& frontiers | Frontiers in Soft Matter

’ @ Check for updates

OPEN ACCESS

Lester Geonzon,
The University of Tokyo, Japan

Luben Arnaudov,

Unilever's Foods Innovation Centre,
Netherlands

Raffaele Mezzenga,

ETH Zurich, Switzerland

Marta Ghebremedhin,
ghebre@mpip-mainz.mpg.de

Thomas A. Vilgis,
vilgis@mpip-mainz.mpg.de

31 December 2023
08 April 2024
26 April 2024

Ghebremedhin M, Seiffert S and Vilgis TA (2024),
Effects of sugar molecules on the rheological
and tribological properties and on the
microstructure of agarose-based fluid gels.
Front. Soft Matter 4:1363898.

doi: 10.3389/frsfm.2024.1363898

© 2024 Ghebremedhin, Seiffert and Vilgis. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Soft Matter

Original Research
26 April 2024
10.3389/frsfm.2024.1363898

Effects of sugar molecules on the
rheological and tribological
properties and on the
microstructure of agarose-based
fluid gels

Marta Ghebremedhin'*, Sebastian Seiffert? and
Thomas A. Vilgis™*

!Max Planck Institute for Polymer Research, Mainz, Germany, *Department of Chemistry, Johannes
Gutenberg University Mainz, Mainz, Germany

Introduction: Fluid gels exhibit a unique flow behaviour. Their pronounced
viscoelastic behaviour arises from irreqular microgel particles, leading to
plasticity and yielding, as well as a characteristic transition from a solid to a
fluid-like state. This is defined by both the core and the surface structures of the
particles. Adding co-solutes such as sucrose alters the network properties at
the molecular scale, affecting texture and lubrication. This study investigates
how the microscopic changes due to sucrose addition correlate with
macroscopic changes.

Material and methods: Agarose fluid gels with varying sucrose concentrations
were prepared and studied using the rheometer. Temperature dependent
viscosity behaviour during gelation under shear was investigated in situ. Light
microscopy and particle size measurements were examined, and complemented
by amplitude, frequency and flow sweeps as well as tribological studies. These
tests allow us to understand the influence of sucrose on the particle
network formation.

Results and discussion: Sucrose concentration influenced the sizes, shapes, and
interconnected network structure of the microgel particles. These
microstructural changes are closely related to the dynamic competition
between gelation and disruption of the agarose chains during shear, which
directly influences the rheological and tribological properties of the resulting
fluid gels. Additionally, the association of the agarose chains and their gelation
process is also influenced depending on whether the sucrose or agarose was first
dissolved in water. The experimental observations suggest specific molecular
mechanisms, explaining the role of sucrose in structure formation of agarose-
based fluid gels. These results have the potential to expand the applications of
fluid gels, which play a crucial role in modifying the texture and flow behaviour of
foods and beverages, particularly in addressing challenges such as dysphagia.

agarose, fluid gels, microgel particles, physical gelation, rheology, tribology, sucrose,
microstructure
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GRAPHICAL ABSTRACT

1 Introduction

Fluid gels are based on gelling polysaccharides such as agarose,
where gelling occurs at defined shear rates, resulting in systems with
controlled microstructures consisting of particulate gel suspensions
(Frith et al., 2002; Gabriele et al., 2010; Farrés et al., 2014; Norton
etal., 1999). The particles have an elastic core, are irregularly shaped
and immersed in a continuous water phase. Due to this, fluid gels
provide unique flow and textural properties, which makes them of
considerable interest in various applications, including food,
cosmetics, and pharmaceuticals. They offer a pleasant mouthfeel
for gastronomic applications. Their cohesion is important for
geriatric  applications and medically induced swallowing
disorders. Fluid gels exhibit the properties of shape-retaining
elastic materials but have a fluid-like flow behaviour under
sufficiently high stress.

This combination contributes to the special mouthfeel during
oral processing. However, the texture and lubrication felt in the oral
cavity, can be strongly influenced by the presence of low molecular
weight co-solutes, indicating a strong effect of local (atomistic) scales
with macroscopic structural changes. For a systematic illustration
sucrose has been chosen as an example. As shown earlier, the
addition of sugars significantly affects the properties of
hydrocolloids systems by interacting with each other and with
the water molecules (Nishinari et al, 1992; Watase, Kohyama,
and Nishinari, 1992; Deszczynski et al., 2003a; Maurer, Junghans,
and Vilgis, 2012; Russ, Zielbauer, and Vilgis, 2014). The main
objective here is the underlying

physicochemical effects, the molecular interaction during gelation

investigation of the

under shear, and the resulting fluid gel properties. In particular, this
study focuses on the influences of sucrose on the resulting particle
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structure and the rheological and tribological behaviour of the fluid
gel formation.

Adding co-solutes causes physical changes on local length scales.
Sucrose has a strong binding affinity for water, causing the “bound”
water to become no longer available to the agarose for unobstructed
gel formation. Sufficiently higher concentrations of sucrose weaken
the ability of agarose to form a gel. The mechanism promoting gel
formation is not entirely clear, but is suggested to involve hydrogen
bonding between sugar and agarose, leading to helix formation and
aggregation (Watase et al., 1990; Watase, Kohyama, and Nishinari,
1992). However, this remains a topic of ongoing debate. Higher
sucrose concentrations strongly influence the mobility of agarose
chains, affecting both structure formation and changes in elasticity.
The altered chain dynamics effects the structure formation, for
example, via the shear rate, and the water binding of the co-
solute modifies the elasticity of the resulting gel particles.

Agarose, isolated from red algae (Rhodophyceae), is a linear polar,
water soluble polymer composed of units of (1-3)-linked agarobiose,
which in turn consists of p-D-galactopyranose (1-4)-linked to 3,6-
2009). The
mechanism involves a “two-step” mechanism during cooling

anhydro-a-L-galactopyranose  (Imeson, gelation
(Valéry Normand et al, 2000), starting with the association of
polymer chains into double helices, which then further aggregate
to form a continuously denser meshed three-dimensional network
and immobilize the water as investigated experimentally and
emphasised earlier (Nordqvist and Vilgis, 2011; Russ et al,, 2013;
Russ et al,, 2014). It should be emphasised that this sol-gel transition
appears to be much more complex, involving different transition
states. Within these two steps, described by Nordqvist et al. as major
steps, the agarose chains undergo a coil-helix transition that exist in a
variety of hierarchical structures.
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Different chain associations for agarose by forming helical
structures at the molecular level have been suggested to influence
mechanical properties, as reported by Matinez-Sanza et al. (2020).
These authors proposed that agarose chains in some of the samples
do not only exist in a coil structure at a temperature of 75°C, but also
in some form of molecular association, indicating a variety of
hierarchical structures (Martinez-Sanz et al., 2020). Thus, some
agarose did not show true solution behaviour (at 75°C) but
rather the behaviour typical of a transient (entangled) network.
They reported that although it is known that agarose chains
associate by forming ordered helical structures, this observation
does not necessarily mean that these helixes are already formed, but
it does imply the existence of some kind of molecular association
(Martinez-Sanz et al., 2020).

Recent studies using methods such as AFM and computer
simulations have demonstrated that charged polysaccharides
undergoing coil-helix transitions exist in a multitude of
hierarchical structures (Schefer, Adamcik, and Mezzenga, 2014;
Schefer et al., 2015a; Schefer, Usov, and Mezzenga, 2015b; Diener
et al,, 2019; 2020; Tavagnacco et al., 2023). By studying negatively
charged carrageenan as a model polysaccharide for ion-mediated
gelation, the authors demonstrated the presence of several structural
levels determined by statistical analysis of AFM images. These works
refined the understanding of ion-induced structural hierarchies,
revealing coil, single helix, coiled-coiled helices, and double and
multiple supercoiled helices, corresponding to primary, secondary,
tertiary, and quaternary structures, respectively (Diener et al., 2019;
2020). However, these findings on ion-induced structural changes
and gelation mechanism cannot be readily applied to agarose.
Controlled ion-mediated gelation, which enables a targeted
modification and observation of chain association, may be
challenging due the lack of charge of agarose and its strong
gelling properties without the addition of ions.

