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Abstract
The need for a rapid and direct alternative to the rheology-based blending laws in quantifying phase behaviour in biopolymer
composite gels is explored in this study. In doing so, the efficacy of confocal laser scanning microscopy (CLSM) paired with
image analysis software – FIJI and Imaris - in quantifying phase volume was studied. That was carried out in a model system of
agarose with varying concentrations of microcrystalline cellulose (MCC) in comparison to the rheological blending laws.
Structural studies performed using SEM, FTIR, differential scanning calorimetry and dynamic oscillation in-shear unveiled a
continuous, weak agarose network supporting the hard, rod-shaped MCC inclusions where the composite gel strength increased
with higher ‘filler’ concentration. The phase volumes of MCC, estimated with the microscopic protocol, matched the predictions
obtained from computerized modelling using the Lewis-Nielsen blending laws. Results highlight the suitability of the micro-
scopic protocol in estimating the water partition and effective phase volumes in the agarose-MCC composite gel.
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Introduction

The recent years have seen a drastic increase in the use of
proteins and polysaccharides in food product formulations to
improve/control processability, shelf life, texture/mouthfeel
and the kinetics of bioactive compound release [1]. For the
most part, such techno-functionality is governed by the sol-
vent partitioning amongst the macromolecules in the phase-
separated mixture [2]. Fundamental understanding of solvent
distribution and molecular interactions between constituents
depends on their concentration, water addition, ionic strength,
pH and processing, for example, thermal treatment or applied
shear. Despite the range and depth of research in the literature,
a thorough understanding of phase behaviour and interactions
in complex biomaterial systems remains of great interest.
These systems generally comprise highly viscous and gelled
phases, whose phase behaviour cannot be accurately predicted

using the classical methods of centrifugal separation or deter-
mination of osmotic pressure from composite solutions [3, 4].

Other attempts to probe phase behaviour of composite sys-
tems employed turbidimetric [5], spectrometric [6] and rheo-
logical protocols. The latter, in particular, paired with blend-
ing law analysis estimated accurately the phase behaviour of
synthetic and natural polymer mixtures [7, 8]. In the latter,
blending laws correlate the overall mechanical properties of
the composite to those of the individual constituents taking
into consideration the solvent partition between the two poly-
meric phases. Though accurate in estimating phase volumes,
their application demands considerable experimentation and
modelling expertise. Clearly, there is a need for a rapid and
direct approach capable of predicting the phase behaviour in
biopolymer mixtures.

Over the years, confocal laser scanning microscopy
(CLSM) has been used sporadically in this area and proved
popular for qualitative analysis [9–11]. A few studies coupled
CLSM imaging with image analysis but they were limited to
the investigation of single 2D images [12] and viscous aque-
ous solutions [13]. Exploiting advances in image processing
technology, Mhaske et al. (2019) developed a technique of
quantifying phase volume in a lipid-biopolymer system using
3D CLSM imaging paired with image analysis [14]. The
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protocol yielded values for the volume of the lipid phase that
depend entirely on its concentration (w/w) added to the sys-
tem. These were in close agreement with the estimates obtain-
ed from the rheology based theoretical modelling, highlight-
ing the potential of the combined approach.

The present work aims to quantify the phase behaviour of a
complex, industrially relevant hydrogel comprising a structur-
ing polysaccharide (agarose) and a rigid dispersion in the form
of microcrystalline cellulose (MCC). The latter is also capable
of absorbing and retaining water, hence being used in the
cosmetics, plastic, pharmaceutical and cement industries.
Applications in processed food are based on its functionality
as a dietary fibre and bulking agent to manipulate the nutri-
tional profile and consistency of preparations [15]. Thus,
MCC’s interactions with other biopolymers is a topic of cur-
rent fundamental and applied interest. In the present system,
the retention of water by agarose and MCC is unknown and
yet it will go a long way in determining the structural proper-
ties of this mixture. Phase volume estimations will be
attempted with the combined protocol of microscopic exami-
nation and blending law modelling in order to confirm the
suitability of this approach in identifying the solvent partition
between two hydrophilic polymeric phases.

