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A B S T R A C T

Agarose, a strongly gelling polysaccharide, is a common ingredient used to optimize the viscoelastic properties of
a multitude of food products. Through aggregation of double helices via hydrogen bonds while cooling under
quiescent conditions it forms firm and brittle gels. However, this behavior can be altered by manipulating the
processing conditions viz shear. For example, gelation under shear leads to microgel particles with large surface
area, which in turn leads to completely different rheological properties and texture. Such fluid gels are shown to
play an important role in texture modification of foods and beverages for dysphagia patients. In this study,
different concentration of agarose fluid gel (0.5 % wt, 1 % wt and 2 % wt) were considered. Rheological mea-
surements of the microgel particles showed an increase of storage and loss modulus with increasing concentra-
tion. However, 1 % wt fluid gel exhibited the lowest viscosity in the low shear range and the shortest LVE range.
Furthermore, the effect on the microstructure and size of gel particles were also investigated by using light mi-
croscopy and particle size analysis. It was observed that as the concentration of agarose increased the particle size
and unordered chains present at the particle surface decreases. Based on our results, we propose specific models
suggesting the impact of the particle size, the concentration and the “hairy” projections on the rheological and
tribological properties that could help in understanding the differences in characteristics of fluid gels.
1. Introduction

Hydrocolloids have a wide range of applications in the food, cos-
metics and pharmaceutical industries due to their versatile functional
properties (Nishinari, Zhang and Ikeda, 2000). To improve the quality
and texture of the product, they are mainly used as emulsifiers, stabi-
lizers, thickeners and gelling agents (Saha and Bhattacharya, 2010).
Hydrocolloids are in most cases natural biopolymers such as poly-
saccharides that have a thickening and gelling effect when hydrated in
water above a critical concentration and subjected to physico-chemical
process. The interest of using polysaccharides in food applications is
due to their ability to modify and improve the rheological and textural
properties, which results in better mouth feeling by precisely controlling
the texture and viscoelastic properties (Li and Nie, 2016; Nishinari et al.,
2000).

In the present work, the underlying physico-chemical properties of
fluid gels prepared using polysaccharides such as agarose are investi-
gated to study their impacts on rheological, mechanical as well as
tribological behavior. At this point, we emphasize that this study here is
not motivated by food engineering properties, but rather on the
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fundamental physical question of soft material in model food systems
such as fluid gels in this case. Fluid gels are particulate gel suspension and
are formed by applying a shear field to a biopolymer solution while it gels
(Farr�es et al., 2014; Frith et al., 2002; Gabriele et al., 2010; Norton et al.,
1999). Many elastic gel particles become immersed in a water phase and
as a result, fluid gels exhibit novel rheological properties. They exhibit
structures that remain textured and behave like a solid at rest, but exhibit
fluid-like flow behavior above a critical value of applied stress (Norton
et al., 1999). This change in formulation and the creation of food mate-
rials based on biopolymer gel materials with controlled microstructure
enabled an even much broader range of applications in the food industry
for potential use as a fat replacer in low energy food products but also for
pharmaceutical applications for controlled drug release (Farr�es et al.,
2014; Mahdi et al., 2014). Furthermore, the fact that different texture
properties can be produced from identical biopolymers simply by con-
trolling the process conditions, such as shear, is a major advantage
(Norton et al., 2006).

Agarose used in this study is the main gelling agent of agar-agar
extracted from red algae (Rhodophyceae) and its linear polymer is
composed of (1–3)-linked agarobiose units of β-D-galactopyranose (1–4)-
mainz.mpg.de (T.A. Vilgis).
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linked to 3,6-anhydro-α-L-galactopyranose (Imeson, 2009). Agarose so-
lution undergoes very quickly a sol-gel transition upon cooling and form
a three-dimensional network, due to its molecular structure and
physico-chemical properties. During gelation under cooling, the single
chains first associate via hydrogen bonds to form double helices. Further
cooling leads to aggregation of these double helices (Russ et al., 2013). A
two-step gelation mechanism for agarose was proposed: first, the
connection of the randomly distributed coils by hydrogen bonds to form a
double-helical association, followed by the aggregation of the double
helices to form a tight three-dimensional network (Nordqvist and Vilgis,
2011; Russ et al., 2013). Furthermore, the coil to helix transition which
takes place while cooling can be described by a mean field Zimm-Bragg
approach (Nowak and Vilgis, 2004; Vilgis, 2015; Zimm and Bragg, 1959).
Agarose gels are known for their tendency to release water and are sus-
ceptible to syneresis, which increases with decreasing of agarose con-
centration meaning that the water holding capacity increases with
increasing agarose concentration. Syneresis in physical aqueous gels has
been studied and discussed in detailed by Ako (2017) and Nishinari &
Fang (Nishinari & Fang, 2016, 2017) and other workers cited therein.
Water was noted to exude out at the surface of the gels and even though it
resulted in an increase in concentration due to syneresis, a decrease in
elastic modulus was reported due to network loosening and volume
contraction (Nishinari & Fang, 2016, 2017). Such tendency of water
release can be taken as an indication for the storage stability and is,
additional to the texture properties, also of high importance for the
mouthfeel (Fiszman and Dur�an, 1992; Nordqvist and Vilgis, 2011). Due
to the dense three-dimensional network and the fast kinetics of the gel-
ling process, agarose forms hard, highly elastic gels that result in poor
mouthfeel (Nordqvist and Vilgis, 2011). A way to improve the mouthfeel
can be therefore by manipulating the processing condition.

It has been proposed that when biopolymers are subjected to shear
during their gelation, a competing mechanism occurs between gelation
by physical crosslinking via hydrogen bonds and their breakup by the
shear forces (De Carvalho and Djabourov, 1997). Furthermore, the gel
structure formed by gelation under shear results from the competition
between at least two time scales: shear rates and the molecular dynamics
of the agarose chains. Moreover, the entire cascade of the internal modes
of the polymer motion as expressed for the Rouse-Zimmmodel play a role
under growing cluster size inside the forming gel particles (Doi and
Edwards, 1986). Furthermore, cooling rate: influence first the center of
mass of individual polymers, then the center of mass of the cluster, then
the growing size slows the cluster dynamics further to smaller time scales
and shorter spatial displacements. In addition, it was suggested that
particle size and particle volume fraction are shear rate, temperature rate
and concentration dependent and predict the properties of the fluid gel
(De Carvalho and Djabourov, 1997; Norton et al., 1999). In turn, this led
to the assumption that the order rate of the biopolymer is the crucial
factor for particle growth. The particle size (R) dependence on these
parameters can be described to lowest order using Einstein diffusion law
at low P�eclet number. This equation defines a relationship between
particle size and viscosity ηs of the sol phase, which is also determined by
the shear rate _γ

R ’
�
kB T
6πηs _γ

�1=3

(1)

and kBT is the thermal energy. Furthermore, previous work proposed that
the mechanism for the formation of the sheared gel is based on the initial
nucleation and growth into spherical gel particles due to either the
‘enrichment’ process from the surrounding non-gelled matrix or due to
the agglomeration of the nucleating particles that are forced together in
the shear flow. These are then separated by shear forces, which constrain
molecular ordering within the discrete particles (Norton et al., 1999).
However, eq. (1) can only be viewed as a crude scaling estimate of the
size of the gelled particles. The gelling process of agarose gels is a highly
non-equilibrium process, as can be seen by the pronounced hysteresis
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under cooling and heating (refer Vilgis 2015 for a recent review) (Vilgis,
2015). Even at low cooling rates an equilibrium state gel will be reached.
Therefore the competition between the time scales imposed by the shear
rate during gelation and the broad range of polymer time scales will
matter. Before the gelling starts the chains diffuse to lowest approxima-
tion according to a Rouse-Zimm model (Doi et al., 1988), suggesting that
the center-of-mass diffusion constant DCM of the polymer chains in good
solvent behaves as

DCM ∝
kBT
N1=2

(2)

where N is the average dimensionless chain length of the polymer.
Consequently the longest relaxation time τ of the chains is determined by
τ∝N1=2. Under cooling, the time scales change accordingly until the two
neighboring chains are close enough to form helices, which introduce
much lower time scales. The diffusion of the growing gel clusters slows
down further and is again determined by its size, and thus the number of
agarose chains involved. In consequence the shape of the particles
become irregular, and long, extended excess parts, “tails”, growing from
a spherical or ellipsoid center.

