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Molecular behavior of fluid gels — the crucial role
of edges and particle surface in macroscopic
propertiest

Marta Ghebremedhin, (2 *2 Sebastian Seiffert 2 ® and Thomas A. Vilgis () *?

Fluid gels exhibit unique properties during oral processing and thus are well known in gastronomy as well
as for use in dysphagia patients. Agarose fluid gels, which are produced by gelation under shear, in par-
ticular, show elastic solid-like behavior at rest but a fluid-like behavior once critical stress is exceeded. In a
previous study this special behavior is addressed to the "hairy” structure of the microgel particles — dan-
gling gel parts and chains on the particle surface — which plays a crucial role in the rheological, mechani-
cal and tribological properties of the gels. In this paper, atomic force microscopy (AFM) was used to inves-
tigate the underlying microscopic structures and develop a consistent physical model, which relates the
irregular particle structures and their heterogonous shape to the experimental observation of the previous
studies. One crucial point is the inner structure of the gel particles, which show a dense area in the
center, whereas towards the periphery the network and thus the elastic properties change. Agarose gels
by forming helices and meshes, which defines the basic length scale for their elastic response in bulk.
These properties in turn depend on the concentration and preparation conditions. The present study is
meant to address the still prevalent lack of understanding regarding a direct structure—property relation-
ship of these novel fluid gels. Controlling the properties of such fluid gels may play a crucial role in the
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1 Introduction

Biopolymers, such as thickening and gelling agents, are often
used in various foods and personal care products to optimize
and control their texture, oral processing properties, and flavor
release. Some of these biopolymers can be used to produce
fluid gels, which are particulate gel suspensions. These gels
are produced by applying a shear field to a biopolymer solu-
tion during gelation." The irregularly shaped, elastic gel par-
ticles are immersed in the continuous water phase and exhibit
novel flow properties, which result in unusual textural pro-
perties and an improved mouthfeel. Fluid gels show the pro-
perties of a shape-retaining elastic material, but exhibit liquid-
like flow behavior when subjected to sufficient stress.®
Modifying the formulation of biopolymer-based products and
creating a controlled microstructure enables a broader range
of applications in food systems.' In addition, fluid gels have
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texture modification of foods and beverages for dysphagia.

also been extensively investigated in the pharmaceutical field
for various pharmaceutical applications such as controlled
drug delivery and drug release.”® The different shapes and
sizes of the gel particles show distinct elasticity and lubrica-
tion properties, and thus impact the mouthfeel during con-
sumption: during oral processing and swallowing, they are
easily squeezed between the tongue and the palate, forcing the
gel particles to mechanically interact with each other as well as
with the oral surfaces.® Furthermore, there is growing interest
in fluid gels made from polysaccharides with unique physico-
chemical properties such as agarose, which is spurring
research into such novel edible soft matter systems to under-
stand their basic properties and functions. Detailed knowledge
of the rheological, mechanical and tribological behavior of
such materials is necessary for understanding the process
development and product formulation, especially in view of
developing dysphagia food systems.” To support these findings
and investigate the underlying network structure, atomic force
microscopy measurements were carried out in this study.
Agarose, the main gelling agent of agar-agar extracted from
red algae (Rhodophyceae), is a linear polymer composed of a
(1-3)-linked agarobiose unit of p-p-galactopyranose (1-4)-
linked to 3,6-anhydro-a-1-galactopyranose.® Agarose solution
undergoes a sol-gel transition very quickly on cooling due to

This journal is © The Royal Society of Chemistry 2022
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its fast gelation kinetics, and forms a three-dimensional
network due to its molecular structure and physicochemical
properties.’ Beyond that, the transition from the coil to the
helix of agarose polymer chains that occurs during cooling can
be described by a mean field Zimm-Bragg approach.'®™?
Furthermore, agarose gels tend to release water and are prone
to syneresis. This effect increases with a decrease in concen-
tration and has been studied and discussed in detail on quies-
cently cooled physical aqueous gels.'*'* This tendency to
release water affects the texture properties and thus has an
influence on the mouthfeel.”' Finally, due to the aggregation
of double helices, agarose forms firm and slightly brittle gels
when cooled under quiescent conditions, resulting in a poor
mouthfeel. This behavior can be altered by manipulating the
processing conditions, e.g. by applying different shear rates,
concentration changes, or the use of biopolymers with
different inherent molecular properties.

During gelation, as biopolymers are subjected to shear, a
competing mechanism takes place between gelation by means
of physical cross-linking via hydrogen bonds and their break-
ing by the induced shear force.'® Moreover, during gelation
under shear, the resulting disordered network structure of the
gel particles is subjected to the competition of two time scales:
the shear rates on the one hand and the molecular dynamics
of the polymer chains as expressed by the Rouse-Zimm model
on the other hand both play a role in the growing cluster size
inside of the forming gel particle."” Since the cooling rate first
affects the center of mass of the individual polymers and then
that of the cluster, the dynamics of the cluster slows down
with an increase in size, which also changes its shape.” Thus,
the order rate of the polymer is crucial for particle growth. In
fact, the key requirement for a fundamental understanding of
such fluid gels is the knowledge of particle growth of the
network structure underlying the gelation mechanism of bio-
polymers under shear.

In one of the earliest studies on agarose fluid gels, confocal
microscopy was used to reveal that fluid gels consist of highly
concentrated, irregularly shaped gel particles suspended in a
continuous water phase.’ These findings were supported by
phase contrast micrographs, showing “hairy” particle
structures.'®'® However, there are no publications yet on sys-
tematic investigations of the network structure at the mole-
cular level of such fluid gels.

Moreover, particle size and particle volume fraction were
found to depend on shear rate, temperature and concentration
and determine the properties of the fluid gel.>'® In earlier
studies on agarose fluid gels, texture analysis was conducted
on gels prepared under quiescent conditions and the obtained
behavior was assumed to be that of individual gel particles of
the fluid gels of the same concentration.® In addition, the
rheological properties of quiescently cooled agar gels have
been compared with those of agar gels prepared under shear.”

Despite numerous studies on fluid gels, the exact gelation
mechanism that occurs under shear and the resulting visco-
elastic, textural and lubrication behavior is not yet understood
on a molecular basis. Therefore, this study focuses on the

This journal is © The Royal Society of Chemistry 2022
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characterization of fluid gels by establishing systematic funda-
mental relationships between the microstructure and bulk pro-
perties, in order to support the mechanical, tribological and
textural properties based on the AFM findings. These investi-
gations were motivated by gaining a deeper understanding of
the concentration-dependent characteristics of agarose fluid
gels, which in our previous work were found to be influenced
by the size and shape of the gel particles.” In addition, these
findings were assisted by comparing the viscoelastic properties
of gels prepared under quiescent conditions with those of
fluid gels using rheology.

2 Materials and methods
2.1 Materials

The agarose [CAS: 9012-36-6] used in this work was purchased
as a white powder with a number-average molar mass M, of
~74557.8 ¢ mol™', weight-average molar mass M, of
~213 949 g mol™" and polydispersity index of 2.87 (Fig. S47)
from Fisher Scientific GmbH (Schwerte, Germany). According
to the manufacturer, the gelling temperature is specified
between 34 and 45 °C and the substance reaches a gel strength
of >100 g em™>. Furthermore, a sulfate content of 0.15% max
was given.

2.2 Sample preparation

2.2.1 Preparation of fluid gels using a rheometer. For the
preparation of fluid gels, a Discovery HR-3 Rheometer (TA
Instruments, New Castle, Delaware, USA) with a cup (diameter
= 30.37 mm) and vane (diameter = 28 mm and length =
42 mm) tool geometry was used together with a concentric
cylinder Peltier Jacket that can be electrically heated. Agarose
was slowly added to Milli-Q water for the respective concen-
trations of 0.5 wt%, 1 wt% and 2 wt%, stirred with a magnetic
stirrer (500 rpm), and heated to 85 °C for about 20 minutes in
a sealed beaker to ensure complete hydration. The hot agarose
solution (30 g) was then poured into the cup, which had been
preheated to 85 °C, and allowed to equilibrate for five minutes
before starting the measurements; a two-piece cover was used
to minimize evaporation during measurements. Gelation
under shear was conducted at a constant shear rate of 400 s
while cooling from 85 °C to 25 °C was conducted at a tempera-
ture rate of 1 K min™", followed by an additional 15 min of
shearing at 25 °C. Therefore, pourable and spoonable smooth
gels were obtained which showed properties of a shape-retain-
ing elastic material but exhibited liquid-like flow behavior
when subjected to sufficient stress. The fluid gel samples were
then taken from the rheometer and stored at 4 °C for 24 h
prior to further characterization experiments.