Materials and Methods

Materials and Sample Preparation

Agarose (Type-1) and microcrystalline cellulose (Avicel, PH-
101) were supplied by Sigma-Aldrich (Sydney, Australia).
The sulphate, ash and moisture content of agarose was less
than 0.15, 0.25 and 10%, respectively, according to the sup-
plier. The particle size of cellulose crystals was ~ 50 µm, with
a relative density of 0.6 g/cm3. 5-DTAF [5-(4, 6–
Dichlorotriazinyl)aminofluorescein], a bright yellow coloured
powder was purchased fromAATBioquest (California, USA)
and used to covalently label agarose. Varying quantities of
MCC (0.1, 0.3, 0.6, 0.9, 1.2, 1.5 g) were added to specific
amounts of milliQ water to make the total volume of the aque-
ous solutions 99 ml. This was stood overnight at ambient
temperature to ensure complete hydration of the cellulose
crystals. MCC suspensions were then heated to 80 °C in a
water bath with constant magnetic stirring before dispersing
1 g agarose powder. Mixtures (1% (w/w) agarose and 0.1, 0.3,
0.6, 0.9, 1.2 and 1.5% (w/w) MCC) were stirred continuously
for 15 min to dissolve the polysaccharide and cooled to 50 °C
for subsequent analysis.

Experimental

SEM Analysis Gel cubes of agarose (10 mm3) with varying
concentrations of MCC were freeze dried at -40 °C for 3

days in a Labconco FriZOne Triade freeze drier (Kansas
City, Missouri, USA). These were then placed on
12.6 mm carbon coated aluminium stubs and gold coated.
FEI Quanta 200 ESEM (Hillsboro, Oregon, USA) was
used to capture the surface micrographs of the freeze
dried samples. Images were captured in the high vacuum
mode, with a spot size of 5, working distance of 12 mm
and an accelerating voltage of 30 kV. A 50x magnifica-
tion was used to obtain an overview of the gel network,
whilst details of the composite topology were captured at
600 x.

Fourier Transform Infrared Spectroscopy (FTIR) A Spectrum 2
FTIR spectrometer by Perkin Elmer (Norwalk, Connecticut,
USA) with a diamond crystal attenuated total reflectance de-
vice from GladiATR (Pike Technologies, Maddison,
Wisconsin, USA) was used to analyse single and binary mix-
tures of agarose and MCC. The absorbance spectra were ob-
tained at a resolution of 4 cm− 1 between 400 and 4000 cm− 1

and averaged over 64 scans in triplicate measurements by
subtracting the spectrum of water.

Differential Scanning Calorimetry (DSC) Thermal analysis of
agarose and agarose-MCC mixtures was carried out using
the Setaram Micro DSC VII (Setu-rau, Caluire, France).
About 700 mg sample was transferred into a cylindrical
vessel and sealed, with an equal weight of milliQ water
being added to the reference vessel. Both vessels were then
deposited into the instrument chamber and held at 40 °C
for 30 min before ramping the temperature to 70 °C,
cooling to 5 °C and once again heating to 70 °C.
Averaged exotherms from triplicate runs, obtained at a
constant scan rate of 1 °C/min, are reported. MCC paste,
obtained by hydrating MCC overnight in excess water and
centrifuging the suspension, was also analysed using a
modulated DSC Q2000 (TA Instruments, New Castle,
DE, USA). The instrument was interfaced to a refrigeration
unit to achieve temperatures well below 0 °C and a nitro-
gen purge at a flow rate of 25 mL/min was used. About
12 mg of sample was weighed in an aluminium pan and
hermetically sealed, with an empty pan being the reference.
Samples were subjected to successive heating and cooling
routines between 10 and 350 °C at a constant scan rate of
1 °C/min. Triplicate runs produced consistent results.

