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ABSTRACT

Gellan gum-based systems have gained significant attention due to their versatility for multiple applications. In
particular, they have shown a great potentiality in the field of cultural heritage, as efficient paper artwork
cleaning agents in restoration processes. This efficacy is enhanced when gellan gum is assembled to form stable
microgels, by controlling the gelation process under shear. Moreover, the use of methacrylated gellan gum
provides additional functionality to the systems, that are also able to remove hydrophobic residues during the
cleaning process. However, in order to optimize the manufacturing process, it is fundamental to obtain a thor-
ough understanding of the rheological behaviour of the employed gellan gels in the optimal working conditions
for paper cleaning. The present work aims to thoroughly characterize the rheological properties of low-acyl
gellan gum, also during hydrogel and microgel formation, assessing the role of temperature (25-80 °C), gellan
concentration (0.5-5 % for hydrogels and 0.1-0.5 % for microgels), methacrylation, presence of different cations
(Na™, Ca2+) and salt concentration (0.25-5.0 mM for hydrogels and 100 mM for microgels), on the behaviour of
viscosity and viscoelastic moduli. We find the notable result that gellan hydrogels and microgels exhibit a double
yielding behaviour in the conditions where they are mostly efficient for art restoration. Furthermore, we identify
the optimal rheological conditions of these gels for efficient artwork restoration, opening the possibility to extend
their applications to different substrates and in other fields.

1. Introduction

Gellan gum (GG) is a polysaccharide derived from microbial
fermentation of sugars by the bacterium Sphingomonas elodea and
commonly employed in manufacturing sectors such as food, pharma-
ceutical, and cosmetic industries, due to its gelling, stabilizing, and
thickening properties (Oh et al., 2008; Picone & Cunha, 2011; Sworn
et al., 1995). Its repeating unit consists of a tetramer of one (1,3)-$-p-
glucose, one (1,4)-p-p-glucose, one (1,3)-4-D-glucuronic acid, and one
(1,4)-a-L-rhamnose (Sworn et al., 1995). The ability of GG to form stable
physical gels, its compatibility with a wide range of ingredients, the
versatility in modifying texture and consistency as well as its easiness in
chemical modification have contributed to its widespread use in many
fields. In particular, for food processing and production, it serves as a
gelling agent, stabilizer, and thickener, enhancing the texture and

stability of products like jams, jellies, and dairy alternatives (Banerjee &
Bhattacharya, 2012; Morris et al., 2012; Saha & Bhattacharya, 2010). In
pharmaceutics and biomedicine, GG is utilized for controlled drug de-
livery (D'Arrigo et al., 2014; Matricardi et al., 2009; Milivojevic et al.,
2019), as a delivery system for superficial cutaneous administration
(Musazzi et al., 2018), in tissue engineering (Gajbhiye et al., 2024;
Oliveira et al., 2010), and as a bioink in 3D printing to create cell-laden
constructs (Compaan et al., 2019). Its ability to form strong, clear gels
makes it also valuable in cosmetic formulations for products such as
lotions and creams (Nagpal et al., 2019). In addition, GG is used in the
agricultural sector as fertilizer-release agents (Sabadini et al., 2015), for
seed coating and as a component in plant tissue culture media.
Commerecially, gellan gum is available in different forms. In its native
form it contains two acyl moieties, L-glyceryl and acetyl groups, linked
to the (1,3)-$-p-glucose residue. When the acyl groups are removed by
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alkaline hydrolysis, two types of Gellan gum can be obtained: high-acyl
GG, where the acyl groups are partially removed, and low-acyl (or
deacylated) GG, where the acyl groups are completely removed. The
acylation degree affects the rheological and mechanical properties of the
resulting physical hydrogel: high-acyl GG leads to soft, elastic, and
opaque hydrogels, while deacylation allows to obtain rigid and compact
hydrogels, characterized by a high degree of viscoelasticity and a
remarkable transparency (Chandrasekaran et al., 1988; Garcia et al.,
2011; Morris et al., 2012; Tang et al., 1997). Deacylated GG sol-gel
transition is an exothermic process (Miyoshi et al., 1996) during
which GG chains in aqueous dispersion once heated (T > 90°), assume a
random coil conformation; subsequently, in the cooling process, they
undergo a transition from a disordered to a more ordered state, through
the formation of single or double helices due to spontaneous self-
assembly (coil-helix transition) (Diener et al., 2019; Diener et al.,
2020; Miyoshi & Nishinari, 1999a). Upon further cooling, there is an
association between the helical structures, leading to a sol-gel transition.
As early as 1999, Miyoshi and Nishinari (Miyoshi & Nishinari, 1999b)
investigated the viscosity behaviour of GG with temperature in the
concentration range 1-5 % and demonstrated that GG undergoes a sol-
gel transition upon cooling or through the addition of salts. In particular,
they showed that an aqueous dispersion of gellan gum passes from a
dilute polymer dispersion to a weak gel, which can be controlled by
polymer concentration and temperature. This can happen even in the
absence of salt, thanks to increased molecular entanglement and
enhanced intermolecular interactions. However, the addition of salt
facilitates gel formation, improving its stability and structure. In
particular, divalent cations facilitate the formation of junction zones
leading to the formation of more stable gels as compared to monovalent
ones, due to their ability to interact with multiple binding sites on the
gellan gum chain. This was confirmed by rheological measurements
combined with differential scanning calorimetry (DSC) (Miyoshi &
Nishinari, 1999b). For gellan gum solutions at low concentrations, the
cooling and heating DSC curves were found to display a single
exothermic or endothermic peak, which shifts to higher temperatures as
the gellan gum concentration increases. Based on this pioneering in-
vestigations, Miyoshi and Nishinari proposed a phase diagram illus-
trating the three different physical states of gellan gum: coil
conformation, helix conformation in liquid states and ordered structures
leading to gels. Several other studies also reported that the rheological
properties of GG are significantly influenced by various factors,
including the concentration of polysaccharides, the working tempera-
ture and the charge and type of added cations (Miyoshi et al., 1996;
Miyoshi & Nishinari, 1999b; Tang et al., 1997; Yang et al., 2024).
However, beside the work of Miyoshi and Nishinari, rheological mea-
surements on gellan gum are present in the literature only at relatively
low GG concentration (up to 1%), in the presence or absence of salts
(Caggioni et al., 2007; Nickerson et al., 2003; Paulsson et al., 1999). This
is a critical lack of data because the new frontiers opened by various
applications of this polysaccharide and the potentialities offered by the
chemical modifications of its residues require a deep knowledge of the
rheological properties of gellan gum gels at higher concentrations. To fill
this gap, our study examines pure gellan hydrogels within a concen-
tration range similar to that of ref. (Miyoshi & Nishinari, 1999b),
extending the lower boundary to 0.5 wt%. More importantly, the evo-
lution of viscoelastic moduli under shear strain and the plateau moduli
have been extensively investigated varying concentration, temperature,
and cation type (monovalent, divalent). In particular, one promising
field of application of GG gels is given by paper artwork cleaning. In fact,
in the last few years, GG hydrogels have emerged as efficient wet
cleaning treatments for paper artworks (Khaksar-Baghan et al., 2024).
Wet cleaning is a very delicate operation, and to be used for this purpose,
hydrogels must fulfill several strict conditions from the mechanical point
of view: i) they have to be easily handled, applied and removed on paper
sheets to be cleaned without breaks and leaving residues; ii) they have to
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be able to stand quite significant pressures without breaking. This is
because a weight is usually applied to the hydrogel to ensure a close
contact between the gel and the artwork to be cleaned. Typically, for a
round portion of a gel with 3 cm of radius, a weight of about 150 g may
be used; this means that the pressure on the gel is about 520 Pa (Micheli
et al., 2016). At the same time, they have to be soft enough, so that the
solvent can effectively exert its cleaning action without wetting the
sample too much and then be removed together with the gel itself.
Therefore, a deep knowledge of the rheological properties of gels to be
used for cleaning is of fundamental importance to avoid unwanted
damages on artworks. In addition, we recently put forward the use of
gellan gum and methacrylated gellan gum microgels as cleaning tools in
the paper artwork restoration (Di Napoli et al., 2020; Severini et al.,
2025), as they ensure a very fast cleaning with efficacy close to or higher
than the corresponding GG hydrogels. Furthermore, we recently un-
veiled the molecular origin of the two-step aggregation of gellan gum by
numerical simulations (Tavagnacco et al., 2023). We hypothesize that
this two-step mechanism must have a clear rheological signature that we
investigate in the present work. Moreover, we believe that the knowl-
edge of the rheological behaviour of gellan gum-based hydrogels and
microgels will be critical for optimizing their application in the cleaning
of paper artwork. To this aim, we perform an extensive rheological
characterization of GG hydrogels in the concentration range (0.5-5 %)
in presence of different cations (Na*, Ca®"), by varying salt content
(0.25-5.0 mM) and upon methacrylation. Moreover, we investigate in
detail the viscoelastic properties of GG and GG methacrylated microgels
in the concentration range (0.1-0.5 %) at fixed monovalent salt (100
mM), after discussing our newly established and reproducible prepara-
tion protocol. All discussed cases refer to the conditions in which we
have already tested the ability of the hydrogels and microgels to effi-
ciently clean paper artwork.

