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Nostoc  commune  cyanobacteria  grow  in extreme  conditions  of  desiccation  and  nutrient-poor  soils.  Their
colonies  form  spherical  gelatinous  bodies  are  composed  of  a  variety  of  polysaccharides  that  allow  them
to  store  water  and  nutrients.  In this  paper,  we  study  this  type  of biological  gel that  shows  characteristics
of  both  chemical  and  physical  gels.  The  structure  of this  gel  was assessed  by  means  of  scanning  electron
microscopy,  plate-plate  rheometry,  Fourier  transform  infrared  spectroscopy  and  absorption/desorption
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tests.  The  storage  modulus  of  this  gel  was  found  to be  frequency  independent,  as  is  usual  for  chemical
gels.  The  stress  sweeps  showed  a reversible  stress  softening  behaviour  that was  explained  in terms  of
the  physical  nature  of the  interactions  of this  network.  The  high  density  of physical  crosslinks  probably
allows  this  physical  network  to behave  as a highly  elastomeric  chemical  network,  limiting  the relaxation
of  individual  chains.  On  the  other  hand,  reversibility  is associated  with  the  physical  nature  of its bonds.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural and synthetic polymers can be physically or chemically
ross-linked in order to produce gels. Polysaccharides have been
sed for the preparation of new gels and gel-based systems, includ-

ng contact lenses, hygiene products, tissue engineering scaffolds,
rug delivery systems and wound dressings [1–5].

A wide range of bacteria synthesize and secrete extracellular
olymeric substances (EPS). The extracellular polymeric substances
f cyanobacteria from the Nostocaceae family are usually com-
osed of a mixture of high-molecular-mass heteropolysaccharides,
roteins, nucleic acids and lipids [6–8]. The heteropolysaccharides
ontain an array of sugar units including glucose, galactose, xylose
nd uronic acids [7]. EPS form gels that serve as protection against
esiccation, antibacterial agents, or predation by protozoans [9].
ostoc bacteria grow in colonial spherules (Fig. 1) formed by an

nternal EPS gel and an outer skin. These colonies are typical in
any regions of the tropics and subtropics, which are character-

zed by their erratic wetting-drying cycles and high levels of solar

adiation [10].

This study is focused on the gel of the Nostoc commune spherules.
s far as the authors are concerned, there is still a lack of
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ttp://dx.doi.org/10.1016/j.ijbiomac.2017.01.048
141-8130/© 2017 Elsevier B.V. All rights reserved.
information regarding the exact components of Nostoc commune
gels and the nature of interactions between their EPS. According
to Lembre et al. [11], gels produced by bacterial colonies form
networks based on physical interactions between polysaccharide
chains. According to Or [12], EPS networks absorb water by sur-
face, osmotic and capillarity forces. It has also been proposed that
these gels may  retain water entropically (repulsive osmotic pres-
sure between counterions increase the configurational entropy and
EPS remain water-saturated) rather than through specific water-
binding mechanisms.

The nature of these interactions determines the rheological
properties of the EPS gels. In fact, gels can be classified into two main
categories according to the types of cross-linking. Chemical gels
are networks crosslinked by covalent bonds while physical gels are
formed by physical associations between molecules, fibers or par-
ticles. These physical associations include physical entanglements
between polymer chains and weak interactions such as hydrogen
bonds, van der Waals forces, London dispersion forces and elec-
trostatic interactions. Physical gels are reversible as their physical
cross-links can be broken in response to changes in temperature,
pH, and pressure, among others. In contrast, chemical cross-links
are permanent and, thus, chemical gels are not reversible.

As seen in Fig. 1, the colonies of Nostoc commune are formed

by spheres of 5–10 mm in diameter which encases a gel. We  have
found that this natural gel displays characteristics of both phys-
ical and chemical gels. The aim of this paper is to unveil the

dx.doi.org/10.1016/j.ijbiomac.2017.01.048
http://www.sciencedirect.com/science/journal/01418130
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ig. 1. Nostoc commune bacteria as found in their natural environment. The EPS gel is
ncluding different types of proteins and polysaccharides. The FTIR spectra (b) show 

hich  reminds the morphology of freeze dry porous scaffolds (c). A schematic illus

tructural characteristics that provide this unusual gel with prop-
rties of chemical and physical networks. This would potentially
ontribute to the development of novel gels bioinspired with com-
ined properties from chemical and physical networks.