Moreover, a detailed study of the lubrication behavior of agarose fluid
gels with different concentration was investigated and showed that fluid
gel particles with different elasticity influence their rheological and
tribological behavior (Gabriele et al., 2010). Additionally, a strong effect
of particle shape of blends of different biopolymers on viscosity proper-
ties was reported by Wolf et al. (Wolf et al., 2001).

In a recent paper by Holland et al. the formation of the “hairy” agar
fluid gel particles was reported by comparing two different agars and
concentration prepared by different processes, which resulted in
different particle size and shape besides the presence or absence of
“tails”. From this study, it was concluded that the “tails” give the particles
a much larger hydrodynamic volume than if only the core were present,
and thus the effective volume of the “tails” present has an effect on the
thermal and rheological behavior. They also conclude a distinct corre-
lation between the dependence of particle size, shape and rheological
properties on the type of agar that is used, the preparation method and
the concentration (Holland et al., 2018).

Despite many previous studies, a precise gelling mechanism under
shear and the resulting physical behavior of fluid gels is not yet fully
understood, especially the resulting shapes.

Therefore, our study focuses on finding the detailed gelling mecha-
nism of agarose as a function of concentration and its effect on fluid gel
particle size and shape. The agarose fluid gels were prepared in a
rheometer using a vane tool geometry for investigating their rheological
and tribological properties. Rheological characterization such as:
amplitude sweep, frequency sweep and flow sweep was carried out in
order to understand in detail effect of concentration on gel network
formation. Furthermore, texture analysis of fluid gel was evaluated and
compared their results with the lubrication properties at the boundary
regime for better assessment of the micro gel particle. Moreover, in order
to understand the different behavior, gel particles were examined by
microscopy and further reconfirmed by particle size determination.
Additionally, scanning electron microscopy was conducted to provide
further structural information of the bulk properties. Thus, with afore-
mentioned analysis, we proposed a schematic model which describes the
effect of agarose concentration on rheological and tribological properties
of fluid gel.

2. Materials and methods

2.1. Materials

Agarose [CAS: 9012-36-6] (Fisher Scientific GmbH Schwerte, Ger-
many) is used in the current study to understand the fluid gel mechanism.
According to the manufacturer, the agarose powder has a gelling
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temperature (Tgel) between 34 and 45 �C and reaches a gel strength of
>100 g/cm2.

2.2. Preparation of agarose fluid gels using a rheometer

For the respective concentration of 0.5 % wt, 1 % wt and 2 % wt,
agarose was slowly added to Milli-Q water while stirring on a magnetic
stirrer (500 rpm). As agarose is only soluble in hot water, the suspension
was heated to 85 �C for about 20 min to ensure complete hydration of
agarose while stirring in a sealed beaker.

The fluid gels were prepared using the Discovery HR-3 Rheometer
(TA Instruments) with a cup (diameter ¼ 30.37 mm) and vane (diameter
¼ 28 mm and length ¼ 42 mm) tool geometry of a concentric cylinder
Peltier Jacket which can be electrically heated. The hot agarose solution
(30 g) was poured into the cup preheated to 85 �C and then allowed to
equilibrate for 5 min before measurements were started. To minimize
evaporation during the measurement a two-piece cover was used.

Gelation was performed at a constant shear rate (400 s�1) while
cooling to 25 �C at a temperature rate of 1 �C/min and subsequently
sheared for another 15 min at 25 �C at the shear rate of 400 s�1. A
pourable smooth gel was produced, showing structures that retain their
textures at rest and behave like a solid, but exhibit liquid-like flow
behavior when subjected to sufficient stress. The samples were then
removed from the rheometer and stored at 4 �C for 24 h prior to the
further characterization tests.

2.3. Rheological measurements

Dynamic viscoelastic and viscosity measurements of the different
concentrations of the agarose fluid gels were performed by a Discovery
HR-3 Rheometer (TA Instruments) using a 40 mm diameter parallel plate
with a pre-set distance of 500 μm and a solvent trap to prevent evapo-
ration. To avoid disrupting the fluid gel structure, the samples were
placed on the geometry with a spoon and overflowing sample material
was carefully removed with a spatula. All rheological measurements
were performed in triplicate.

Amplitude sweep test was performed to examine the viscoelastic
properties of the fluid gels. Using this method, storage (G0) and loss (G00)
moduli were measured to describe the deformation behavior of the
samples in the non-destructive range defined as the linear-viscoelastic
(LVE) range. The limits of the LVE range and the characterization of
the behavior after exceeding this range, which is defined as non-linear
viscoelastic range, was also evaluated.

The oscillation deformation was applied at constant frequency ƒ ¼ 1
Hz and the storage (G0) and loss (G00)moduli were measured as a function
of the strain γ ranging between 0.001% and 1000% and at a temperature
of 25 �C.

Frequency sweeps were performed in the range of 0.1–100 rad/s
(0.0159–15.9 Hz) at a constant strain of 0.05%, hence within the LVE
range of the amplitude sweep.

For the flow sweep test, rotational steady shear was performed to
measure the flow behavior of the fluid gels and the viscosity as a function
of the shear rate, increasing from 0.001 to 1000 s�1 before decreasing the
shear rate from 1000 to 0.001 s�1. The two-step flow was carried out to
examine the extent to which the hysteresis between the two stages, which
indicate a change in viscosity, alters. In the present study, only the first
step was considered for the viscosity investigation.

2.4. Light microscopy

The microstructure of the gel particles was studied by light micro-
scopy using a Carl Zeiss Axio Scope.A1 microscope (Carl Zeiss AG,
Oberkochen, Germany). Images were captured by using transmission
bright field microscopy with the objective lenses magnifying 10�, 20�,
and 40� and thus total magnifications of 100�, 200 x, 400 x. ImageJ
software was used to insert the scale bar. The fluid gel samples have been
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diluted with Milli-Q water (1:5) after it was carefully transferred on a
microscope slide. The diluted sample was stained with toluidine blue
solution (0.1 % wt) to enhance contrast.

2.5. Particle size determination

To determine the particle size distributions, static light scattering
experiments have been performed with the LS 13320 laser diffraction
particle analyzer by Beckmann Coulter, enabling particle size detections
in the range of 0.040–2000 μm.

The particle size was analyzed based on the theory of the Fraunhofer
model, which is provided by the supplier's software. For this calculation,
no additional data such as refractive index or absorption coefficient were
needed. In order to avoid multiple scattering, samples were diluted by
the particle size analyzer. The sample was pipetted into the measuring
cell filled with distilled water until a certain obscuration was reached.
Triplicate measurements were performed to determine the average
distribution.

2.6. Texture analysis

For the texture analysis, the samples were stored and tested in
transparent round boxes (d ¼ 16.5 mm; h ¼ 12 mm; Licefa GmbH & Co.
KG, Germany) with airtight sealed lids. The gel strength measurements of
the different concentration of the fluid gels were carried out at room
temperature (22 �C) in triplicate measurements, using the Z005 All-
roundLine texture analyzer by Zwick Roell attached with a 50 N cell.