2.2.2 Preparation of quiescently cooled gels. For the prepa-
ration of agarose gels under quiescent conditions hot agarose
solutions were prepared for the respective concentrations
(0.5 wt%, 1 wt% and 2 wt%) as described above. Agarose solu-
tion in its heated sol-state was pipetted on a preheated (85 °C)
Peltier-plate using a 40 mm diameter parallel plate of a
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Discovery HR-3 Rheometer with a pre-set gap of 500 um,
corresponding to a sample volume of approx. 650 pl and a
solvent trap to prevent evaporation. In order to ensure an equi-
librium of the agarose sol-state system of the sample before
starting the measurements, an equilibrium time of 300 s at
85 °C was achieved. The hot agarose solution was cooled down
from 85 °C to 25 °C at a rate of 1 K min™", constant strain y =
0.001% and frequency f = 1 Hz, followed by a time sweep at
25 °C for 15 min before finally conducting an amplitude sweep
test.

2.3 Rheological measurements

Dynamic viscoelastic measurements of different concen-
trations of the agarose fluid gels as well as the quiescent gels
were performed on a Discovery HR-3 Rheometer (TA
Instruments), by amplitude and temperature-dependent oscil-
latory measurements using a 40 mm diameter parallel plate
with a pre-set distance of 500 pm and a solvent trap. All rheolo-
gical measurements were performed in triplicate. The ampli-
tude sweep test was performed to investigate and compare the
viscoelastic properties of the gels prepared under shear with
those of the gels prepared under quiescent conditions. Using
this method, oscillatory deformation was applied and storage
(G") and loss (G") moduli were measured to describe the defor-
mation behavior of the gel samples in the non-destructive
range, which is defined as the linear-viscoelastic (LVE) range.
All amplitude sweeps were carried out at a constant frequency
f =1 Hz, and storage (G') and loss (G”) moduli were measured
as a function of strain y ranging from 0.001% to 1000% and at
a temperature of 25 °C.

2.4 Atomic force microscopy (AFM)

Atomic force microscopy measurements were conducted to
examine the agarose polymer network structure at the periph-
ery and the dangling chains formed by the aggregation of
double-helical agarose molecules at the particle surface. This
was done to gain insight into the effect of the microstructure
of the gel particles on their texture and lubricating properties.
The imaging was performed in tapping mode in air at ambient
temperature using a Bruker Dimension Icon AFM with
ScanAsyst. Standard tapping mode cantilevers VTESPA from
Bruker with a resonance frequency of f = 300 Hz, a spring con-
stant of 42 N m~" and a back side coating of reflective alumi-
num were used. All images were scanned at a resolution of
512 x 512 pixels and a scan rate of 0.698 Hz. For the topogra-
phical imaging, agarose fluid samples were diluted in Milli-Q
water to a concentration of 1:100 and pipetted onto a silicon
wafer (1 cm x 1 cm) treated and cleaned with argon plasma for
10 minutes at a pressure of approximately 2 x 10' mbar
(Harrick Plasma Cleaner/Sterilizer PDC-002, 200W, Harrick
Scientific Corp., USA). We used silicon wafers instead of
freshly cleaved mica because reflected light microscopy was
performed on the same sample before AFM measurement, and
silicon wafers proved to be suitable for using the same sub-
strate for both reflected light microscopy for the preliminary
investigation and subsequent AFM measurements, as
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suggested by Bertula et al>® also. After carefully dropping
about 3 pL of the samples onto the silicon wafer, they were
allowed to dry under ambient temperature before scanning.
Gwyddion,”* an open-source data analysis software for scan-
ning probe microscopy (SPM), was used for flattening the
images and for further image analysis.

2.5 Scanning electron microscopy (SEM)

Scanning electron microscopy was implemented using a Leo
Gemini 1530 microscope (Zeiss, Germany) with an acceleration
voltage of 0.750 kV to examine the network structure of the
gels cooled under quiescent conditions and of fluid gels, each
at different concentrations. Gels which were stored at 4 °C for
24 h were cooled rapidly with liquid nitrogen before placing in
a freeze dryer (Christ Alpha 1-2 LD plus). After drying over-
night, the completely freeze-dried samples were stored at room
temperature. For SEM measurements, the dried samples were
not coated and were carefully placed on standard aluminum
stubs (Plano GmbH, Wetzlar, Germany) attached with double
sided adhesive carbon tapes (Plano) and transferred to a
microscope.

2.6 Statistical analysis

The experiments were performed in triplicate and reported as
average values + standard deviation (SD). The rheological data
were statistically analyzed using the OriginPro 9.65 software
(OriginLab Corporation, Northampton, MA, USA). One-way
analysis of variance (ANOVA) was applied to determine the sig-
nificant difference between gels in terms of rheological para-
meters and to compare the means with a significance level of
p <0.05.

3 Results and discussion
3.1 AFM images of agarose fluid gels

AFM scanning was performed to investigate the network struc-
ture of aggregated double-helical agarose polymer chains
formed during cooling under shear. Fig. 1 illustrates a sche-
matic experimental AFM setup in which different areas of the

Fig. 1 A schematic illustration of the AFM experimental setup displaying
the two different regions being investigated. Images were scanned from
both the periphery (red), i.e. the chains on the particle surface, and the
denser region (orange).

This journal is © The Royal Society of Chemistry 2022
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samples are scanned, both at the periphery and in the denser
region at the center of a gel particle. As scanning was per-
formed in tapping mode in air, the diluted fluid gels were
dried beforehand on the silicon wafers as previously men-
tioned. This leads to the consideration that due to the
adhesion of the agarose polymers on the silicon surface, the
resulting network structures on the wafer seen in the AFM
images are flattened from a 3D to a rather 2D + % surface after
drying (where % is given by the layers of agarose bundles
folded on top of each other). However, this in turn may cause
the polymer molecules to become overstretched when adher-
ing to the silicon wafer surface. Nevertheless, the typical
characteristic structure formation, i.e. the association of single
chains into double helices and their further aggregation, is
preserved and provides a first insight into the structure of
agarose molecules in fluid gels. On the other hand, it is also
reported that the measurement of the height would be a more
precise method to estimate the biopolymer diameters. This is
because the measurement of width is considerably oversized
not only due to the adhesion of the samples to the surface,
leading to its overstretching but also due to the effect of probe
broadening.>*** Nevertheless, in order to correlate the micro-
scopic and macroscopic properties, such a method allows for
comparing the different three-dimensional scaffold network
structures of the varied concentrations to different significant
rheological, tribological and textural properties.

(a)

00 pm 02 aa 06 08
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Fig. 2 shows the AFM images of the particle gels of all three
concentrations (0.5 wt%, 1 wt% and 2 wt%) taken at the center
of the gel particles. At first glance, no distinct difference may
be observed between the different concentrations. As men-
tioned in our previous publication,” the micro-gel particles
consist of a very dense region, the inner core with a dense
cross-linked three-dimensional network of aggregated double
helices of agarose polymer chains. This assertion can be illus-
trated by the height AFM images in Fig. 2(a—c). All three con-
centrations show very dense network structures, which are
characterized by a blurred, not clearly distinguishable network
due to the much higher concentration in the center, so that no
aggregated conformation of the double helices can be identi-
fied and thus can only be assigned by considering the height
bars. Accordingly, the maximum height is 27.5 nm for the
0.5 wt% sample, up to 32.5 nm for the 1 wt% sample, and a
maximum height of 36 nm for the 2 wt% sample. On this
basis, and taking into account that the width of an agarose
double helix is between 1 and 2 nm,***’ these images imply a
multilayered cross-linked, stacked network of ordered agarose
assemblies. Hence, the pictures show a three-dimensional
network, although it turns out to be much flatter due to the
drying process during sample preparation and consequently
the adhesion to the silicon surface.

Fig. 2(d-f) shows the corresponding AFM phase micro-
graphs, which give a better visual impression of the very

£36.1 deg

00

Fig. 2 AFM height (a—c) and phase (d—f) images taken from the center of the gel particles: (a and d) 0.5 wt%, (b and e) 1 wt%, and (c and f) 2 wt%.

