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Agar-gelatin co-hydrogel was investigated over a period of =30-days by dynamic light and small angle
neutron scattering, and rheology to quantify changes occurring inside the hydrogel. Degree of non-
ergodicity was extracted as a heterodyne contribution from the measured dynamic structure factor data.
From the analysis of the data, we observed two relaxation modes namely fast and slow modes with
relaxation times tr and 15 whose dependence with aging time, t, fall on a scaling behavior given by
power-laws, 7¢ ~ (t2)~/° and 15 ~ (t,)*/° respectively. Further the analysis showed the heterogeneity size
(&sans) obtained from SANS also follows power-law behavior, £sans ~ (ta)~
revealed the “speeding up” of fast and “slowing down” of slow mode relaxation processes.

15, The data taken together

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Novel and smart soft materials like polymer and colloidal gels,
glasses, inter penetrating network structures (IPNS) and poly-
electrolyte complexes (coacervates) have generated adequate
interest in the recent past due to their enormous application
potential [1-10]. Polymer gels constitute a special class of soft
matter as far as their supramolecular structure and viscoelastic
properties are concerned. A gel can be defined as a three dimen-
sional interconnected percolating (mechanically) network struc-
ture with the continuous phase (solvent) interacting synergistically
with the network [11]. The dispersed phase (polymer) can be
present in a disordered and non-ergodic state. Regardless, these
disordered systems are often found to be trapped far away from
equilibrium, and typically relax slowly, exhibiting complex and
interesting dynamics. Moreover, aging effects make the dynamics
slow down significantly and often the response functions could still
be scaled onto a master curve [3].

Physical gels and complex networks made of two (bio)-poly-
mers (often called co-gels) produce new biomaterials with
customized and controlled properties. Sodium caseinate-B-glucan
gels generate a bi-continuous topology governed by the mechanical
strength and thermal stability of the B-glucan network structure
[12]. Agar-k-carrageenan co-gels were characterized by rheology
and it was found that incorporation of k-carrageenan reduced gel
rigidity (Young’s modulus) significantly. Moreover, distinctive agar
and k-carrageenan polymer-rich zones, well segregated inside the
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gel phase, were observed with the agar-rich phase providing the
continuous phase and k-carrageenan-rich phase constituting the
discontinuous gel phase [13]. Pectin-chitosan co-gels were studied
and their phase stability behaviour was investigated. It was
concluded that though the gel strength was dependent on the
mixing ratio of the two polymers, the relaxation behaviour and
microscopic geometrical structure (fractal dimension of the
network) remained invariant of the same [4]. In earlier studies
involving co-gels of agar-gelatin (biopolymers had concentrations
far above their gelation concentration), it was concluded that phase
separated micro-domains of the two biopolymers was formed
inside the co-gel phase [14,15]. All these studies imply that it is
possible to generate new soft biomaterials by adjusting the mixing
ratio of two intelligently chosen biopolymers.

The co-gels, thus generated, often exhibit profound aging effect.
In fact during sol-gel transition the incipient gel network is trapped
in an inhomogeneous and non-ergodic state which slowly relaxes to
an equilibrium state over an extended period of time which is
characteristic of the synergistic interactions taking place inside the
gel phase [1,2]. Aging effect has been observed in a variety of
synthetic polymer, biopolymer and colloidal gels. Polycarbonate of
bisphenol-A was studied for a period of 30 months at room
temperature which indicated that the elastic modulus and hardness
increased in a step-wise manner while the molecular weight
distribution became broader with aging [16]. A variety of silica and
doped silica gels have shown significant change in their thermal and
rheological characteristics with aging [17-19]. Confocal scanning
laser microscopy and permeametry experiments performed on
aging rennet (-induced) casein gels reveal considerable coarsening
of the gel structure and pore size increase with aging [20]. Human
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serum albumin trapped inside a tetraethyl orthosilicate bio-glass
showed age dependent protein denaturation and partial inacces-
sibility of the protein to negatively charged species [21]. Mechanical
properties of bacterial copolyester poly (3-hydroxybutyrate-co-
3-hydroxyhexanoate) changed significantly with aging and gave
rise to secondary crystallization [22]. Aging induced changes in the
physical and mechanical properties observed in colloidal gels
revealed quite interesting universal features [1-3].

Thus, study of aging in co-gels of biopolymers can be argued to
have sufficient significance. In this work we have continuously and
systematically monitored the temporal evolution of co-gels of
a polypeptide (gelatin having concentration below its gelation
concentration) and a polysaccharide (agar having concentration
higher than its gelling concentration) over a period of =30 days
using an array of experimental techniques like: DLS, SANS and
rheology. The objective was to map how the incipient agar gel
would phase separate. Gelatin is a polyampholyte prepared by
hydrolytic degradation of collagen [23]. In the sol state, gelatin has
arandom coil conformation; the molecule is rich in glycine, proline
and hydroxyproline sequences. In the gel state, three such mole-
cules are joined by intermolecular hydrogen bonding provided
mainly by the glycine which occurs at every third residue to form
inter twined triple-helix structures. Individual gelatin molecules
occur in the poly(i-proline II-trans) helical conformation [23] inside
the triple-helix. Agar comprises mainly of alternating $-(1-4)-D and
a-(1-4)-L linked galactose residues in a way that most of a-(1-4)
residues are modified by the presence of a 3,6 anhydro bridge [23].
Other modifications commonly observed are mainly substitutes of
sulphate, pyruvate, urinate or methoxyl groups. The gelation
temperature of agar is primarily decided by the methoxy content of
the sample. Agar sols form thermoreversible physical gels with
large hysteresis between melting and gelling temperatures with
the constituent unit being anti-symmetric double helices [25,26].

