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Methacrylated gellan gum hydrogel: a smart tool to face
complex problems in the cleaning of paper materials
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Abstract One of the main challenges in the pres-
ervation of paper materials is the development of
compatible and eco-friendly cleaning systems suit-
able for the wet removal of hydrophobic, aged com-
pounds, such as greasy materials or synthetic adhe-
sives, whose presence enhances paper degradation
and worsens its optical features. To avoid the use of
organic solvents that can be potentially harmful to
operators, in this work we propose a new water-based
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gel obtained by chemical modification of gellan gum
gel, a well-known paper cleaning hydrogel. With
the aim of obtaining a cleaning system that is able
to interact and adsorb not only hydrophilic cellu-
lose degradation byproducts, but also greasy materi-
als and synthetic adhesives, methacrylation has been
applied on gellan gum. First, the chemical modifica-
tion process of gellan gum has been monitored by
means of NMR and ATR-FTIR spectroscopy. Then,
the mechanical and physical-chemical properties of
the resulting gel have been evaluated by using rheo-
logical, AFM, and wettability measurements. Finally,
the compatibility and cleaning efficiency of the newly
synthetized gel have been tested on paper with differ-
ent age (from eighteenth and twentieth centuries) and
composition by means of a multi-technique frame-
work consisting of spectroscopic, chromatographic,
SEM, colorimetric and pH measurements. This work
shows a first interesting step towards the development
of single component paper cleaning system, easy to
use, for the removal of both cellulose hydrophilic
degradation products and hydrophobic compounds
from different paper typologies.

Keywords Hydrogel - Gellan gum - Cultural
heritage - Cellulose degradation - Diagnostic
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Introduction

Paper is a complex multicomponent material, mainly
consisting of biopolymers. A mat of cellulose fib-
ers is the main component, but hemicelluloses and
lignin can also be present. Other substances can be
included in the paper, the most common ones being
sizing agents, glue, fillers, and media. Paper materi-
als inevitably undergo degradation over time that
occurs through the synergistic action of acid hydrol-
ysis and oxidation processes whose evolution over
time is dependent on environmental conditions, such
as high humidity and temperature, air pollution, dust,
and radiation (Proniewicz et al. 2001; Chiriu et al.
2018; Carter 1996; Lojewska et al. 2006; Margutti
et al. 2001; Corsaro et al. 2013). Macroscopically,
paper degradation causes a weakening of the material
mechanical properties, due to the de-polymerization
of the cellulose chains, and a yellowing and loss of
optical quality, because of the formation of chromo-
phores from the oxidation processes of cellulose, as
well as hemicellulose and lignin (if these latter are
present) (Lojewska et al. 2005; Mosca Conte et al.
2012; Liu et al. 2021; Lojewski et al. 2010). Overall,
these degradation processes lead to the formation of
low molecular mass products, among which organic
acids are the most harmful compounds that have been
detected (Potthast et al. 2022; Mazzuca et al. 2014).
While up to the end of the eighteenth century west-
ern paper was mainly produced from cellulose fibers
deriving from rags, from the nineteenth century paper
manufacturing began to be based on wood-derived
fibers made by mechanical and/or chemical pulping,
which may contain also hemicelluloses and lignin.
However, this manufacturing procedure of modern
paper leads to a more fragile and degradable support,
easily subjected to oxidation processes (Carter 1996;
Librando et al. 2012; Chiriu et al. 2018).

During restoration, if wet cleaning procedure
becomes necessary, (conservators might consider
dry cleaning insufficient), several strategies could be
taken into account. They are for example washing
methods (immersion, blotter washing, suction table
washing), using of hydroalcoholic solution, or eters
of cellulose packs (Uchida et al. 2007; Iannuccelli
et al. 2010; Zidan et al. 2017). In the last decades,
the use of hydrogels for paper cleaning have been
taken hold, due to their retentive properties as well
as their easiness in preparation and application on
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paper samples. Proposed cleaning hydrogels can be
obtained from natural precursors such as agar (Casoli,
et al. 2013; Isca et al. 2015), Laponite (Warda et al.
2007) and gellan gum (Iannuccelli and Sotgiu 2010;
Li et al. 2021). Recently, synthetic poly(vinylalcohol)
based hydrogels, (Mazzuca et al. 2020) or Nanore-
store gels (commercially available), like those based
on poly(2-hydroxyethyl methacrylate) and poly(vinyl
pyrrolidone) polymers (Leroux 2016; Mazzuca et al.
2017; Bonelli et al. 2018; Ferrari et al. 2018), caught
on widely.