. Materials and method

.1. Materials

Nostoc commune colonial spherules were obtained from
ake Querococha (Ancash, Perú, 9◦42′55.9”S, 77◦19′27.6”W). The
pherules were washed, air dried and stored at room temperature
rior to use.

.2. Characterization techniques

.2.1. Morphology

Freeze-dry samples were analysed with a FEI Quanta200 scan-

ing electron microscope in high vacuum with a voltage of 25 kV
nd a working distance with a range of 9.9–10.7 mm.  Samples were
ounted onto stubs and were observed without any coating.
 inside these spherules (a). EPS are a diverse collection of secreted macromolecules,
s typical of polysaccharides. The freeze dry Nostoc commune gel is a porous structure

 of the physical network formed by the EPS gel is shown (d).

2.2.2. Thermal analysis
Thermogravimetric measurements were performed with a

Perkin Elmer TGA 4000. Tests were carried out in the range
30–700 ◦C with a heating rate of 10 ◦C/min and purged with N2
at a flow rate of 20 mL/min.

2.2.3. Fourier transform infrared spectroscopy (FTIR)
IR analysis of the freeze-dry samples was  performed in a Lambda

Scientific FTIR analyser. A mixture of the powdered samples and KBr
were compressed into pellets. For each test, an average of 8 scans
at a resolution of 4 cm−1 in a range from 4000 to 650 cm−1 were
recorded.

2.2.4. Rheological tests
The outer skin of the Nostoc commune spherules was removed

and discs (diameter ≈ 5 mm,  thickness ≈ 2 mm)  were cut from the
internal gel for rheological tests. An AR 550 rheometer (TA Instru-

ments, New Castle, DE) equipped with control software (Rheology
Advantage Data Analysis Program, TA, New Castle, DE) was used. A
parallel plate attachment was  used. The AR 550 was  supplemented
with a Peltier temperature control system and the tests were
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Fig. 2. Schematic illustration of the diffusion process in a film of thickness L = 2b.The
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and poly(N-isopropylacrylamide)/alginate gels (22.5 × 1023 m3).
egion −b < x < b is initially at a uniform concentration (C0), and the external surfaces
f  the film are kept at a concentration (C1).

arried out at 25 ◦C. Storage modulus (G’), loss modulus (G”) and
hase angle (tan �) were obtained directly from the software.

Frequency scans and stress scans were carried out. Each type of
can was performed at least five times. For the frequency scans, a
requency sweep from 0.1 to 40 Hz was used with a constant stress
f 5 Pa. This oscillation stress was selected based on linear part of
he viscoelastic range determined at a strain sweep.

The stress scans were performed using two steps. In the first
tep, the stress varied from 0.1 Pa to 100 Pa. Immediately after the
rst stress finished, the second step started with a stress of 100 Pa
ntil 0.1 Pa was reach. For both steps, frequency was  kept constant
t 1 Hz.

.2.5. Water absorption and desorption
For water absorption, square pieces of dry Nostoc commune

pherules (10 × 10 × 0.5 mm)  were cut and immersed in water
t room temperature for 3 days. During this process the samples
ere removed from the bath every hour, blotted dry with a cloth,
eighed and immediately place back into the bath.

For water desorption, square pieces of fresh Nostoc commune
pherules (10 × 10 × 2 mm)  were cut and stored at room temper-
ture for 3 days. Similarly, the samples were weighed every hour
ntil they maintained a constant weight. The dried samples were
sed for a new water absorption test.