2. Materials and methods

We used gelatin sample of Type-A (porcine skin extract, bloom
strength 300 and nominal molecular weight 100 kDa. Isoelectric
pH =9) obtained from Sigma Chemicals (USA). The gelatin sample
was used as supplied. All other chemicals used were of analytical
grade, brought from Thomas Baker, India. The solvent used was
deionized water and ionic strength of the solvent was first set as per
the experimental requirement (0.05 M NaCl). The gelatin solution
(1.5% w/v, gelation concentration =2%) was prepared by dispersing
gelatin in this medium at 60 °C. The macromolecules were allowed
to hydrate completely; this took 30 min to 1h. Gelatin solution
undergo gelation transition [23] at a temperature =30 °C. Agar used
in this study was extracted from the red seaweed Gracilaria edulis
collected from the Gulf of Mannar at the southeast coast of India,
employing the method described by Craigie and Leigh [24]. The agar
had the following properties: gel strength 100 g/cm? (0.1% w/v gel
at 20 °C); gelling temperature =36 °C and melting temperature
=85 °C. The estimated molecular weight was =120-150 kDa. Agar
solution (1.5% w/v, gelation concentration = 0.1% w/v) was prepared
in an autoclave using the same solvent. Both agar and gelatin
solutions looked optically transparent at this temperatures. The
mixing ratio [agar]:[gelatin] =1, and NaCl salt concentration for
both the solutions was 0.05 M. The mixed sol (pH = 5.4) was stirred
at 60 °C for 30 min and, then was allowed to cool to room temper-
ature (25 °C) that formed the required co-gel within an hour. The
measurements started 3 days after sample preparation and were
continued for next =30 days. The data pertaining to the measured
parameters on the first and the last days are referred to in the text as
initial and final values. The choice of gel concentration and mixing
ratio was arbitrary.

DLS measurements were performed on the co-sol at 50 °C for
the determination of the heterodyne parameter and the same for
co-gel samples were performed at room temperature (25 °C). The
sample was loaded into 5ml clean optical quality borosilicate
cylindrical glass cell and this cell was held inside a double walled
temperature bath and temperature regulation was achieved by
connecting this to a Grant, UK refrigerated circulating temperature
controller that had an accuracy of +0.1 °C. The scattered light from
the sample was detected by the photomultiplier tube, and the
photocurrent was suitably amplified and digitized before it was fed
to a 1024 channel digital correlator (Brookhaven Instruments Inc.,
USA,model BI-9000AT). The whole scattering apparatus was placed
on a vibration isolation table (Newport Corp.USA). In all the
experiments, the difference between the measured and calculated
base line was not allowed to go beyond 40.1%. The data that
showed excessive baseline difference were rejected. The probe
length scale is defined by the inverse of the modulus of the scat-
tering wave vector g where the wave vector q = (47n/A) sin(6/2), the
medium refractive index is n. The DLS experiments were mostly
carried out at a fixed angle 90°.

For SANS study samples were prepared in D,O to minimize
incoherent background. SANS is a diffraction technique which
involves scattering of a monochromatic beam of neutrons from the
sample and measuring the scattered neutron intensity as a function
of the scattering angle. These experiments were performed on the
spectrometer at the G.T. laboratory, Dhruva reactor (Bhaba Atomic
Centre, Trombay, India). Further details of the SANS spectrometer at
Dhruva are discussed elsewhere [27]. The wave length of the
neutrons used covered the scattering vector (q) range

7x103A " <q<3x10A"

Where q = (4m/A)sin(6/2), A is the wave length of neutron and @ is
the scattering angle. The mixed solution before forming co-gel was
transferred to quartz cell thickness 2 mm and scattered intensity
was measured as function of scattering vector. The measured
intensity was corrected for the background and the empty cell
contribution, and the data were normalized to get the structure
factors. The raw data were corrected for background, sample cell
and electronic noise by conventional procedure. Furthermore, the
two-dimensional isotropic scattering data were azimuthally aver-
aged. This was converted to an arbitrary unit scale using the inco-
herent scattering data of pure water. The details of the data
normalization procedure are discussed elsewhere [27].