A great challenge in the restoration of paper mate-
rials involves the removal of specific added materi-
als, such as oils, rust from clips, adhesives or natural
glue, which can also be present due to past restoration
operations. The great variety of chemical-physical
properties of the products that need to be removed
from paper requires specific multistep treatments
to fulfill the cleaning procedure (Mills and White
1980; Gorassini et al. 2016; Micheli et al. 2018). The
removal of these compounds is necessary not only
for aesthetic reasons, but mostly because they fur-
ther boost paper degradation leading to yellowing,
mold, smell, and acidity increase, thus inducing a
decrease of the shelf life of paper artworks (Pan et al.
2019). One of the problems to face, is the removal of
greasy stains from paper sheets, due for example to
oily residues from lamp oil, widely used near pages
to facilitate reading. Indeed, until the mid-nineteenth
century, the fuel for lamps was from natural source,
later replaced by petroleum. Lamp oil are made up of
vegetal (i.e. nuts, linseed) or animal (i.e. fish oil) and
therefore can be composed by hydrophobic unsatu-
rated triglycerides (Vereshchagin and Novitskaya
1965; Nykter et al. 2008; Mills and White 2012) that
are the main causes of oxidation and crosslinking in
air (Kochhar 1993; Lazzari and Chiantore 1999) that
in turn, lead to paper yellowing and a decrease of the
pH value with a consequent acceleration of cellulose
depolymerization (Juita et al. 2012). Another exam-
ple of added materials that need to be removed from
paper concerns polymeric coatings, such as pressure
sensitive tapes. Since their commercialization, tapes
have been widely used to repair paper, as fasteners
or as part of conservation treatments, with excellent
results, but also with long-term disadvantages. Syn-
thetic adhesives turn brownish and become hard and
brittle over time, thus damaging paper optical qual-
ity (Comelli et al. 2014; Gémez et al. 2019). Removal
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of greasy materials or synthetic adhesives can be
achieved with the use of neat organic solvents which
are harmful for operators and can cause ink spread-
ing (Miiller et al. 2022). A valid alternative is repre-
sented by opportunely loaded gels, as for example, for
greasy materials removal gellan gum hydrogel loaded
with pluronic polymers (Mazzuca et al. 2016) or, for
the removal of pressure adhesive tapes, the combined
use of organic solvent in silicates or cellulosic poul-
tice and suction points (Smith et al. 1984; Wahba
et al. 2022). More recently, the use of highly retentive
chemical Nanorestore gels loaded with oil in water
microemulsion (Bonelli et al. 2018) or green solvent,
i.e. diethyl carbonate, loaded in a chemical organo-
gel, based on poly (ethyl methacrylate)-poly (methyl
methacrylate) scaffolds have been proposed (Ferrari
et al. 2018; Mirabile et al. 2020; Wahba et al. 2022).
Loading step is essential (Leroux 2016); neat hydro-
gels indeed are not efficient enough for the removal
of these materials from paper artworks. In the last
years, the combined use of poly(vinylalcohol) (PVA)
shelled microbubbles and ultrasounds has proven to
be a valid alternative to the classic use of hydrogels
in removing polymer-based tapes, but it requires good
dexterity during the application of the ultrasound
field to avoid irreversible damaging of the paper
(D’Andrea et al. 2021). Nonetheless their cleaning
action has only been evaluated on adhesive tapes (
Bonelli et al. 2018; Ferrari et al. 2018; Mirabile et al.
2020).