This journal is © The Royal Society of Chemistry 2022
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densely packed agarose gel network structure. The phase
mode allows the detection of single chains of multiple aggre-
gated double helices of agarose molecules. While it is not
possible to distinguish between the different concentrations of
the samples using the height mode, the AFM phase images for
the 0.5 wt% samples show a less densely packed network than
for the 1 wt% sample. From the AFM phase image of the
0.5 wt% sample, more distinct and longer agarose strands can
be seen than for the 1 wt% sample. The fact that the strands
appear shorter and narrower on average in the image of the
1 wt% sample could be because the strands are so densely
packed due to the higher concentration that too many strands
are overlapped and thus appear shorter and narrower. Thus,
for the 1 wt% sample, the length of the strands seen in total
without being overlapped by other strands is shorter than for
the 0.5 wt% sample, indicating that in three dimensions,
before the gel dries, the mesh size is also smaller. The phase
images of the network structure for the 2 wt% sample appear
different and less clear, yet aggregated polymer chains can still
be identified. An almost flat surface is seen here and yet it can
be observed that the strands are much shorter until they are
overlapped by another aggregated chain. This loss of quality in
the case of Fig. 2(f) may be due to the artifacts caused by con-
tamination of the cantilever tip with the gel samples, which in
turn is due to the densely packed, highly concentrated core.
These phase micrographs of the densely cross-linked
network in the particles are in agreement with the findings
of not only the rheological (viscoelastic) and tribological
(friction and lubrication) properties but also the textural
(elasticity and plasticity) properties from previous work. It
has been reported that an increase in agarose concentration
leads not only to higher elasticity, as measured by texture
analysis, and higher storage (G') and loss (G") moduli, but
also to a lower coefficient of friction in the boundary regime
and to higher friction in the hydrodynamic regime of a

coarse grained network

Fig. 3
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Stribeck curve.” This is explained by a denser cross-linked
network in the particles, as a higher agarose concentration
leads to a higher number of aggregated double helices,
which in turn results in gel particles with more junction
zones. This is substantiated by the well-known correlation
between the mesh size £ and the elastic modulus for perma-
nently cross-linked gels, indicating the proportionality of the
shear modulus G with the cube of the inverse mesh size of
the gel (see eqn (1)).

U ksT
G

According to this scaling estimate eqn (1), the modulus of
the gels is determined by the thermal energy kg7 and the
mean mesh size ¢ of the network.”® Consequently, the
modulus is determined by the mean distance between two
adjacent cross-links (see Fig. 3).

Despite the cross-links being formed by spatially extended
double helices, a simple scaling relation can be applied to
bulk agarose gels, too.>® The mesh size ¢ depends strongly on
the concentration and can be roughly estimated by & ~ ¢/, It
is expected that these ideas lead also to a better understanding
of the elasticity and dynamics of the fluid gel particles
and will be proven in the next sections on experimental
grounds.

Fluid gel particles consist of cross-linked cores and looser
surfaces. The cross-link density of the core is expected to
resemble the quiescent gel and shows a smaller mesh size ¢,
whereas the outer arms and hairy parts are anticipated to
show larger mesh sizes for the outer parts. These will be
depending on the local concentration and, more importantly,
on the competing timescales, defined by the shear rate and
the molecular chain motions. Therefore the mesh size in the
arms increases from the center to the periphery. It is also
expected that the width of this transition region decreases with

G 1)

cross-link (double helix)

Illustration of a coarse grained version of an agarose gel connected by cross-links of polymers. The mean mesh size ¢ is determined by the

number of cross-links and thus the concentration.?” The cross-links themselves are formed by double helices.

6906 | Food Funct, 2022,13, 6902-6922
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the increasing chain concentration: the higher the agarose
concentration, the smaller the transition scale, and the
“smoother” the surfaces, as has already been suggested by
light microscopy earlier.”

The AFM images of all three samples in Fig. 4 were taken in
the region of interest at the periphery of the gel particle struc-
ture. All three fluid gel concentrations exhibit a network struc-
ture that becomes progressively less dense from the interior of
the core to the exterior region of the core all the way to the per-
iphery of the gel particle. Although it appears challenging to
determine the exact mesh size, the AFM images do provide a
substantial indication for the proposed specific model of the
fluid gel particles and their aggregated agarose chains, referred
to as the hairy structures at the periphery, along with their
impact on the rheological, tribological and textural properties.
When comparing the images of the different concentrations of
0.5 wt% (a), 1 wt% (d) and 2 wt% (g), it is interesting to note
that the gradient of network density between the inner core

View Article Online
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and the periphery of the probed sample decreases with an
increase in concentration.

Fig. 4(a) shows a loose network structure extending over a
large area for the 0.5 wt% fluid gel. On the other hand, the
network structure for 1 wt% shows a denser network towards
the periphery in comparison to the 0.5 wt%, with a shorter dis-
tance and range until this network becomes compact towards
the center. Images of the 2 wt% fluid gel sample reveal an
even more densely packed network at the periphery, as already
expected. When considering the physical gelation of bio-
polymer solution under shear, it here becomes apparent that
the formation of gel particles is restricted by a competition
between two processes: the aggregation of the agarose chains
into increasing clusters on the one hand, and increasing
hydrodynamic forces and shear forces, which increase with an
increase in viscosity, on the other hand."® Therefore, not only
the shear rate but also the shear force exerted on the gelation
of the polymer chains during shearing is directly related to

(a) (d)
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00pm 5

2300m 0o’
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160

160

140

(c)

Fig. 4 AFM images taken from the peripheries and edges of the gel particles : (a—c) 0.5 wt%, (d—f) 1 wt%, and (g—i) 2 wt%. The white arrows indicate

the increase of the network density towards the center.

This journal is © The Royal Society of Chemistry 2022
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their assembly and particle size. This leads to the fact that at a
high concentration of 2 wt% in Fig. 4(g), at the edge a continu-
ous network is no longer visible, but instead part of the
network appears to be disrupted.

Furthermore, the figures with a higher magnification (b, e
and h) show the trend more clearly. Again it can be seen that
the network structure of the 0.5 wt% sample becomes looser
towards the edge upon increasing the mesh size, while the
structure of the 1 wt% sample shows a larger area with a dense
three-dimensional network. Here, only a smaller area at the
edge is visible where the network becomes looser but seems to
be still denser than for the lower concentration. In Fig. 4(h),
on the other hand, the 2 wt% sample again reveals an
unevenly distributed, very dense network structure (indicated
by a white arrow) surrounded by an even smaller area with a
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loosely formed network. Finally, the AFM images of the corres-
ponding fluid gels in Fig. 4(c, f and i) at the highest magnifi-
cation indicate that the gel particles of the different concen-
trations consist of single strands of presumably aggregated
double helices of agarose polymers that associate to form
further multiple aggregated helices upon further cooling.

For some exemplary cases, the AFM images shown in Fig. 4
are evaluated in more detail in the following section.

Fig. 5(a) shows a representative example of an AFM image
for the 0.5 wt% sample, which is also shown in the overview
AFM images in Fig. 4(a). In order to gain more insight into the
structure of the gel particles, representative lines were drawn
parallel and perpendicular to the surface in Fig. 5(a) and the
profiles were evaluated (Fig. 5(b-d)). Furthermore, the inner
core is indicated by the dashed semicircle whereas the outer

2.0 25

23.0nm
220

20.0
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14.0
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8.0
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40

20
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Height [nm]
=

T T T
T T T T 0 200 400 600
1000 1200 1400 1600

T T T T
0 200 400 600 800
Distance [nm]

Distance [nm]

T T T T T T T T T T
1400 1600 0 200 400 600 800 1000 1200 1400 1600

Distance [nml

T T T
800 1000 1200

Fig. 5 AFM image taken from the periphery of a (a) 0.5 wt% agarose fluid gel network with white lines showing the location of the corresponding
height profiles (b—d) of the network structure. The green double arrow in (a) and (d) indicates a loose mesh with a distance of approx. 100 nm.
Loose dangling chain ends are indicated by white arrows. Profile 1 (b) shows a fit based on an overestimated scaling for a mesh size of a fluid gel
resulting from gelation during shear &(r) ~ r™*/3, where r is the radial distance of the cross-links from the core to the periphery. The inner core is indi-
cated by the dashed semicircle and the outer core i.e. periphery is indicated by the dashed ellipse. The periphery shows a larger number of dangling
chains i.e. hairy structures (image size = 3 X 3 um).
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core, i.e. periphery containing the dangling chains, is indi-
cated by a dashed ellipse. In profile 1 (Fig. 5(b)), from the
center to the periphery, it can be seen that the peaks represent-
ing aggregated double helices exhibit a characteristic trend. At
a distance of about 60 nm, the highest peak can be taken at
about 20 nm, followed by a continuous decrease in peak
heights towards the outer periphery, until finally, the peaks
towards the edge become smaller and more clearly distinguish-
able with an increase in distance, as the network becomes less
dense. Furthermore, profile 1 (b) shows a fit based on a
scaling estimate for a mesh size variation during gelation
under shear from the core to the periphery, &r) ~ ¥/, where r
is the radial distance along line profile 1. The progression of
the graph is to be expected when examining the corresponding
AFM image in Fig. 5(a).