Rheology measurements were performed using an AR-500
model stress controlled rheometer (T.A. Instruments, UK). The
sample was kept on the Peltier plate with a temperature stability
+0.1 °C and a homemade sponge solvent trap was used to reduce
evaporation of the solvent. The measuring geometry was a 20 mm,
2° cone-plate arrangement having a truncation gap of 51 pm. The
sample was subjected to sinusoidal oscillations of frequency 1 Hz
and the amplitude of the oscillation was controlled to obtain a 0.1%
strain to the sample that the structure of agar-gelatin co-gel was
not destroyed by the measurements. In the flow mode, the shear
rate was from 0.01 to 100 s~! and 1 °C/min was the heating rate for
the temperature ramp measurements. The slip in the geometry was
taken care of by adjusting the trim gap as per the procedure
mentioned by the manufacturer.

3. Results and discussions
3.1 Non-ergodic behaviour

Polymer gels, intrinsically, are non-ergodic, which increases the
complexity of data analysis associated with dynamic light
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scattering experiments [26,28-30]. The standard analysis of light
scattering data requires that the system is completely ergodic
(means that time and ensemble averages are identical), and
stationary (process is independent of origin of time) which is
adequately satisfied only in case of scattering from dilute solutions.
In order to make the DLS measurements compatible with the said
requirements this problem was addressed in the following way. The
normalized intensity correlation function, g»(q, t), obtained from
the gel sample can be related to the dynamic structure factor, g1(q, t)
as [28,29]

8. = 1+ 2X(1 = X)g1(q.0) + X |g1(q.£)? | (1)

where (' is the coherence factor having a maximum value of 1 and
relates with the number of statistically independent speckles
detected and/or amount of dynamic scattering within the time
window. The parameter X (0 < X < 1) defines the ergodicity via the
amount of heterodyne contribution present in the correlation data.
Thus X accounts for the non-ergodic contribution buried in the
measured data in a measurable way. Both §’ and X are measurable
parameters in a real experiment. The measured intensity auto-
correlation data was analyzed exactly following the description
given elsewhere [29]. For the gels, we found X = 0.154 0.03,
independent of gel aging (see Fig. 1). Thus the pre-factor of the
linear term in gi(q, t) in Eq. (1) is =20 times larger than the
quadratic second term. This gave

81(q.0) = [82(q,1) — 1]/[26X(1 - X)] (2)

Any error thus accrued is absorbed as experimental error in
subsequent data analysis. Fig. 1 clearly shows that the co-gel is
trapped in a non-ergodic phase even after a lapse of 30 days. Similar
observation of non-ergodicity and its temporal evolution has been
reported with adequate quantitative analysis in incipient gelatin
gels [30,31] and charged colloidal suspension gels [1] in the past. In
fact, often the gel state is defined as one that is disordered and non-
ergodic. The procedure adopted does not take into account
contributions arising from very slow modes (frozen dynamics). A
more rigorous approach involves tedious ensemble average over
hundreds of speckles [30].

3.2 Analysis of dynamic structure factor (DLS data)

The exact evaluation of the dynamic structure factor, gi(q,t)
from the measured intensity auto-correlation function was ach-
ieved after the non-ergodic contribution was removed from the
experimental data as described in Egs. (1) and (2); this is plotted in
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Fig. 1. Variation of non-ergodicity parameter X for agar-gelatin co-gel as function of gel
age. The data clearly reveals the age invariance of non-ergodicity.
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Fig. 2. Semi-log plot of dynamic structure factor evolving with gel aging. This data
could be decomposed into fast and slow mode relaxations following the description
given by Eq. (4). Notice that the data scatter reduces significantly as the gel ages. See
text for more details.

Fig. 2. This data, in principle can be fitted to a range of functional
forms [32].

In order to avoid over dependence on the Laplace inversion
method, independently, unsuccessful attempt was made to fit the
structure factor data to a single exponential and also to a three
exponential relaxation mode (observed in some gels [33]) model
with the intermediate mode being a power-law mode. This gave
credence to the applicability of a two-mode relaxation process to
the g1(q,t) data. Having confirmed this all g1(q,t) were least-squares
fitted to the functional form

£1(0,0) = Aexp(—t/17) + B exp| — (t/15)’] (3)

Where, the fast (diffusivity = Df=1/ttq°) and slow modes (relaxa-
tion time=71s) follow exponential and stretched exponential
relaxation respectively. Here, A and B are amplitudes of the two
relaxation modes, and § is the width of the slow mode relaxation
function. It was not possible to fit the data to Eq. (3) because of
unacceptably low ¥ values. This forced us to use Eq. (4) where the
x? values consistently remained higher than 95%. The correlation
data was analyzed through user defined least-squares fitting
routines of SigmaPlot software (SPSS, USA). The gi(q,t) data was
split as follows:

exp(—Drq?t); t<500us fast mode

4
exp(—(t/rs)ﬁ); 500us <t <1s slow mode “)

81 (q7 t) = {

The fast mode was found to be diffusive (data not shown) and
the diffusivity is normally related to the characteristic length, &pis
through Stoke-Einstein relation as [34]

D¢ = kgT/(6mnoépLs) (5)