Diffusion equations were used to describe the transport of
ater. When a flat material is in contact with a diffusant-rich

nvironment, penetration occurs towards the midplane of the flat
aterial. The concentration of diffusants throughout the thick-

ess is time dependent and can be modeled using Fickı́s laws. A
chematic representation of the samples used is shown in Fig. 2. For

 sample with thickness L = 2b. Assuming that the region −b < x < b
s initially at a uniform concentrationC0, and the surfaces are kept
t a concentration C1, the concentration profile can be described by
q. (1)

C − C0

C1 − C0
= 1 − 4

�

∞∑
0

(−1)n

2n + 1
exp

[
− D(2n + 1)2�2t

4b2

]
xcos

(2n + 1) �x

2b
(1)

If Mt denotes the total amount of diffusing substance that has
enetrated the sheet at time t, and Meq represents the mass uptake
t equilibrium (given an infinite diffusion time), then:

Mt

Meq
= 1 −

∞∑
0

8

(2n + 1)2�2
exp

[
−D(2n + 1)2�2t

4b2

]
(2)
According to Karimi [13], for processes that take place within
 short amount of time, Eq. (2) can be written for a thickness
f L = 2b. This equation is useful to deduce an average diffusion
gical Macromolecules 97 (2017) 411–417 413

coefficient from the initial gradient of the sorption curve when
Mt/Meq is plotted against the square root of time for a sheet.

Mt

Meq
= 4

�1/2

(
Dt

L2

)1/2
(3)

3. Results and discussion

Fig. 3 shows a representative frequency sweep of a Nostoc
commune gel sample. The storage modulus had a constant value
(∼11,000 Pa) throughout the entire range of frequencies tested. This
behavior is typical of cross-linked chemical gels. In contrast, the
storage modulus of physical gels scales with frequency following
a power law (G’(�)–�n). This is due to the fact that the mechan-
ical response of physical networks is influenced by the relaxation
of individual polymer chains while reptation is probably the main
relaxation mechanism in entangled polymer chains [14]. In chemi-
cal gels, covalent cross-linking prevents the relaxation of polymeric
chains [15].

Gels from cyanobacteria are thought to be based on physical
interactions of the EPS chains [8]. The fact that the storage modu-
lus of Nostoc commune gels is frequency independent, as in typical
chemical gels, is an unusual result. EPS gels are formed by weak
physical interactions with binding energies ranging 10–30 kJ mol−1

[16]. Such binding energy is small compared to a covalent C C
bond (335 kJ mol−1). It has been suggested that the large number
of functional groups of EPS gels result in an overall binding energy
equivalent to the energy of several covalent C C bonds [17]. The
density of physical cross-links on Nostoc commune gels should be
high enough to allow their total binding energy to be in the range
of the total binding energy of covalent cross-links.

Cordier et al. [18] showed that rubber elasticity theory has been
used to characterize networks that are either covalently cross-
linked [19,20] or connected by physical associations including ionic
aggregates or multiple hydrogen bonds [21–23]. Theoretical net-
works parameters can be calculated using the storage modulus (G’)
from the frequency sweep tests. According to Clasen et al. [24], the
induced energy of the small amplitude oscillatory shear experiment
is stored elastically by the polymer strand between two entangle-
ment or network points, acting as an entropic spring. Therefore, the
number density of crosslinks (�) can directly be calculated using the
constrained junction model of Flory and Erman [25] which predicts
that, for an affine network, G’ is given by:

G′ = � · kBT (4)

where kB is the Boltzman constant and T is the temperature of
the network. It is assumed that the junctions of the Nostoc com-
mune network do not fluctuate and transform affinely (linearly)
with the macroscopic deformation. The molecular weight between
crosslinks (Mc) and the distance between sequential crosslinking
points (�) can be calculated according to the following equations
[26,27]:

MC = �

�
(5)

� =
(

3√�
)−1

(6)

where � is the density of the network in the swollen state. The
crosslink density found was 32.5 × 1023 m−3 and the mesh size was
6.75 nm.  This crosslink density is in the same order of magnitude
of the one reported for other crosslinked gels such as methyl- and
hydroxypropylmethyl-cellulose gels (4.9 × 1021–3.9 × 1023 m3)
Fig. 4 depicts the variation of storage modulus (G’) and loss
modulus (G”) as function of the applied stress. The storage mod-
ulus is almost stress independent until the sample reaches a high
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Fig. 3. Frequency dependence of the storage modulus (�) and loss modulus (©) of a representative Nostoc commune gel sample.