Thus, the investigation of intramolecular conformational
changes at the secondary structure level and their influence on
structural properties, particularly in response to the addition of
counterions and charge screening, remains unexplored for agarose.

In contrast, Agarose, is an uncharged polysaccharide and was
therefore specifically chosen by us due to its special model system
for polar systems. These short ranged polar interactions make them
ideal for studying the nature of biopolymer gelation (Xiong et al., 2005).

Under certain temperatures, disordered agarose chains form helical
structures with tetrahedral cavities occupied by water molecules (Tako
et al, 2021). The left-handed threefold helix structure of agarose,
featuring a specific axial displacement and pitch of 1.90 nm, allows
for the formation of a sterically acceptable parallel double helix. This
structure contains a small inner cavity with inward-directed C-H bonds,
lined with hydroxyl groups that promote hydrogen bonding, involving
specific oxygen atoms (Ablett et al, 1978; Nussinovitch, 1997).
Hydrophobic C-H bonds contribute to the cavity stability and
enable higher hierarchical structures, such as multi-helical assemblies
(Tako et al, 2021). The precise positioning of the water molecules
within the tetrahedral cavity, determined by their specific interaction
with certain oxygen atoms reinforces the double helix structure (Arnott
et al,, 1974; Deszczynski, Kasapis, and Mitchell, 2003b; Tako et al.,
2021). Thus, hydrophobic interactions contribute to the formation of
the cavity structure, while hydrogen bonds contribute to its stabilization
(Fittolani, Seeberger, and Delbianco, 2020). However, this underlines
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the understanding that agarose gels rely solely on water as the solvent to
promote helix aggregation and the formation of junction zones (Mineo
Watase, Nishinari, and Hatakeyama, 1988; Vilgis, 2015). Therefore,
adding sucrose to the hydrated agarose system induces strongly
competing dipolar interactions and hydrogen bonding, which
destabilize the helix formations and hinder their aggregation
(Deszczynski, Kasapis, and Mitchell, 2003b).

Russ et al. (2014) attributed a decrease in elastic modulus with
increasing sucrose concentration to the limited mobility and
diffusion of the agarose polymer chains, resulting in fewer
associations into double helices and their aggregation during
cooling. This restriction results in a weaker three-dimensional
network with larger meshes, reducing elasticity and stability
(Russ, Zielbauer, and Vilgis, 2014; Vilgis, 2015). At sucrose
concentrations above 40 wt%, competition for water prevents
stable hydrogen bonds with agarose molecules, disrupting
thermodynamically stable helix formation and depriving agarose
chains of the hydration layer necessary for network formation
(Deszczynski et al., 2003a; Kasapis et al., 2003; Maurer, Junghans,
and Vilgis, 2012). Therefore, when a lower sucrose concentration is
added, an increase in elastic modulus is explained by a reduction in
free water and an increase in apparent local concentration
(Deszczynski et al., 2003a; Kasapis et al., 2003).

Shimazu et al. (2014) further investigated co-solvent enhanced
gelation of agarose. The authors suggested that co-solvents control the
sol-gel transition by either restructuring water around the biopolymer
or excluding co-solvents from the biopolymer surface. The driving force
for gelation is attributed to co-solvent exclusion, followed by
biopolymer aggregation due to increased compactness. This finding
is relevant to the fluid gels in this study, where sucrose is dissolved in
water before agarose, and supports the conclusion that co-solvent
exclusion, rather than biopolymer hydration, ie., the change in
water structure around the biopolymer, drives gelation, as discussed
below (Shimizu and Matubayasi, 2014). Another hypothesis suggests
co-induced hydration changes, where sugar indirectly affects the sol-gel
equilibrium through a change in biopolymer hydration that is
influenced by competitive hydration between biopolymer and co-
solvent (Watase et al, 1990; Williams et al, 1991; Watase,
Kohyama, and Nishinari, 1992; Shimizu and Matubayasi, 2014).
However, this concept is relevant to fluid gels, which in the current
work were mainly prepared by dissolving agarose in heated water before
adding sucrose. Sucrose addition to hydrocolloids, alters water structure
through hydration shells (Vilgis, 2015). The dissolution of sucrose
changes water structure, affecting its tendency to bind agarose polymers
via hydrogen bonds. This challenges the notion of water as an inert
solvent, leading to changes in gelling properties when sucrose is added
(Vilgis, 2015).

Sugar significantly affects hydration water dynamics, by forming
more stable hydrogen bonds with water than those between water
molecules (Lee, Debenedetti, and Errington, 2005). This cumulative
impact extends to the surrounding water (Zhao, Ma, and Yang, 2015)
and hinders agarose polymer helix formation by removing water
molecules from the helix cavity. Sucrose reduce the flexibility of
agarose at high temperatures by hydrogen bonding with the
hydration water of agarose molecules, causing a decrease in
conformational entropy (Hédoux et al., 2006; Adrien Lerbret et al,
2007). Furthermore, a decrease in the hydration number, linked to
increased sugar concentration, was observed due to overlapping of
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distance outer layers within the dynamic hydration shells of sugar
molecules (Gharsallaoui et al., 2008). This correlation affects agarose
hydration and indirect interact with sucrose.

Studies on the effect of the sugar addition before or after agar
that gels
inhomogeneous when more than 40wt% of sucrose was
dissolved before agar addition (Yang et al., 2015). The order
of addition affected fracture stress, strain and sucrose release

dissolution, found were weaker and more

ratio. Other studies have also opted to add sugar after agar
dissolution (Ellis, Mills, and Norton, 2019). However, for the
present paper, we considered it essential to prepare the samples
by first dissolving agarose in water, as we did in previous studies,
in order to obtain the same initial state of the agarose-water
system and thus determine the effect of sucrose on this specific
system (Ghebremedhin, Seiffert, and Vilgis, 2021).

However, despite previous studies on the effect of sucrose on
biopolymer fluid gels and the resulting mechanical properties, the
exact mechanism and interaction during gelation under shear at the
molecular level are not yet understood. Therefore, the present study
investigates the effect of sucrose on the gelling mechanism of agarose
during the preparation of fluid gels. The paper is organized as follow:
First, we investigated the behaviour of the temperature dependent shear
viscosity of the prepared fluid gels in the rheometer using the in situ
method. This “in situ” method for producing fluid gels has been utilized
in our previous work as well (Ghebremedhin, Seiffert, and Vilgis, 2021;
2022). It offers the advantage inducing gelation at an imposed steady
shear with controlled shear and temperature rates (De Carvalho and
Djabourov, 1997; Ghebremedhin, Seiffert, and Vilgis, 2021). Supported
by light microscopy and particle size measurements, we examined the
resulting particle sizes and shapes to understand their impact on the
textural and lubricating properties in relation to sucrose concentration.
Rheological studies, including amplitude sweep, frequency sweep and
flow sweep were performed to gain insight into the influence of sucrose
on the particulate network formation. Finally, we employed tribology to
support the previous assessment results of the microgel particles by
evaluating the frictional behaviour of the different fluid gels.
Consequently, based on the aforementioned characterization and
our earlier studies, we have proposed a schematic model that
describes the mechanism involving the interplay between sucrose,
agarose and water during gelation under shear, along with its effects
on the rheological and tribological properties of agarose gels with added
co-solutes.