Where solvent viscosity is 7o, kg is Boltzmann’s constant and T is
absolute temperature. The fast mode component of the g;(g,t) data
was fitted to Eq. (4) that yielded the value of Dr and allowed the
determination of £p;s values. The variation of characteristic length
with aging time of the co-gel is shown in Fig. 3 which revealed
=55% decrease in its value (from 22 nm to 12 nm) indicating
“speeding up* of the fast mode dynamics. This can be identified as
the mesh size of the agar double helix networks. Initially, such
networks had a very rarified structure, but with the occurrence of
aggregation and the concomitant syneresis, these shrink to more
compact structures evolve asymptotically in time. The physical
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Fig. 3. Semi-log plot of characteristic size as function of gel age. The parameters &p;s
and £sans determined from light and neutron scattering data showed a universal
power-law dependence on time, t, given by the Eq. (13) (solid line). The viscoelastic
length, however, remained invariant of gel aging indicating that this length scale did
not capture the internal dynamics effectively. See text for details.

implication of variation of characteristic length with gel age will be
discussed later. This behaviour must not be confused with the
increase in correlation length observed in nascent agar gels until
pseudo-equilibrium is reached [26].

The dynamic structure factor data for t > 500 ps was fitted to
stretched exponential function defined in Eq. (4). This yielded the
values for slow mode relaxation time (7s) and the width parameter
(8). The dependence of these characteristic parameters on gel aging
has been clearly shown in Fig. 4 which indicates that the values
observed changed by =70% as the co-gel aged to =30 days, but the
relaxation time increased while width decreased. The 75 values can
be attributed to the relaxation of agar-gelatin complex network
structures (as conjecture) which increased by =300% as the co-gel
aged to 30 days (Fig. 4). Agar is polyanionic [34] whereas gelatin is
a polyampholyte carrying a net positive charge at pH=5.4 < pl=9.
This enables screened coulomb interactions between agar and the
oppositely charged gelatin molecules giving rise to intermolecular
binding. Many such junctions can be located in a gelatin-rich
domain which will readily bind with unreacted segments of agar
molecules creating complex networks. The number density of such
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domains can be appreciably large and these are dispersed hetero-
geneously inside the co-gel matrix. The coalescence of these
domains is not possible because these are locally bound to the
continuous phase which is the pervading agar gel. It was not
possible to determine a size parameter from slow mode data which
could correspond to the size of complex network domains because
the appropriate viscosity was unknown. It has been reported [34]
that use of inaccurate solvent viscosity value can sufficiently distort
the size parameters estimated from DLS experiments. The increase
in complex network domain size can be explained as follows. The
increase in slow mode relaxation time owes it origin to the osmotic
swelling of the complex networks structures, again made possible
due to the presence of solvent released by syneresis from the agar
gel domains that are present in close vicinity. Such a process
increases the entropy of the system and helps it to move towards
equilibrium. The decrease in the § value implies the “slowing
down” of slow mode relaxation process. The relative amplitudes of
the fast and slow modes are shown in Fig. 5 which implies that both
modes have same amplitude initially, but the fast mode slowly
grows at the expense of the slow mode.

Thus, the data shown in Figs. 3 and 4 imply “speeding up” of the
fast mode and “slowing down” of the slow mode. Since, the fast
mode amplitude dominated the scattering (Fig. 5), the net result
will be narrowing of the correlation function which can be visual-
ized from the g1(q,t) data shown in Fig. 2.

3.3 Analysis of static structure factor (SANS)

The present objective was to study the microscopic structure of
the agar-gelatin co-gels. The expression for scattering cross-section
can be simplified for the experimental situation under consider-
ation that permits the SANS data to be in two distinct ranges of
scattering vectors (q): low-q range (Debye-Bueche behaviour [35])
and the intermediate-q range (Ornstein-Zernike behaviour [35]).
Analysis of SANS data within the model of mean field theory reveals
that for the polymers in a good solvent, at equilibrium, the struc-
ture factor of concentration fluctuations in the Ornstein-Zernike
(0-Z) region is given by

Su(q) = IL(0)/(1 +q%88); géc < 1 (6)

Where, £c defines the correlation length of the concentration
fluctuations or mesh size of the network and I;(0) is related to the
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Fig. 4. Time dependence of slow mode relaxation time, s and width parameter, § for
agar-gelatin co-gel at room temperature. The temporal dependence could be
adequately described by a power-law fitting to the function given by Eq. (14) (solid
line). See text for details.

80 80

70 |- <470

60 - 60
p 5
g 50 |- - 50 ;

40 | 40

- A
30 @B 130
20 | | | | | | 20
5 10 15 20 25 30 35 40
time (days)

Fig. 5. Variation of fast (A) and slow (B) mode amplitudes of the dynamic structure
factor data with gel age. Notice that, initially both processes had identical amplitudes,
but with time evolution the fast mode starts to grow at the cost of the slow mode. Solid
lines are guide to the eye.
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crosslink density and longitudinal osmotic modulus. Experiments
carried out in the semi dilute regime of polymer solutions have
shown deviations from the Ornstein-Zernike function. It must be
clarified here that Ornstein-Zernike formalism works for good
solvents and for systems that are in equilibrium. Though, the co-gel
state in itself is in non-equilibrium and is evolving with time to
reach subsequent lower free-energy states, when it is in contact
with its supernatant (which is always the case in experiments), it is
in a state of dynamic equilibrium globally. Secondly, the dense
phase is still considerably hydrated. Thus, application of Ornstein-
Zernike model poses no serious problem.