The higher value of the peaks in the interior of the gel par-
ticle can be explained by the fact that this area is denser and
contains more material and an extended three-dimensional
network. Furthermore, the peaks in the inner region show a
larger width and become narrower towards the exterior, which
can be attributed to a lower number of (aggregated) double
helices. Thus, the decrease in peak heights and widths toward
the outer region can eventually be attributed to a decrease in
average density. The peak height in profile 2 (Fig. 5(c))
suggests an almost constant mesh size. The heights and
widths of the peaks do not differ much from each other and
are distributed evenly. This is due to the fact that the network
is very loose due to the lower local concentrations in the outer
regions of the gel particle. Profile 3 (Fig. 5(d)) shows a similar
tendency to profile 1, although considerably less pronounced,
with the highest peak of about 16 nm in the inner area at a dis-
tance of about 40 nm, which then declines directly. Again, the
height and width of the peaks in the outer region are smaller
and narrower and more clearly detectable. A typical example of
a loose mesh can be seen in profile 3, which has a spacing of
about 100 nm and is marked with a green double arrow both
on the profile and in the AFM image in Fig. 5(a). In the radius
of this region, however, more loose meshes can be seen, which
also turn out to be larger. Comparing the number of peaks, it
can be noted that the profile parallel to the edge has fewer
peaks than the profiles perpendicular to it, which run from
the inside of the core to the outside. This anisotropy results
from the fact that the distances between the peaks are wider
apart in the peripheral region, showing a lower density. The
average distance between the peaks is about 57 nm and 59 nm
for profiles 1 and 3, respectively, and 66 nm for profile 2. This
suggests that the meshes are looser around the edges. The
reason lies in the preparation process. As the gel particles are
subjected to continuous shear during gelation, fewer agarose
polymers aggregate outwards and the network becomes less
dense towards the edge, resulting in wider meshes, as will be
explained below. The network structure in Fig. 5(a) indicates a
correlation between the core region in the AFM image and the
junction zone ie., the denser network region described in
Ghebremedhin, Seiffert, and Vilgis.” Indeed, it seems that the
core region corresponds to the junction zones with its abun-

This journal is © The Royal Society of Chemistry 2022
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dant bound water due to its higher water binding capacity and
thus is consistent with the previous publication. Moreover,
since the AFM image in Fig. 5(a) displays that the network
density varies between the inner core and the periphery, it can
be assumed that the mobility of the agarose chains and of the
water molecules also varies. This seems to be in accordance
with earlier studies on water properties in concentrated
agarose gels by Watase, Nishinari, and Hatakeyama.*® In this
work, these authors propose higher water binding capacity of
the junction zones and that water molecules are less mobile in
the junction zones, i.e. in the core region.

Fig. 6(a) shows an AFM image for the 1 wt% fluid gel
samples shown previously in Fig. 4(d). Also in this AFM image,
three white lines can be seen corresponding to the height pro-
files in Fig. 6(b-d). Line 2 runs parallel to the edge of the gel
particle network and both lines 1 and 3 run perpendicular to
it from the inner core of the network of gel particles outward
to the periphery. Once again, the inner core is indicated by the
dashed semicircle and the periphery regime by the dashed
ellipse. For the 1 wt% sample, line 1 (Fig. 6(b)) shows a profile
with a systematic decrease of the total height of the peaks. The
highest peak lies at about 30 nm at a distance of about 55 nm
and is higher than the highest peak value of the 0.5 wt% fluid
gels in Fig. 5(b) due to the higher concentration. In addition,
the trend of the peak heights shows a decreasing density distri-
bution from the center to the outer periphery similar to profile
1 in Fig. 5(b). Similarly, the meshes and the average distance
between the peaks increase outward. For line 2 (Fig. 6(c)), on
the other hand, no continuous decrease in the peak height
and density is observed over the entire drawn line. Looking at
Fig. 6(a) and taking into account that it is a three-dimensional
network structure, a thinning of the network and thus a
decrease in density between the three lines and especially par-
allel to line 2 can be seen. By comparing the height profile of
line 2 with that of line 3 (Fig. 6(d)) in the less dense network
region, the latter (indicated by green double arrows) lies below
that of line 2, but increases again in peak height and thus in
density towards the edge. Such micro cracks are caused by the
shear that takes place during gelation.

Fig. 7(a) shows the AFM images of the 2 wt% sample (as
already shown in Fig. 4(g)). Again, line 2 is parallel to the edge
of the gel particle network while both lines 1 and 3 are perpen-
dicular to it starting from the inner core of the network of gel
particles outwards to the periphery. Furthermore, the corres-
ponding profiles of the diagrams are shown in Fig. 7(b-d).
Profile 1 again shows a continuous decrease in peak height
from the inner core of the gel network towards the periphery,
with a highest peak of about 38 nm at a distance of around
68 nm, which is higher than the highest peak of the 0.5 wt%
(Fig. 5(b)) and 1 wt% (Fig. 6(b)) fluid gel samples due to the
higher concentration. In the area where line 3 runs, indicated
by green double arrows in Fig. 7(a and d), a thinning of the
three-dimensional network structure can be seen, similar to
that already observed for the 1 wt% sample and interpreted as
a microcrack. While the surface is smooth in the upper region
at the edge, a ruptured network structure can be seen further
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Fig. 6 AFM image taken from the periphery of a (a) 1 wt% agarose fluid gel network with white lines showing the location of the corresponding
height profiles (b—d) of the network structure. The green double arrow in (a) and (d) indicates the thinning of the network structure as a result of the

microcracks formed during shear (image size = 3 X 3 pm).

down in Fig. 7(a), which runs parallel to the edge and is indi-
cated by a blue double arrow. This network disruption can be
explained by the fact that the gel particles tend to detach along
the edge due to the high crosslinking of the 2 wt% sample
under shear. It can be seen that a crack has formed and parts
of the network have almost detached, although some connec-
tions to the core are still present. This area of loose network
structure is similar to the network structure of the 0.5 wt%
sample in Fig. 5(a).

The observed structures of the gel particles can be easily
motivated by physical arguments: gel particles form when the
temperature decreases below the concentration dependent
critical value.” The gelling temperature depends on the con-
centration. A crude two body interaction based argument
suggests Tyel — To ~ N(c — ¢o), where Ty is the actual gelling
temperature, T, is the bulk gelling temperature, N is the
degree of polymerization as before, ¢ is the concentration, and
Co is the lowest concentration at which gelation occurs, which

6910 | Food Funct, 2022, 13, 6902-6922

is obviously close to the overlap concentration, well known
from the physics of polymer solution.”® Highly concentrated
solutions can gel already at higher temperatures, meaning
higher thermal and kinetic energy, than lower concentrated
solutions. This aspect, which is trivial for gels cooled under
quiscent conditions, becomes relevant for gelation under
shear.

When small gel particles are formed under cooling and
shear, growth can only take place at the surface. The surface
shows a large number of dangling agarose chains, which can
form helices with still freely dissolved chains when they come
close to each other. Since the fluid is rotating with a constant
shear rate y, a time scale of z = 1/y is obtained, which competes
with the time scales for gelling. Firstly, this leads to the finite
particle size of the gel particles, estimated to be R =~
(ksT/6mnsy)3,*® secondly to a growing mesh size towards the
periphery of the particles. Since the particles are rotating in a
tumbling motion at different radii inside the rheometer tool,

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 AFM image taken from the periphery of a (a) 2 wt% agarose fluid gel network with white lines showing the location of the corresponding
height profiles (b—d) of the network structure. The green double arrow in (a) and (d) indicates thinning of the network structure, and the blue double
arrow (a and b) indicates a partially ruptured network structure, both as a result of shear stresses during gelation (image size = 3 X 3 um).

the local speed at the perimeter changes according to the
shear rate y. The maximum local velocity v at the perimeter of
a particle of size r is therefore v(r) ~ yr, which needs to be com-
pared with the free chain (center of mass) diffusion following
a Fick’s law, yielding an (overestimated) scaling for the mesh
size £(r) ~ 3, where r is the radial distance from the quies-
cent gel type cross-linked particle core to the periphery.
Apparently, the mesh size parallel to the periphery, apart from
statistical variations, does not change as observed in the AFM
experiments.

