80 �C with a heating rate of
5 �C min�1 at a xed u of 1 rad s�1 and a strain of 2%.
Results and discussion
Steady shear properties

Fig. 1 shows the dependence of h on g in carboxylic curdlan
aqueous solutions at different concentrations ranging from
0.25% to 6.0% (w/v) at 25 �C. As expected, the apparent viscosity
exhibited both concentration and shear rate dependence.
Apparent viscosity increased with increasing polymer concen-
tration, thereby demonstrating that viscosity strongly depends
on concentration. At lower concentration (<0.5%, w/v), apparent
viscosity virtually remained unchanged with increasing shear
rate, thus suggesting that the carboxylic curdlan aqueous
solution exhibits Newtonian ow behavior. With increasing
concentration (>0.5%, w/v), viscosity decreased dramatically as
the shear rate increased. Moreover, carboxylic curdlan aqueous
solutions showed shear thinning behavior, and the non-
Newtonian pseudoplastic behavior became more signicant at
higher concentrations (1.0%, w/v or above). In the dilute
regime, individual polymer coils are so distantly located that the
This journal is © The Royal Society of Chemistry 2017
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coils exert negligible inuences on each other and are free to
move independently. Thus, no reduction in apparent viscosity is
observed, leading to the presence of Newtonian plateaus in the
viscosity shear rate plots.25 However, in more concentrated
solutions, the carboxylic curdlan chain inter- and/or intra-
molecular interactions, including hydrogen bonds, hydro-
phobic interactions, van der Waals forces, among others,
between hydroxyl and carboxylic groups become stronger; this
observation is particularly true when the interactions involve
hydrogen bonds.

The random coils of carboxylic curdlan can form a more
entangled network or aggregate by intertwining with each other,
leading to higher viscosity.26 At a certain shear rate, inter- and/or
intra-molecular interactions were mechanically disrupted, result-
ing in apparent viscosity reductions, and a shear thinning nature
was observed. As the shear rate increased, the crossing degree with
each other further decreased, as conrmed by the decrease in
apparent viscosity. Compared with carboxymethylated curdlan
(CMc),16 the carboxylic curdlan aqueous solutions reported in this
work exhibited more pronounced shear thinning behaviors and
showed typical characteristics of weak gels. Our result suggested
that such rheological feature played an important role in food and
cosmetic products since it enhance sensory qualities and ensured
a high degree of mixability, pumpability, and pourability during
the processing and/or actual use of these products.27

The shear thinning behavior of carboxylic curdlan can be
extensively described according to the power law model (eqn
(1)) as follows:

s ¼ kgn (1)

where s is the shear stress (Pa), k is the consistency coefficient
(Pa sn), g is the shear rate (s�1), and n is the ow behavior index.
Power law uids can be classied into three different types of
uids according to the value of n. In general, n < 1 for pseu-
doplastic or shear thinning uids, n ¼ 1 for Newtonian uid,
and n > 1 for dilatants or shear thickening uids.28 Table 1
summarizes the values of k and n of the carboxylic curdlan
aqueous solutions as a function of polysaccharide concentra-
tion. The coefficients of determination (R2) are close to 1 for the
carboxylic curdlan solutions at various concentrations, thus
suggesting that the power law model is highly workable for
describing the ow behaviors of carboxylic curdlan solutions. At
different concentrations, the values of n were less than 1,
indicating that the carboxylic curdlan solutions are all pseu-
doplastic or shear thinning uids.28,29 Furthermore, higher
Table 1 Power law parameters for carboxylic curdlan aqueous solu-
tions under different conditions and at 25 �C

Concentration (%, w/v) k (Pa sn) n R2

6.0 18.59 0.30 0.999
4.0 7.34 0.36 0.998
2.0 1.84 0.47 0.999
1.0 0.85 0.51 0.999
0.5 0.05 0.85 0.999
0.25 0.027 0.95 0.999