Long wavelength concentration fluctuations in these systems
often gives rise to “excess scattering” in the low-q region of the
SANS data. If the spatial scale of density fluctuations due to the
presence of such inhomogeneities of size £sans is large compared to
the correlation length £, then the two contributions can be treated
separately and added to give the total structure factor as

S(q) = Su(q) + Sex(q) (7)

Where Si(q) is the Ornstein-Zernike (O-Z) function, and the
Debye-Bueche (D-B) structure factor has the form Sex(q) given by

Sex(@) = lex(0)/(1 + @PZ2uns)” (8)

where Ie4(0) is the extrapolated structure factor at zero wave vector.
It is possible to study low-q domain of the structure factor provided
a high instrumental resolution SANS spectrometers is used to
collect data.

A plot of 1/S(q) versus g* clearly distinguishes the domains
where D-B and O-Z functions are operative (see Fig. 6). A least-
squares fit of the structure factor data in the low-q range,
0.018 A~1<¢<0.072 A", to the D-B function and the same in
the intermediate-q range to O-Z function revealed a clear
g-cutoff = 0.072 A~1 (this showed no aging effect) and values for
characteristic lengths, £sans and £c. The correlation length value
obtained was £c=2.0 nm initially that fell by 50% with time to
reach a value 1.0 nm. These are too small values, but similar
observations were made in agar-gelatin coacervate samples too [6].
On the other hand the size of inhomogeneities was £sans =21 nm
initially, which decreased to a final value =12 nm. Let us compare
these values with some relevant data pertaining to agar and gelatin
gels. The persistence length of gelatin is =2.5 nm. For gelatin gels

g-cut off = 0.072(A%"
100
T 10t
f
1 -
01 | | | |
0.00 0.05 0.10 0.15
q2 (AO)-Z

Fig. 6. SANS data on agar-gelatin co-gels taken at room temperature showing network
evolution with gel age. Below g-cutoff data were least square fitted to Debye-Bueche
and above g-cutoff to Ornstein-Zernike functions. See text for details.

and sols the correlation length values are reported [8] to be same
and equals 2.6 nm. Size of heterogeneities reported for such
systems were =20 nm which is comparable to the size of the
heterogeneities observed, ésans=21+3 nm. On the other hand,
agar gels are associated with contrastingly different length scales;
the correlation length and heterogeneity size are 5.9 nm and 70 nm
respectively [6]. Thus, a cursory look indicates that the length scales
observed in the co-gel system compares rather well with that of
gelatin gel, at least in the early stage of aging. The temporal vari-
ation of Esans is plotted in Fig. 3 along with the £p;s data obtained
from light scattering experiments for comparison.

3.4 Viscoelastic behavior

The change in the viscoelastic behaviour of the co-gel with aging
was probed by monitoring the following three parameters: gelation
and melting temperature (isochronal temperature sweep studies),
gel rigidity (isothermal frequency sweep studies) and gel fluidity
(isothermal shear studies). In the temperature sweep experiments,
storage (G’) and loss (G”) modulii were measured under isochronal
conditions (w = 3.5 rad/s) and using a programmed ramp of 1 °C/
min. The first derivative of the storage modulus with temperature
(dG’/dT) yielded a peak corresponding to the characteristic
temperatures where transitions were located. The derivatives are
shown in the inset of Fig. 7 that shows variation of gelation (Tgei)
and melting (Ty,) temperatures with time. Both the temperatures
could be seen to decrease with time. The melting temperature
reduced by almost 50% as the co-gel was aged to 30 days. Agar-k-
carrageenan co-gels have shown identical behaviour [13]. The
corresponding low frequency modulii values are plotted in Fig. 8
which, again, reveals reduction by =10% and 20% for G’ and G”
respectively, in their values with gel aging. Thus, the two obser-
vations: reduction in Ty (and Tge) and modulii values imply
increased softening of the co-gel with aging. Usually gels and
glasses become progressively stiffer with waiting time. Thus, the
softening can be attributed to the formation of imperfect
structures.

The shear rate dependent viscosity data of these samples is
plotted in Fig. 9, which clearly reveals the non-Newtonian features
[36]. In addition, shear-thinning behavior was exhibited by the co-
gel samples. The data presented in Fig. 9 could be adequately

8
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Fig. 7. Variation of agar-gelatin co-gel gelation and melting temperature with gel age
determined from isochronal temperature sweep studies of storage modulus of the gel.
The inset shows the first derivative of storage modulii with temperature. Solid lines are
guide to eye.
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Fig. 8. Variation of isochronal storage and loss modulii of agar-gelatin co-gel
sample with gel age determined from frequency sweep studies, performed at room
temperature. The reduction in G’ and G” was 10% and 20% respectively. Solid lines are
guide to eye.

described through the power-law model [36] using the scaling
relation

n(y*) ~ (v*) 7k 9)

The least-squares fitting yielded k=1.01+0.02 for
1571 <y* <1005, In fact, k accounts for the viscous response of
the samples to applied shear: k = 0 gives Newtonian, k < 0 indicates
shear thickening and k > 0 implies shear-thinning behavior. Thus,
shear-thinning features are clearly manifested in these samples
independent of gel age. The drop in viscosity value observed at
higher shear rates could correspond to the shear induced rupture of
the weak network structures present in the system. Preferential
alignment of these networks along the direction of applied shear
can have similar effect.