The texture analyzer set-up was chosen as a cylindrical shaped
stainless steel stamp (d ¼ 1 mm), which penetrates the sample at a
constant speed of 10 mm/min, with 15 cycles and a strain increase of 5%
at the point of load application of each cycle. The plunger first punctured
the sample for a strain of 5% of the initial height, returned to its starting
position, and moved downwards to puncture the sample again to a strain
increased by 5%. The processes were repeated until the sample was
finally punctured to 75% strain of the initial height. In addition, defor-
mation cycles were performed with no resting time in between. A trigger
force of 0.002 N was set to determine a reproducible zero point.

2.7. Tribology

The friction of the different concentrations of produced fluid gels was
measured using a Tribo-Rheometry Accessory available for Discovery
HR-3 Rheometers (TA Instruments). The measurements were performed
at 25 �C.

In the set-up for the tribology test, a three balls on a plate geometry
was used, which for the upper part consisted of three spheres arranged on
a circular plate with a radius of 15 mm and a lower plate attached with a
silicon substrate. The contact surface of the tribopairs consisted of a
stainless steel ball and a silicon rubber with a diameter of 40 mm and a
thickness of 0.5 mm. The stainless steel balls provided by the manufac-
turer of the DHR-3 Rheometer are hemispheres with a diameter of
7.9375 mm (5/1600), which maintain point contact with the silicon sur-
face. The hemispheres can be screwed onto the plate, which is attached to
a helical-spring-like aluminum beam coupling suitable for load forces
<20 N. This self-aligned design ensures uniform solid-solid contact and
axial force distribution between the surfaces. This allows axial compli-
ance to provide uniform axial force control for good alignment between
the two surfaces and even distribution of normal force during rotation
(specified by Trios manual 2019). For stable temperature control, the
lower plate geometry is attached to the Peltier plate of the DHR-3
Rheometer. The tribology measurements were performed at 25 �C and
fluid gel samples were carefully placed onto the silicon surface using a
spatula. Normal forces of 3 N were used which resembles the normal
forces applied during oral processing (He et al., 2018; Laiho et al., 2017;
Nguyen et al., 2017), and the sliding speed was conducted from 100 to
1000000 μm/s by rotating the upper three ball geometry while the lower



Fig. 1. Gelation under shear. Viscosity profile during agarose fluid gel pro-
duction for the three concentrations: 0.5 % wt (black), 1 % wt (blue) and 2 % wt
(green). The samples are subjected to a constant applied shear rate of 400 s�1

and were cooled from 85 �C to 25 �C at 1 �C/min and then held for 15 min at 25
�C. The thin red line represents the change of temperature with respect to the
time. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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plate geometry is stationary. The tribology tests were carried out in
triplicate. Using the trios software the friction force FF and friction co-
efficient μwere calculated for the three balls on plate geometry, with the
torque M as an independent variable (see Table 1). Thus, the friction
coefficient was calculated as the ratio of the measured friction force to
the normal force FN and is given as a function of the sliding speed (μm/s)
for each testing.

2.8. SEM

Scanning electron microscopy was implemented by using a Hitachi
SU 8000 (Hitachi, Krefeld; Germany) with an acceleration voltage of
0.750 kV between 0.487 and 0.750 kV to examine the structure of the
network of different concentration of the fluid gels. The fluid gels were
cooled rapidly with liquid nitrogen before placing in a freeze dryer
(Christ Alpha 1–2 LD plus). After drying overnight, the completely freeze-
dried samples were then carefully placed on the SEM sample stubs and
transferred to the microscope.

3. Results and discussion

3.1. Formulation and characterization of agarose fluid gels

Agarose fluid gels were prepared by using a rheometer having a cup
and a vane geometry in a Peltier concentric cylinder system. The
advantage of this “in-situ”method for preparing fluid gels is that gelation
takes place at a constant, permanently imposed shear rate, thus ensuring
the preparation of fluid gels under controlled conditions such as shear
rate and especially temperature rate (De Carvalho and Djabourov, 1997).
As agarose is only soluble in hot water it was heated up at 85 �C for 20
min with stirring to ensure complete hydration of agarose. Subsequently,
the hot agarose solution was poured into the Peltier cup of the rheometer
before measuring.

Fig. 1 exhibits the changes in viscosity for the different fluid gel
concentrations of 0.5 % wt, 1 % wt and 2 %wt as the function of the time
and the temperature. The sample was cooled from 85 �C to 25 �C at 1 �C/
min rate and subsequently held for 15 min with a constant shear rate of
400 s� 1. The red line that shows a linear profile represents the tem-
perature ramp and indicates the decreasing temperature between 85 �C
and 25 �C, which was then kept at 25 �C. It can be seen for all agarose
concentrations that there is an increase in viscosity with decreasing
temperature. All three samples show a similar trend on change in vis-
cosity: initially a gradual increase in viscosity as the temperature de-
creases; followed by a sharp increase in viscosity (indicated by the
ellipse), which is later succeeded by a plateau region. Despite the higher
viscosity within the whole measurement of the 2 % wt concentration
sample, it also exhibits an earlier sharp increase of the viscosity (at about
33 �C) followed by the 1 % wt (at about 31 �C) and finally the 0.5 % wt
(at about 27 �C) agarose sample concentration. The point where sharp
increase in viscosity was detected is referred as ‘inflection point’ of the
viscosity curve. This point is the one with the largest slope and thus in-
dicates the largest change in viscosity value at a particular temperature.
In this process, under imposed flow, a competing mechanism takes place
between the gelation by physical cross-linking (via hydrogen bonds) and
its breakup by the shear forces (De Carvalho and Djabourov, 1997).

The region where the viscosity shows a sharp rise and exhibits an
Table 1
The quantities used are FN: normal force (N); FF; friction force (N); M torque
(Nm); d: arm length at 0.015 m.

Friction coefficient μ
μ ¼ FF

FN

Friction force FF FF ¼ M
d

Friction coefficient μ
μ ¼ M

dFN
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inflection point is the temperature at which the polysaccharide molecules
undergo a sol-gel transition under shear conditions and begin to gel (De
Carvalho and Djabourov, 1997). The gradual increase of the viscosity
between 85 �C (0 min) and approximately 55 �C (30 min) corresponds to
an Arrhenius behavior, whereas the slight steeper slope between 55 �C
and 45 �C (40 min) indicated the beginning of the gelation. Agarose
molecules begin to aggregate, forming helices and join to small (nano and
micro) networks throughout the sample. This is in agreement with pre-
vious publications, the increase in viscosity was attributed to the initial
association of individual biopolymer chains and their beginning of
ordering to form double helices that begin to aggregate, and subse-
quently the formation of small gel nuclei which starts around the gelation
temperature of the biopolymer (Norton et al., 1999). Further detailed
studies on agarose gels with different concentrations and their modifi-
cation has been done, suggesting a two-step gelation mechanism, by
formation of double helices via hydrogen bonds and their aggregation
into a three-dimensional network (Nordqvist and Vilgis, 2011). In addi-
tion, confocal laser scanning microscopy (CLSM) was used to show for
the first time the network structure of different agarose concentrations,
densifying with increasing concentration (Russ et al., 2013). In fact, the
observation that the gelling temperature increases with increasing
agarose concentration is a consequence of faster gelation due to a higher
number of particles. Thus, a higher agarose concentration is associated
with a higher volume fraction and thus a higher viscosity (Norton et al.,
1999).

For the agarose used in this study, the gelling temperature would be
between 34 and 35 �C, as stated by the manufacturer. With further
decreasing temperature, the starting gel nuclei further grow until an
equilibrium particle size is reached, which is controlled by the shear
regime. The temperature range in which the rapid viscosity increase
occurs, indicated by the ellipse in Fig. 1, represents as mentioned above
the aggregation of the multiple helices of the agarose chain polymers,
into micro gel cluster.