This journal is © The Royal Society of Chemistry 2017
concentrations of the polysaccharide translated into smaller n
values. This trend reveals that the solutions deviated more from
Newtonian uids. Specically, when the concentration excee-
ded 1.0%, the n values of carboxylic curdlan solutions in the
range of 0.30–0.51 suggested the stronger shear dependence of
the solutions and a more pronounced pseudoplastic nature.
These properties indicate potential applications in the food
industry because carboxylic curdlan solutions offer a good
perception of food in the mouth.2,30 The n values (0.30–0.51) of
carboxylic curdlan solutions at concentrations exceeding 1.0%
(w/v) were considerably lower than those of CMc solutions
(0.75–0.86) at higher concentrations (>3.0%, w/v) and similar to
those of curdlan suspensions (0.22–0.39).16 These results show
that the carboxylic curdlan solutions are more pronounced as
pseudoplastic or shear thinning uids than CMc solutions. In
general, k implies the viscous nature of the system. In other
words, larger k values indicate higher solid contents.31 We can
clearly see in Table 1 that the k values of the carboxylic curdlan
solutions evidently increased with increasing concentration,
which can be attributed to their increasing viscosity. With
increasing concentration of the carboxylic curdlan solutions, k
values (from 0.027 Pa sn to 18.59 Pa sn) increased, whereas n
values (from 0.95 to 0.30) decreased. This result conrms that
the carboxylic curdlan solutions show higher viscosity and
a more remarkable pseudoplastic or shear thinning nature with
increasing polysaccharide concentration. Similar phenomena
have been observed in other polysaccharides.29,32,33
Viscoelastic properties

To obtain valuable information on the molecular chain
conformational characteristics of polysaccharides in solution,
the viscoelastic behavior of the studied carboxylic curdlan
aqueous solutions were investigated via dynamic oscillatory
shear measurements. G0 and G00 are indicative of the elasticity
and viscosity of polymers, respectively, in dynamic oscillatory
measurements. Fig. 2 shows the dependence of G0 and G00 as
Fig. 2 Plots of storage modulus G0 (solid symbols) and loss modulus
G00 (open symbols) against angular frequency u in carboxylic curdlan
solutions at different concentrations and 25 �C.

RSC Adv., 2017, 7, 50441–50448 | 50443
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Fig. 3 Cox–Merz plots of the carboxylic curdlan solutions at different
concentrations and 25 �C.
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a function of u for carboxylic curdlan aqueous solutions at
different concentrations (1.0–6.0%, w/v) and 25 �C. We clearly
observed that both G0 and G00 are strongly dependent on u and
that the effect of concentration on both moduli are signicant.
At lower concentrations (#1.0%, w/v), G00 always larger than G0

over the entire accessible frequency range; this result indicates
that carboxylic curdlan aqueous solutions exhibit a dilute
solution and cannot form a gel network in the dilute regime.34

Such nding may be due to the random coil chains of carboxylic
curdlan being relatively free of each other, as well as weak or
negligible interactions between chains in dilute solution. This
result is in agreement with the results of steady shear tests. As
the solution concentration increased to 2.0% (w/v), a crossover
between G0 and G00 occurred in the low u range, and G0 became
higher than G00 as the u increased. These ndings imply that the
transition from liquid-like to solid-like behaviors of carboxylic
curdlan solutions occurred and indicate that carboxylic curdlan
at 2.0% (w/v) features an entanglement network.9

As concentration increased to 4.0% (w/v) or above, the
crossover between G0 and G00 disappeared, and G0 became
higher than G00 in the test frequency range. Moreover, the two
moduli are consistently nearly parallel to each other as
frequency increased. This result reveals that the carboxylic
curdlan solution shows weak gel behavior and strongly implies
that the carboxylic curdlan at or above 4.0% (w/v) is not only
entangled but also mostly likely associated.35 Such association
may subsequently lead to formation of weak networks in the
aqueous solution because of strong interactions between
carboxylic curdlan molecules. Similar results have been
observed for galactomannan,36 exopolysaccharides from the
fermentation medium of a Cordyceps sinensis fungus Cs-HK1,37

tara gum,29 and curdlan in DMSO,23 among others. Therefore,
based on the above results, the mechanical spectra of carboxylic
curdlan solution might be classied as a dilute solution (<1.0%,
w/v), entanglement network (2.0%, w/v), and weak gel (4.0%, w/v
or above).