2. Materials and experimental methods
2.1. Materials

Low acyl gellan gum powder Kelcogel™, was from CP Kelco (KEL-
COGEL, San Diego, California, CAS: 71010-52-1; Lot: 9G6158A) with
molecular weight 2-3-10° Daltons and dry substance content (DS con-
tent) 4-5%. The Chemical composition of deacetylated gellan gum is:
neutral sugars Glc/Rha = 6/4 of 62, acetyl group 0%, uronic acid 13%,
protein 17% and ash 8% (Prajapati et al., 2013). The absence of the
acetyl groups, within gellan chains, was confirmed by the analysis of
NMR data reported in Severini, et al. (Severini et al., 2023). Indeed, the
peak at 2.16 ppm of the 'H NMR spectrum assignable to the methyl
proton of acetyl groups according to (Cai et al., 2024) is not visible. As
demonstrated in the literature, using atomic absorption, low acyl gellan
gum (KELCOGEL LA) contains the following average ionic composition:
Na™: 6330 ppm; K*: 46800 ppm; Ca®": 3660 ppm; and Mg?*: 1140 ppm
(Sworn & Kasapis, 1998). Glycidyl methacrylate, sodium chloride, cal-
cium acetate hydrate, sodium oxide were from Merk (Merk KGaA,
Darmstadt, Germany). Reagents used in this work were of analytical
grade and used without further purification. Ultrapure water (resistivity:
18.2MQ/cm at 25 °C), obtained with Arium® pro Ultrapure water pu-
rification Systems, Sartorius Stedim, was used for the solution prepa-
ration. GG methacrylation occurred as reported previously (Severini
et al., 2023).

2.2. Gellan gum methacrylate (GGMA) preparation

GGMA was prepared according to a procedure reported elsewhere
(Severini et al., 2023). GG was dissolved in distilled water at a con-
centration of 1% (w/v), at 90 °C; then glycidyl methacrylate (GMA) was
added to the mixture, with a final concentration of 7% (w/v), at 50 °C.
The reaction was carried out for 48h at 50 °C while the pH of the so-
lution was adjusted at 8.0 by adding 1 M NaOH solution. The resulting
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solution was dialyzed in distilled water using dialysis tubes (12.000 x
14.000Da cut off) at 4 °C for 5 days. Finally, the solution was freeze-
dried to obtain pure GGMA. The derivatization degree (DD) of the ob-
tained GGMA, determined by 'H NMR analysis, previously defined in
(Severini et al., 2023), is 0.014 4 0.001.

2.3. Hydrogel preparation

GG and GGMA hydrogels were prepared following the same protocol
as ref. (Iannuccelli & Sotgiu, 2010; Matricardi et al., 2009; Mazzuca
et al.,, 2014; Mazzuca et al., 2016). Pure or methacrylate GG was
dispersed in ultrapure water under stirring at room temperature. The
amount of GG powder was weighed according to the final desired con-
centration. Since gelation mechanism is influenced both by temperature
and by the presence of cations in water that makes the gel hard and
brittle with a more ordered “crystalline-like” structure (lannuccelli &
Sotgiu, 2010), a proper amount of sodium chloride (NaCl) or calcium
acetate (Ca(CH3COO),, AcyCa) solution (1 M) was added to the solution
to obtain the established salt concentration, C,. The resulting mixture
was heated rapidly to the boiling point becoming transparent, then the
homogeneous solution was poured into the Petri dishes and left to cool
at room temperature for at least an hour. In this work pure GG hydrogels
were prepared at different weight concentrations (C,, = 0.5%, 1.0%,
1.5%, 2.0%, 2.5%, 3.0%, 4.0%, 5.0%) while GG hydrogels with the
addition of NaCl (Cnqcr = 0.5, 2.5, 5.0, 27.0 mM) or of AcyCa (Cac,ca =
0.25, 1.25, 2.5, 5.0 mM) were also prepared at fixed GG concentration
Cy = 2.0%. In addition, GGMA was also prepared at C,, = 2.5% with the
addition of AcyCa (Cac,cq = 5.0mM). The reason for this choice was to
obtain a GGMA sample with rheological characteristics similar to pure
GG at C,, = 2.0%, chosen as a reference, as described in more detail by
ref. (Severini et al., 2023). It should be pointed out that the concentra-
tions of monovalent ion (NaCl) and divalent one (AcpCa) have been
chosen in order to be able to compare results obtained keeping constant
the total charge concentration. In this way, it is possible to directly
evaluate the effect of monovalent and divalent cations on gel formation.