In a network of connected chains, the shear modulus is
proportional to the concentration of inter-molecular bonds. The
value of the length of elastically active strands is similar to the
characteristic viscoelastic network size, ¢ estimated from the low
frequency shear modulus, Go. This is true only when shear storage
modulus of co-gel sample is weakly dependent on frequency, a fact
established in our studies (data not shown). Thus, Gg is a measure of
elastic free-energy stored per unit volume of a characteristic
viscoelastic network of size, L. This implies [37,38]

3
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Fig. 9. Variation of shear viscosity with applied shear rate for agar-gelatin co-gel
sample, and its dependence on gel age determined from flow mode rheological
studies, performed at room temperature. The data could be fitted to the power-law:
n(y*) ~ (y*)¥ with k=1.01+0.07.

Thus, typical viscoelastic length scale prevalent in these mate-
rials becomes easily accessible from oscillatory rheology
measurements. The viscoelastic length calculated from the
measured value of Gy is plotted in Fig. 3 as function of gel age which
interestingly shows invariance.

3.5 Time-dependent re-organization and phase separation

Gelation, in a system containing a single or multiple types of
polymers dispersed in a continuous phase (solvent), occurs
following nucleation and growth dynamics or spinodal decompo-
sition pathways [39]. Sol-gel transition is a phase transition from an
ergodic to a non-ergodic state of the system. The nucleation and
growth process differs from spinodal by the different development
of concentration fluctuations. Near the bimodal tie-point, where
nucleation and growth occurs, small concentration fluctuations are
sustained as long as they are smaller than a critical size. On the
other hand a nucleus having a size larger than the critical size is
stable, but begins to coarsen immediately. Concentration fluctua-
tions of certain wavelength specifically lower the free-energy of the
system, and therefore, are preferred. This gives rise to the existence
of characteristic length scales in the structure. Thus, the pattern of
coarsening (length scale growth) bears the signature of the phase
separation mechanism active in a system. Typically, the length
scale, L(t) scales with time as

L(t) ~ t* (11)

For diffusive [40,41] and droplet coalescence processes [42],
«=1/3 whereas in the asymptotic region characterized by broad
interfacial width [43-46], this exponent becomes %4. In processes
where the convective flow gets coupled with droplet motion
(hydrodynamic coarsening mechanism) this exponent can assume
a value [47] « = 1. Phase separation driven by spinodal decompo-
sition is often characterized by o =1/3 and 1. Processes obeying
nucleation and growth kinetics can yield [48] a =1/10. In cross-
linked networks and gels the application of the kinetics of phase
separation through coarsening described above becomes ques-
tionable. Because of the presence of crosslinks diffusion becomes
severely constrained, the solvent bound to the network and trap-
ped inside it as interstitial liquid effects droplet coalescence
significantly. It has been shown that network elasticity cancels
surface tension effects in gels [49] yielding a much lower coars-
ening exponent

a=1/3-Av (12)

where A is a constant and » is crosslink density. In case of physical
gels like gelatin and agar a clear definition of » can be elusive.

Let us discuss agar-gelatin co-gel system under the aforesaid
framework. Gelatin forms thermoreversible hydrogels (gelation
temperature =30 °C) comprising inter twined triple helices stabi-
lized by inter-helix hydrogen bonds. These gels do not exhibit
syneresis, their heating and cooling curves overlap (no hysteresis),
and the gelation process is adequately described by nucleation and
growth model [25]. On the other hand, agar hydrogels exhibit
syneresis and hysteresis (cooling and heating curves do not over-
lap). The gel comprises of right handed double helices stabilized by
intermolecular hydrogen bonds and these supramolecular struc-
tures aggregate to form polymer-rich domains [26]. Agar gels are
characterized by a distinct gelation temperature =37 °C and
melting temperature =80 °C. The dynamics of sol-gel transition in
agar has been described through spinodal decomposition [25].
Thus, the agar-gelatin co-gel system constitutes a complex system
where the two processes, nucleation and growth, and spinodal
decomposition, are in competition. We observed that syneresis was
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active in this system. The quantitative study of the experimental
data implies the following time-dependent behaviour. Two char-
acteristic length scales could be extracted from the static (SANS)
and dynamic (DLS) structure factor data given by the parameters:
¢sans and éprs as inhomogeneity size and ¢ as correlation length.