As a result, shear has a more pronounced effect on the edge
of the forming gel particle. This in turn means that gelation at
the surface is hindered at this point and consequently there is
an apparently lower concentration and thus a looser network
structure in this area of the edge of the 2 wt% sample than in
the interior of the gel particle. This loose network structure in
Fig. 7(a) has a length of about 500-600 nm. Comparing this

This journal is © The Royal Society of Chemistry 2022

with the network structure of the 0.5 wt% sample in Fig. 5(a),
this corresponds to a length of about 1500 nm and thus an
extension of the loose network structure by a factor of 3.

This observation can be understood by considering again
the competing time scales and molecular motions for concen-
trations larger than the overlap concentration. Thus, depend-
ing on the chain length, the molecules in these highly viscous
solutions become increasingly entangled with higher concen-
trations. Consequently, the chain dynamics becomes slower."”
When chains move faster than the shear imposed time 1/,
they are able to form gels, comparable to the quiescent case.
In concentrated polymer solutions the self-diffusion constant
D of the polymer chains follows a reptation like motion, Ds ~
ksT/((N*), where ¢ is the monomer friction coefficient and N is
the degree of polymerisation. The longest relaxation time scale
is 7r ~ N® and is much larger compared to 1/y. In conclusion
the core is densely cross-linked and reaches closer to the per-

Food Funct, 2022,13, 6902-6922 | 6911


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2fo00102k

Open Access Article. Published on 16 May 2022. Downloaded on 2/23/2026 3:01:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

iphery of the particles for high agarose concentrations, but the
particles remain smaller. They appear also much smoother
compared to the surface particles generated at
concentrations.

The fitting results deserve some attention. As mentioned
already before, the power law (r) ~ ™%, where b = 1/3 overesti-
mates the decay of the cross-link density towards the periphery
of the particles. The AFM results show clearly concentration
dependent power laws, as shown in Table 1.

These results suggest that the exponent b saturates with an
increase in concentration, in other words with a higher overlap
between the chains during the gelation process. Following the
arguments of de Gennes*® the exponent b = 1/8, which is
closer to the results for concentrations far below the overlap
conditions. This assumes, however, that all pairs of the neigh-
boring chains within a distance of ¢ form cross-linking
helices, which is questionable for gelation under steady state
shear conditions.

Upon further comparison of the AFM images obtained for
different concentrations, Fig. 5(a) shows loose dangling
bundles or chain ends in the upper region marked with white
arrows. This results from the fact that at the shear rate, due to
the low concentration of 0.5 wt%, the chains cannot comple-
tely gel into a coherent network compared to the higher con-
centrations. These dangling ends do not appear to the same
extent at the other concentrations. At the higher concen-
trations of 1 wt% (Fig. 6(a)) and 2 wt% (Fig. 7(a)) in the upper
region parallel to the extended line 2, it can be seen that the
agarose chains recede towards the core due to the high con-
centration and cross-linking at the periphery. It can be
assumed that in the already disrupted network structure of the
2 wt% sample the agarose chains do not have much chance to

lower

Table 1 Estimated values for the concentration dependence for expo-
nent b

View Article Online
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cross-link further, because they do not find a second chain to
form helices at appropriate time scales compared to 1/y.

In Fig. 8, for concentrations of 0.5 wt% ((a), cf. Fig. 4(b)),
1 wt% ((b), ¢f. Fig. 4(e)), and 2 wt% ((c), cf. Fig. 4(h)) represen-
tative AFM images with higher magnifications are used to
determine the mesh size. The mesh sizes of the different fluid
gel concentrations were measured manually by evaluating the
area using Image]. Here an attempt was made to choose
closed meshes, as these mainly contribute to the elasticity.
To determine the mesh size, the diameter was calculated
from the area and assumed to be the distance length of the
mesh.

The average mesh sizes for the respective fluid gel concen-
trations are given in Table 2, and it was found that the mesh
sizes increase with a decrease in concentration as expected.
However, as suggested in Fig. 8 the mesh sizes vary signifi-
cantly and become larger towards the outer region of the fluid
gel particles. The large variety of mesh sizes is therefore
reflected in a large standard deviation. As mentioned in eqn
(1), the modulus is mainly determined by the mesh size. By
inserting the estimated mesh sizes into this equation, a theore-
tical modulus can be obtained in a highly simplified approxi-
mation, which is shown in Table 2. For comparison, the
measured storage moduli at a strain of y = 0.01% (LVE range)
are given in Table 2. Comparing both the measured and esti-
mated elastic moduli, it can be seen that the order of magni-
tude within the concentration is close. Indeed, the 2 wt%/
1 wt% ratio for the elastic modulus is about 4.03 for the theor-

Table 2 Average mesh sizes (&¢ (rg) estimated from the AFM images in
Fig. 8 using ImageJ, and the corresponding calculated moduli G (g
[Pa] according to eqn (1) compared to the measured storage moduli
G'm (rg) [Pal from amplitude sweep (see Fig. 13 and Table 3) for the
different agarose fluid gel concentrations

e (FG) [nm] Ge (FG) [Pa] G'm (FG) [Pa]
¢ (Wt%) 0.5 1 2 0.5 wt% 83 +101 7.2+£26.4 132.5+4.3
1 wt% 59 + 85 20.3 + 88.6 369.6 + 14.3
b 0.25 0.14 0.15 2wt% 37£61 81.9 + 406.7 920.2 +133.0
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Fig. 8 Mesh size determination for the (a) 0.5 wt%, (b) 1 wt% and (c) 2 wt% agarose fluid gel networks. Mesh sizes were analyzed manually by evalu-
ating the area using ImageJ after changing the contrast of the AFM images for better visualization (image size = 1 x 1 um).
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etically estimated value and 2.49 for the measured value,
whereas the 1 wt%/0.5 wt% ratio is 2.82 for the theoretically
estimated value and 2.79 for the measured value. This consist-
ency supports the idea of using detailed information from
AFM to gain a deeper fundamental understanding of fluid
gels. Moreover, it supports and confirms the ideas proposed in
the previous paper.”

A further comparison of the mesh distribution in Fig. 8§(a—c)
shows that the loose meshes of the 0.5 wt% and 1 wt%
samples extend over a wider area, while the 2 wt% sample
shows only a small area of loose structures and a large part is
dominated by the dense core.

Finally, Fig. 9(a), 10(a) and 11(a) (¢f. Fig. 4(c, f and i)) show
the AFM images for different agarose concentrations at the
highest magnification. Again, the three lines indicate the
paths for the height profiles in the corresponding Fig. 9, 10
and 11(b-d). It can be clearly seen here, once again, that the

(a)

View Article Online
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meshes increase on average with a decrease in concentration,
whereas in the case of the 2 wt% sample, large meshes but
also thick strands can be observed due to edge effects. The
enlarged regions shown in the figures are of interest because
the height profiles at this magnification allow clearer visualiza-
tion and distinction of the peaks and thus the individual
strands. It can be recognised that the different concentrations
of agarose fluid gels have the same origin and are formed by
single agarose chains associated with double helices, with the
consequent aggregation of the double helices into multiple
helices (indicated by white arrows). The profile height for the
concentrations 0.5 wt% (Fig. 9(b-d)) and 1 wt% (Fig. 10(b-d))
showed an approximated measured value between 4 nm and
8 nm and a width range between 10 and 30 nm. If we assume
that the width of a double helix is about 2 nm, we can assume
about 10-30 agarose chains or 5-15 double helixes within
such a broader peak. For the 2 wt% sample (Fig. 11(b-d)), the
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Fig. 9 AFM image taken from the periphery of a (a) 0.5 wt% agarose fluid gel network with white lines showing the location of the corresponding
height profiles (b—d) of the network structure. Number 2 is related to the horizontal line (image size = 0.5 x 0.5 um).
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Fig. 10 AFM image taken from the periphery of a (a) 1 wt% agarose fluid gel network with white lines showing the location of the corresponding

height profiles (b—d) of the network structure (image size = 0.5 x 0.5 pm).

heights of the aggregated polymer chains are measured up to
12 nm, and the widths range up to a size of 40 and even
60 nm, whereby multiple aggregated helical strands are dis-
tinctly seen to form larger strands again.