2.4. Microgel preparation

The preparation protocol of gellan gum microgels described in ref.
(Di Napoli et al., 2020) has been here improved thanks to the use of an
Anton Paar MCR102 rheometer (Anton Paar Group AG, Graz, Austria).
Unlike the previous method, where the GG solution was prepared in a
beaker with the help of a magnetic stirrer and heated in a water bath
using a manually controlled hot plate (aiming to maintain the raising
temperature rate of 0.5 °C/min), the preparation process is now auto-
mated using a rotational rheometer. This ensures a more precise and
consistent temperature and stirring control during the preparation,
which is fundamental for the reproducibility of the sample preparation,
ensuring that gelation occurs exactly in the same way. Pure GG and
GGMA microgels were prepared dispersing a few milligrams of GG
powder in ultrapure water in a glass beaker at room temperature under
stirring (with a magnetic stirrer), covering the beaker with aluminium
foil to prevent evaporation, as also described in ref. (Caggioni et al.,
2007; Di Napoli et al., 2020; D'Oria et al., 2024).

The dispersion of GG in water was transferred into a custom-made
50 mm diameter bottomless silicone cylinder, enabling direct deposi-
tion of the sample onto the rheometer plate. A 50 mm diameter cone was
used to shear the sample at a gap of about 3.5 cm. The solution was
heated up to T = 80 °C, under the application of a constant shear rate of
500 s~ ! and left for 10 min in this condition. An opportune aliquot of
concentrated NaCl solution (1 M) was added, with a Gilson pipette, to
obtain the chosen salt concentration C; and promoting the gelation
process before cooling. The viscosity trend was followed during both the
heating and cooling stages. GG and GGMA microgels were prepared at
Cy = 0.1%, C,, = 0.2%, 0.3%, 0.5% at fixed NaCl concentration Cygc; =
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100 mM.
2.5. Rheological measurements

Rheological measurements were carried out with a rotational
rheometer Anton Paar MCR102 with a cone plate geometry (plate
diameter = 49.97 mm, cone angle = 2.006°, truncation = 212 pm).
Temperature was controlled using a Peltier system equipped with an
evaporation blocker and an isolation hood to prevent evaporation.
Rheological measurements on GG and GGMA hydrogels and microgels at
different weight and salt concentrations were performed both in oscil-
latory and in steady shear regimes. Amplitude sweep measurements of
G'(y) and G"(y) vs shear strain y were used to determine the extent of the
linear viscoelastic region (LVR) and the critical onset of non linearity.
They were carried out in the strain range y = (0.01-100)% at fixed
frequency. Frequency sweep tests of G (w) and G"(w) vs frequency f =
/2x were performed in the frequency range f = (0.01-100) Hz at an
applied strain y small enough to ensure that it is in linear viscoelastic
regime where most of viscoelastic materials behave linearly with direct
proportionality between the stress ¢ and the deformation y. These
measurements were performed to assess the effects on the mechanical
spectra. Temperature sweeps of G'(T) and G'(T) vs temperature were
carried out to assess the sol-gel transition of both GG hydrogels and
microgels in the temperature range (25-100) °C depending on the
sample.

2.6. Dynamic light scattering (DLS) measurements

The particle hydrodynamic radius Ry has been measured through
Dynamic Light Scattering (DLS) as a function of temperature. An optical
setup based on a solid state laser (100mW) with monochromatic
wavelength 4 = 642nm and polarized beam has been used to probe
samples in dilute regime. Measurements have been performed at a
scattering angle § = 90° that corresponds to a scattering vector Q =
(47n/2) sin(6/2) = 0.018 nm~! where n = 1.33 is the solvent (water)
refractive index. The hydrodynamic radii have been obtained through
the Stokes-Einstein relation:

Ry = kT /67D, (€]

where kg is the Boltzmann constant, 7, the viscosity of the solvent,
namely water, at the measured temperature and D, the translational
diffusion coefficient related to the relaxation time 7z through the relation:

r=1/(Q°D)). @

The relaxation time was obtained by fitting the autocorrelation
function of scattered intensity through the Kohlrausch-William-Watts
expression (Kohlrausch, 1854; Williams, 1970):

£(Q0 = 1+b[ewp(— (/7)) | ®

with the stretching exponent $ providing the deviation from the single
exponential. The decay of the autocorrelation function provides insights
into the diffusion behaviour of microgels. A slower decay implies a
longer relaxation time, showing slower dynamics due to increased
interaction and frictional forces from larger hydrodynamic radii.
Conversely, a faster decay indicates smaller size and quicker diffusion
rates.

To ensure a constant temperature, the samples were kept at T = 25 °C
for 5 min before measurements.
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3. Results and discussion
3.1. Hydrogels rheological characterization

3.1.1. Pure GG hydrogels characterization

We start by reporting the rheological behaviour of pure GG hydrogels
at different weight concentrations and salt content with the aim to un-
derstand the viscoelastic properties as the polysaccharide content in-
creases. Although this problem has been investigated before, the weight
concentration of GG has not reached large enough values as required by
the use for paper cleaning in the cultural heritage field (Puoti et al.,
2017). Amplitude sweep experiments were carried out to estimate the
dynamic linear viscoelastic range in oscillatory shear strain. Fig. 1(a)
illustrates the storage, GG'(y), and loss, G'(y), moduli of pure GG
hydrogels at different concentrations, at f = 1Hz and T = 25 °C, as a
function of shear strain y. At the lowest concentration, C,, = 0.5%, G'(y)
is greater than G'(y) over the entire strain range, typical behaviour of a
liquid-like system. With increasing concentration the trend is reversed
and at approximately C, = 1.0%, G'(y) becomes greater than G'(y),
followed at larger concentrations by an increase of the moduli of several
orders of magnitude, indicating the onset of solid-like behaviour.
Interestingly, the onset of non-linear response is detected at the highest
studied concentrations, i.e., C, = 3.0% and 4.0%. In particular, G"(y)
displays a peak whose maximum corresponds to the inversion point of
the moduli and to a decrease of G'(y). This occurs at the so-called
breaking point, characterized by the yield strain y, (arrows in Fig. 1
(a)), which is found to shift to smaller values as C,, increases, suggesting
the presence of a more rigid and brittle structure. To define y,, we use the
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intersection between G (y) and G’ (y), following literature. Recently, the
increase of the loss modulus at the onset of non-linear dynamic response
has been related to energy dissipation associated to microstructure
reorganization before collapsing under shear (Garcia et al., 2011; Garcia
et al., 2016) and also qualitatively connected to the strength of the
network in response to increasing deformation (Calero et al., 2010;
Garcia et al., 2011). Additional measurements are reported in Fig. S1 of
the Supplementary Materials.