Rheological Measurements Small-deformation dynamic oscil-
lation in-shear was carried out on a Discovery Hybrid
Rheometer (TA Instruments, New Castle, DE, USA) to mea-
sure the elastic modulus (Gʹ) of the hydrated MCC paste, aga-
rose gel and agarose-MCC composites. Samples were loaded at
50 °C onto the preheated Peltier plate with a 40 mm parallel
plate geometry and 1 mm gap. The exposed edges of the com-
posite were coated with polydimethylsiloxane (PDMS) to
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minimisemoisture loss. Analysis involved a temperature sweep
from 50 to 5 °C at 2 °C/min, a 30 min isothermal step at 5 °C
with a frequency of 1 rad/s, followed by a frequency sweep
from 0.1 to 100 rad/s prior to ramping the temperature to
70 °C with a controlled strain of 0.01% throughout, which is
within the linear viscoelastic region of this matrix (LVR).

Confocal Laser Scanning Microscopy (CLSM) and Image
Analysis Agarose was covalently labelled with 5-DTAF
(5-(4, 6-Dichlorotriazinyl) Aminofluorescein) using the
procedure outlined by Russ et al. (2013) [16]. In doing
so, 1 g of agarose was dissolved in 50 ml milliQ water at
80 °C with constant stirring. The solution was cooled to
60 °C and 8 mg 5-DTAF was added before slowly adding
15 ml of 1% (w/v) Na2SO4. Then, 3–4 drops of 10% (w/v)
NaOH were added and stirred for 2 hours prior to adding
120 ml absolute ethanol to obtain a yellow precipitate. The
mixture was refrigerated at -20 °C for 15 min before filter-
ing it and washing the residue with absolute ethanol. The
residue was then dried to obtain a fine yellow agarose
powder.

The 5-DTAF-labelled agarose was used to make samples as
outlined earlier. These were transferred into the well of a
CoverWell imaging chamber (diameter – 20 mm; depth –
2.8 mm) and precooled to 4 °C to ensure rapid gelation of
agarose before the settling of cellulose crystals. Nikon A1R
laser fitted to an invertedmicroscope, ECLIPSE Ti-E (Minato,
Tokyo, Japan) was used to obtain confocal images. An argon
laser at 488 nm was used to excite the 5-DTAF-labelled aga-
rose and the emissions were recorded between 500 and
530 nm. Fifteen 8-bit images, 1279 µm x 1279 µm in size
were captured along the Z-axis, at an interval of 5.72 µm.
The distribution of MCC from 9 different regions across the
samples was studied.

Two image analysis software, Imaris 9.1.0 (Bitplane,
Belfast, Northern Ireland) and FIJI with Java 6 (Madison,
Wisconsin, USA) were used to quantify the Z-stacks obtained
in parallel. The MCC phase volume was determined using the
steps outlined by Mhaske et al. (2019) [14]. In Imaris, the Z-
stack was opened in the “Surfaces” feature. A Gaussian filter
was applied before subtracting the background intensity to
smoothen the image and reduce noise. The volume of hollow
spaces within the agarose network, attributed to the presence
of unstained MCC particles, was measured. In FIJI, the
“Default” algorithm was used to threshold the images, and
the images were inverted tomake the unstainedMCC particles
the object and the agarose phase the background. The area of
the object pixels was calculated for the Z-stack and then mul-
tiplied by the Z-step to get the volume of the MCC particles.
Results obtained for the nine images captured across each
sample were averaged before reporting the phase volume of
the MCC particles.

Statistical Analysis Phase volume results obtained were eval-
uated using Minitab 18 (Minitab Inc., Pennsylvania, USA) by
one-way analysis of variance (ANOVA). Volume measure-
ment is done in duplicate and expressed in mean ± standard
deviation, with significant differences being p < 0.05 (Tukey
test).