The observations in Fig. 11 are consistent with the findings
from the previous AFM images. At the periphery, several
strands are present (indicated by a blue arrow) that actually
intend to crosslink with the core. Due to the high concen-
tration degree of crosslinking, multiple helical structures
already aggregate at the periphery, but are prevented from
further crosslinking with the core due to the imposed shear.
With a shear rate of 400 s™', the time during gelation is not
enough for the molecules to assemble sufficiently, so only a
few molecules are able to associate to form such a network
structure. With respect to the location indicated by the blue
arrow, with a width of about 40 nm, it is estimated that

6914 | Food Funct.,, 2022, 13, 6902-6922

approx. 40 agarose polymer chains link to form assembled
double helices.

The faster crosslinking time with respect to the inverse of
the shear rate leads to these large aggregated agarose polymer
chains at the periphery. As mentioned in the introduction,
these aggregated chains diffuse much slower, which becomes
even slower with further crosslinking of such chains ie. the
dynamics of the cluster slows down. As a result, the linkage to
the gel core is no longer possible. As a result agarose chains
and bundles remain unlinked with the cores of the gel
particles.

The AFM micrographs offer additionally distinct structural
elements, which contribute differently to the dynamics, ie.,
elastic and loss moduli. Fig. 5(a), 8(a), and 9(a) of the 0.5 wt%
samples (cf Fig. 4(a, b and c)) show loose dangling chains at
the periphery; these are no longer present for the 2 wt%

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 AFM image taken from the periphery of a (a) 2 wt% agarose fluid gel network with white lines showing the location of the corresponding

height profiles (b—d) of the network structure (image size = 0.5 x 0.5 pm).

sample in Fig. 7(a), 8(c), and 11(a) (¢f. Fig. 4(g, h and i)). These
detailed structural elements at the particle surfaces must be
discussed together with the previous results of the rheology,
especially with the frequency sweeps (see Fig. 12).” For the
0.5 wt% sample, an increase in loss modulus (G”) with an
increase in frequency was observed which was due to the dan-
gling chains but also their less dense volume fraction and
mesh size. For the 2 wt% sample, the loss modulus remains
constant up to 10 rad s~ (see Fig. 12), which was attributed
not only to the smooth and less irregularly “hairy” structure
on the surface but also to the high volume fraction and dense
packing. Moreover, the dense meshes contribute to the restric-
tion and thus frequency-independent behavior of this sample.

The comparison of the measured height and width of the
associated agarose strands of the different samples, which do
not significantly differ from each other, further emphasizes

This journal is © The Royal Society of Chemistry 2022

how not only different textures but also rheological and tribo-
logical properties can arise from identical biopolymers simply
by controlling the concentration and the process conditions,
such as shear.” Moreover, the processing conditions combined
with the concentration of the biopolymers in use influence the
formulated molecular network structure of the particulate gel
suspension at the microscopic level. This in turn determines
the macroscopic response of the material to external forces,
leading to a unique change in biomaterial gel-based food pro-
ducts. In fact, shear rate-dependent gelation leads to specific
network structures of gel particles which have a defined ratio
between the network density of the inner core and the outer
core as well as the size of the chains at the surface of the
particles.

The very loose particle surface structure at low concen-
trations of 0.5 wt% requires a separate discussion. The corres-
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Fig. 12 Frequency dependence of storage and loss moduli G* (filled
symbols), G” (empty symbols) at a constant strain (y = 0.05%) and temp-
erature (T = 25 °C) for agarose fluid gels with different concentrations
0.5 wt% (black), 1 wt% (blue) and 2 wt% (green). The dashed lines indi-
cate the angular frequency (w.) where G" starts to increase for the
respective concentrations (reproduced from Ghebremedhin, Seiffert,
and Vilgis”).

ponding time scales do not follow the predictions in the high
concentration regimes, but can be estimated using a Rouse-
Zimm model."”

The polymer chains diffuse to the nearest approximation
before gelation begins, implying that the centre-of-mass
diffusion constant DCM of the polymer chains in a good

solvent behaves (apart from constant factors) as:

ke T

Dy < —— N2

(2)
where N is the degree of polymerization. Accordingly, the
longest relaxation time follows 7 o N2 In accordance with
this, the time scales change during cooling with the time at
which two neighboring chains become close enough to form
helices, which in turn results in much smaller time scales. As
a consequence, the diffusion of the growing gel cluster slows
down further, which in turn depends on the size and thus the
number of agarose chains involved. Thus, the shape of the par-
ticle grows irregularly at low agarose concentrations, resulting
in extended dangling of excess parts.”

All these assumptions are in agreement with the findings of
the AFM measurements in this work. Moreover, these results
are additionally supported by the findings of the previous pub-
lication. It was proposed that the dangling chains, which were
most pronounced in the 0.5 wt% samples, were responsible
for a distinct increase in moduli during the frequency sweep.”
Fig. 12 shows the frequency sweep of the resulting time-depen-
dent behavior of the corresponding fluid gels at small oscil-
lation strain. The observation is in agreement with the find-
ings of the AFM images in this paper. It was suggested that the
increase in G’ with an increase in frequency was due to the par-
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ticle movement becoming faster, being pushed together and
interfering with each other. The increase in G”, on the other
hand, was attributed to the flexible dangling chains on the
particle surfaces, which show faster motion and were more
pronounced for the 0.5 wt% sample compared to the 1 wt%
and 2 wt% fluid gel samples. This is explained by the fact that
with a decrease in concentration the aggregated chains present
at the particle surface and the particle size increase, whereas
the volume fraction and thus the percolation decrease.
However, an extended LVE range during amplitude sweep was
also attributed to these hairy structures on the particle surface.
Furthermore, not only an increased coefficient of friction
during tribological measurements, but also an increased vis-
cosity during flow sweep measurements at small shear rates
were attributed to the aggregated helical chains.” Indeed, all
these observations ascribed to the dangling ends and the
higher proportion of the hairy structures could now be verified
by AFM measurements.

More detailed knowledge of the loose surface structure
allows the observations already made in Ghebremedhin,
Seiffert, and Vilgis’ to be interpreted more accurately. As
shown in Fig. 12, the frequency at which G” increases systema-
tically depends on the concentration. Higher frequencies
mean smaller time scales. However, this is precisely what
suggests different surface structures. Assuming that the free
ends behave in a first approximation according to the Rouse—
Zimm model, relaxation times can be estimated with 7 ~ N*2."7
The dangling parts are significantly longer at low agarose
concentrations, so the time scales are longer. At high concen-
trations they are shorter. Consequently, the frequency at which
the free ends of the external heavy movements can no longer
follow the imposed oscillations increases. At these points, G”
increases practically linearly with a slope, and their values are
indicated in Fig. 12 by dashed lines for the frequency (w.) for
the respective concentrations. While the 0.5 wt% fluid gel
sample shows an increase in loss modulus G” starting at a fre-
quency of 0.5 rad s™" with a slope of 0.387 + 0.004, the 1 wt%
sample exhibits an increase in G” starting at about 1.6 rad s™*
with a slope of 0.419 + 0.007, whereas the 2 wt% sample dis-
plays an increase in G” starting at 9 rad s™' with a slope of
0.347 = 0.007.

The physical interpretation is quite striking. For low fre-
quencies G" is not sensitive to frequency changes. The over-
damped chain motion follows the imposed oscillatory shear
from the rheometer. At higher frequencies the networks
respond to their cross-link density accordingly. Assuming that
the chain dynamics between two consecutive cross-links
behaves close to a Rouse-Zimm-type motion, the frequency w.,
where G” starts to increase, is given by (w.7r) ~ 1. However, the
relaxation time 7z depends on the molecular weight of the
mesh size roughly as & between two consecutive cross-links.
Therefore . scales as 1/£°. This simple argument shows that
o, is shifted to larger values by decreasing the mesh size, and
increasing the cross-link density. This trend can be seen by
inserting the ratios of the mesh size at different concentrations
(see Table 2) and calculating the shift factor of e, as a function

This journal is © The Royal Society of Chemistry 2022
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of the concentration. Hence, a determined w. of 1.39 rad s™*
for the 1 wt% fluid gel sample and 6.5 rad s™* for the 2 wt%
fluid gel sample is obtained. Even considering the large stan-
dard deviations of the mesh size distribution, an agreement
can be found with w, given in Fig. 12. The slope of G" seems to
vary only marginally in the measured frequency range, which
indicates its origin from the peripheral chains as well. The fre-
quency range where G” seems to increase linearly with the fre-
quency may indicate the motion of the less restricted, loose
and dangling network parts at the particle surfaces.