Plateau moduli G;(y) and Gy (y), obtained at low strain y = 0.1% in
the linear viscoelastic region, are reported in Fig. 1(b) as a function of
concentration, showing an increasing trend with C,, in agreement with
previous studies (Clark, 1992; Rodriguez-Hernandez et al., 2003) per-
formed in a concentration range from 0.005% to 0.05%, albeit signifi-
cantly lower than the present one. The breaking point y. as a function of
concentration, in Fig. 1(c), decreases with increasing concentration. The
trend is well described by a decreasing exponential, reaching a plateau
value y, =(1.8-1.9)% at high concentrations. This indicates that from a
threshold concentration value of about 3.0% the microscopic poly-
saccharide structure has similar brittle properties. The figure showing
the moduli as a function of frequency is provided in Fig. S2 of the SI and
is consistent with the behaviour of the amplitude sweep, confirming our
observations. At C,, = 1.0%, the system is in a fluid state as shown in
Fig. 1(a); however G (y) > G'(y) over the entire frequency range indi-
cating a dominant elastic behaviour. At concentrations C,, = 2.0% and
3.0%, G (y) and G’ (y) are almost independent on frequency and G (y) is
higher than G'(y), typical hallmark of a solid like behaviour. The
observed trend with concentration supports the increase of gel domains
with increasing concentration, in agreement with what reported in ref.

105 _(b) L [ J
©, ] °
e 10 s & &
O 10° ° o
1 o
_o10% -
(©)
10" 8 s
10° . i
3 5
()
0 1 1 1
1 2 3 4 5
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Fig. 1. (a) Storage G (y) (closed circles) and loss G"(y) (open circles) moduli as a function of shear strain y, at f = 1Hz and T = 25 °C for pure GG hydrogels at four
different concentrations (0.5% light blue, 1.0% green, 2.0% blue and 4.0% red), with related photographs of GG in the fluid and in the solid states. Short arrows
indicate the breaking point y.. (b) Plateau moduli G;(y) and Gy(y) and (c) breaking point y, as a function of GG concentration.
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(Garcia et al., 2011), in which, however, only very low concentrations
from 0.025% to 0.25% were investigated.

3.1.2. Sol-gel transition of GG hydrogels

As mentioned above, the gelation process of GG is a complex phe-
nomenon influenced by many factors, including the physicochemical
properties of the solvent, temperature, and ionic concentration. In
physical gels such as the present ones, an accurate detection of the sol-
gel transition can be experimentally challenging. Gellan gum gelation is
commonly described as a two-step thermoreversible process with an
initial helix ordering, followed by the association between stiff double
helices through intermolecular interactions (Grasdalen & Smidsrgd,
1987; Safronov et al., 2018), recently confirmed by molecular dynamics
simulations (Tavagnacco et al., 2023). Typically, gelation in GG systems
occurs by decreasing temperature and/or by increasing ionic concen-
tration (Pérez-Campos et al., 2012). Here, we first focus on the tem-
perature behaviour by performing dynamic moduli measurements
versus temperature during gelation, as reported in refs. (Dai et al., 2008;
Dai et al., 2010; Pérez-Campos et al., 2012; Tako et al., 2009). The gel
point temperature, T,, is defined as the temperature where the moduli
cross over. According to it, by monitoring the temperature evolution of
the moduli during cooling at fixed frequency (f =1 Hz, ® = 6.28 rad/s),
we can obtain an estimate of the gel point as the crossover point of G (T)
and G'(T), corresponding to tané = 1, later followed by a trend inversion
whereby G'(T) < G(T). In Fig. 2(a) the temperature dependence of
dynamic moduli and tans during the cooling process (2.0 °C/min) is
reported for GG samples at concentrations: C,, = 1.0%, 2.0% and 4.0%
highlighting the onset of gelation. At the lowest concentration, 1.0%,
gelation occurs for T, ~ 80 °C while at 2.0% this occurs upon cooling
already approximately ~ 93 °C. Further increasing GG concentration to
4.0%, no intersection between dynamic moduli is detected, with G'(T)
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always being larger than G'(T) throughout all the cooling range. This
indicates that gelation in this case is instantaneous as soon as the heating
process is stopped and the sample start to cool. An increase of the
plateau of the moduli can be observed when temperature further de-
creases below the gel point (T < T,). This trend may be due to the fact
that the aggregation of double helices into the ordered conformation of
GG is not energetically preferred at temperatures just below T, while
lower temperatures enhance their formation. Fig. 2(b) reports the
moduli, together with their respective tané for the sample at C,, = 2.0%
to highlight that they overlap in correspondence of the gel point where
tand = 1.

Nonetheless, it has been argued that the temperature corresponding
to the crossover, T,, may vary depending on the frequency (Pérez-
Campos et al., 2012) at which moduli are measured and therefore it
cannot be really considered an effective sol-gel transition temperature,
Tgel, although very close to Tg. Following the work by Winter and
Chambon (Winter & Chambon, 1986), an interpolation method can be
implemented, known as the critical phase angle procedure where tané is
frequency independent. The convergence point of the tangent at various
angular frequencies determines the gelling temperature, Tg. In Fig. 2(c)
the temperature dependence of tané of pure GG is shown for different
angular frequencies at C,, = 2.0%. The convergence point of all fre-
quencies is found to be at Tg; = 97.4 °C, corresponding to the point
where the critical phase angle § becomes frequency independent. This
value is slightly greater, but quite close to T, = 93.6°C, so that the latter
can be considered as a good approximation to the gel point. Overall,
these measurements indicate that the best suitable GG hydrogel without
salts for cultural heritage purpose is that with C,, = 2.0%: it could indeed
withstand a pressure up to 1000 Pa without breaking (see Fig. 6).
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Fig. 2. (a) Temperature evolution of G'(T) (closed circles) and G'(T) (open circles) during cooling for pure GG at a rate of 2.0 °C/min, at f = 1 Hz and at C,, = 1.0%
(green), 2.0% (blue) and 4.0% (red). (b) Temperature dependence of the moduli and tans (orange triangles) for pure GG at C,, = 2.0 %. The crossover point defines
T, = 93.6 C. () Temperature dependence of tans for pure GG at different angular frequencies: f = 1.6 Hz (grey circles), f = 1.0 Hz (red triangles), f = 0.63 Hz (blue
squares) and f = 0.40 Hz (green triangles). The crossover point defines Tge = 97.4 °C according to the critical phase angle procedure (Winter & Chambon, 1986).
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3.1.3. Characterization of GG hydrogels in presence of salts