2 Materials and methods
2.1 Materials

The agarose [CAS: 9012-36-6] used in this study was purchased
from Fisher Scientific GmbH (Schwerte, Germany) having a
number-average molar mass Mn = 74,557.8 g/mol, a weight-
average molar mass Mw =~ 213,949 g/mol, and a polydispersity
index of 2.87 (Ghebremedhin, Seiffert, and Vilgis, 2022). The
substance reaches a gel strength of >100g/cm’ and the
manufacturer specifies a gelation temperature range of
34°C-45°C. A maximum sulphate content of 0.15% was also
specified. Sucrose [CAS: 57-50-1] was purchased from Sigma

Aldrich (St. Louis, MO, United States of America).

Frontiers in Soft Matter

10.3389/frsfm.2024.1363898

2.2 Sample preparation

In order to investigate the influence of disaccharides such as
sucrose on the mechanical, viscoelastic, and tribological properties
of agarose fluid gels, it is first interesting to understand their effect on
the formation of the fluid gels during gelation under shear. For this
purpose, agarose fluid gels with different sucrose concentrations
were prepared.

2.2.1 Preparation of fluid gels using the rheometer

Fluid gels were prepared using the Discovery HR-3 Rheometer
(TA Instruments New Castle, Delaware United States of America)
with a cup (diameter = 30.37 mm) and vane (diameter = 28 mm,
length = 42 mm) tool geometry used together with an electrically
heatable concentric cylinder Peltier Jacket. For preparation of the
1 wt% agarose fluid gels with the respective sucrose concentration
(0 wt%, 10 wt%, 20 wt%, 30 wt%), agarose was slowly added to Milli-
Q water while stirring (500 rpm) and heated to 85°C for about
20 min in the sealed beaker to ensure complete dissolution. The
required sucrose concentration was then added with stirring.
agarose respectively agarose-sucrose
solution was poured into the cup preheated to 85 °C and allowed

Subsequently, the hot

to equilibrate for 5 minutes more before starting the measurements.
While cooling from 85°C to 25°C at a temperature rate of 1 K/min,
gelation under shear was carried out at a constant shear rate of
400 s™". This was followed by an additional 15 min of shearing at
25°C. As a result, pourable but set, spoonable smooth gels were
produced with the characteristics of an elastic material that could
hold its shape but also flow like liquid under sufficient stress. These
fluid gel samples were then stored at 4°C for 24 h before being
subjected to further characterization investigations.

It should be noted that for the fluid gel preparation mainly used
in this study, the agarose concentration was kept constant at 1 wt%,
while the sucrose content ranged from 0 wt% to 30 wt% and was
added after dissolving agarose. Additionally, an alternative
preparation method was employed for comparison purposes,
where 20 wt% sucrose was initially dissolved in Milli-Q water,
followed by the addition of agarose to the sucrose solution. This
approach aimed to investigate and discuss the effect of the order of
sucrose and agarose addition. The results and comparisons are
provided in the Supplementary Material.

2.3 Rheological measurements

Dynamic viscoelastic measurements of the produced fluid gels
were carried out on a Discovery HR- Rheometer (TA Instruments)
with a 40 mm diameter parallel plate with a pre-set distance of
500 um and a solvent trap. All rheological measurements were
conducted in triplicate.

Amplitude sweep measurement was performed to investigate
the viscoelastic properties of the different fluid gels. Using this
method, oscillatory deformation was applied and storage G’ and loss
G" moduli were measured to describe the deformation behaviour of
the gel samples in the non-destructive range, which is defined as the
linear-viscoelastic (LVE) range. In addition, the characterization of
the behaviour in the non-linear viscoelastic regime was of interest.
All amplitude sweeps were carried out at a constant frequency f =
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1 Hz, and storage (G') and loss (G") moduli were measured as a
function of strain y, ranging from 0.001% to 1,000% at a constant
temperature of 25°C. For comparison with the gels prepared under
quiescent conditions, the preparation method and results are given
in the Supplementary Figure S8.

The frequency sweeps of the fluid gels were carried out in a
range of 0.1-100 rad/s (0.0159-15.9 Hz) at a constant strain of
0.05%, i.e., within the LVE range of their amplitude sweep
measurements.

To investigate the flow behaviour of the fluid gels and the
viscosity as a function of the shear rate, rotating steady shear was
performed for the flow sweep test. The shear rate was increased from
0.001 to 1,000 s and then decreased from 1,000 to 0.001 s'. The
two-step flow was conducted to determine how much the hysteresis
varies between the two steps, indicating a change in viscosity.

2.4 Light microscopy

Microstructure examinations of the gel particles were
performed by light microscopy using a Carl Zeiss Axio
Scope.Al microscope (Carl Zeiss AG, Oberkochen, Germany).
Transmission bright field microscopy was used to capture the
images, giving total magnifications of x100 at objective
magnifications of x10. The scale bar was inserted using
Image] (National of Health (NIH),
Maryland United States of America). Fluid gel samples were

software Institutes
carefully transferred onto a microscope slide and then diluted
with Milli-Q water (1:5). To enhance contrast, the diluted sample
was stained with toluidine blue (0.1 wt%).

2.5 Particle size determination

Static light scattering experiments were performed to determine
the particle size distributions using the Beckmann Coulter LS
13320 laser diffraction particle size analyser (Beckmann Coulter,
CA United States of America), which can determine particle sizes
between 0.040-2,000 um. The diffraction data were analysed using
the Fraunhofer model provided by the supplier’s software. No
additional data such as refractive index or absorption coefficient
were required for this calculation. To avoid multiple scattering
effects, samples were diluted by pipette into a measuring cell
(universal liquid module) filled with distilled water until an
10% was

of Beckman

obscuration of about attained, following the

recommendation Coulter. Size distribution

measurements were conducted in triplicate.

2.6 Tribology

The lubricating properties of the fluid gels with the different
sucrose concentrations were determined using a tribo-rheometry
accessory obtainable for the Discovery HR-3 (TA Instruments
New Castle, Delaware United States of America). A three balls on
a plate set up was used, consisting of an upper part with three
hemispheres (diameter of 7.9375 mm or 5/16") screwed to a plate
(diameter of 30 mm) and a lower plate attached with a silicone
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rubber (diameter of 40 mm and thickness of 1 mm). Hence, the
contact surface of the tribopairs consisted of a stainless-steel ball
and a silicone surface maintaining a point contact. To ensure a
uniform solid-solid contact and axial force distribution, e.g., an
even distribution of the normal force between the surfaces during
rotation, a helical-spring-like aluminium beam coupling was
used (specified by Trios manual 2019). The lower plate
geometry is attached to the Peltier plate of the DHR-3
Rheometer for stable temperature control, and measurements
were performed at 25°C. A normal force of 3N was applied,
which is considered to be similar to the normal forces acting
during oral processing (Laiho et al., 2017; Nguyen et al., 2017; He
et al, 2018). The sliding speed was varied from 100 to
1,000,000 um/s by rotating the upper three-ball geometry,
while the lower plate geometry was held stationary. The
friction force Fr and friction coefficient y were calculated for
the three balls on plate set up using the trios software, with the
torque M as an independent variable. As a result, the friction
coefficient y was determined as the ratio between the measured
frictional force Fr and the normal force Fy and is displayed as a
function of sliding speed pm/s for each test. The tribology tests
were performed in triplicate.