3.2 Comparison of the particle core with quiescent set gels

Another important question is whether the cross-link density
of the gel core corresponds to the cross-link density of the
quiescent set gels of the same concentration. In the previous
sections it was assumed that the core gelation of the particles
at time scales less than 1/y is compared directly to the quies-
cent gels. Consequently, the core shear modulus should be
similar to the shear modulus of the bulk gel. This assumption
can be attempted to be verified experimentally, as will be
shown in the following paragraphs.

An amplitude sweep was performed to investigate and
compare the viscoelastic properties of the hydrogels prepared
under shear with those of the gels prepared under quiescent
conditions.

This was done to gain a deeper understanding of the con-
centration-dependent characteristics of agarose fluid gels,
which in our previous work were found to be influenced by the
size and shape of the gel particles.” Furthermore, in the course
of these rheological measurements, together with the findings
of atomic force microscopy, the aim is to achieve a better
physical insight into the interaction between the gel particles.

(a)

05%wt QG —=— 05%wt FG
e~ 1%wt QG —— 1% wt FG
2%wt QG —4— 2%wt FG
100000
R e e B S} L )
10000

G’ (Pa)

10004 5 &34

L S S e e S S S SR ) S

e 7t7‘—t—flf1l %% s o o o

—a

—— S -
- AW ; w ——

100 o

0,61 0,1
Oscillation strain (%)

View Article Online

Paper

The approach of directly comparing the properties of agar
hydrogels prepared under shear with those prepared under
quiescent conditions has also been carried out in previous
work on rheological measurements.> Furthermore, in other
work on agarose fluid gels, texture analysis was performed on
quiescently cooled agarose gels by assuming that the stress-
deformation behavior exhibited corresponds to the behavior of
individual particles.® Thus, assuming that the number of
crosslinks in the core of a fluid gel particle is the same as that
of the corresponding unsheared gel, it seems apparent that
this approach will be useful in understanding the network for-
mation of the particles.

Fig. 13 displays the results of the amplitude sweep for
different concentrations of the agarose fluid gels and the
agarose gels prepared under quiescent conditions. The mean
value and standard deviations of the elastic and viscous
moduli are shown as a function of the strain. For all samples,
storage (G') and loss (G") moduli were specified within the
linear-viscoelastic (LVE) range, thus describing the defor-
mation behavior in the non-destructive range.

The limits of the LVE range and the characterization of the
behavior after exceeding this range, which is called the non-
linear viscoelastic range, have not been evaluated here. This
has already been discussed in detail in the recent publication
on fluid gels, where it was found that it is not the concen-
tration and size of the particles but the structure that plays an
important role in the mechanical properties, and is not rele-
vant when comparing the fluid gels with the gels prepared
under quiescent conditions.”

As expected, storage moduli (G') (Fig. 13(a)) and loss
moduli (G”) (Fig. 13(b)) increase with an increase in agarose
concentration, and it is also not surprising that both the
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Fig. 13 Amplitude sweep for the gels prepared under shear and non-sheared gels for the different agarose concentrations. (a) Storage (G') moduli
for the 0.5 wt% QG (gray) and FG (black), 1 wt% QG (light blue) and FG (dark blue) and 2 wt% QG (light green) and FG (dark green). (b) Loss (G")
moduli for the 0.5 wt% QG (gray) and FG (black), 1 wt% QG (light blue) and FG (dark blue) and 2 wt% QG (light green) and FG (dark green). As a func-
tion of applied oscillatory strain at a constant frequency (f = 1 Hz) and temperature (T = 25 °C). The arrows indicate the strong decrease of the
moduli of the differently prepared gels of the respective agarose concentration (QG = quiescently cooled gel, FG = fluid gel).
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moduli of the quiescently cooled gels increase by multiple
orders of magnitude compared to those of the fluid gels. Such
a strong decrease of the moduli for the differently prepared
gels is indicated by arrows for the respective agarose concen-
trations. For easier comparison, Fig. 14 shows the mean and
their standard deviations of the respective storage and loss
moduli depending on the concentration at a strain of y =
0.01%. When comparing the storage and loss moduli between
different concentrations, the values are significantly different
(p < 0.05) for both the fluid gels and quiescently cooled gels.
For all gels, the corresponding mean values and their standard
deviation are given in Table 3.

As can be seen from Table 3, the 2 wt% fluid gels exhibit a
storage modulus of 920 (+ 133) Pa and a loss modulus of about
114 (+ 21.9) Pa, while the quiescently cooled gel of the same
concentration exhibits a much higher storage modulus by a
factor of about 76, and a loss modulus higher by a factor of
about 18. For the agarose concentration of 1 wt%, the fluid
gels show a G'-value of about 369.6 (+ 14.3) Pa and a G"-value
of 66.9 (+ 5.9) Pa, whereas the corresponding quiescently
cooled gel exhibits an increase in storage modulus by a factor

e
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Fig. 14 Comparison of the mean values of the storage (G’) and loss (G")
moduli for the gels prepared under shear and non-sheared gels for
different agarose concentrations at a strain of y = 0.01%.

Table 3 Averages of amplitude sweep of storage (G') and loss (G")
moduli for the agarose gels prepared under shear and non-sheared gels
for different concentrations at a constant strain of y = 0.01% (QG =
quiescently cooled gel, FG = fluid gel). Data are presented as means +
SD of triplicate and the values in the table are significantly different (p <
0.05) as obtained by analysis of variance (one-way ANOVA)

Gels G' [Pa] G" [Pa]

2 wt% QG 69 888.3 + 8819.7 2041.4 £ 566.2
2 wt% FG 920.2 +133.0 114.3 £21.9

1 wt% QG 21442.1 +£2261.7 447.9 + 68.9

1 wt% FG 369.6 +14.3 66.9+5.9

0.5 wt% QG 3643.0 £ 333.6 63.6+7.9

0.5 wt% FG 132.5+4.3 229+5.2
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of ~58 and an increase in G" by a factor of ~7. Finally, the
0.5 wt% fluid gel reveals a G’ of 132.5 (+ 4.3) Pa and a G"-value
of 22.9 (x 5.2) Pa, where the corresponding quiescently cooled
gel displays an increase in G’ by a factor of ~28 and an increase
in G" by a factor of ~3.

These very high moduli of the gels cooled under quiescent
conditions arise from the already mentioned fact that as a
strong gelling polysaccharide, agarose forms firm and brittle
gels. The agarose polymer chains, which form double helices
via hydrogen bonding, aggregate into thick bundles of junc-
tion zones that lead to the formation of these strong gels.’
Consequently, according to the correlation between the mesh
size and the elastic modulus for permanently cross-linked
gels, an increase in the modulus with increasing agarose con-
centration is observed (see eqn (1)). Furthermore, for the fluid
gels, storage and loss moduli increase with an increase in
agarose concentration and the samples show an elastic domi-
nated behavior i.e. a gel-like behavior, indicating an intercon-
nected network of gel particles formed by a highly cross-linked
agarose polymer.

By considering the decrease of the storage moduli of the
fluid gels to those of the non-sheared gels and comparing
them within the different concentrations, it can be observed
that the increase from 0.5 wt% to 1 wt% gels is greater than
the increase of the storage modulus from 1 wt% to 2 wt%
samples. These observations no longer hold for the loss
modulus (see Table 4). Thus, this observed trend is consistent
with the assumption that the textural behavior of quiescently
cooled gels is the same as that of the individual particles of
the fluid gels of the same concentration.® Furthermore it was
assumed in earlier work that the moduli of the sheared agar
gel would scale with the moduli of microgel particles, which
correspond to the moduli of a quiescently cooled agar gel.>

To compare the cross-link density of the gel core of the
fluid gel particle corresponding to the cross-link density of the
quiescently cooled gels of the same concentration, we consider
the calculated mesh size estimated by the measured storage
modulus of the quiescently cooled gel with the mesh size of
the core of the fluid gel particle estimated by the AFM phase
image in Fig. 2. According to eqn (1) and since kT is given, &
was computed by inserting the measured G'-value of the quies-
cently cooled gel (see Table 3).