The gelation mechanism of GG has been widely discussed in litera-
ture (Diener et al., 2019; Diener et al., 2020; Grinberg et al., 2003;
Tavagnacco et al., 2023). It is assumed that in the second step of gela-
tion, the presence of salts promotes the formation of a gel, affecting the
double-helix structure because of electrostatic interactions with cations.
In particular, the mechanical properties of GG in the presence of
different salts have suggested that double helices aggregation follows
distinct mechanisms in the presence of monovalent or divalent cations
(Tavagnacco et al., 2023). For divalent ions at a given ionic concen-
tration, GG hydrogels are firmer and harder than those prepared with
monovalent ions (Miyoshi et al., 1996; Rodriguez-Hernandez et al.,
2003) doubling ionic concentration so as to maintain constant the total
charge concentration. Here, we complement this evidence for the gels
used for paper cleaning applications. In particular, we perform rheo-
logical measurements by adding different amounts of NaCl and Acy Ca
salts to GG to form hydrogels. These are compared with the corre-
sponding results for pure GG, keeping its concentration constant at C,, =
2.0%, which is the one that was found to perform the best in the paper
cleaning tests (Mazzuca et al., 2014).

In Fig. 3, we report G (y) and G'(y) vs y for different GG hydrogels
prepared in the presence of varying divalent, salt AcyCa (Fig. 3(a)(c)),
and monovalent one, NaCl, amount (Fig. 3(b)(d)). The addition of salts
leads, in both cases, to an increase of G (y) of one order of magnitude
with respect to pure GG hydrogel as shown in Fig. 3 (a) (b); however the
behaviour of hydrogels are quite different for the two cases. Indeed, in
the presence of divalent cations, with increasing AcyCa concentration, a
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continuous increase of G (y) is observed, while for NaCl a sudden change
with respect to pure GG is obtained at the lowest investigated salt con-
centration, without further increase even at the highest NaCl investi-
gated concentration. This is in qualitative agreement with molecular
dynamics simulations, which pointed out that divalent salt is able to
efficiently bridge GG chains into aggregated double helices, while
monovalent ions cannot act as effective linking agents, but can only
increase the screening between the GG chains. Therefore, their role is
not prominent and cannot be used as a control way to obtain hydrogels
of the desired stiffness. Similar results are observed for the loss moduli
G(y) in Fig. 3 (c) (d), where a peak that is larger and shifted to lower
strain, is found with increasing AcoCa content, while the corresponding
behaviour for NaCl is independent of the actual salt concentration. An
additional comparison is reported in Fig. S3 of the Supplementary Ma-
terials, where G'(y) and G’ (y) vs strain and frequency, of GG hydrogels at
fixed concentration C, = 2.0%, without and with NaCl (5 mM) and
AcyCa (2.5 mM) are compared with those of pure GG hydrogel. Alto-
gether, these results confirm that the viscoelastic behaviour of GG
hydrogels is influenced much more strongly by divalent cations than by
monovalent cations, as reported in ref. (Miyoshi et al., 1996), where the
authors compared the effect of KCl, NaCl, CaCly and MgCl, concluding
that divalent cations promote the formation of thermally stable junction
zones. To better visualize this effect, the plateau moduli at low strain
values are shown as a function of salt concentration Csq; for GG with
AcyCa (red circles) and NaCl (orange squares) in Fig. 4(a). Furthermore,
in Fig. 4(b) the critical strain y, is reported, showing a smooth decrease
with increasing C,qi for GG in the presence of AcyCa, which favors closer
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Fig. 3. (a) (b) Storage G (y) (closed circles) and (c) (d) loss G"(y) (open circles) moduli as a function of shear strain y at T = 25 °C at C,, = 2.0% with different Ac,Ca
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Fig. 4. (a) Plateau moduli G, (7) and Gy (y) aty = 0.1% and (b) breaking point y, as a function of Cyq for GG hydrogels at C,, = 2.0% with Ac,Ca salt (red circles) and

NaCl (orange squares). Lines are guides to the eye.

and tighter bindings between the chains at variance with NaCl. Finally
for this section, we report in Fig. 5 the comparison of G (y) and G'(y) at
Cy = 2.0% for pure GG hydrogel and for GG hydrogels with different
concentrations of AcyCa and NaCl, but in such a way to keep constant the
ionic strength (normality) in the different samples. Fig. 5(a) and (d)
show that a very similar sample response is obtained at low salt content,
despite using different monovalent or divalent salts. Interestingly, in the
presence of a relatively high salt content, we find a quite pronounced
variation of the moduli, as shown in Fig. 5(c) and (f). It should be noted
that in literature the GG hydrogels with salts used for cultural heritage
purpose contain AcyCa = 2.50 mM, and therefore fall in this last
category.

The effect of divalent cations is further revealed by looking at the

stress reported in Fig. 6, where we compare shear stress value ¢ as a
function of shear strain y of the hydrogels without added salt (a), with
calcium ions (b) and with sodium ions (c), separately. Strikingly, we find
that in the presence of divalent ions, evidence of two-step yielding
behaviour is observed, right at the conditions where we use these GG
hydrogels for paper cleaning. Two-step yielding is associated with the
occurrence of the breaking of the gel in two distinct processes (Ahuja
et al., 2020). Here, we can hypothesize that at first the breaking of the
cation-mediated aggregation of double helices occurs, followed by the
breaking of the double helixes themselves. The two steps are separated
by a difference in stress of roughly one order of magnitude (from about
0=110 Pa in the first step to c=1100 Pa in the second step). Our cleaning
tests, reported in literature (Mazzuca et al., 2014; Micheli et al., 2016),
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Fig. 5. (a) (b) (c) Storage G '(y) and (d) (e) (f) loss G’ (y) moduli vs shear strain y at T = 25 °C and C,, = 2.0% for pure GG hydrogel and for GG hydrogel with Ac,Ca
and NacCl at salt concentrations such as to keep constant the total charge concentration in the sample. (a; d): [AcoCa] = 0.25 mM or [NaCl] =0.50 mM; (b,e): AcoCal
= 1.25 mM or [NaCl] =2.5 mM; (c,f): AcyCa] = 2.50 mM mM or [NaCl] 5.0 mM.
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Fig. 6. Shear stress o as a function of shear strain y, at f = 1Hz, T = 25 °C for (a) pure GG hydrogel at different concentrations and for GG hydrogels at C,, = 2.0% (b)
with AcyCa and (c) NaCl added salts. The arrows in (b) indicate the double yielding for the sample which best performs in paper cleaning.

definitely exclude that the gel leaves residues on paper, when pressures
of the order a few hundreds Pa are exerted, while residues can remain on
paper if pressure of thousands of Pa are put on the gel. Therefore, we
deduce that gel is able to perform its cleaning function up to the second
yielding point, with the presence of divalent cations giving it the
necessary rigidity to be removed afterwards without any leaving resi-
dues. Instead, we do not observe double yielding in the presence of
monovalent salt at the same normality, which confirms the fact that
these cannot be used for cultural heritage purposes, since they are too
soft and they can break after the weight is applied to it, leaving residues
on paper sheets after process. Interestingly, double yielding also occurs
for pure GG hydrogel at higher C,,, about 4.0% signaling that the pres-
ence of two-step yielding is intrinsic in the complex gelation process of
GG, again depending on the particular conditions employed.