Results and Discussion

Structural Characterisation of the Agarose/MCC
Mixtures

Scanning electron microscopy is a technique capable of pro-
viding tangible evidence on the morphology of biomaterials
[17], and it is used in the present work to visualise the structure
of agarose/MCC composites. As shown in Fig. 1a, agarose
exhibits a highly porous, honeycomb like assembly under a
low magnification of 50x. This assembly remains unchanged
upon addition ofMCC (images not shown), indicating that the
gelation of the polysaccharide is independent of the presence
of the cellulose crystal. The presence of MCC particles could
not be seen at 50x magnification, which prompted us to in-
crease it to 600x. As depicted in Fig. 1b, the walls of the
agarose network appear uninterrupted and smooth at the
higher magnification. Addition of MCC results in the devel-
opment of rough surfaces, with rod-like MCC particles being
embedded within the featureless background (Fig. 1c, d). As
the concentration of MCC is raised from 0.6 to 1.2% (w/w),
the surface roughness corresponding to the volume of MCC
particles entrapped in the polysaccharide mesh also increases.
SEM micrographs suggest that the topology of the composite
gel consists of agarose strands forming a continuous matrix
that supports the dispersed rod-shaped particles of the MCC
filler.

Infrared spectroscopy was employed next to record the
chemical fingerprints of agarose, MCC and their composites
(Fig. 2). The former featured characteristic absorbance bands
at 3650 cm− 1 (O-H stretching), 2980 and 2900 cm− 1 (C-H
vibration), 1396 cm− 1 (C-C bending), 1246 cm− 1 (sulphate
esters), 1068 cm − 1 (C-O-C vibration of 3,6-anhydro-galac-
tose bridges) and 877 cm− 1 (anomeric carbon’s angular C-H
deformation) [18, 19]. MCC interferograms showed the gen-
eral attributes of cellulose, reproducing typical absorbance
bands at 1059 cm− 1 (ring vibration and C-OH bending),
1160 cm− 1 (C-O and C-O-C stretching), 1640 cm− 1 (-O- ten-
sile vibration neighbouring H atoms) and a broad band be-
tween 3225 and 3350 cm− 1 (stretching vibrations of O-H
groups) [20–22]. Composites reproduced the absorbance
bands of both individual components, with no variation in
their wavenumber, hence suggesting that there is no chemical
interaction between the constituents of this mixture.
Furthermore, as the concentration of MCC increased in the
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composite, the absorbance bands of both agarose and MCC
displayed a slight amplification in intensity. This is an expect-
ed outcome, congruent with the increase in polymer concen-
trations in their respective domains as explained in the follow-
ing sections.

In addition to infrared spectroscopy, differential scanning
calorimetric tests were carried out to obtain information on the
micromolecular aspects of the structural behaviour of our mix-
ture. Featureless thermograms are recorded from the cooling
cycles of the MCC paste in Fig. 3a indicating the absence of a
first-order thermodynamic transition. The major features in
the heating run are two endothermic peaks. The first event
with a peak at about 108 °C indicates the desorption of water
from the cellulose molecule, whereas the second event at
320 °C traverses the thermal decomposition of the MCC crys-
tal [22]. Figure 3b depicts the exothermic peak of agarose
upon cooling with a midpoint at 23 °C, reflecting the coil-to-
helix transition of the polysaccharide leading to subsequent
gel formation. Corresponding profiles of the blends also

exhibit a single exothermic event that reproduces the charac-
teristics of the agarose thermogram in terms of shape and
temperature band. Once more, it is confirmed that the pres-
ence of MCC does not affect the structural properties of the
agarose gel.

Finally, we studied the mechanical behaviour of single and
binary mixtures of agarose and MCC. Figure 4 reproduces
typical patterns of elastic modulus variation as a function of
temperature when the polymer is cooled from 40 to 5 °C at a
rate of 2 °C/min. A significant increase in Gʹ values is ob-
served at around 35 °C (onset of gelation), approaching as-
ymptotically an equilibrium at the end of the cooling cycle (G’
is about 103.8 Pa at 5 °C). In contrast, the storage modulus of
the MCC paste produced a relatively flat pattern that remained
unaffected by temperature, yielding a storage modulus value
of about 105.4 Pa (results not shown). Qualitatively, the me-
chanical spectra of the composite exhibit a similar trend of
storage modulus development upon cooling from vestigial
gelation to eventual levelling off. As the MCC concentration