In addition, fluid gel production with the rheometer was also per-
formed with different shear rates, temperature rates, and other geome-
tries such as parallel-plate and cone-plate geometry (refer the supporting
information). It was observed that all these parameters have an effect on
viscosity andmodulus. As the shear rate decreased (800 s�1, 400 s�1, 200
s�1), the viscosity increased as well as the modulus (shown in the
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supporting information, Figure S1 (a-b)). This is in agreement with
previously reported studies (Farr�es et al., 2014; Gabriele et al., 2009;
Norton et al., 1999). However, at shear rate of 800 s�1, increasing the
temperature cooling rate from 1 �C/min to 3 �C/min showed a shift in the
sharp increase in viscosity to lower temperatures (by about 4 �C), but no
change in viscosity and modulus at 25 �C. As already mentioned, due to
the faster cooling rate, gel formation dominates and the average particle
size becomes larger compared to the particle size for a slow cooling rate.
Similarly, these previous studies emphasized that at high cooling rates,
the shear forces are dominated by the gelation, resulting in the formation
of larger gel particles.

At low cooling rates, applied shear dominates, resulting in the for-
mation of smaller particles and a narrower size distribution (Gabriele
et al., 2010; Moakes et al., 2015). However, in the case of the 3 �C/min
cooling rate, even though the gelation was observed at a lower temper-
ature, there was no effect on storage (G0) and loss (G00) moduli observed
in the amplitude sweep. This can be explained by the fact that the shear
rate of 800 s�1 is fast enough so that the breakup of the gel clusters
dominates their formation. Thus, the faster temperature rate has no effect
on the formation of the gel particles. This would be different for the
slower shear rates, leading to higher storage (G0) and loss (G00)moduli. In
previous works, a strong dependence on the temperature rate has been
observed in terms of particle size reduction as a function of the applied
shear rate (Farr�es et al., 2014; Gabriele et al., 2009; Moakes et al., 2015;
Norton et al., 1999). Moreover, the size of fluid gel particles was shown
to be determined by the dynamic equilibrium between two competing
factors with respect to the formation process: the shear rate vs. the
cooling rate, which determines the molecular dynamics. At the beginning
the chain dynamics matters and the center of mass of polymer chains
scales with the inverse square root of the chain length, (DCM∝ kBT=
N�1=2). When gel clusters are formed, the most important time scale is
given by the cluster diffusion, i.e., DCluster ∝kBT=RCluster . While the growth
of the gel nuclei is primarily controlled by the cooling rate, the breakup of
the particles are controlled mainly by the shear rate (De Carvalho and
Djabourov, 1997).

In addition, fluid gel preparation was also conducted within the
rheometer using a parallel-plate geometry with a diameter of 40 mm and
a cone-plate geometry with a diameter of 40 mm, a cone angle of 2�, and
a truncation of 56 μm (shown in the supporting information, Fig. S2 (a)).
The measurements were performed at different shear rates and the effect
of the different geometries on the formation of agarose fluid gels was
considered. These gels were collected for optical microscopy examina-
tion or remained in the rheometer for further amplitude sweep tests
(shown in the supporting information, Fig. S2 (b) and S3 (a-b)). The
purpose of this procedure was to investigate the extent to which the
different geometries affect particle formation. Microscopic studies of
agarose fluid gels using both geometries revealed microstructures of gel
particles with similar shape and unordered chains present on the surface,
but a larger particle size distribution when using the parallel-plate ge-
ometry. The viscosity profiles and amplitude sweep tests with the cone-
plate geometry resulted in lower viscosity and storage (G0) and loss
Fig. 2. Optical microscopy picture of (a) 0.5 % wt, (b) 1 % wt and (c) 2 % wt agarose
i.e. the “hairs” on the microparticle surface. (For interpretation of the references to co
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(G00)moduli at 25 �C compared to the parallel-plate geometry as shown in
the supporting information, Figure S2 (a-b). This is due to the uniform
shear conditions in the entire cone gap during the measurements,
resulting in smaller aggregates. The values of the moduli G0 and G00

showed the same trend, that is, an increase of the modulus value when
applying a lower shear rate and using the parallel plate geometry.
However, in this work, for further characterization of agarose fluid gels, a
vane geometry was applied for the preparation of larger quantities of
agarose fluid gels using a DHR-3 Rheometer.
3.2. Characterization and particle size distribution of agarose fluid gels

To investigate the microstructure of the agarose fluid gels, light mi-
croscopy was used initially in order to support the results of particle size
and rheology measurements. Fig. 2 shows the microstructure of the gel
particles of the different agarose concentration 0.5 % wt, 1 % wt, 2 % wt,
prepared with the rheometer using the vane cup geometry. The samples
were diluted with Milli-Q water and stained with toluidine blue solution
(0.1 % wt) for better contrast. In all sample concentrations, agarose fluid
gels appeared as spherical like structure with dense core and unordered
chains present on the surface. Fluid gels prepared under controlled shear
and temperature conditions using a rheometer were first described as
“hairy” (irregularly shaped) particles by Norton et al. (1999). The mi-
croscope image for the 0.5 % wt sample reveals approximately 200 μm
large particles with hairy parts. On the other hand, the microstructure of
the particles of the 1 % wt fluid gels exhibit slightly smaller size than the
0.5 % wt samples and a less hairy structure on the surface. Fluid gel
samples with 2%wt agarose showmuch smaller size at about 50 μmwith
even less hairy parts. The results of these microscopic observations sug-
gest that with increasing concentration the particle size reduces and the
numbers of unordered chains on the surface (hairy parts) decrease.

In order to understand the differences in particle size and shape of
fluid gel throughmicroscopic investigations, the particle size distribution
was examined. As particle size plays an important role in understanding
rheological measurements and properties. Fig. 3 shows the particle size
determination, which indicates variations in particle size distribution at
different concentrations of agarose fluid gels. A slight decrease in mean
particle size is observed with increasing concentration from 0.5 %wt to 1
% wt for fluid gels. However, a greater decrease in particle size is
observed for the 2 % wt sample with significantly broader particle size
distribution. Thus, this result of particle size determination is in accor-
dance with the microscopic observations.

The observation that the particle size decreases with increasing
concentration can be described to lowest order using Einstein diffusion
laws at low P�eclet number of a particle (see equation (1)). This equation
defines a relationship between particle size and viscosity of the sol phase,
which is also determined by the shear rate (De Carvalho and Djabourov,
1997). That is, increasing concentration results in a broader size distri-
bution and a smaller mean diameter. These experimental observations
are consistent with findings from the literature and previous studies that
reported a trend of decreasing particle size with increasing concentration
fluid gel particles stained with toluidine blue. The red arrows indicate the chains
lour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 3. Particle size distribution of fluid gel particle with different agarose
concentration.
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of various biopolymers such as agar, alginate, whey protein and carra-
geenan (Farr�es et al., 2014; Garrec and Norton, 2012; Norton et al.,
1999).
3.3. Rheological properties

In order to understand the viscoelastic and flow properties of the
different concentrations of agarose fluid gels, these systems were char-
acterized with various rheological methods. Moreover, it was of interest
to investigate how the size and shape of the gel particles influence this
mechanical behavior.