3.1.4. Sol-gel transition of GG hydrogels with cations

It is interesting to analyze the sol-gel transition of GG in the presence
of salts. As discussed above, the addition of cations (monovalent or
divalent ones) largely affects the viscoelastic behaviour of GG, as
evident from the increase of the moduli by some orders of magnitude.
This suggests that, in this condition, gelation should occur at lower GG
concentrations in the presence of cations. Based on these premises, we
investigate the gelation process of 0.5% GG samples with the addition of
AcyCa and NaCl salts at the same ions number cases. In Fig. 7, G'(T) and
G'(T) versus temperature during the gelation process at cooling rate
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Fig. 7. Temperature evolution of G(T) (closed symbols) and G'(T) (open
symbols) during cooling at rate 2.0 °C/min at frequency 1 Hz of GG at C,, =
0.5% without salts compared with GG with 2.5 mM of Ac,Ca and 5.0 mM of
NaCl. The crossover point defines T(GG with NaCl) = 40.5 °C and T(GG with
Ac,Ca = 46.2 °C.

2.0 °C/min and frequency f = 1 Hz are reported at C,, = 0.5% for pure
GG, GG with AcoCa 2.5 mM and GG with NaCl 5.0 mM. First, we observe
that at this low concentration, as discussed in the related section, pure
GG remains liquid in the whole investigated temperature range, as
evident from the low values of the moduli, whereas the addition of salts
promotes gelation already at this low C,,. Interestingly, we observe that
in the case of added AcyCa, the inversion of the moduli occurs at slightly
higher temperature, T = 46.2 °C, as compared to GG with NaCl, T =
40.5 °C, signaling that upon cooling the divalent ions are more effective
in inducing gelation.

Importantly, low temperature plateaus of G (y) and G’ (y) increase by
one and two orders of magnitude with respect to pure GG in the case of
NaCl and AcyCa, respectively. These findings further confirm the
prominent role of cations in general and of divalent ones in the visco-
elastic behaviour of GG hydrogels (Miyoshi et al., 1996; Tavagnacco
et al., 2023).

3.1.5. Chatacterization of methacrylated gellan gum (GGMA) hydrogels

Finally, we focus on the chemical modification to gellan gum by
methacrylation. This is because, the introduction of methacrylic groups
allows to obtain hydrophobic gel, yielding a gel that is capable of
removing both hydrophilic (i.e. cellulose degradation products) and
hydrophobic substances with a single water-based treatment (Severini
et al., 2023), a novel feature in paper cleaning procedures. In this case,
based on results previously reported concerning the best hydrogels for
paper cleaning, we focus here on methacrylated GG with the addition of
AcyCa only, having established in the previous section that this salts
yields superior gels with respect to NaCl.

To characterize the rheological properties of these chemically-
modified hydrogels, we report in Fig. 8 a comparison among pure GG,
GG with 5.0mM of AcyCa and methacrylated gellan gum (GGMA) with
the same content of salt and polymer concentration of C,, = 2.5%. Also in
the case of GGMA, the addition of AcpCa causes an increase of G'(y),
suggesting a more tight structure between the chains and a more rigid
gel. The slight difference in used C,, is due to the fact that after various
attempts described in ref. (Severini et al., 2025), we found that a slightly
larger amount of polymer is needed in the case of GGMA, i.e., C,, = 2.5%
(versus C,, = 2.0% for pure GG) to obtain the same optimal hydrogel
performance for paper cleaning. This is confirmed by the lower elastic
moduli observed for GGMA with respect to the corresponding pure GG in
Fig. 8. The trend of the plateau moduli G;(y) and Gg(y) and of the critical
strain y, with increasing GG concentration, with and without AcyCa and
GGMA with the same salt is shown in Fig. 9. Notably, we find that the
two hydrogel formulations which are found to best perform in paper
cleaning, namely GG at C,, = 2.0% with AcyCa 5 mM and GGMA at C,, =
2.5% with AcpCa 5 mM, have comparable elastic properties, as high-
lighted by the horizontal line in Fig. 9(a).



S. Franco et al.

107

10°

103

G'(Pa)

10!

o'

Carbohydrate Polymers 354 (2025) 123329

" T T T T 10" g T T T T T T T T T
_ *  GG+Ac,Ca 5.0mM ¥r GG+Ac,Ca 5.0mM . b
(a) Cw=2.5% B GG MA+Ac,Ca 5.0mM (b) C,=2.5% O GG MA#Ac,Ca 5.0mM (C) Giped
E pure GG E 3 pure GG E
3L
- . ] A ] 10 ”
_llllll-..-; s i 1 ..........l
L] o e -1 © 3 amal E
" u = hoopooo® < [ "
L = Py 1z 103 r|:I oo %] o ] N~ -
[T O = o n
L [ ] ; . L i a] - 101 E | ] " 3
[ ] ) Bo .
| |
L " 1 10k 1
]
- L 4
i . i ] *  GG+Ac,Ca 5.0mM
B GG MA+Ac,Ca 5.0mM
|72 ‘71 |0 |1 |2 3 0-1 1 il 1l 1 E 10’1 1 L 'l 1 [l GGA
10 10 100 10 10 10 102 107 10° 10 102 10° 102 10 10° 10" 10? 10°
7 (%) v (%) v (%)
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hydrogel with the same content of salt.
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polymer and salt concentrations, at T = 25 °C. The horizontal line highlights the comparable value of G obtained for the two hydrogels which best perform in

paper cleaning.
3.2. Microgels characterization

3.2.1. GG microgels

Combining the promising features of microgels and the proven effi-
ciency of GG hydrogels in removing impurities and degradation prod-
ucts from paper, GG microgels were developed with the aim of obtaining
an innovative tool capable of improving the efficiency of currently
available cleaning techniques for paper artworks (Di Napoli et al.,
2020).

As reported in ref. (Di Napoli et al., 2020), GG microgels have been
prepared and successfully employed, for the first time, in paper cleaning.
Thanks to their reduced size, microgels have proven to be effective,
providing a greater penetration into the porous structure of the paper
adapting to the irregular surface of artefacts, with respect to hydrogels.
Atomic Force Microscopy (AFM) images, reported in Fig. S1 of the
Supplementary Materials, highlight the different structure of microgels
and hydrogels. Thanks to their properties, microgels can clean very
quickly, in the order of a few minutes, thus strongly minimizing time
costs with respect to hydrogels (whose application can be up to two
hours long).