The inhomogeneity size values obtained from SANS and DLS
data (see Fig. 3) were found to scale with time (aging), t, as

€sans,prs = Sot; * (13)

with 9 =28 43 nm and « = 1/5 £ 0.04. The coarsening exponent
would imply, Av = 0.1 which gives an indication of the extent of
cross-linking present in the system. The observed low coarsening
exponent (1/5 as compared to 1/3 predicted for spinodal decom-
position) can arise due to the presence of multiple coarsening
regimes in a non-equilibrium gel that is slowly moving towards
equilibrium following spinodal decomposition [50]. The correlation
length determined from SANS data showed a decrease of 40%
over the same period of aging. The slow mode relaxation frequency
(1/7s), and the width of the slow mode structure factor (8) exhibited
the following universal time dependence (Fig. 4)

(1/1s)and 8 ~ t;>/° (14)

Universal aging features observed in restructuring fractal gels
revealed an universal power-law behaviour [3], s~ t2° as
compared to t2° observed in this work It can be argued that pres-
ence of syneresis plays a significant role in controlling time-
dependent the structural evolution of colloidal gels. The difference
in the two exponent values can be attributed to this.

Normally, syneresis induces gel to deform continuously and
uniformly with time (aging). However, it has been suggested that
gel adhesion to cell walls can cause localized stress and deforma-
tions tend to become non-uniform [3], and the system remains
trapped in a non-ergodic state for a very long period of time. The
existence of such a scenario was clearly seen in our case. The extent
of non-ergodicity present in the co-gel was adequately described by
the X-parameter plotted in Fig. 1 as function of time. It is seen that
over a period of =30 days, the X-value remained invariant of gel
aging indicating the slowness of the non-equilibrium to equilib-
rium transition. However, the macroscopic structural feature, given
by the shear rate dependent viscosity data (Fig. 9) indicated the
non-Newtonian viscoelastic behaviour that was found to be inde-
pendent of gel aging. The gel melting temperature (=85 °C) was
indicative of agar when the nascent gel was formed which reduced
to =55 °C after =25 days implying the formation of agar-gelatin
complex networks. However, the gelation temperature of co-gel
was consistently observed to be higher than agar gels. We did not
observe any endotherm close to gelation temperature of gelatin
implying that most probably gelatin gels were never formed in the
co-gel. Such an observation is in consistence with earlier reports on
agar-k-carrageenan [13] and agar-gelatin [14] mixed gels. In the
agar-k-carrageenan [13] co-gel distinct agar and k-carrageenan
regions were formed yielding a discontinuous co-gel due to phase
separation. In agar-gelatin co-gel system clearly partitioned
domains of agar and gelatin-rich phases were observed in light and
electron microscopy data which also revealed guest-host phase
inversion features [14]. Thus, there seems to be a general tendency
for agar molecules to phase separate into agar-rich domains where
there is a propensity of double helix structures. Our experimental
results, when combined with such observations, indicate that this
phase segregation dynamics is governed by a spinodal decompo-
sition mechanism. Finally, it was felt imperative to compare the
physical characteristics of agar-gelatin co-gel with that of agar and

gelatin gels, and their coacervate. Such a data is presented in
Table 1. A cursory observation reveals that: (i) the characteristic
length scales in agar-gelatin gels and coacervates are not too
different, (ii) the thermal and mechanical features are fully dictated
by agar only, and (iii) the viscoelastic features are identical for
normal gels, their co-gels and corresponding coacervates which is
remarkable. It is not clear at this stage why the correlation length
values obtained for coacervate and co-gel samples were so small.
The coherent picture that emerges is the following. In the
nascent state, as the hot mixed sol is cooled to room temperature,
there is a competition between the agar and gelatin molecules to
form agar gels with intermolecular hydrogen bonding, and agar-
gelatin intermolecular complexes through electrostatic interactions
(agar is polyanionic and gelatin has net positive charge). Since the
physical gelation is a free-energy driven process, the gelation of
agar continues until all accessible pair of molecules are joined
together to form right handed double helices, aggregation of these
in to network structure, and their concomitant re-organization via
spinodal decomposition [25,26]. This creates agar-rich domains
seen in the micrographs of ref.[ 14]. The gelatin molecules are phase
separated into compartments that still contain unreacted agar
molecules, and some of these localized zones might contain gelatin
above its gelation concentration. However, probability of formation
of gelatin triple helices is much smaller than that of formation of
agar-gelatin complexes because, formation of a triple-helix
involves three-body interactions whereas the same for a complex
involves two-body contact. The electrostatic binding sites provide
the junction zones for the growing networks. Typically, gelatin and
agar gels have storage moduli values =340 Pa and 910 Pa whereas
their co-gel modulus was =770 Pa which indicated that co-gel was
softer than agar. Thus, there is a propensity of agar double helices in
agar-rich domains comprising continuous phase, and the ungelled
gelatin and agar molecules preferentially form complex networks
in gelatin-rich regions that are non-uniformly distributed in space.
Such a gel is heterogeneous and is trapped in a non-ergodic state,
and in order to minimize the free-energy it must reorganize its
internal structure with time and asymptotically approach equilib-
rium. The existence of syneresis facilitates this. The net effect of
such a heterogeneous assembly is the softening of the co-gel with
aging as characterized by the reduced melting temperature and gel
modulii data. The said mechanism has been qualitatively observed

Table 1

Summary of physical characteristics describing various condensed phases of agar
and gelatin. Data reported pertain to 25 °C for samples prepared in aqueous medium
(D20 for SANS experiments). The values listed are representative. The transition
temperatures are associated with an uncertainty of +3 °C and the same with char-
acteristic sizes is +£15% of the listed data, typically. The physical property data for
gelatin and agar gels have been collected from various previously reported works
that are cited in ref.[6].