Fig. 4 shows the result of the amplitude sweep of the different con-
centrations of the agarose fluid gels. In Fig. 4, the mean value and the
standard deviations of the elastic and viscous moduli as a function of the
Fig. 4. Amplitude sweep profile of agarose fluid gels with 0.5 % wt (black), 1 %
wt (blue) and 2 % wt (green) concentration. Dependence of G0 (filled symbols)
and G00 (empty symbols) on strain at constant frequency (ƒ ¼ 1 Hz) and tem-
perature (T ¼ 25 �C). The vertical dashed lines indicate the limit of the LVE
range γL (also called yield point). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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strain for the different fluid gel concentrations is plotted. For all samples,
storage (G0) and loss (G00) moduli exhibit a constant plateau value of G0

and G00 followed by a decrease in moduli as the applied strain increases.
As expected, storage (G0) and loss (G00) moduli increase with increasing
concentration of agarose. The 2 % wt fluid gel sample measurement
displays approximately 920 Pa as the highest storage modulus, whereas
the storage modulus of the 1 % wt sample is lower with a value of about
370 Pa and the storagemodulus for the 0.5%wt exhibits the lowest value
of about 130 Pa. Thus, all samples exhibit unsurprisingly an elastic
dominated behavior (gel-like or solid structure) at the linear viscoelastic
(LVE) range.

Furthermore, each concentration of the fluid gels exhibits a slight
increase and a maximum of the loss modulus G00 at larger deformation
(between approximately 0.2% and 2% oscillation strain) before the final
decrease; more pronounced for the 0.5 % wt and 1 % wt, although a
bump for the sample with 0.5 % wt is more distinct. This observation of
the G00 peak with increasing deformation suggests an interconnected
network of gel particles formed by cross-linked polymers. The rise ofG00 is
an indication of an increase in the deformation energy transferred to the
environment before parts of the inner structure are deformed and finally
the interparticle connectivity is disturbed. The occurrence of the G00

bump could be explained by the relative motion of molecules of free
dangling chain ends, such as the disordered chains as mentioned earlier,
which are found at the surface of the “hairy” particles. Besides, long
network bridges which are not permanently embedded in the network
could be responsible for this observation (Hyun et al., 2002; Hyun et al.,
2011; Mezger, 2010). In addition, the G0 bump at high deformation larger
than 100–1000% strain can be attributed to the jamming of the gel
particles, leading to an earlier occurrence of the 2 % wt fluid gel due to
the dense packing and higher concentration, which in turn yield stiffer
and less deformable particles, followed by the 1 % wt and 0.5 % wt
agarose fluid gels.

When comparing the LVE range within the different concentrations, a
nonlinear correlation with the concentration is revealed in contrast to the
linearity of the moduli with the concentration. The plateau where
structures remain intact is known as the linear viscoelastic (LVE) range.
In Fig. 4, the vertical dashed lines indicate the limit of the LVE range (also
called yield point), i.e. the range until which the tests are performed
without destroying the samples or initiating flow through the required
applied strain. The LVE limit γL was calculated as the strain required to
decrease the storage modulus (G0) by 10% from the LVE range. This re-
veals that the 1%wt sample having the shortest LVE range with γL¼ 0.08
(�0.03) %, followed by the 2 % wt sample with γL ¼ 0.15 (�0.07) % and
finally the 0.5 % wt sample displaying the highest limit of LVE value with
γL ¼ 0.21 (�0.03) %. Earlier studies on fluid gels conclude that an in-
crease in hydrocolloid concentration results in an increase in storage
modulus, but also an increase in the limit of the LVE range, due to
enhanced particle interaction (Ellis et al., 2017).

For better understanding and further interpretation of the obtained
findings, based on all experimental results mentioned earlier, such as
microscopy examinations, particle size determination and amplitude
sweep tests, a schematic model is shown in Fig. 5.

As can be seen in Fig. 5 (a), the particles of the 0.5 % wt fluid gel
sample are largest with a very high proportion of disordered chains
projecting at the surface. The 1 % wt gel particles (Fig. 5 (b)), illustrated
here with slightly smaller size, exhibit fewer chains on the particle sur-
face. Finally, the 2 % wt fluid gel samples show the smallest particle sizes
with considerably fewer chains (hairy parts) on the particle surface. As
mentioned before, the increase of the storage modulus with increasing
agarose concentration can be explained by increased particle interaction,
especially the higher percolation between the smaller particles, which is
caused by the higher volume fraction. This is clearly indicated for the 2 %
wt sample compared for the 1 % wt and more distinctly for the 0.5 % wt
fluid gel.

However, when looking back at the LVE range (Fig. 4), the observed
nonlinearity with respect to the concentration can be visualized with the



Fig. 5. Schematic model of fluid gel particle size and shape with varying agarose concentration (a) 0.5 % wt, (b) 1 % wt and (c) 2 % wt. The fluid gel of 0.5 % wt
agarose is drawn with slightly larger particle size compared to 1 % wt and higher proportion of unordered chains on the surface. Whereas the 2 % wt sample shows the
smallest particle size and the least proportion of unordered chains on the surface.
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illustration in Fig. 5. The LVE limit of the 2 % wt sample, which is be-
tween that of the 0.5%wt and 1%wt sample, can obviously be explained
by the higher uniform density due to the volume fraction and smaller
particles that require some deformation until the particles slide against
each other and finally the whole superstructure breaks down. In contrast,
when comparing the LVE range of the 0.5 % wt with the 1 % wt sample,
the latter exhibits a shorter LVE range. This is not consistent with the
previous explanations and understanding. Since, as mentioned above, the
particles of the 1 % wt sample are slightly smaller but have a larger
volume fraction than those of the 0.5 % wt sample. However, this
observation can be explained by the larger proportion of the hairy parts
of the particles of the 0.5 % wt sample, which begin to interpenetrating
one another and entangled with increasing deformation, resulting in an
extended LVE range.

To investigate the flow behavior of the same fluid gel samples and to
support the results of the previous amplitudes sweep, Fig. 6 shows the
shear rate dependent viscosity profiles obtained by performing the flow
sweep test.

The viscosities were measured initially for increasing and subse-
quently decreasing shear rate. As expected, the viscosity of all tested fluid
gels decreases with increasing shear rate and thus shows a shear-thinning
behavior. Moreover, an increase in viscosity with increasing agarose
concentration is observed, especially noticeable at higher rates above
100 s�1. At these high shear conditions, the particles move along each
other and are strongly deformed under the exposed stress. Since fluid gels
produced with higher agarose concentrations yield stiffer and less
deformable particles, the result is an increase in shear viscosity at high
Fig. 6. (a) Flow behavior of the agarose fluid gel with different concentration: 0.5 %
gel concentrations at low shear rate, with the 0.5 % wt concentration having a higher
on the particle surface. (For interpretation of the references to colour in this figure
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shear conditions.
This trend is in agreement with previous studies of viscosity mea-

surements in relation to hydrocolloid concentrations, which show this
typical tendency of linearity between the increasing shear viscosity with
increasing concentration of hydrocolloids (Ellis et al., 2017; Garrec et al.,
2013; Moakes et al., 2015).

However, considering low shear rates, a discrepancy can be observed,
as shown in Fig. 6 (b). While the concentration of the 2 %wt fluid gel still
has the highest viscosity, when comparing the 0.5 % wt with the 1 % wt
sample, it can be seen that the former has a higher viscosity despite a
lower concentration. Again, this cannot be explained by considering
particle sizes (approximately the same size) or volume fraction only and
seemingly contradicts according to the current explanations and under-
standing. Referring to the schemes in Fig. 5, it is likely that the higher
proportion of the projecting tails play a significant role. At rest, the
chains of the aggregate helices become entangled with each other, which
leads to higher friction and thus an increase in viscosity at this very low
shear rate. This nonlinear trend and observation applies to both the up-
ward and downward curves of the flow sweep test.