We start this characterization by comparing the properties of GG

microgels obtained with our initial preparation method, put forward in
ref. (Di Napoli et al., 2020) and detailed in the Materials and Methods
section, with those prepared in this work, thanks to the use of a
rheometer, which allows for greater control over the produced samples.
Fig. 10 shows the comparison of rheological measurements on the
microgels obtained using the two methods. In Fig. 10(a) amplitude
sweep results are conducted on two different sample preparations, both
obtained with the initial preparation method. It is evident that, while the
behaviour of the two samples is qualitatively similar, there is some
differences in the measured values of the moduli. Conversely, the
measurements carried out on two different samples prepared using the
new rheometer-based method, in Fig. 10(b), are completely overlapped,
indicating a significant improvement in consistency and reproducibility
of the samples. We have verified that, in both cases, samples have the
same cleaning efficacy, because despite small differences, microgels are
able to efficiently and rapidly penetrate into the pores of the fibrous
network of paper sheets, due to their small size, as will be discussed
better below. In the following, all microgel results refer to samples
prepared with the new method, as described in the Materials and
Methods section, at the following GG concentrations: C,, = 0.1% (sample
GG1), 0.2% (sample GG2), 0.3% (sample GG3), 0.5% (sample GG5). We
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Fig. 10. Comparison between amplitude sweep measurements (storage modulus G, closed symbols, and loss G’, open symbols vs shear strain y), at f = 1Hz, T =
25 °C in the case of microgels at C,, = 0.1% and Cn,c; = 100mM prepared by (a) the old method published in 2020 (Di Napoli et al., 2020) and (b) the new rheometer-
based method proposed in this work. In both panels two different samples (sample 1, pink colored and 2, grey colored) are compared for each method.

have analyzed that in detail the gelation process during microgel for-
mation. In Fig. 11(a) the normalized viscosity of GG1 is reported as a
function of temperature during the heating and cooling process under
shear. During the initial heating, a quite linear decrease, most likely due
to the chains forming double helix structures (Grinberg et al., 2003;
Tavagnacco et al., 2023), is found. However, when cooling starts, a
sudden increase of viscosity is observed at a temperature close to 40°,
indicating the start of gelation where the double-helixes form networked
structures (Diener et al., 2019; Grinberg et al., 2003).

In Fig. 11(a) the normalized viscosities vs temperature of the
different GG microgels samples during the cooling process are also
shown. The viscosity plateau value at low temperature increases with
increasing concentration and a shift of the gelling temperature to higher
values is observed, suggesting the development of more rigid gel
structures. Gelling temperatures as a function of GG concentration, re-
ported in Fig. 11(b), show that, at fixed salt content, samples with higher
polysaccharide content, reach the gel state earlier during the cooling
process. The normalized DLS autocorrelation functions measured in
dilute condition (C, = 0.01%) are reported in Fig. 11(c). They are
directly correlated with the size of the particles through the Stokes-

100 ¢ T T T T T T
r C,=0.5%
i(a) ® C,0.3%
[ ® C,=0.2%
® C,=0.1%
g 45.0
E 445 (b)
oy 10 C -
~ L
&
cooling R
—
heating
NISteeecaecqcy
1 C s 1 s 1 N
20 30 40 50 60 70 80
T (°C)

Einstein relation eq.1. In particular, the particle radii are shown in
Fig. 11(d), together with the stretching parameter 5. We find that the
radii are always in the order of a few hundreds nanometers, with a slight
decrease in size as GG concentration increases. In concurrence, there is a
slight decrease of f, that is related to the polydispersity of the samples,
that appear to be quite pronounced in comparison to standard microgel
synthesized by precipitation polymerization or other techniques
(Fernandez-Nieves et al., 2011). It is important to compare these results
with those obtained with the old preparation method in ref. (Di Napoli
etal., 2020), where the microgels were found to have a larger size (close
to 1 ym radius) and a lower stretching index, close to 0.4. Hence, both
methods yield microgels capable to clean well the paper artefacts. This is
because, as explained earlier, the pores of paper are also quite poly-
disperse and hence, the fine details are not crucial for their efficacy
(Corsaro et al., 2016) the key feature is truly the presence of a moderate
polydispersity of the samples which allows them to better adapt to the
rough paper surface.

To probe the viscoelastic properties of GGx microgels (where x is 1,
2, 3, or 5), storage and loss moduli were measured at 25 °C) as a function
of shear strain and fixed frequency 1 Hz and ii) as a function of frequency
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Fig. 11. (a) Normalized viscosity vs temperature during the two steps of microgel preparation: during cooling (indicated by the blue arrow) for GG microgel at C,, =
0.1%,0.2%,0.3% and 0.5% and during heating (indicated by the red arrow) for GG at C,, = 0.1%, under a constant shear rate of 500s~'. (b) Gelling temperature as a
function of concentration, determined from the intersection point between the tangent at the base and at the midpoint height of the inflection of the curve (see orange
curves drawn as an example for the C,, = 0.1% sample). (c) Normalized intensity autocorrelation function g,(Q,t)-1 of GG1, GG2, GG3 and GG5 samples (corre-
sponding to microgels prepared by the new method at GG at C,, = 0.1%,0.2%,0.3% and 0.5%) measured in dilute condition, at C,, = 0.01%, and 6 = 90°, corre-
sponding to Q = 0.018nm™!. (d) Hydrodynamic radius R (red circles) and stretching parameter $ (grey stars) obtained from fits of g,(Q,t) through the eq. 3, (see

Materials and Methods section).
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at fixed shear strain y=0.1% in the linear viscoelastic region for all
samples, as reported in Fig. 12(a) and (b), respectively. In Fig. 12(a),
G (y) is higher than G'(y) in the linear viscoelastic range, for all the
samples, indicating that the elastic behaviour prevails over the viscous
one. As the concentration increases, from GG1 to GG5, both G'(y) and
G'(y) increase, suggesting a denser and more interconnected microgel
structure. The breaking point, which marks the beginning of the non-
linear response, shifts from y=30%, for the sample with low concen-
tration (GG1) to y=3.0% for the more concentrated GG microgel (GG5)
indicating that the microgel structure becomes more fragile as the
concentration increases. In Fig. 12(b), G (f) remains higher than G"(f)
across the entire frequency spectrum, confirming the predominantly
elastic nature of the microgel network which exhibits weak frequency
dependence over the tested range, a typical behaviour for gel-like ma-
terials. The relative stability of the moduli across frequencies further
indicates that the microgels maintain their structural integrity and
viscoelastic properties, reinforcing their potential for applications
requiring a consistent mechanical performance.