Sl Parameter/ Gelatin Agar gel[6] Agar- Agar-gelatin
No. property gel[6] gelatin[6] co-gel (initial)
Coacervate

1. Mesh size 2.6 nm 5.9 nm 1.2 nm 1.7 nm

2. Size of 20 nm 70 nm 22 nm 21 nm
heterogeneity

3. First Transition 28°C 41°C 30°C -
Temp. (DSC)

4. Second Transition - 75°C 75°C -
Temp. (DSC)

5. First Transition 28°C 35°C 33°C =
Temp. (Rheology)

6. Second Transition - 80°C 80°C 85°C
Temp. (Rheology)

7. Viscoelastic Viscoelastic Viscoelastic viscous Viscoelastic
Feature k=11 k=1.0 k=12 k=1.01
)~k
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Fig.10. Optical DSC data for agar and gelatin gels, and their co-gel samples obtained by
heating the samples at the rate of 2 °C/min. The polymer concentrations were fixed at
1.5% w/v.

in a variety of physical co-gels like: agar-k-carrageenan [13], agar-
gelatin [14], gelatin-maltrodextrin [46], pectin-chitosan [4],
B-glucan-sodium caseinate [12] etc. Interestingly, the slow
dynamics and spinodal decomposition kinetics developed for
glassy systems, and model colloidal gels [1-3] adequately describe
the characteristic phase separation features observed in physical
co-gels.

In order to probe the possible existence of complex network
structures in co-gel samples, we performed DSC studies on these
samples using an optical DSC instrument and the custom made
Lynksys-32 control and analysis software (Linkam Scientific
Instruments, England). An arbitrary mass of gel sample was loaded
in an aluminum pan that was sealed with crimping. The co-gel
sample used was 30 days old. The thermograms are shown in
Fig. 10. Gelatin showed a characteristic gelation temperature,
Tgel = 28°C; agar sample yielded a gelation temperature,
Tgel = 40 °C and a melting temperature, T, = 72 °C. Interestingly,
the co-gel sample exhibited endotherms corresponding to gelation,
Tgel = 40 °C, Tyy = 72-80 °C (Fig. 7 data for these values are 46 °C
and 72 °C respectively), and in this temperature window the ther-
mogram looked completely different from that of agar gel data. The
weak endotherm seen at =53 °C for agar gel manifested itself as
a broad endotherm in co-gel data. Similarly, the co-gel melting
endotherm was much broader and it needs to be noted that the
thermal signature of gelatin was completely missing in the co-gel
thermogram. The coherent picture that emerges is that the gelatin
molecules formed complex network with agar molecules thus
loosing their identity, and presence of these structures is respon-
sible for the differential features seen in co-gel data as compared to
that of agar gel.

4. Conclusions

Two biopolymers, one a polysaccharide another a polypeptide
were mixed in the sol state to allow simultaneous formation of a gel
network of agar and complex network of agar-gelatin. The temporal
evolution of the phase stability of this system was monitored. The
results heavily rely on DLS and SANS data. The various scattering
moieties describe characteristic sizes that evolved with time. These
length scales have been speculatively associated with different
physical dimensions of the polymers concerned. The “speeding up”
of the fast and “slowing down” of slow mode indicated character-
istic relaxations associated with this co-gel. The coarsening

exponent of the characteristic length scale, £sans and £pis, implied
the existence of multiple coarsening domains confined in a non-
equilibrium and non-ergodic ensemble that slowly relaxed to
equilibrium in a bid to minimize the free-energy and attain equi-
librium. Evidence of spinodal decomposition mediated phase
separation in polymer solutions with severely restricted diffusion
rates, has been noted in earlier reports [51]. The slow dynamics
associated with the temporal evolution of gels has been compared
with the same of glassy systems [1]. It appears that at the micro-
scopic level, syneresis arising from the free-energy driven self-
organization of agar double helix structures tend to form aggre-
gated domains through specific interactions. This enables the
formation of agar-rich gel phase and the ungelled complex network
of agar and gelatin molecules. These ungelled domains undergo
osmotic swelling due to the availability of solvent in the local
environment, there by, making the co-gel sufficiently soft and
heterogeneous. This imparts a bi-continuous topology that is
thermally stable, but structurally not. Thus, the structure of the
inhomogeneous gel continues to evolve with time by self-gener-
ated internal stress [1-3]. Interestingly, similar features have been
observed in another class of soft matter, called coacervates [51]. It
must be realized that there has not been enough experimental
investigations to probe these phenomenon in depth, and to
establish their universality. The results presented provide a signif-
icant insight into the distinctive micro-structural features of agar-
gelatin co-gel that dynamically evolves with time this paper does
not answer all the questions related to the structure of such
complex systems, yet it makes an attempt to give some foundation
to its understanding. The issue of dependence of various charac-
teristic size parameters on polymer concentration and mixing ratio
remains unresolved at this stage.
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