Further, Fig. 7 (a) shows the result of the frequency sweep of the
respective fluid gels, with storage (G0) and loss (G00) moduli in depen-
dence of frequency at constant strain (γ ¼ 0.05%). This was carried out to
describe the time-dependent behavior of the fluid gels and to understand
the mechanical reaction at small oscillation strains in the range of non-
destructive deformations, i.e. in the LVE range. Also here it can be
visualized, how the moduli increase as expected with increasing con-
centration. Moreover, it can be seen that the moduli of the respective
wt (black), 1 % wt (blue) and 2 % wt (green). (b) Viscosity of the different fluid
viscosity value than the 1 % wt concentration due to entanglement of the chain

legend, the reader is referred to the Web version of this article.)



Fig. 7. (a) Frequency dependence of storage and loss moduli G0 (filled symbols), G00 (empty symbols) and (b) Frequency dependence of tan (δ) at constant strain (γ ¼
0.05%) and temperature (T ¼ 25 �C) for agarose fluid gels with different concentrations 0.5 % wt (black), 1 % wt (blue) and 2 % wt (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fluid gels increase slightly with increasing frequency. This can be
explained as follows: The fluid gel particles moving at a certain frequency
experience only a negligible change at low frequency. They are sur-
rounded by other particles which, when sheared slowly, all followed
simultaneously. As the frequency increases, the particle's movement be-
comes faster. The dangling chains on the particle surfaces, which are
quite flexible, also move and show an earlier motion as the frequency
increases, while the centers move more sluggishly. With increasing fre-
quency, the particles are pushed together and interfere with each other,
as do these dangling chains. Since the agarose gel particles are in a good
solvent, this causes the hydrophilic chains to protrude from the surface of
the particles into the continuous phase due to the surrounding water.
Thus, the higher the frequency, the more the chains can interfere with
each other. When these chains move faster and follow with the fre-
quency, the excluded volume becomes smaller. This in turn implies that
the chains interfere even more with each other. This description is
consistent when considering the loss moduli as a function of frequency
for all three fluid gels in Fig. 7 (a). While the 0.5 % wt fluid gel sample
shows an increase in loss modulus (G00) at a frequency below 1 rad/s, the
1 % wt sample displays a G00 increase above 1 rad/s, whereas the 2 % wt
sample reveals a relatively constant G00 curve over the entire frequency
range. As already explained, the chains on the surface swing with
increasing frequency and collide against the neighboring chains causing
a higher resistance. As a result, the loss modulus i.e. the viscous part
increases with the frequency. In other words, the loss modulus can be
attributed to the movement of the dangling chains on the surfaces. Since
the “hairy” parts decrease with increasing concentration, this effect is
most pronounced for the 0.5 % wt sample, followed by the 1 % wt and
finally barely for the 2 % wt agarose fluid gel sample. As mentioned
previously, it is known that agarose releases water and that syneresis is
higher with decreasing concentration (Nishinari & Fang, 2016, 2017).
The microgel particles consist of a center with a dense three-dimensional
network that retards syneresis and has a higher water-binding capacity
than the dangling chains, which have a lower water-binding capacity
compared to the bulk systems. This is in accordance with previous studies
on water properties in concentrated agarose gels by Watase, M., Nishi-
nari, K., and Hatakeyama, T. (Watase et al., 1988). Based on differential
scanning calorimetry measurements, these authors proposed a higher
water binding capacity of the junction zones i.e. in the denser network
region. In this study, however, this is more likely to be the case with
samples containing 2 % wt fluid gels with a denser network core and less
“hairy” parts. Whereas the 0.5 % wt samples have a less dense network
core, but much more “hairy” parts on the microparticle surface. At this
point it can be noted that more syneresis would be expected with the 0.5
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% wt and 1 % wt fluid gel samples than with the 2 % wt sample. How-
ever, the exuded water on the surface of the microgel particles might
have an impact on the frequency-dependent properties of the fluid gels,
as it could interact with the dangling chains of the particulate gel sus-
pension. Thus, this released water is held by the dangling chains through
hydrogen bonding. In addition, at the same time, the released water also
acts as a solvent on the surface of the microgel particles and is therefore
responsible for the unique smooth texture and plasticity of the agarose
fluid gel. The water released is very fast in its dynamics and the diffusion
of the water molecules to the surface depends on their mobility and
speed. Additionally, the water has a much faster time scales than the
polymer chains. It is not clarified to what extent these water molecule
dynamics contribute significantly to the frequency dependence of the
storage and loss moduli compared to the “hairy” parts. Nevertheless, the
contribution of the dangling chains to the frequency dependence can be
supported by other results in this study and thus play a crucial role in the
mechanical behavior. On the other hand, it has been reported that the
“hairy” particles have a larger hydrodynamic volume, which in turn af-
fects the rheological properties and causes an increase in moduli
(Holland et al., 2018). This in turn could be attributed to the increase in
storage (G0)modulus for all three samples within these frequency ranges.

To obtain further information, tan (δ) was plotted against frequency
for the frequency sweep test as shown in Fig. 7 (b). According to the tan
(δ) profile, which is dimensionless and describes the ratio of the two parts
of the viscoelastic behavior G00/G0, the value hardly differs with
increasing frequency for 2 % wt agarose. This suggests that the 2 % wt
sample is relatively constant over the entire frequency range and less
frequency dependent compared to the other samples. On the other hand,
for the fluid gel samples of 0.5 % wt and 1 % wt, a lower tan (δ) is
observed at very low frequency or at rest. With increasing frequency,
however, there is a sharp increase in tan (δ) and thus an increase in the
viscous part, respectively a higher proportion of the loss modulus. The
lower frequency dependence of the 2 % wt sample can be explained by
the fact that the gel particles are densely packed and have a higher
percolation. Therefore, the particles experience only a negligible change
with frequency.

Conversely, the particles are less densely packed for the 0.5 % wt and
the 1 % wt samples and therefore show an increase in loss modulus and
viscous ratio at higher frequencies. Therefore, an easier flow behavior at
higher frequency is obtained. When comparing the 0.5 % wt with the 1 %
wt sample, this can perhaps be explained by the presence of the hairy part
in addition to the previous explanation by the higher dependence on
frequency due to packing. The tails on the surface of the particle,
entangled at a very low frequency, have a higher elasticity, which
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corresponds to a low tan (δ). The sharp increase in the tan (δ) could
possibly be caused by the fact that the entangled hairy part becomes
disentangled under shear or frequency causing the particles to slide
against each other and the sample to flow.

For the 0.5 % wt sample, this rise occurs earlier and ends at a higher
tan (δ) value due to the higher proportion of the hairy parts that has
disentangled. Additionally, it is obvious that 0.5 % wt has a lower con-
centration and thus a lower network structure, i.e. a lower elastic
proportion.
3.4. Texture analysis

In previous publications on fluid gels, texture analysis was carried out
on quiescently cooled agarose gels and the behavior obtained was
assumed to be that of the individual particles of fluid gels of the same
concentration. This was based on the findings that textural properties of
the individual particles in a fluid gel system are the same as that of a
quiescently cooled gel of the same hydrocolloid concentration (Gabriele
et al., 2010).

To examine the textural properties of each of the fluid gel samples, the
samples were penetrated by a stainless steel plunger. Textural properties
of each of the fluid gel samples are shown in Fig. 8. Therefore, all the
samples are punctured for a certain distance in strain and the responsive
force was measured, which can be used to examine the gel strength and
elasticity of the particles. This was carried out by performing a multi
cycle deformation test in which the strain was gradually increased by 5%
at each deformation cycle until the final strain set at 75%. The plotted
force-strain (force-displacement) curves in Fig. 8 represent the resistance
of the sample to deformation and indicate the elastic properties resulting
from the slope at initial strain and hence the initial force response,
respectively, the linear range of the initial force-strain curves. With each
cycle and increasing strain, the responsive force also increased. This
trend is observed for all fluid gels under investigation. As expected, the
measured force of the respective deformation cycles increases with
increasing concentration.