3 Results and discussion

3.1 Effect of sucrose on the formation of
agarose fluid gels and their characterization

Figure 1 illustrates the change in viscosity for the 1 wt% agarose
fluid gels with the different sucrose concentrations (0 wt%, 10 wt%,
20 wt% and 30 wt%) as a function of time and temperature. All fluid gel
samples exhibit a gelation controlled viscosity increase with decreasing
temperature, with similar trends: (i) first, a gradually increasing viscosity
(see Table 1) as temperature decreases (85°C-40°C) involving the onset
of gelation and the Arrhenius behaviour (between 85°C and 55°C), (ii)
followed by a rapid viscosity increase (40°C-25°C), (iii) and finally a
plateau region (at 25°C) (Ghebremedhin, Seiffert, and Vilgis, 2021). A
small step is observed within the gradual increase in (i) (indicated by
arrows), shifting to higher temperatures with higher sucrose
concentrations. However, no clear difference can be observed for the
fluid gels with 0 wt% and 10 wt% sucrose concentration. Comparing the
sharp increase in viscosity in (ii), a barely perceptible earlier increase can
be observed for the fluid gel with the highest concentration of 30 wt%.
All other samples show a similar steep viscosity increase around 31°C
(Ghebremedhin, Seiffert, and Vilgis, 2021). This temperature, the
gelation temperature of the agarose used, can be assigned to the
aggregation of the associated double helices of the agarose chains
into microgel cluster (Norton, Jarvis, and Foster, 1999).

This viscosity range indicates a sol-gel transition of agarose
under shear, illustrating a dynamic interplay between gelation
through physical cross-linking and shear force-induced limitation
of gel growth (De Carvalho and Djabourov, 1997). This process,
including of agarose concentration dependence and local
microstructure, was comprehensively explored in our previous
work (Ghebremedhin, Seiffert, and Vilgis, 2021).

However, a change is expected in the preparation of fluid gels as
sugar affects the water of hydration by forming stable hydrogen
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FIGURE 1

Viscosity profile during the production of 1 wt% agarose fluid gels with varying sucrose concentrations (0 wt%, 10 wt%, 20 wt%, 30 wt%). Samples
were subjected to a constant applied shear rate of 400 s, cooled from 85°C to 25°C at 1°C/min and then held at 25°C for 15 min. The arrows indicate the
step-like increase in viscosity behaviour, which shifts to lower temperature with decreasing sucrose concentration. This shift is attributed to the onset of
agarose double helix aggregation, influenced by sucrose interaction with water molecules through hydrogen bonding during the fluid gel

formation process.

TABLE 1 Slope of the gradual increase in viscosity in region (i) with time
(refer Figure 1) for 1 wt% agarose with varying sucrose content.

Sucrose conc 0}
0 wt% 0,00553 + 1,04118E-4
10 wt% 0,00487 + 1,59367E-4
20 wi% 0,00614 + 3,56073E-4
30 wt% 0,00879 + 2,88253E-4

bonds with water and inhibits helix formation in agarose polymers
by removing water molecules from helix cavity (Lee, Debenedetti,
and Errington, 2005; Zhao, Ma, and Yang, 2015).

The hydration number of sucrose decreases with increasing
sugar concentration and temperature (Gharsallaoui et al., 2008),
which in turn affects the hydration of agarose polymers. Due to this
indirect interaction, we propose, that when sucrose is added to
heated agarose solutions, it competes with fully hydrated agarose
polymers for H-bonds with water. This competition decreases with
temperature, allowing more non-hydrated sucrose molecules to
interact with agarose polymers, restricting their helix formation
and reducing water activity. As the temperature decreases, the
surrounding sucrose impedes the ordered conformation of the
agarose into double helices and their further association. In
Figure 1, the transition between the range of expected Arrhenius
behaviour and the onset of initial gelation (between 60°C and 50°C)
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systematically shifts towards higher temperatures with rising sucrose
concentration. This step-like increase in shear viscosity (indicated by
arrows in Figure 1), which occurs with increasing concentration at
higher temperatures, might be attributed to the initiation of the
aggregation of agarose double helices. However, this change in
viscosity indicates that the strong hydrogen bonding between
sucrose and water molecules may influences the process of fluid
gel formation. The viscosity increase caused by the addition of co-
solutes impedes agarose polymer mobility and diffusion (Maurer,
Junghans, and Vilgis, 2012; Russ, Zielbauer, and Vilgis, 2014), which
alters the relation between the time scales given by shear rate and
molecular relaxation times. A number of studies on the interaction
between sucrose and water, using a variety of methods, support the
above conclusions (Lee, Debenedetti, and Errington, 2005; Lerbret
et al,, 2011; Zhao, Ma, and Yang, 2015; Olsson and Swenson, 2020;
Tas et al.,, 2022). The competitive formation of hydrogen bonds with
water molecules and agarose chains seems to lead to earlier gel
formation at a higher temperature with higher sucrose
concentration.

Consequently, the addition of sucrose disturbs the sol-gel
transition strongly. Gelation does not proceed properly and as
mentioned above, the hydrophobic C-H interactions contribute
to the formation of the cavity, allowing higher hierarchical
bonds

stabilization of the cavity. This is likely to result in a more

structures, while hydrogen contribute to the
random ordering and double helix formation between the

agarose chains and spontaneous multi-helical assemblies, as
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indicated by the earlier increase in viscosity with increasing
sucrose concentration at higher temperatures. This reduced
hydration may alter the coil-helix transition, resulting in
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larger, softer, and weaker particles due to the dominance of
randomly arranged cross-links over the shear rates (Ferndndez
Farrés and Norton, 2015).
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3.2 Effect of sucrose on the characteristic
microstructure and particle size distribution
of agarose fluid gels

As shown in previous work (Ghebremedhin, Seiffert, and
Vilgis, 2021), the size and structure of the gel particles
determines the flow properties of fluid gels and demonstrate
the importance of taking this into account. Figure 2 displays
microscopic images of the microgel particles of 1 wt% agarose
fluid gels with varying sucrose concentrations (0 wt%, 10 wt%,
20wt% and 30 wt%), revealing irregular microstructures
with denser cores and disordered part towards the periphery.
It can also be seen that as the sucrose concentration increases,
the particle size decreases, whereas the disordered surfaces
become less irregular. Observations of the microscope
images in our previous studies have already demonstrated
that an increase in agarose concentration, accompanied by
an increase in the viscosity of the solution, results in a
decrease in both particle size and the number of disordered
trunks on the surface, referred to as “hairy” parts
(Ghebremedhin, Seiffert, and Vilgis, 2021). Therefore, higher
viscosity solutions due to sucrose provide more resistance,
resulting in reduced shear and the formation of particles
with a less hairy structure on the particle surface. Indeed,
the trend in particle size and the reduction of disordered
parts on the surface with increasing agarose concentration
and, consequently, viscosity in sucrose-free systems were
discussed in detail using Atomic Force Microscopy, AFM
(Ghebremedhin, Seiffert, and Vilgis, 2022).

Frontiers in Soft Matter

Figure 3 shows the concentration dependent particle size
distribution at different sucrose concentrations. With increasing
concentration, a slight decrease in the median particle size is
observed, starting at about 150 um for the sample without
sucrose, and shifting to the smallest size of 100 um for 30 wt%
sucrose. This is in consistent with the observation of the microscope
images. However, higher sucrose concentrations result in a broader
particle size distribution and the appearance of additional larger
particle aggregates. The larger aggregates are most pronounced in
the sample with the highest sucrose concentration, clarifying the
impact of sucrose on particle formation in fluid gels.

Additionally, the appearance of a shoulder at larger particle sizes
is most likely caused by larger aggregates being caught between the
blades of the vane geometry during gelation (Moakes, Sullo, and
Norton, 2015).

The mechanism of fluid gel formation involves initial nucleation
and growth into microgel particles due to agglomeration of the
nucleating particles as they are pushed together during shear flow.
The shear forces counteract particle growth, restrict the molecular
cross-linking of agarose double helices and prevent further
aggregation within the particles (Norton, Jarvis, and Foster, 1999).