3.2.2. GGMA microgels

The last preparation protocol was adopted for preparing GGMA
microgels at different polymer concentrations, keeping fixed the NaCl
content at 100mM, in order to find the GGMA concentration for
obtaining microgels with rheological properties similar to the success-
fully tested GG one (Cy = 0.1%, Cngct = 100mM) (Di Napoli et al.,
2020). This strategy ensures similar gel properties and interactions with
paper surface. We thus tested the following GGMA concentrations: C,, =
0.1% (sample GGMA1), 0.2 % (sample GGMA2), 0.3 % (sample
GGMA3), 0.5 % (sample GGMAS).

In Fig. 13(a) we report the normalized viscosity vs temperature of the
different samples during the cooling process. We observe a pronounced
increase of viscosity with increasing GGMA concentration and a shift of
the gelation to higher temperature, suggesting again the development of
more rigid gel structures at higher polymer concentrations. Gelling
temperatures as a function of GGMA concentration are reported in
Fig. 13(b), showing that, similarly to pure GG microgels, samples with
larger polysaccharide concentration and the same salt content reach, on
cooling, the gel state first. The particle radii of the various GGMA
samples, obtained by the DLS normalized autocorrelation functions,
reported in Fig. 13(c) and in Fig. 14(d), are comparable to those
observed for GG samples, also showing similar stretching index. Overall,
these findings strongly support the idea that the adopted methacrylation
procedure does not fundamentally alter the microgel structure, just
providing an additional functionality which makes them suitable to
interact more efficiently with hydrophobic compounds.
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Next, we turn to discuss the storage and loss moduli vs shear strain,
that are reported in Fig. 14 at f = 1Hz and T = 25 °C for GGMA at
different concentrations. Again, we find that G (y) is greater than G’ (y)
for all samples and the plateau values increase with concentration, as in
the case of pure GG microgels. There is a shift of the breaking point y,
from about 40%, for the less concentrated sample (GGMA1), to 30 %, for
the most concentrated sample (GGMAS). The displacement to lower y of
the beginning of the non-linear viscoelasticity zone with increasing
polysaccharide concentration happens within a smaller range than for
pure GG, suggesting that methacrylation makes it less susceptible to
concentration changes. The stability of the sample over time was tested
by comparing the amplitude sweep measurements of freshly prepared
samples with those several hours after the preparation, as reported in
Fig. S4(a) of the SI and (b) for two different concentrations. Comparing
the values of the moduli with pure GG, we find that the sample with C,,
= 0.2% GGMA is the most similar to C,, = 0.1% GG. Indeed, this sample
was tested for paper cleaning in ref. (Severini et al., 2025) and its effi-
cacy was found to be the same as that for pure GG microgels, but with
the additional ability to remove hydrophobic residues. Finally, we
compare the flow curves of the microgels in Fig. 15, for microgels (a) and
for GGMA microgels (b), both as a function of polysaccharide concen-
tration. Interestingly, despite the lower overall moduli with respect to
the hydrogels, we also observe for microgels the emergence of double
yielding, signaling that, independently of the internal arrangement in a
macroscale network or in microspheres, the gelation mechanism is the
same. Here, it is peculiar that the microgels are obtained in the presence
of monovalent ions, for which hydrogels did not show the two-step
yielding, pointing to a difference due to the shear-induced aggregation
which seems to stabilize the micro-aggregates to a greater extent,
making them more resistant to fracture. It is important to note that
despite the low values of the stress observed here, the microgel-based
cleaning protocol does not need the application of a weight and in-
volves a removal step using water. This effectively limits the production
of residues and makes them suitable for the desired purposes.

4. Conclusions

In this work, we comprehensively investigated the rheological
properties of GG hydrogels and microgels, examining the effects of
temperature, gellan concentration, methacrylation, the presence of
different cations (Na™, Ca®"), and salt concentration on viscosity and
viscoelastic moduli. The main results of our work can be summarized as
follows.

We developed a reliable, shear-driven preparation protocol for pro-
ducing GG microgels also in presence of methacrylation. This protocol,

10% @
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Fig. 12. (a) Storage G’ (closed circles) and loss G” (open circles)moduli as a function of y at f = 1 Hz and (b) as a function of frequency f at y = 0.1% for GG microgels

at different concentrations, T = 25 °C and Cyag; = 100mM.
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Fig. 13. (a) Normalized viscosity vs temperature during cooling (blue arrow) for GGMA microgels at C,, = 0.1%,0.2%,0.3% and 0.5% (called GGMA1, GGMA2,
GGMA3 and GGMAS respectively), under a constant shear rate of 500s7!. (b) Gelling temperature as a function of concentration. (c) Normalized intensity auto-
correlation functions of GGMA1, GGMA2, GGMA3 and GGMAS samples measured in dilute condition, at C,, = 0.01%, and # = 90°, corresponding to Q = 0.018nm~!.
(d) Hydrodynamic radius and f obtained from fits to g>(Q,t) through the eq. 3, (see materials and methods).
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Fig. 14. Storage G' (closed circles) and loss G” (open circles) moduli as a
function of shear strain y, at f = 1Hz, T = 25 °C and Cyqc; = 100mM for GGMA
microgels at different concentrations.
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grounded in rheological methods, consistently produces stable and
highly reproducible microgels.

We provided rheological evidence of the complex two-step aggre-
gation mechanism of GG, highlighted by the presence of a double-
yielding behaviour in the flow curves. For hydrogels, this phenome-
non was observed at low GG concentrations in the presence of divalent
ions, which provide enough rigidity to the gel. Conversely, double
yielding was not found in the presence of monovalent salts.

For microgels, we observed a double yielding in the presence of
monovalent ions, suggesting that the shear-induced preparation stabi-
lizes the micro-aggregates enhancing their resistant to fracture.

Lastly, our study identifies an optimal rheological window for the
storage modulus, which gellan-based systems must satisfy to be efficient
in cleaning paper artworks. For hydrogels, this ensures the formation of
arigid gel that does not leave residues on the paper sheet even after one
hour of application. For microgels, the low values of the measured stress
are less critical since they do not need the application of a weight for
cleaning, but involve a removal step using water. These findings are
highly relevant not only for paper restoration but also for broader ap-
plications, including the treatment of substrates such as canvas and
wood, thereby opening new possibilities in art restoration and other
fields.

. '(b) ' GG MA ' '

102 1
— ] : N P 0000 Py ._
& 10%k . .o 3
o | I ]

Q
o

102f e®" 3
y © ' C,=0.5%
C,=0.3%
3 ® C,=0.2%]
“ C,=0.1%

102 10 10° 10° 102

v (%)

Fig. 15. Shear stress ¢ as a function of shear strain y, at f = 1Hz, T = 25 °C and Cyacg; = 100mM for (a) pure GG and for (b) GGMA microgels at different con-

centrations with fixed Cy,c; = 100mM.
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