The Cox–Merz plot can be used to compare steady shear and
dynamic oscillatory shear measurements.38 The applicability of
this approach may be attributed to the correlations between the
shear rate dependence of h and the frequency dependence of h*.
The h* parameter is derived from small-amplitude oscillatory
shear testing that incorporates dynamic viscosity and dynamic
rigidity. Moreover, the Cox–Merz function can be employed as
an empirical equation to study the microstructure and/or
interactions of polymer chains in terms of the degree of
conformity with the function, as the plot suggests that h* can be
superimposed on h.10 As shown in Fig. 3, the carboxylic curdlan
solutions did not fulll the Cox–Merz function at all concen-
trations studied because the steady viscosity differed from
complex viscosity.

Deviations from the Cox–Merz rule are usually due to the
presence of hyper-entanglements and/or intermolecular chain
aggregated structures that are broken down under an applied
strain. Furthermore, in this work, h* consistently dominated h

over the entire range of shear rates and angular frequencies
studied. This nding indicates that the interactions of carbox-
ylic curdlan chains can be broken down during steady shear
50444 | RSC Adv., 2017, 7, 50441–50448
measurements but remain unperturbed under oscillatory
testing.39 As shown in Fig. 3, carboxylic curdlan solutions at the
tested concentrations exhibit a shear dependent ow behavior,
as h* decreased linearly with increasing u in a double loga-
rithmic scale. Therefore, we can conclude that the carboxylic
curdlan solutions shows non-Newtonian shear thinning
behavior at the tested concentrations; these results are accor-
dance with those reported in previous literatures.10,40–42 More
interestingly, it's worth noting that the departure deviation
between h* and h of carboxylic curdlan aqueous solution at the
tested concentrations was larger than those of okra pectins,
tamarind seed gum and b-D-glucan from Ganoderma luci-
dum.10,42,43 This nding suggested that the carboxylic curdlan
exhibited more prominent elastic gel-like structure as
compared to those reported polysaccharides. The values of h*
increased as concentration increased from 1.0% to 4.0% (w/v),
thereby conrming the considerable potential of this hydro-
colloid as a good thickener or stabilizer to increase the consis-
tency of food systems.40 Higher solid contents have been
reported to generally result in an increase in viscosity because of
inhomogeneous ow and interfacial lm formation.31

The tangent of the phase angle (tan d) is a common approach
used to study the viscoelastic behavior of a polymer solution
and is dened as the ratio of G00 to G0. In general, tan d > 1 for
predominantly viscous behavior, but <1 for predominantly
elastic behavior. As reported in the literature,44 polymer solu-
tion systems present four common classications according to
the value of tan d. These classications include dilute solutions,
with high values of tan d that usually exceed 3, amorphous
polymers, with values that can oscillate in the range of 0.2–0.3,
and glassy crystalline polymers and gels, with low values near
0.01. Fig. 4 shows tan d as a function of u for carboxylic curdlan
at different concentrations and 25 �C. The tan d values of these
aqueous solutions decreased with increasing u, and the
decrease in values of tan d became more obvious at higher
concentrations. These results indicate that the gel structure of
the carboxylic curdlan solution was formed and strengthened. A
similar result has been observed for exopolysaccharides from
fermentation medium of a C. sinensis fungus Cs-HK1.37
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Plots of tan d against angular frequency u of carboxylic curdlan
aqueous solutions at different concentrations and 25 �C.

Fig. 5 Temperature dependence of (A) apparent viscosity h at a shear
rate of 50 s�1, (B) storage modulus G0, and loss modulus G00 of
carboxylic curdlan solutions at different concentrations.
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When concentration was controlled to 1.0% and/or 2.0% (w/v),
the mean values of tan d for carboxylic curdlan solutions excee-
ded 1.0 in the low frequency range, and tan d values slightly
decreased as frequency increased. As concentration increased to
4.0% and 6.0% (w/v), the values of tan d were almost less than 1.0
within the frequency range of 1–100 rad s�1, maintaining G0 > G00,
and higher tested frequencies yielded smaller tan d values. This
result suggests that carboxylic curdlan solutions at higher
concentrations may display weak elastic gel-like behavior.
Therefore, as mentioned above, the solid-like behavior of
carboxylic curdlan may be expected to be more considerable with
increasing concentration, which further implies the possible
formation of weak gels for carboxylic curdlan at concentrations >
2.0% (w/v).