However, these findings complement our previous studies on
concentration dependence of fluid gel properties. Increased
viscosity alters the competition between the imposed shear
rate and the molecular diffusion of agarose chains, a
competing time scale during the gelation under shear
(Ghebremedhin,
Seiffert, and Vilgis, 2021). Due to the highly non-equilibrium

discussed earlier for agarose fluid gels

gelation process of agarose, the competition between the shear
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FIGURE 4

Amplitude sweep measurement of 1 wt% agarose fluid gels with different sucrose concentrations. Dependence of G’ (filled symbols) and G” (empty
symbols) on strain at constant frequency (f = 1 Hz) and temperature (T = 25°C).

rate time scales and the broad spectrum of polymer time scales
becomes crucial. The chains diffuse to the lowest approximation
according to the Rouse-Zimm model before gelation onset, with
the longest relaxation time determined by the center-of-mass
diffusion constant D¢y, in good solvent. D¢y, and rotational
relaxation time are influenced by the molecular weight, which,
in turn, is related to the average chain lengths, but also to the
viscosity of the solvent (Doi and Edwards, 1988). Therefore,
changes in viscosity and diffusion due to co-solvents affect
particle size and shape, as evidenced by the variation in
particle size with sucrose concentration (see Figure 2).
Additionally, the increase in shoulder and decrease in particle
size with increasing sucrose concentration can be further
attributed to the reduction in available water required to
hydrate the agarose chains and stabilize their tetrahedral
arrangement. Consequently, the interplay between hydrogen
bond formation involving water, agarose polymers and sucrose
molecules, plays a pivotal role in influencing the diversity of
shape, Higher
concentration increases solution viscosity, reducing agarose
chain mobility (Valery Normand et al., 2003; Ellis, Mills, and
Norton, 2019). This hinders helix nucleation and limits the growth
process into bundles, thereby slowing down the gelation kinetics.

particle size, and gel formation. sucrose

This viscosity driven effect explains the trends in Figures 2, 3:
smaller particle size with wider distribution, and the appearance of
a shoulder with increasing sucrose concentration.

Frontiers in Soft Matter

3.3 Rheological properties

The impact of sucrose on the viscoelastic and flow characteristics
of agarose fluid gels was investigated using rheological techniques. In
Figure 4 amplitude sweep measurements show the storage (G') and
loss (G") moduli plotted as a function of strain, representing the
linear viscoelastic range followed by a nonlinear range.

The different samples appear to have similar G’ values within
the LVE range. Although not clearly evident in Figure 4, a slight
decrease in the storage moduli can be observed with increasing
sucrose concentration of the fluid gels. Nevertheless, all samples
show elastic and solid-like behaviour in the linear viscoelastic
range, with the storage moduli significantly higher than the
loss moduli.

The decrease in modulus can be attributed to the competition
between agarose and sucrose for H-bond formation with water,
reducing local water availability for agarose during cooling, which is
crucial for helix formation. At the same time hydrated sucrose may
form H-bonds with agarose, i.e., its hydration water, which also
limits double helix formation. Therefore, if agarose is dissolved first
and sucrose is added, the competitive reaction displaces water as
sucrose interacts with agarose during cooling. This inhibits proper
subsequent agarose association and aggregation, supported by faster
binding of sucrose molecules. Ultimately, entropy plays a crucial
role. The gelation process decreases the agarose coils transition into
helices, thereby reducing helix aggregation. All these combined
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FIGURE 5

As sucrose concentration increases the 1 wt% agarose fluid gels, discrete particle sizes show an increase from 0 wt% sucrose (A), 10 wt% sucrose (B),
20 wt% sucrose (C) and 30 wt% sucrose (D). Larger aggregates, forming a weaker network, increase in size from 20 wt% sucrose and 30 wt% sucrose.

effects result in fewer and weaker cross-links, leading to a decrease in
G’ moduli. Consequently, sucrose increases viscosity and prevents
agarose from forming double helices and aggregation into a dense
network. The result is larger aggregates with weaker networks rather
than particles with a discrete and narrow size distribution.

To illustrate the forthcoming interpretation, a schematic model
of the different fluid gel particles is shown in Figure 5. As examined
from the above findings, with increasing sucrose concentration, the
particles become smaller with additional aggregate clusters
containing fewer and weaker networks, which can be seen in
Figures 5A-D.

In Figure 4, all samples show a local maximum in loss modulus
G" at larger deformation (approximately 0.2%-2% oscillation
strain). This overshoot of the loss modulus is typical for soft
materials that exhibit yielding behaviour with the characteristic
ability to change from solid to liquid-like behaviour at
sufficiently high deformation (Donley et al., 2020). The sucrose-
free fluid gel displays this local maximum at lower strain compared
to those with sucrose, which is addressed to the size of the particles.
Higher sucrose concentrations result in softer and larger clusters
(see Figure 2L and Figure 3), shifting the overshoot to higher strains
required to deform and shear the largest particles. This implies an
increased deformation dissipation before segments of the internal
structure are deformed and the connectivity between particles is
finally disturbed. In addition, the relative motion of regions with free
dangling hairy-like structured parts and chain ends, explains the
appearance of the G” overshoot (see Ghebremedhin, Seiffert, and
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Vilgis, 2021; 2022 for more details). These observations are in
agreement with other publications, for example, on soft hydrogel
particles, which state that the overshoot results from viscous
dissipation due to microstructure destruction and cluster
rearrangement (Parthasarathy and Klingenberg, 1999; Sim, Ahn,
and Lee, 2003; Wyss et al., 2007).

These ideas are consistent with the different LVE range. The
sucrose-free fluid gel exhibits the lowest LVE range, followed by
samples with increasing sucrose concentration, aligned with yield
points and G” maxima. Larger aggregate clusters at higher sucrose
concentration account for the LVE limits and G” overshoots at
higher strain rates in sucrose-added fluid gels. This is because larger
deformations are required to deform and slide the clusters against
each other, before they reform, align, and finally break. As the
oscillatory strain increases, steric interparticle interactions
experience greater deformation and subsequent separation.
Simultaneously, the rearrangement of percolation connectivity of
the gel particles decreases, disturbing the equilibrium between both
processes and causing a decline in interparticle bridges of densely
packed gel particles. This indicates a critical region where the
particle-particle interactions can no longer reform, causing
irreversible damage to the interconnected network of the fluid
gel particles.

The nonlinear behaviour of the fluid gels offers further structural
insight. At sufficiently large strain amplitudes (y > 10%), where
fluid-like flow properties are exhibited (G” > G'), the influence of

sucrose concentration on the storage modulus G’ becomes
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prominent. The crossover (flow) points of G’ and G” shift to higher
strains as the sucrose content increases, with the lowest flow point
occurring for the sucrose-free fluid gel. This trend is consistent with
the previously mentioned LVE limit and G” overshoot observations.
Increasing sucrose concentration induces a rise in G’ between 100%
and 1,000% strain. The G’ hump at high deformation can be
attributed to the jamming of aggregated gel particles when they
are pushed together, which occurs earlier and tends to plateau in
fluid gels with higher sucrose concentrations due to larger aggregate
clusters. However, the different height and shape of the curves are
related to the particle structure. The sucrose-free sample shows
cross-linked gel particles with an irregular “hairy” surface, where
deformation begins with the softer hairs before the stiffer cores.
According to Figure 2, the length scales of the centre of the core and
the hairs are of the same order. The hairs have graded moduli
(Ghebrebmedhin, Seiffert and Vilgis, 2021) and are easily deformed
(Ghebremedhin, Seiffert, and Vilgis, 2022). At about y ~100%, the
particles need to be deformed and moved about their own size, when
they are close to each other. This requires a slight deformation of the
hairy parts before the cores, which have a much higher elastic
response, are pushed together. Thus, G' continues to decrease for
sucrose-free samples before rising sharply between deformations y
~100-1,000% in the jamming regime. The higher the sucrose
The
minimum is systematically less pronounced with increasing

concentration, the lesser the influence of the “hairs”.
sucrose concentration. The larger but softer aggregates present at
20 wt% sucrose and most at 30 wt% are softer, break apart, and
lubricate the flow together with the smaller, “hairless” gel particles.
Thus, the minimum shifts to lower deformations due to earlier
jamming, but the difference between minima and maxima in the G/
curves become smaller until it vanishes for 30 wt% sucrose solutions.