Fig. 4. Stress dependence of the storage modulus (�) and loss modulus (©) of a representative Nostoc commune gel sample.
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Fig. 5. Storage modulus (�) and loss modulus (�) of a representative Nostoc commune gel sample during a two-step stress sweep. Filled symbols are used to plot the first
step  (increasing stress) while empty symbols are used to plot the second step (decreasing stress).
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Fig. 6. Representative absorption ( ) and deso

tress level (14,000 MPa), where the storage modulus value drops.
he drop in the mechanical properties of a gel is referred to as

tress softening. The stress softening behavior has been explained
n terms of a disruption of the bonds that form gels. These gels
re destroyed when a certain stress level is achieved. For instance,
n rigidly crosslinked actin networks, stress softening has been
 ( ) curves of a Nostoc commune gel sample.

associated with the breakage of crosslinks, followed by a drastic
decrease in elasticity [28–30].
However, cyclic tests showed that, in the case of Nostoc
commune gels, stress softening is reversible. Fig. 5 shows the depen-
dence of G’ and G” under an oscillatory stress load cycle. During
the first cycle, the storage value drops but it totally recovers its
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alue when the oscillatory stress is removed during the second
ycle. This phenomenon is known as reversible stress softening,
nd it has been reported for other biopolymer networks, such as
ollagen in jumbo squid mantle, cellulose and actin networks. The
eversible nature of the stress softening behavior of Nostoc com-
une gels showed that the non-permanent physical crosslinks that

orm this network can be destroyed and formed again very quickly
o the storage modulus value is recovered as soon as the imposed
tress is withdrawn.

As other physical gels, Nostoc commune gels loose solvent almost
ompletely by water evaporation when kept in air at room tem-
erature. This process is also reversible, as dry samples are able
o re-swell again after water immersion. TGA tests showed that
resh Nostoc commune samples had a water content of around
7.4% while rehydrated samples had a water content of 99%. Water
bsorption and desorption tests were carried out in order to assess
he kinetic of these processes. Fig. 6 shows the normalized mass
f the samples as function of time. The experimental results are
lotted together with the Fickian diffusion predictions.

Fresh samples were first dried for the desorption test. Then, the
ame samples were immersed in water for the absorption tests.
oth, absorption and desorption are fairly well described by the
ick’s law. The diffusion coefficient found for the water desorption
rocess was 2.83 × 10−11 m2/s while the coefficient for absorption
as 8.18 × 10−15 m2/s, showing that the samples dry more quickly

han they rehydrate.
In the case of absorption and desorption of gels, Fick’s law fit

he experimental measurements when the absorbed solvent does
ot interact with the porous gel and, thus, the diffusion is only
overned by the solvent concentration gradient. Otherwise, the
nfluence of polymer relaxation upon solvent imbibition should be
aken into account to model the kinetics of absorption/desorption
f gels [31,32]. The fact that, both absorption and desorption of Nos-
oc commune gels follows Fick’s law, could be accounted for a high
ensity of physical crosslinks that would prevent polymer relax-
tion. This result is in agreement with rheological tests in which
he storage modulus was independent from frequency, showing
hat the effect of polymer relaxation was not considerable.

. Conclusion

The original structure of Nostoc commune gels as they are
ound in nature was studied. Similar to other biopolymeric struc-
ures, Nostoc commune gels are composed mainly of water (97%
/w). The polymeric network is formed by polysaccharides chains
old together by physical cross-links. Oscillatory rheological tests
howed that this gel displays characteristics of both chemical and
hysical gels. The storage modulus was found to be independent
rom frequency as in the case of chemical gels. On the other hand,
tress sweeps showed that the storage modulus decreases when
he oscillatory stress achieves a limit value, a phenomenon known
s stress softening. The reversibility of this stress softening was
ssociated with the physical nature of the crosslinks which can
e created and destroyed at a short time scale. The high density
f physical crosslinks allows this physical network to behave as

 highly elastomeric chemical network preventing relaxation of
ndividual chains. Rubber elasticity theory was used to calculate
nd confirm the high density of crosslinks in the network. The
bsorption/desorption tests confirm the absence of mechanisms of
elaxation on the polymeric chains of Nostoc commune networks.
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