Fig. 1 SEM images of (a) 1% (w/w) agarose network at 50x and, walls of 1% (w/w) agarose network containing (b) 0, (c) 0.6 and (d) 1.2% (w/w) MCC
under 600x

156 Food Biophysics (2021) 16:153–160



increases, however, so does the mechanical strength of the
composite, reaching 104.1 Pa with 1.5% (w/w) MCC addition.
This outcome is partially attributed to the reinforcing effect of
the hard MCC particles on the softer agarose matrix. It should
also be noted that the cellulose particles absorb water [23],
thereby decreasing the amount of solvent available to the

agarose phase and increasing its effective concentration, an
outcome that leads to the formation of a stronger hydrogel.

Rheological Modelling of the Phase Behaviour in
Agarose/MCC Composite Gels

Analysis thus far, established qualitatively the noninteractive na-
ture of MCC crystal and agarose molecules leading to a filler
composite with a relatively weak matrix supporting hard inclu-
sions. We are now interested to relate quantitatively the mechan-
ical strength of the constituent phases to the overall behaviour of
the composite gel. That was initiated by obtaining a double-
logarithmic calibration curve of storage modulus for the agarose
network at concentrations between 1.0 to 2.5% (w/w); reported
in the inset of Fig. 4. Mechanical properties were then followed
by a set of equations adapted from the ‘sophisticated synthetic
polymer research’ proposed by Lewis and Nielsen [24]:
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where, Gʹ, Gʹx, Gʹy are the elastic modulus of the composite,
the continuous agarose network and the discontinuous MCC
phase, respectively, and ɸy is the phase volume of the filler.
The framework considers the concept of maximum packing
fraction (ɸm) of the filler particles, which corresponds to 0.52
for random MCC rods. The shape of the filler is taken into
account via the Einstein co-efficient, rendering A to be 2.08
for dispersed cylindrical, rod-shaped inclusions [25].
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In an effort to determine the contribution of each com-
ponent to the elastic modulus of the composite, prepara-
tions were centrifuged at 40 °C and 10,000 rpm for 15 min.
Supernatants of clear agarose solutions were decanted and
their weights were recorded in order to determine the ef-
fective agarose concentration, which ranged from 1.01 to
1.08% (w/w). Respective values of Gʹx for these agarose
concentrations were calculated using the calibration curve
from the inset of Fig. 4. Centrifuged MCC pellets were also
weighed to work out the amount of absorbed water, which
was ~ 4.1 times the weight of the cellulose powder in each
composite. Weights of the decanted agarose supernatant
and MCC pellet obtained after centrifugation were used
to calculate the values of ɸx and ɸy (phase volumes of
agarose and MCC, respectively) for each composite, with
ɸx + ɸy = 1.

The storage modulus value of the MCC paste (about
251 kPa), obtained from rheological measurements in the
preceding section, was used as a constant Gʹy for all com-
posites, with the assumption that equally hydrated MCC
particles in the various composites (0.1 to 1.5% w/w
MCC) would yield the same elastic response. Blending
law modelling was able to produce a Gʹ trace that exhib-
ited a close fit with the corresponding experimental values
of the composites depicted in Fig. 5, an outcome that
showcases its ability to predict phase behaviour in binary
composites. Corresponding volumes of the MCC phase in
all composites, as predicted by blending law, are also
depicted in Fig. 5 being congruent with the amount of
experimentally added polysaccharide. Phase volume pre-
dictions of MCC will be compared with those obtained
from microscopy, paired with image analysis, in the fol-
lowing section in order to assess the suitability of the
microscopic protocol in quantifying phase behaviour in
binary co-gels.