Nevertheless, the increase in measured force increases less and less
with each successive cycle. As the concentration of fluid gels decreases,
the maxima of the measured force increase to a lesser extent and the
curves become flatter, i.e., softer. This softening becomes more pro-
nounced with decreasing concentration and reflects the plasticity
behavior of the sample. With respect to the maximum force obtained for
Fig. 8. Multiple force-strain curves for 0.5 % wt (black), 1 % wt (blue) and 2 %
wt (green) of agarose fluid gels. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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each cycle, the values of the 2 %wt fluid gel are larger than those of the 1
% wt and the 0.5 % wt samples. The increase in the force implies that the
dense cross-linking network in the particles lead to higher elasticity.
Thus, it is suggested that the higher agarose concentration leads to a
higher number of forming helices to aggregation, which in turn results in
gel particles with more junction zones. This reflects the well-known
correlation between the mesh size and the modulus, i.e. elasticity for
cross-linked gels (De Gennes, 1979), which suggests the proportionality
of the shear modulus with the cube of the invers mesh size of the gel.
Furthermore, this could be verified by Russ et al. by confocal light
scanning microscopy (CLSM) of agarose gels with different concentra-
tion. For this purpose, agarose molecules were stained with a fluores-
cence dye, which enable the visualization of the decreasing mesh size
with increasing concentration (Russ et al., 2013). The increasing con-
centration of agarose polymers leads not only to denser cross-linked
particles, but also to their higher connectivity, which causes a stronger
percolation effect of the particles in the fluid gel and enables the for-
mation of a resistant fluid gel network to a certain extent of deformation.
These two facts lead to the observed increase of the measured force with
increasing strain and are therefore also consistent with the consider-
ations that the modulus of the individual particles of the fluid gels cor-
responds to the modulus of the same concentrations of the quiescent
cooled gels (Gabriele et al., 2009). The 0.5 % wt sample shows an earlier
and faster flattening with increasing cycle as compared to the 1 % wt
sample, followed by the 2 % wt fluid gel sample. With each further
puncturing of the stamp, the particles are subjected to increasing de-
formations. Due to the higher elasticity of the single particles of the 2 %
wt sample, a less distinct flattening of the force with increasing strain can
be observed. This results indicate, how the different length, thickness and
shape of the tails contribute to the beginning elastic regime between 0%
and roughly 10% strains. The samples with 0.5 % wt and 1 % wt show
almost a linear elastic increase for the stress above 20% strain, which
shows an interplay between network elastic form the cross-linked core
and spatial rearrangement of the particles via frictional forces by the
tails. On the contrary, the sample with 2 % wt agarose shows at higher
strains (~ 50%) a slight increase of the force. This slight strain hardening
corresponds to the elastic response of the densely packed gel particles
with larger modulus. An additional note is that when the stamp is pulled
up, the force becomes more negative as the concentration increases and
with each increasing cycle.

The force generated when the plunger is pulled up from the sample,
which is visible as a negative force area is the adhesiveness and is linked
to the separation force from the puncture test. It defines the work
required to overcome the attractive forces between the interconnected
particles as well as the surface of the sample and the surface of the ma-
terials with which the sample is in contact. Moreover, it provides infor-
mation about the attractive forces between particles within the fluid gels
(Chen et al., 2008; Chen and Stokes, 2012; Kilcast & Roberts, 1998).
From this experiments, it can be concluded that the higher particle
connectivity of the higher agarose concentration is in agreement with the
observed increased adhesiveness.

In addition, a three-cycle test was performed for each sample, by
puncturing the sample to a maximum strain of 75%, then pulling back to
its starting position and moving down to puncture the sample again to
75% strain (data not shown). When cycling until maximum strain of 75%
and then back to minimum strain of the starting position, the responsive
force hardly decreased after the second cycle. Since with a deformation of
75% strain during the first cycle, the samples had already been exposed
to considerable deformation. Furthermore, when comparing this three-
cycle test with the multi-cycle test, it was observed that the tips of the
gradually increasing maximum forces of the individual curve of the
multi-cycle test overlapped with the first curve of the three-cycle test.
This in turn shows that the fluid gels, despite their liquid-like flow
behavior, do exhibit elastic behavior due to the particles formed by cross-
linked polymers.
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3.5. Tribology of agarose fluid gels

Tribology measurements were carried out in order to examine the
coefficient of friction of the agarose fluid gels in dependence of the
concentration. The study of lubrication between two interacting surfaces
and the behavior of fluid gels in a thin layer allows the results obtained
from the tribology test to support the previous findings on bulk exami-
nations. For the measurements, a normal load of 3 N was applied which
represents the normal force applied during oral processing. Fig. 9 shows
the Stribeck curve displaying the friction coefficient as a function of the
increasing sliding speed conducted from 100 to 1000000 μm/s. For all
systems, there is initially a slight increase in the coefficient of friction in
the boundary regime, followed by sharp decrease as the sliding speed
increases above 238 μm/s.

In former studies on the lubrication of agarose fluid gels, the increase
in the coefficient of friction at low speeds has been interpreted due to the
exclusion of particles from the gap between the two surfaces, resulting
from a smaller lubrication thickness compared to the larger particle size
(Gabriele et al., 2010). The sharp decrease in sliding speed between 250
μm/s and 600000 μm/s can be related to a dominated mixed regime that
provides a maximum lubrication effect, where the surface of the stainless
steel ball and the silicon substrate are separated by a thin layer of fluid gel
particles, due to bulk entrainment and therefore barely touch each other
(Chen and Stokes, 2012). A further increase of the sliding speed of more
than 1000000 μm/s close to the hydrodynamic regime results in an in-
crease of the friction for all three samples. It has been explained and
observed in general measurements that the coefficient of friction and the
separation distance between the two surfaces increases with the lubricant
entrainment speed and thus due to the hydrodynamic pressure of the
fluid gel flow (Shewan et al., 2019). Not surprisingly, as can be seen in
Fig. 9, an increase in friction is observed with increasing concentration.
Since the film thickness and friction induced at this high speed depends
on the viscosity of the sample (Prakash et al., 2013). Moreover, the
entrainment of the thin layer agarose particles was proposed by the
mechanism based on micro-elastohydrodynamic lubrication (EHL), sug-
gesting that the fluid dynamics is depended on the particle elasticity and
thus affects the coefficient of friction (Meeker et al., 2004).

In contrast to the previously assumed lubricating properties with
Fig. 9. Stribeck curves with applied normal load of 3 N of fluid gels with
different agarose concentration 0.5 % wt (black), 1 % wt (blue) and 2 % wt
(green). Effect of the particle shape in the boundary regime (BL). The vertical
dashed lines indicate the different lubrication regimes: boundary lubrication
(BL), mixed lubrication and hydrodynamic lubrication. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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increasing concentration of hydrocolloids observed for bulk deformation
and bulk flow, in Fig. 9 the coefficient of friction at low sliding speed
(boundary regime) displays a somewhat unusual behavior. At this low
sliding speed a non-linearity can be seen, revealing a higher friction
coefficient for the 1 % wt fluid gel concentration followed by the 0.5 %
wt and 2 %wt concentration. The lowest friction coefficient of the 2 %wt
can be explained by the expectation that less deformable particles will
provide lower friction results due to less surface contact, since stiffer
particles have a larger modulus, greater elasticity and thus greater
resistance to compressive forces (Farr�es et al., 2014). Furthermore, the
boundary friction decreases with particle volume fractions (Garrec and
Norton, 2013). This suggestion regarding the friction in the boundary
regime is in agreement with the findings in this study. However, these
predictions are contradicted when comparing the coefficient of friction of
the 0.5 % wt sample with that of the 1 % wt sample. However, they can
be explained by the larger proportion of aggregated chains protruding
from the particle surface. As shown in Fig. 10, the entanglements of the
aggregated chains of the lower concentration samples lead to a lower
frictional force in the boundary regime despite their lower elasticity.
These observations are therefore consistent with the models shown in
Fig. 5 and the findings of the viscosity measurements as well as the
amplitude sweep (LVE-range) and the frequency sweep.