Based on the AFM phase images in Fig. 2, one approach to
estimating the mesh size would be to determine the distance
of an agarose strand at the top level until it is overlapped by a
next strand, either by entanglement or by cross-links. This
means that this length corresponds to a distance between two

Table 4 Comparison of the ratios of the moduli of the agarose gels
prepared under shear (FG) and non-sheared gels (QG) within the
different concentrations

Gels Goc G"qc G'rs G
2 wt%/1 wt% 3.3(£3.9)  4.6(+82) 25(+x9.3) 17+(3.7)
1Wt%/0.5wt% 5.9 (+6.8)  7.1+(8.7) 2.8(x3.3) 29+ (11)

This journal is © The Royal Society of Chemistry 2022
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cross-links i.e. junction zones, as already shown in Fig. 3. That
is, if the length of the distinctly visible strands on the surface
in Fig. 2 is shortened, it would imply a smaller mesh size. In
fact, the distance between these cross-links would be the mesh
size that determines the modulus. However, it should be noted
that the distance ¢ only applies in a good solvent. This is
because the estimated mesh size in Fig. 2 corresponds to a gel
that has been squeezed and shrunk into two dimensions by
drying. Therefore, the distance in question should be multi-
plied by a factor of the water volume, which is thus the third
root of the volume of the water fraction of the corresponding
agarose gel concentration. The calculated mesh sizes from the
storage moduli of the quiescently cooled gels measured by
amplitude sweep (see Fig. 13 and Table 3) are given in Table 5.

By comparing the calculated mesh sizes of about 48 nm for
the 0.5 wt% sample, 27 nm for the 1 wt% sample, and 18 nm
for the 2 wt% sample of the quiescently cooled gels with the
AFM phase images of the fluid gels in Fig. 2 and tracing these
calculated values over such an undisturbed strand, it can be
seen that the distances calculated here are somewhat shorter
than those seen in the AFM phase images. Nevertheless, the
magnitudes of the calculated ¢ values agree with the lengths of
the strands.

This is an indication of the fact that in the core of a fluid
gel particle, the time scales of gel formation are faster than
that of the imposed shear rate and therefore comparable
gelling occurs as in a quiescently cooled gel. Indeed, this con-
clusion is consistent with the aforementioned assumption that

Table 5 Average calculated mesh size & (qg) [nm] from the measured
storage moduli G', qg) [Pal obtained from amplitude sweep and the
respective calculated mesh size considering the factor of the water
volume fraction ((£c (qg) [nm]) X factor)

Gels G'm (qo) [Pa] e ) [nm] (& (qg) [nm]) x factor
2 wt% QG 69 888.3 £8819.7 3.9+0.1 17.9+0.7
1 wt% QG 214421 £2261.7 5.8+0.2 26.7+0.9
0.5 wt% QG 3643.0 £ 333.6 10.4 £ 0.3 48.2 £ 1.5
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when the chains move faster than the time 1/y imposed by the
shear, they are able to form gels comparable to the quiescent
conditions.

Fig. 15 shows the AFM phase images from Fig. 2 with the
indicated lengths of the previously determined mesh size. This
is to illustrate the extent to which the mesh size determined
from the storage modulus approximates the lengths of the
strands in the core of the AFM phase images. A total of 20
points were measured per concentration with an average of
56.1 = 10.3 nm for 0.5 wt%, 29.7 + 4.7 nm for 1 wt% and 22.2 +
2.6 nm for 2 wt% fluid gel samples.

In previous work on fluid gels made of agar, the depen-
dence on the concentration and method of preparation of
sheared gels was compared with spherical microgel suspen-
sions and also with gels prepared under quiescent conditions,
all from the same material.” They also found a dependence of
the moduli on the concentration and more on the internal
structure and particle shape.”

These results are in agreement with the findings of the
AFM images shown here and with the assumption that the
bulk rheology of the fluid gels is influenced by the particle
shape, size and also elasticity. This in turn is governed by the
elasticity of the higher network density in the inner core of the
particles, which becomes less dense in the outer region. In
addition, the chains on the particle surface play a role, which
also depends on the agarose concentration.

3.3 Scanning electron microscopy (SEM)

Fig. 16 shows the SEM micrographs of the different concen-
trations of the fluid gels and the corresponding gels prepared
under quiescent conditions. To provide supplemental struc-
tural information in addition to the results of the rheological
properties, SEM was performed on all fluid gels prepared with
the different concentrations and the corresponding quies-
cently cooled gels. The images for the fluid gels (a-c) show
fibril-like microstructures formed by interconnected pores sur-
rounding the fibers with a wide size distribution of up to
several micrometers. Furthermore, it can be seen that as

36.1 deg

0.0

Fig. 15 AFM phase images taken from the center (a) 0.5 wt%, (b) 1 wt% and (c) 2wt%. The indicated length was approximated to 48 nm for the

0.5 wt%, 27 nm for the 1 wt% and 18 nm for the 2 wt% fluid gel samples.
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Fig. 16 SEM images of the freeze dried fluid gels with (a) 0.5 wt%, (b) 1 wt%, and (c) 2 wt% agarose concentrations and gels cooled under quiescent
conditions with (d) 0.5 wt%, (e) 1 wt% and (f) 2 wt% agarose concentrations. Scale bars are 10 pm. (a, b and c are reproduced from Ghebremedhin,

Seiffert, and Vilgis”).

expected, a denser network forms with an increase in concen-
tration. Thus, a densification of the network takes place.” On
the other hand the images of the gels prepared under quies-
cent conditions (d-f) display a completely different structure,
namely a leaflet type structure. From the findings of the micro-
graphs, the rheological and mechanical properties can be
deduced, since the gel strength of the sample varies with the
density of the network of structural patterns. Furthermore, the
comparison of the SEM images of the different gels produced
depicts how different properties can arise from identical
biopolymers.

4 Conclusion

In this work we have investigated the underlying physical and
microscopic characteristics of fluid gels linked with their
macroscopic properties. Agarose based fluid gels were pre-
pared during gelation under shear, resulting in gel particles
with various network structures that influence the macroscopic
behavior. We used AFM measurements to investigate the
network structure of the fluid gels. Representative examples of
the AFM images of the network structures of the different
agarose gel concentrations were analyzed. The height profiles
and mesh sizes were determined to characterize and evaluate
the AFM images. The focus of this work, however, was to deter-
mine the mesh size as this determines the structure and the
elasticity as well as the dynamics that are reflected in G' and
G". In fact, these AFM images were intended to support the
assumptions of the findings of our recent paper.

6920 | Food Funct, 2022, 13, 6902-6922

It was found that the dense region of the network structure
changed towards the periphery of the gel particles. Moreover,
this network structure and its elasticity also changed with the
concentration (0.5 wt%, 1 wt%, 2 wt%). In addition, the corre-
lation that cracks at the edge of the network is more likely to
occur at higher concentrations, as observed at concentrations
of 1 wt% and 2 wt%, can be explained by the mechanism that
takes place during the preparation of fluid gels. It was
assumed that with a higher concentration, the probability of
rapid gelation of agarose chains is higher because more chains
are present that can associate to form double helices and sub-
sequently aggregate. When this aggregated network forms, but
at the same time, the gelation in the rheometer is subjected to
shear, these cracks occur at the edge, and they are more pro-
nounced the faster the gelation takes place since the prob-
ability of gelation is much higher. Furthermore, the peripheral
region plays a crucial role in the interaction between the gel
particles and contributes to defining the length scale for their
elastic response in bulk. In fact, it can be deduced that near
the surface of the gel particles, the elasticity and friction pro-
perties change as the ratio between the inner core and the
outer core iLe. peripheral region changes. This is due to the
fact that the mesh size shows a broader distribution from the
center towards the periphery, depending on the concentration
and competing time scales such as shear rate and molecular
motion. Using oscillatory measurement the viscoelastic pro-
perties of the fluid gels were compared with gels prepared
under quiescent conditions. With these measurements we
could support the assumption that the textural behavior of
quiescently cooled gels corresponds to that of the individual
particles of the fluid gels of the same concentration. In

This journal is © The Royal Society of Chemistry 2022
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addition, the assumption that the mesh size of the densely
cross-linked core of the fluid gel particle is approximately the
same as that in the quiescently cooled gel was confirmed.
Accordingly, during gelation under shear, the molecules move
faster on the time scale, than the shear imposed time due to
concentration and temperature and associate into double
helices and aggregate into larger clusters, resembling the
quiescently cooled gels.

Finally, from the scanning electron microscopy (SEM)
results, the result of rheological measurements could be
deduced, showing that the viscoelastic properties of the gels
vary with the density of the network of structural patterns.

Overall, this study illustrates the importance of understand-
ing the interplay between the length and time scales of bio-
polymers during gelation under shear for the preparation of
fluid gels in order to design fluid gels for tailored applications
with specific viscoelastic, textural, and lubricating properties.
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