3D CLSM Imaging and Image Analysis for Phase
Volume Estimations in the Agarose/MCC Mixture

In order to capture and then process 3D images of our com-
posites, agarose was covalently labelled with DTAF and the
procedure outlined byMhaske et al. (2019) [14] was followed.
Figure 6a depicts a typical 2D image of the surface of the gel
containing 1% (w/w) agarose and 0.6% (w/w) MCC. Stained
agarose forms a continuous blue background in which the
unstained MCC particles are dispersed as black inclusions.
This is an 8 bit 2D image with a dimension of 512 × 512
pixels, corresponding to an area of 1279 × 1279 µm. Fifteen
such images were obtained along the Z-axis at a fixed interval
or Z-step of 5.72 µm, reproduced in Fig. 6b, which allowed
imaging the sample up to a depth of ~ 85 µm. The Z-stack was
then utilized to generate a 3D image, as seen in Fig. 6c. FIJI,
which is an open source analysis software, analyses the Z-
stack for phase volume estimation by quantifying each 2D
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image separately. In contrast, Imaris renders a 3D image using
the stack of 2D images before quantifying the 3D image
volumetrically.

In an 8 bit image, pixels denote a specific intensity value of
the wavelength emitted by the sample within the range of 0
and 255, where a pixel with the intensity of 0 appears black
and refers to an unstained sample. This serves as the negative
control and is considered to be the baseline calibration in
image analysis [26]. Thresholding is the most critical step in
image analysis in order to accurately segregate the object
pixels (MCC particles) from the background pixels (agarose
network) [27]. The phase volume of MCC particles in the
composite was measured using the image analysis software,
FIJI. Figure 7 illustrates the final phase volume of MCC in the
composite in relation to the original amount of added cellulose
powder. The phase volumes estimated by FIJI are comparable
with those obtained from the rheological blending-law analy-
sis in Fig. 5. Increase in the MCC phase volume in the com-
posite also corresponds to ~ 4.1 times the initial added
amounts documented in Fig. 7 microscopically and in Fig. 5
rheologically from the MCC concentration (%, w/w) vs..
phase volume of MCC (%) relationship. Phase volume esti-
mations, of course, allow quantification of the amount of sol-
vent held in a given polymeric phase.

Next, we turned our attention to the second image analysis
software, Imaris. Once more the protocol used by Mhaske

et al. (2019) [14] was followed to estimate the MCC phase
volumes and results are also shown in Fig. 7. Similarly, the
Imaris predictions are a close fit to those estimated using FIJI
image analysis and rheological blending laws. Statistically,
the difference between the phase volume values obtained from
the two types of imaging software is not significant (p > 0.05)
indicating that both can equally measure water absorption and
its retention in the polymeric phases of the binary mixture.
Nevertheless, the two types of software have distinct ap-
proaches of image quantification and their “plug-ins” vary in

Fig. 6 (a) 2D, (b) Z-stack, and (c)
3D CLSM images of 1% (w/w)
agarose containing 0.6% (w/w)
MCC. The blue background
denotes the stained agarose phase
whereas the black cavities
correspond to the unstained MCC
particles
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customisability, which may affect their capacity in estimating
phase volume in more complex systems, for example, in ter-
tiary preparations of protein, polysaccharide and a lipid phase.

Conclusions

Rheology-based blending laws have been used extensively in
the literature to predict the mechanical strength of synthetic
polymer matrices, and this is augmented in biomaterial com-
posite gels by the estimation of solvent partition between
polymeric phases, since these are largely aqueous prepara-
tions. Nevertheless, such attempts are built around painstaking
rheological experimentation and they also require consider-
able modelling expertise, hence making it difficult for labora-
tories to implement or reproduce. Given this, the suitability of
CLSM based 3D imaging, coupled with image analysis, in
quantifying phase volumes in a binary mixture was investigat-
ed as a rapid alternative approach. The microscopic protocol
could successfully render phase volumes of hydrated MCC
particles suspended in an agarose network, an outcome that
agreed remarkably well with those obtained from rheological
modelling. The protocol could cope with increasing
concentrations/density of the filler phase in phase volume es-
timation and merits further consideration in more complex
preparations.
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