Furthermore, it can be concluded that it is not only the higher volume
fraction, but also the structure of the particles matters, especially their
shape, the number of tails, their stiffness, and the core cross-link density.
In case for the 0.5 % wt sample, the particles are still elastic at the
beginning, although softer compared to the other samples, but the tails
are much longer. The numerous tails can be pushed into each other at low
sliding speeds, they become entangled and the friction increases. For the
1 % wt sample, there is an in-between, there are still enough tails,
although less than for the 0.5 % wt sample, but they are much stiffer
because of the higher cross-linking. At the same time, their center is
denser cross-linked, thus harder compared to those of the 0.5 % wt. At
low sliding speeds, therefore, the tails need to be deformed first, but then
collide with the centers, which are also highly cross-linked. Furthermore,
the particles of the 2 % wt sample are stiffer, but having smaller size.
Also, they are smoother on the surface and with hardly any “hair”, thus
nothing gets entangled. With the 2 % wt samples, more particles can pass
through the gap between the two surfaces. They are therefore easier to
orient at low sliding speeds, thus friction is lower, compared to the 0.5 %
wt sample, not least due to the small size and smoother surface. However,
at high sliding speeds, due to the dense packing, they jam just in front of
the stainless steel ball before their entrainment and are squeezed and
deformed until they fit between the gap respectively the ball slides over
it, resulting in higher friction at high sliding speeds than for the others
samples.

The syneresis and the water exuding from the surface of the particles
could also have an influence on the tribological properties. The fact that
the water on the surface acts as a lubricant between the particles and thus
affects friction suggests that the effect of water release might influence
tribological behavior. To explain this, as the higher water release is ex-
pected with decreasing concentration, more lubrication is provided and
thus the subsequent effect on friction. However, the results of the co-
efficients of friction to be taken at low sliding speeds (boundary regime)
cannot simply be attributed to the water: 1) Because the water obeys
much faster time scales compared to the sliding speed; even though the
water is still held via hydrogen bonding 2) the trend of friction in the
boundary regime would have been linear with the syneresis instead of
the current trend. Therefore, the structure of the gel particles, their
shape, the core cross-link density and number of dangling chains is a
decisive factor in this respect. Nevertheless, at higher sliding speeds from
10,000 μm/s, the effect of syneresis could be presumed, as the friction
coefficient of the 0.5 %wt sample appears to be lowest, followed by the 1
% wt and finally the 2 % wt samples. The sliding speed is sufficiently fast
so that the structural effects become less relevant. Therefore the influ-
ence of water as a lubricant can be more pronounced. Thus, the following



Fig. 10. Schematic illustration of the proposed behavior of the gel particles of the fluid gel with varying agarose concentration (a) 0.5 % wt, (b) 1 % wt and (c) 2 % wt,
between the two surfaces (stainless steel ball on silicon substrate) in the boundary regime. Not drawn to scale. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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assumptions could be made: The 2 % wt sample with the least water on
the surface shows the highest friction, followed by the 1 % wt sample,
while the 0.5 % wt sample, which releases the most water on the surface
and therefore having more lubricant, exhibits the lowest friction.

3.6. Network structure analysis with scanning electron microscopy (SEM)

Fig. 11 shows SEM images of the different fluid gel concentrations. To
provide supplemental structural information in addition to the results of
the texture studies and the rheological as well as the lubrication prop-
erties, SEM was performed on all fluid gels prepared with the different
concentrations. The results are shown in Fig. 11(a–c) and show fibril-like
microstructure formed by interconnected pores surrounding the fibers
with a wide size distribution up to several micrometers. Furthermore, it
can be seen that, as expected, a denser network forms with increasing
concentration. Thus, a densification of the network takes place. In
particular, by comparing the images of 0.5 % wt and 2 % wt, the most
significant difference can be noticed as the structure of the lowest con-
centration is observed as a less tightly packed structure compared to the
higher concentrations and displays a far lower degree of network. In fact,
the densification of the network taking place with increasing fluid gel
concentration agrees very well with the dense packing and percolation
illustrated in Fig. 5. From the findings of the micrographs, rheological
and mechanical properties can be deduced, since the gel strength of the
sample varies with the density of the structural patterns.

4. Conclusion

In this work, we have investigated the underlying physical charac-
teristics of agarose fluid gels and their structural influence on rheological,
Fig. 11. SEM images of freeze dried fluid gels with (a) 0.5 % wt, (b) 1 % wt and (c) 2
μm for (a–c) bottom images.
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mechanical as well as tribological behavior. We have shown how their
particle size and shape with varying agarose concentration affect the bulk
properties and friction behavior under thin film conditions and have
proposed a model that explains the underlying effect of microstructure on
viscoelastic and flow behavior.

Continuous and oscillatory measurements including flow sweep,
amplitude sweep and frequency sweep were performed to obtain the
viscosity and viscoelastic properties of the microgel particles, affected by
the microstructure of the gel particles as the result of varying agarose
concentration (0.5 % wt, 1 % wt and 2 % wt). It is shown that the storage
and loss modulus increases with increasing concentration as expected,
however, a discrepancy appears when considering the LVE limit and the
viscosity at low shear rate. The 1%wt fluid gel exhibited the shortest LVE
range and the lowest viscosity at low shear rate. Furthermore, investi-
gation of the microstructure by microscopy and particle size determi-
nation concluded that the presence of disordered helically aggregated
polymer chains on the particle surfaces plays an important role in this
nonlinearity with respect to the rheological properties. It was observed
that with increasing concentration of agarose, the particle size and
disordered chains present on the particle surface decreased.

However, the LVE limit of the 2 %wt sample, which lies between that
of the 0.5 % wt and 1 % wt samples, can be explained by the enhanced
percolation between the particles due to its volume fraction and smaller
particle size. In contrast, the larger LVE range of the 0.5 % wt sample
compared to the 1 % wt fluid gel sample and also its higher viscosity at
low shear rate can be explained by the entanglement of the agglomerated
helical polymer chains leading to increased particle interaction.

Moreover, tribology measurements provided supportive results and
showed a higher coefficient of friction for the 1 % wt fluid gel concen-
tration at low sliding velocity (boundary regime), followed by the 0.5 %
% wt agarose concentration. Scale bars are, 100 μm for (a–c) top images and 10
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wt and 2 %wt concentrations. In addition, the texture analysis provides a
correlation between the bulk rheology and the thin film rheology. In the
case of the 2 % wt sample, the increase in force is an indication that the
dense cross-linking network in the particles leads to higher elasticity.
This is consistent with the increasing coefficient of friction in the hy-
drodynamic regime, but also with the lower coefficient of friction in the
boundary regime due to the lower surface contact resulting from the
stiffer particles and higher elasticity.

It is further clear, how the shape of the particles matter. The length of
the tails, their elasticity compared to the elasticity of the denser center
and the shape dependent bending energy of the tails are definitely the
most important physical quantities, which determine the rheological
behavior, as well as the friction of the fluid gels. These depend on the
macroscopic process parameters, here just the mixing speed, and the
concentration of the hydrocolloids. These pure physical insights provide
methods of a special design of fluid gels for use in dysphagia.

Future studies on network structure are required to provide addi-
tional correlation between the network meshes of the gel particles and
their experimental properties shown in this work and predictive models.
Overall, the results have shown the importance of combining different
methods for fundamental understanding in the formation of fluid gels, as
they serve as a simple physical model system to better understand the
behavior of water-rich and structured foods.
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