Temperature dependence in rheological properties of
carboxylic curdlan

In food systems, temperature exerts an important inuence on
the rheological characterizations of food hydrocolloids. This
inuence may be attributed to temperature changes involved in
the entire heating processes. Moreover, various food hydrocol-
loids display different temperature responses and vice versa. For
instance, curdlan is widely used as a food additive for its unique
capacity to form either thermo-reversible (<60 �C) or thermo-
irreversible (>80 �C) hydrogels depending on heating tempera-
ture alone.22 Thus, the effects of temperature ranging from
20 �C to 80 �C on the apparent viscosity of carboxylic curdlan
solutions at different concentrations were investigated in this
study.

Fig. 5A shows the temperature dependence of the apparent
viscosity of carboxylic curdlan solutions. We can clearly see that
the apparent viscosity of carboxylic curdlan solutions decrease
with increasing temperature. This tendency becomes more
signicant at higher concentrations, thus revealing that the
carboxylic curdlan solutions are sensitive to temperature. This
sensitivity may be due to enlargement of intermolecular chains
and decreases in intermolecular associations, such as hydrogen
bonds, hydrophobic interactions, and van der Waals forces,
This journal is © The Royal Society of Chemistry 2017
with intensifying thermal motion.41,45 As well, the molecular
chains or conformational structures of carboxylic curdlan
collapse or disintegrate with increasing temperature, possibly
resulting in a decrease in viscosity. Similar results have been
reported in previous studies.17,29

In general, the Arrhenius relationship (eqn (2)) is oen
employed to evaluate the dependence of temperature on the
ow behavior of various food hydrocolloids.2 The equation is as
follows:

h ¼ A exp(Ea/RT) (2)

where Ea is the activation energy of viscous ow (J mol�1), A is
the frequency factor, R is the universal gas constant, 8.314
(J mol�1 K�1), and T is the temperature (K). A linear relationship
between ln(h) against (1/T) was obtained according to eqn (2),
and the value of Ea can be estimated from the slope of the tting
line. In the present study, the Arrhenius model (eqn (2)) can
reasonably describe the relationship between temperature and
the viscosity of carboxylic curdlan solutions, yielding high R2

values (>0.95). Based on the slope of the plots (Table 2), the
obtained Ea values were calculated to be about 22.22, 21.18, and
19.27 kJ mol�1 for carboxylic curdlan solutions of 1.0%, 2.0%,
and 4.0% (w/v), respectively.

Evidently, the value of Ea gradually decreased from
22.22 kJ mol�1 to 19.27 kJ mol�1 with increasing concentration
RSC Adv., 2017, 7, 50441–50448 | 50445
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Table 2 Simulation results of carboxylic curdlan on the basis of the
Arrhenius equation at various concentrations

Concentration (%, w/v) A0 Ea (kJ/mol) R2

1.0 1.66 � 10�5 22.22 0.958
2.0 4.45 � 10�5 21.18 0.978
4.0 2.43 � 10�4 19.27 0.949

Fig. 6 Schematic mechanism of rheological behavior for carboxylic
curdlan.
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from 1.0% to 4.0% (w/v), thereby suggesting greater temperature
dependence of the carboxylic curdlan at lower concentrations. Ea
generally reects the degree ofmoleculemovement, and higher Ea
values show greater temperature dependence in ow viscosity.17

Interestingly, in agreement with our results, the Ea values of
xanthan, gelation, and tara gum reportedly decreased with
increasing concentration. However, the Ea values of several gums,
such as carrageenan, starch, and pectin, increased with increasing
concentration.2,29 This variation may be attributed to differences
in the inherent structural characteristics of different polymers,
which could lead to varied temperature effects on viscosities.

As reported in a previous study,46 the melting temperature of
a food hydrocolloid may be dened as the temperature at which
the dynamic shear G0 is equivalent to the shear G00 (the sol–gel
transition). This temperature can be easily measured in
a controlled stress rheometer in oscillatory mode. The visco-
elastic moduli are frequency dependent, and this dependence
must be recognized when measuring the melting or gelling
points.46 In this work, Fig. 5B shows the temperature depen-
dence of the G0 and G00 of the carboxylic curdlan solutions of
1.0%, 2.0%, and 4.0% (w/v) during heating at a constant heating
rate (5 �C min�1). We observed that G0 decreased with
increasing temperature from 20 �C to 80 �C, regardless of
sample concentration, thereby implying melting of the network
structure (or aggregates). Increasing temperature induced more
effective destruction of intermolecular interactions, especially
hydrogen bonds between carboxylic curdlan chains. Thus, the
molecular mobility of the chains is increased. Similarly, Jin et al.
has reported that the G0 of a curdlan aqueous suspension
decreased within the temperature range of 40–50 �C. This trend
is related with the swelling of the curdlan because of the
breakup of hydrogen bonds.16 Additionally, the results pre-
sented in Fig. 5B are agreement with temperature stability
experiments reported for galactomannans, that describe with
temperature increase, a decrease in G0, attributed to heat
induced intra- and inter-chain hydrogen bonds breakage.47,48
Possible mechanism of rheological behavior for carboxylic
curdlan