The shear rate dependent viscosity profiles are shown in Figure 6
and confirm the results and ideas of the previous amplitude sweeps
and temperature dependent viscosity measurements.

Rotational steady shear experiments cover a wide shear rate
range, from high to low rates. Results primarily reflect viscosity

properties with prominent shear thinning attributed to particle
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structure, encompassing the dense core, hairy component, and
viscosity of the sugar solution between gel particles. This
correlation enhances understanding of the structural response to
shear, offering deeper insights as elaborated below.

Furthermore, the extent of hysteresis is assessed using a two-step
flow sweep to measure changes in viscosity or its decrease between
the two sequences. A rotational flow run with increasing (Figure 6A)
and decreasing (Figure 6B) shear rates is conducted, covering shear
rates from 0.001 s™* to 1,000 s~". The results indicate a shear thinning
behaviour in all fluid gel samples. While at first glance, Figure 6A
shows no significant differences in the curve profile at low shear
rates for sucrose-containing fluid gels, Figure 6B shows an even
greater similarity among all samples.

The viscosity curves initially decline gradually at lower shear
rates for all samples, due to the increasing alignment of the gel
particles. However, once the elastic gel particles align in the shear
direction, further orientation is hindered, resulting in a plateau-like
curve between 5s'-50s'. This behaviour is attributed to the
prevention of additional particle orientation due to shear-induced
alignment (Wolf et al., 2001). Previous studies have investigated the
rheological behaviour of particulate gel suspensions based on
particle properties such as shape and aggregate state (Tsenoglou,
1990; Zhou, Uhlherr, and Luo, 1995; Wolf et al.,, 2001). At higher
shear rates, the viscosity curves of the various samples remain
comparable and exhibit minor deviations. However, a distinct

' and

difference can be seen between the shear rates of 1s~
100s™'. This

minimally within the profile, displays an increase in viscosity

plateau-like region, where viscosity changes
with rising sucrose content, for both flow steps: rump-up
(Figure 6A) and rump-down (Figure 6B). This rise in viscosity
due to increased sucrose concentration is noticeable at even lower
shear rates, but only during the ramp-up phase (see Figure 6A).
The difference in viscosity between ramp-up and ramp-down at
low shear rates is attributed to the increase in larger aggregates with
higher sucrose concentration and the impact of a more viscous
solution, with the latter being particularly relevant during ramp-up.
This effect of the viscous solution is no longer relevant during the
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ramp-down, as the structural changes that the aggregate particles
have undergone due to the previous high shear rates prevail over the
influence of the viscous solution. The viscosity trend at low shear
rate during ramp-down (Figure 6B) is explained by considering the
particle structure and size distribution shown in Figures 2, 3. Hence,
the 30 wt% sucrose fluid gel exhibits the highest viscosity, followed
by the 20 wt% sucrose fluid gels, consistent with the ramp-up phase
and explained by the larger aggregates. In addition, the highly
viscous solution of the continuous phase may impede the
diffusion of the aggregates, thus preventing the disruption they
have previously experienced at high shear rates. In contrast, the
higher viscosity of the sucrose-free fluid gel compared to the 10 wt%
sucrose fluid gel is ascribed to the larger particle size and higher
proportion of protruding tails on the particle surface in the sucrose-
free fluid gels. The entanglement and penetration of the tails of the
hairy parts leads to increased friction and higher viscosity at very low
shear rates (Ghebremedhin, Seiffert, and Vilgis, 2021). For the 0 wt%
and 10 wt% sucrose fluid gels, only the effect of the discrete particles
with the hairy structures is relevant, as these samples do not contain
any larger aggregates. It is also striking that during the first flow step,
the 10 wt% and 20 wt% sucrose fluid gel samples run alike viscosity
profiles, whereas during the second flow step, the viscosity profiles of
the 0 wt% and 10 wt% fluid gel samples run more similarly. This
similarity for the downward curves can again be attributed to the
absence of larger aggregates and the fact that the gel particles in the
0 wt% and 10 wt% fluid gel samples have gel cores with comparable
elasticities.

However, at elevated shear rates, the particle clusters undergo
significant deformation as they move past each other, most
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pronounced at higher steer rates. This is particularly true for the
agarose gels prepared with higher sucrose concentrations, which, as
the particle size measurements in Figure 3 show, yield larger particle
clusters and thus an increase in shear viscosity. Despite variations in
aggregate cluster formation, the identical viscosity values of all fluid
gel samples at the highest shear rate can be explained by the
breakdown of superstructures into their primary microgel particle
aggregates. This is expected since the agarose concentration is the
same for all samples.

The viscosity curve in Figure 6 remains flattened over a wider shear
rate range for the sucrose-free fluid gels, suggesting discrete particles
with a narrow size distribution and less aggregation. In Figure 6B, the
flatter viscosity curves compared to Figure 6A result from the prior
exposure to high shear rates during the initial ramp-up, causing
persistent alignment of aggregate particles that influences the
downward viscosity curves. However, the significant magnitude of
the hysteresis indicates irreparable damage to the aggregates after
the first sweep, suggesting that the system did not recover within
the specified range before the second sweep. This reconfirms that
sucrose-containing fluid gels form larger but weaker aggregates,
resulting in higher viscosity with lower connectivity. The hysteresis
between the upward and downward curves of viscosity, indicating
reduced thixotropic behaviour, implies that these connections cannot be
re-established during the downward shear rate (Moakes, Sullo, and
Norton, 2015).

The corresponding frequency sweep results are shown in
Figure 7. The graph displays the storage (G') and loss (G")
moduli as a function of frequency at a constant strain (y =
0.05%). This to further characterize the

was performed
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mechanical response under small oscillation strain, which covers the
range of non-destructive deformations, and to describe their time-
dependent behaviour.

The moduli of the fluid gels show a slight rise with increasing
frequency, linked to faster particle movement at higher frequencies
(Ghebremedhin, Seiffert, and Vilgis, 2021). As densely packed gel
particles are confined in a cage, the linear rise in both moduli is
attributed to particle motion, taking into account difference in
structure and size distribution (Figures 2, 3). The rise in storage
modulus with increasing frequency is less pronounced when the
sucrose concentration is reduced. This indicates that the sucrose free
sample is less frequency dependent, followed by the fluid gels with
10 wt%, 20 wt%, and finally 30 wt% sucrose. The lower frequency
dependence can be explained by the discrete gel particles with a
narrow size distribution, leading to their dense packing and higher
percolation. This applies in particular to the 0 wt% but also to the
10 wt% sucrose fluid gels. Conversely, this is not the case for the
fluid gels containing 20 wt% and 30 wt% sucrose, where the larger
aggregates have less continuous connectivity and a weaker
network, indicating that the cross-links are incoherently weaker
and less ordered. In addition, the contribution of the viscosity of
the sugar solution between the particles becomes more significant
at higher concentrations, limiting the movement of the particles
with the dense core and the hairy parts at the periphery. Therefore,
this effect is less relevant when the sucrose concentration
is reduced.