As reported in our previous study,24 carboxylic curdlan bearing
the b-1,3-polyglucuronic acid structure and obtained through 4-
acetamido-TEMPO-mediated oxidation of curdlan exhibits
a random coil conformation in aqueous solutions. Moreover,
the material shows potential in the production of gene carriers,
bio-nanomaterials, and other chiral nanowires through
hydrogen bonding interactions, hydrophobic interactions, and
electrostatic attraction.49 Thus, a possible mechanism
50446 | RSC Adv., 2017, 7, 50441–50448
underlying the rheological behavior of the carboxylic curdlan is
proposed in Fig. 6.

In the present work, the studied carboxylic curdlan systems
could be classied into three regions, namely, dilute solution
(<1.0%, w/v), entanglement network (2.0%, w/v), and weak gel
(4.0%, w/v or above), based on frequency sweep, h*, and tan d

results. In the dilute regime, random carboxylic curdlan coils are
relatively separate and isolated from each other. Therefore, the
coils exert negligible inuences on each other and are free to move
independently. Thus, solution viscosity is independent of the shear
rate, andG00 is consistently higher thanG0 over the entire frequency
range studied. However, with increasing concentration (2.0%, w/v),
molecular collisions become more frequent, and a point wherein
the molecules begin to come into contact or overlap with one
another and entangle permanently is eventually achieved.

The transition from a dilute solution of independently moving
coils to an entangled network is usually accompanied by varia-
tions in the concentration dependence of solution viscosity (h)
andmoduli (G0 andG00). At higher concentrations, intermolecular
entanglements are strengthened, and aggregates are formed. In
general, aggregates in higher polymer concentrations are mainly
attributed to four different types of interactions, including
hydrophobic interactions, hydrogen bonding, electrostatic
interactions, and covalent bonds.50 In carboxylic curdlan,
hydroxyl and carboxylate groups are exposed on the surface of
coil chains. A high polymer concentration provides an approach
to promote inter-polymer chain associations because of the high
concentration of hydrogen bonding sites, which results in poly-
saccharide molecules being driven together to form agglomer-
ates. Formation of junction zones is promoted, and relatively
strong gels are obtained. Therefore, hydrogen bonds and van der
Waals forces between molecules perform an important function
inmaintaining the viscoelasticity of carboxylic curdlan solutions.
Conclusions

In conclusion, the rheological properties of carboxylic curdlan
bearing a b-1,3-polyglucuronic acid structure at different
This journal is © The Royal Society of Chemistry 2017
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concentrations and temperatures were investigated by using
rheological measurements under steady and oscillatory shear
states. Steady shear tests demonstrated that aqueous carboxylic
curdlan solution exhibits shear thinning behavior, which
becomes more pronounced with increasing concentration. The
power law model was used to describe the shear thinning
behavior, and the k and n values were obtained. The Arrhenius
equation was found to be highly workable for describing the
effect of temperature on viscosity, and the obtained Ea
decreased with increasing concentration. Dynamic shear oscil-
latory measurements showed both uid-like (G00 dominant) and
solid-like (G0 dominant) behaviors depending on the concen-
tration and frequency applied. The mechanical spectra of the
carboxylic curdlan solutions were classied as dilute solution
(<1.0%, w/v), entanglement network (2.0%, w/v), and weak gel
(4.0%, w/v or above) according to the frequency sweep, h*, and
tan d results. A possible mechanism of rheological behavior for
carboxylic curdlan was also proposed. The results imply that
carboxylic curdlan could be developed as a novel thickener or
stabilizer for various applications in the food industry.
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