The increase in loss modulus (G”) with the frequency can be
attributed to the specific structure of the particle surface. As seen in
the micrographs in Figure 2, the “hairy” structural components
decrease with increasing sucrose concentration. This results in a
systematically more pronounced G” increases starting at the angular
frequency (w,.) (as indicated by the dashed lines) for the fluid gels
with 0 wt% sucrose concentration, followed by 10 wt% sucrose fluid
gel and so on (Ghebremedhin, Seiffert, and Vilgis, 2021; 2022). The
delayed rise in loss modulus with increasing sucrose concentration
can also be attributed to the larger aggregates in fluid gel particles,
which move slower due to molecular weight and respond on slower
time scales, requiring a higher frequency to respond properly. The
observed increase in loss modulus (G") at very low frequencies is
attributed to the incoherently weak network of larger aggregate
clusters, which are more prone to rupture. This aligns with the
decrease in storage modulus (G') with increasing sucrose
concentration.

All rheological measurements confirmed that increasing sucrose
content in fluid gels leads to the formation of larger but weaker
aggregate clusters, as evidenced by the data in Figure 7 and the
decreased storage (G') moduli. The flow sweep exhibits the highest
viscosity for the 30 wt% sucrose fluid gel, particularly pronounced at
medium shear rates (5s'-50 s™'), suggesting the presence of large
particle aggregates sliding against each other. This is further
supported by the humps at large oscillations in the amplitude
sweeps (Figure 4). Although it might be assumed that the fluid
gel containing 30 wt% sucrose would show the highest moduli in the
amplitude sweep and frequency sweep measurements due to the
largest aggregates, our observations contradict this. Fluid gels are
formed with a less discrete particle size distribution and a less
densely packed core with loosely connected aggregate domains.
Consequently, larger cluster of aggregate are expected to form
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Stribeck curves at a normal load of 3 N for 1 wt% agarose fluid
gels with different sucrose concentrations.

after the formation of gel particles with a size of approximately
100 pum size is complete.

3.4 Tribology

Lubrication measurements were carried out to investigate the
coefficient of friction of the agarose fluid gels as a function of sucrose
content. Here, the lubrication between interacting surfaces and the
behaviour of the fluid gels in a thin layer were investigated using
tribology tests (Stokes, Boehm, and Baier, 2013). Our findings
support those obtained from previous bulk examinations.
Figure 8 shows the Stribeck curves with the friction coefficient as
a function of the sliding speed conducted from 100 to
1,000,000 um/s.

While the fluid gels show different overall curves, they share
some common characteristics that can be related to their
microstructure. All samples show an increased coefficient of
friction at lower sliding speeds in the boundary regime, except
for the 10 wt% sucrose sample. This is generally due to exclusion of
large particles from the narrow gap between the contact surfaces,
which reduces lubrication and increases contact between the plate
and spheres, thereby raising friction (Baier et al., 2009; Gabriele,
Spyropoulos, and Norton, 2010; Ferndndez Farrés and Norton,
2015). However, the peak in the friction coefficient between 2 x
10%> and 4 x 10° um/s can be ascribed to the entrainment of a few
particles small enough to enter the small gap between the two
surfaces (Gabriele et al., 2010).

At sliding speeds above 3 x 10” um/s, the coefficient of friction
decreases for all samples in the mixed regime. In this regime, a thin
layer of fluid gel particles separates the surfaces, thickened by bulk
entrainment, leading to minimal surface contact. This improves
lubrication, resulting in lower friction coefficients. However, as the
sliding speed continues to increase, a point is reached where the
decrease in friction stops, and for the fluid gel containing 30 wt%
sucrose, friction increases slightly. In this hydrodynamic regime, the
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FIGURE 9

Schematic illustration of the proposed behaviour of 1 wt% agarose fluid gels with different sucrose concentration (A) 0 wt%, (B) 10 wt%, (C) 20 wt%
and (D) 30 wt% sucrose, in the boundary regime of a Stribeck curve between the two surfaces (stainless steel ball and silicon sheet).

friction coefficient and the separation distance between surfaces
increases as the entrainment speed of the fluid gel lubrication rises.
This is due to the hydrodynamic pressure generated by the flow of
the lubricant (Baier et al., 2009; Shewan, Pradal, and Stokes, 2019).

Notably, the fluid gel containing 10 wt% sucrose exhibits the
lowest coefficient of friction in the boundary regime due to the
smaller particles and weaker, less hairy surfaces compared to the
0 wt% sucrose fluid gel (see Figures 2, 3, 5). The higher friction of the
sucrose-free samples can be attributed to larger particles containing
more pronounced hairy surfaces (see Figures 3, 5A), which increase
the interaction between the particles and result in higher friction
coefficients. The increase and maximum friction in the boundary
regime are influenced by the micro particle entrainment in the gap
between the surfaces (as illustrated in Figure 9). These larger
particles also contribute to a lower coefficient of friction in the
mixed regime of the 0 wt% sucrose fluid gel (Figure 9A) compared to
the 10 wt% sucrose fluid gel (Figure 9B). This is because larger
particles increase the separation between the two surfaces, resulting
in reduced contact between them (Rudge et al., 2020). This effect is
especially evident at the higher sliding speed when the lubrication
flow starts and the thin layer samples thickened by entrainment,
causing minimal surface contact by separating them from
each other.

The highest coefficient of friction in the boundary regime is
observed for the agarose fluid gels with 30 wt% sucrose, attributed to
the presence of additional larger aggregates (Figure 3). The exclusion
of these aggregates from the narrow gap between the two contact
surfaces results in an accumulation of particles around the contact
region, preventing smaller particles from being entrained (illustrated
in Figure 9D). This leads to high friction due to poor lubrication and
nearly dry contact. The extended boundary regime may also be due
to the build-up of large aggregates, requiring faster sliding speeds for
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these larger aggregates to enter the gap. However, the steep drop in
friction could be explained by the rupture of the weaker larger
clusters at increasing sliding speed. These smaller ruptured
fragments are able to enter the gap with the lubricant flow.
Furthermore, Fernandez et al. (2015) found that agar fluid gels
with co-solutes have larger and softer particles that are unable to
separate the two surfaces due to their low elasticity, resulting in a
higher friction coefficient in the boundary regime (Fernandez et al.,
2015). This is consistent with the present result, indicating larger but
weaker network structures at higher sucrose concentrations. The
friction coefficient decreases sharply in the mixed regime as more
larger aggregates enter the gap with higher sliding speeds, resulting
in the lower friction at a sliding speed of around 4 x 10* and 2 x
10° pm/s.

In the case of the 20 wt% sucrose fluid gel, a friction peak
appears in the boundary region at the same particle entrainment
speed as the other fluid gels. Particle size measurements revealed
larger aggregates, although smaller than those in the 30 wt% sucrose
fluid gels, resulting in lower friction coefficients (illustrated in
Figure 9C). In addition, the friction gradually decreases as the
speed Although the
pronounced compared to the 30 wt% sample, it remains steeper
than for the other fluid gels. This behaviour is attributed to the
presence of intermediate larger aggregates that can enter the gap and
keep the surfaces apart.

sliding increases. reduction is less

3.5 Effect of the different solving order of
agarose and sucrose on fluid gel properties

Using an alternative preparation method, 20 wt% sucrose was
first dissolved in Milli-Q water, followed by the addition of
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Schematic model illustrating the effect of the different order of dissolution of agarose and sucrose on the network structure of the fluid gels. Fig (A)
shows the preparation in which agarose is dissolved first, followed by the addition of sucrose, which leads to competition between agarose and sucrose
for H-bond formation with water (B). This results in a lack of water for the cavity, crucial for double helix formation and their aggregation. Consequently,
fewer cross-links are formed, resulting in a weak network structure (C). When sucrose is first dissolved and fully hydrated (D), this reduces the
availability of water for the agarose chain during cooling. The exclusion of fully hydrated sucrose leads to an increased local concentration of agarose
within its phase (E) and the formation of a closed mesh network due to increased cross-linking (F).

agarose. This approach aims to compare how the order of
dissolution of sucrose and agarose influences the behaviour of
fluid gels and their preparation. The results are discussed in this
chapter and corresponding graphs are provided in the
Supplementary Material.

The viscosity profile of the 1 wt% agarose fluid gel with 20 wt%
sucrose, prepared using the alternative method, is shown in
Supplementary Figure SI. Similar trend can be observed, but
with an earlier viscosity increase in both temperature regimes,
85°C-40°C (i) and 40°C-25°C (ii).
Supplementary Figure S2 show that the alternative preparation
S2B)  results particles  with
sizes compared the standard
preparation (Supplementary Figure S2A). This was corroborated

Microscopic images in

(Supplementary  Figure in

homogenously smaller to
by particle size measurements (see Supplementary Figure S3), which
revealed a decrease in mean particle size for the alternatively
prepared fluid gel. Amplitude sweep measurements showed an
increase in G' for the alternatively preparation (shown in
Supplementary Figure S4). This can be explained by enhanced
particle interaction between smaller particles, resulting in more
interconnected network due to the increased packing density
(Ghebremedhin, Seiffert, and Vilgis, 2021). Frequency sweep tests
(Supplementary Figure S6) reveal similar trends for storage (G') and
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loss (G”) moduli, with the alternative preparation showing higher
storage modulus (G') values. The homogenously smaller microgel
particles result in a slight increase in shear viscosity (shown in
Supplementary Figure S5A, B). This observation align with the
explanation for the increase in the storage (G') modulus in the
amplitude sweep measurements (see Supplementary Figure S4).
Moreover, the Stribeck curves of the tribological measurements
(see. Supplementary Figure S7) display a lower coefficient of
friction for the alternatively prepared fluid gel in the boundary
and mixed regime. This is due to the higher particle elasticity and the
fact that smaller gel particles result in a more interconnected
network, denser packing and higher percolation.

A molecular explanation for the increase in storage modulus
(G') relies on the formation of strong and stable hydrogen bonds
between sucrose and water molecules. This reduced availability of
water for agarose chains leads to the formation of a closed-meshed
network. The prior complete dissolution of sucrose, and thus its fully
formed hydration shell, results in the absence of sucrose molecules
that would otherwise interfere with the helix formation and
aggregation of agarose chains. Consequently, the storage modulus
increases due to the exclusion of completely hydrated sucrose,
leading to an increased local concentration of agarose within
its phase.
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As the hydration number of sucrose decreases with
temperature, this temperature dependence may also be
relevant to the various preparation methods and the resulting
fluid gels (Gharsallaoui et al., 2008). This is because higher
temperatures weaken the hydrogen bonds between water and
sucrose molecules, leading to a reduction in the hydration
number (Starzak, Peacock, and Mathlouthi, 2000; Starzak and
Mathlouthi, 2006; Zhao, Ma, and Yang, 2015). The weakening of
the hydrogen bond network at higher temperatures accounts for
the expected changes (Zhao, Ma, and Yang, 2015).

This suggests that for the alternative fluid gel preparation
when sucrose is first dissolved at ambient temperature, the
subsequent high temperature used to initiate gelation has a
lesser impact on its hydration number compared to the
preparation when sucrose is added to the heated biopolymer
solution. In the former, agarose is added to a system with less
available free water, which increases the elasticity through local
concentration. Consequently, depending on whether sucrose is
first dissolved in water or agarose, it changes their interaction and
influences the association of the agarose chains and, thus their
gelation process during fluid gel preparation. To illustrate the
different dissolution orders, a schematic model is shown in
Figure 10. However, as mentioned in the introduction, the sol-
gel transition, and thus the transition from coil to helix of the
agarose chains, exists in multiple of hierarchical structures and
appears to be complex. Recent studies on agarose-based fluid gels
have successfully revealed thick bundles with helical assembly at
the periphery of these particle surfaces using atomic force
microscopy, and were discussed in detail (Ghebremedhin,
Seiffert, and Vilgis, 2022). It was clearly shown that the
associated helices assemble into a multitude of helices showing
thick strands that change with agarose concentration. The height
profile allowed clear visualisation and distinction of individual
strands, showing a higher ordered aggregate at higher agarose
concentrations. Therefore, based on these findings and our results
on macroscopic rheological properties, supported by publications
on microscopic length scales discussed throughout this work,
Figure 10 is a simplified representation. However, this model
provides crucial insights into the effect of sucrose on the
resulting fluid gels.

Figure 10 summarizes the initial high entropic coil state and
the final gel state according to the present literature. In contrast
to charged systems, as discussed in Schefer, Adamcik, and
Mezzenga (2014), Schefer et al. (2015a), Schefer, Usov, and
Mezzenga (2015b), Diener et al. (2019), (2020), Tavagnacco
et al. (2023) for carrageenan and gellan, where different
intermediate states are possible during gelation as long as
ions (salts) are added, for uncharged, polar agarose, such
intermediate states as single helices have not been reported in
the literature so far. The gelation process is likely initiated
through double helices. A reason for this could be that highly
flexible agarose chains in good solvent (water) are entropy and
excluded volume dominated, and the polar and hydrogen
bonding interactions are too weak to overcome the required
entropy loss for complex secondary structures. The addition of
sucrose mainly changes the apparent water concentration to first
order. Still, the short-range dipolar and hydrogen bonds are
seemingly not strong enough to reduce the entropy of single
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chains to fold into an intramolecular double helix with a hairpin-
like structure.

4 Conclusion

In this work, we have investigated the effect of sucrose addition
on the physical-chemical properties of agarose fluid gels, with the
aim of relating the resulting structural changes to the rheological and
tribological properties.

Based on the current findings, it appears that the presence of
sucrose affects the interplay between gelation and breakup during
shear. As a result, gelation is hindered by the impaired diffusion
of agarose chains, leading to less defined and discrete gel particles
with a broader size distribution and larger aggregates,
characterized by weaker and less stable network structures.
Roughly speaking, the addition of sucrose has two main
effects: First, the “hairy” particles become slightly smaller with
increasing viscosity as the sucrose concentration increases.
Second, the reduced availability of water to stabilise the
agarose double helix allows for the formation of larger and
less stable gel particles with increasing sucrose concentration.
These changes in network structure could be related to
rheological and lubrication properties. It was found that
increasing the sucrose content, which leads to reduced
connectivity between the larger aggregate particles, results in a
decrease in storage (G') moduli but an increase in viscosity, as
shown by the flow sweep test. These larger aggregates were
responsible for the higher coefficient of friction in the
boundary regime as they were excluded from the narrow gap
preventing the smaller particles from being entrained between
the surfaces up to a certain sliding speed.

Furthermore, the interaction between sugar and water molecules
in hydrocolloid solutions is also primarily entropy-driven. Whether
this effect is particularly pronounced when sucrose or agarose is
dissolved in advance requires clarification. Therefore, aspects
influencing entropic effects, including molecular flexibility,
to be
considered. The impact of dissolving sucrose and agarose in

conformational changes, and solvent effects, need
different orders on the changes in the molecular conformation
of agarose was discussed in detail. The binding of sugar molecules
with water in their hydration shell reduces the availability of free
water surrounding the agarose polymers. This, in turn, leads to
stronger interactions between the agarose chains when sucrose is
first dissolved and may promote the formation of helical
structures, due to locally increased concentration. However, it
can be concluded that the interaction between the agarose and
sucrose molecules is primarily indirect, involving hydrogen
bonding, which has a noticeable impact on the fluid gel
network. It can be suggested that the addition of sucrose
influences the rheological and mechanical properties by
shell agarose

molecules during the gelation process. This consequent change

affecting the hydration surrounding the
in the hydration environment is considered to be a key factor in
the observed changes in gel properties. Overall, the findings of
this study demonstrate the ability to modify edible soft matter
systems to alter textural properties for further potential

applications.  Additionally, they provide a  deeper
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understanding  of the complex interactions  within

fluid hydrogels.
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