Motivated by these reasons, in this work we pro-
pose for the first time a system designed for the
removal of substances with different hydrophobic-
ity, such as oils, pressure adhesive tapes, and cel-
lulose degradation products, consisting of a single
component wall-to-wall hydrogel and capable of
being completely and easily removed in one opera-
tion. The starting point is represented by the wet
cleaning technique based on the use of deacylated
gellan gum (GQG) rigid hydrogel, whose effective-
ness and compatibility with paper material have been
well established (Iannuccelli and Sotgiu 2010; Bic-
chieri 2012; Di Napoli et al. 2020). More in detail,
we propose to overcome the loading step by devel-
oping a single-component hydrogel which is made
of a polymer matrix more hydrophobic than that the
original one based on GG. In this way, by using a
single water-based treatment, two important goals
can be reached at the same time: (i) the polymer

constituting the hydrogel preferentially interacts with
the hydrophobic dirt fragments and removes them;
and (ii) the hydrogel retains water within its matrix
and absorbs hydrophilic degradation products deriv-
ing from cellulose. To this aim, the natural polysac-
charide gellan gum has been chemically modified
with methacrylic groups to obtain methacrylated gel-
lan gum (GGMA). It is important to note that, to the
best of our knowledge, up to now, GGMA has been
employed mainly as a photo-crosslinkable polymer,
in the pointing up of double network gel for tissue
engineering, culturing, and, as a substrate in 3D bio-
printing (Shin et al.2012; Osmalek et al. 2014; Viera
et al. 2019; Jongprasitkul et al. 2022). In this article
it is the first time that GGMA is characterized in the
ionic hydrogel form and its properties are evaluated
for application in the cultural heritage field. Result-
ing GGMA hydrogels were characterized by using
rheological measurements and by means of Atomic
Force Microscopy (AFM). Cleaning efficacy was
evaluated through several non- and micro- invasive
techniques, such as Attenuated Total Reflection FTIR
spectroscopy (ATR-FTIR), High Performance Lig-
uid Chromatography (HPLC), colorimetry, and pH
measurements on both ancient and modern paper. On
the other hand, the efficiency of hydrophobic compo-
nents removal of GGMA hydrogel was evaluated by
using it on a paper soiled with aged linseed oil and
on an a sample with pressure sensitive adhesive tape.
Cleaning efficacy results were compared with those
obtained using unmodified gellan gum hydrogel.

Materials
Reagents and materials

Gellan gum powder Kelcogel® was purchased from
CP Kelco (San Diego, California). Glycidyl meth-
acrylate, calcium acetate, sodium hydroxide, metha-
nol, sodium phosphate, and Whatman™ n°1 filter
paper samples were purchased from Merck (Merck
KGaA, Darmstadt, Germany). Linseed oil was pur-
chased from Erboristeria Magentina (Turin, Italy).
The 12,000 14,000 Da cut off dialysis tubes were pur-
chased from Olinto Martelli srl (Florence, Italy). All
reagents used were analytical grade and, except for
gellan gum, were used without further purification. In
all cases, bi-distilled water (Millipore, Billerica, MA,
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USA) was used in the preparation of solutions. Natu-
rally aged paper samples (ancient paper) were from
“Breviarium Romanum ad usum fratum” belonging
to eighteenth century, while modern paper samples
consisted of 1990s notebook paper. All samples come
from a private collection.

Methods
Purification of gellan gum (GG)

GG was dissolved in distilled water at a concentration
of 1% (w/v); then the solution was dialysed against
distilled water using dialysis tubes (12,000 14,000 Da
cut off) at room temperature for several days until the
conductivity of the water was 0 pS. The dialysis step
is necessary to remove salts, small molecules, and
impurities derived from the industrial preparation
process of GG. Finally, the solution was freeze dried
to obtain purified GG polysaccharide.

Synthesis of gellan gum methacrylate (GGMA)

The purified GG was dissolved in distilled water at
a concentration of 1% (w/v) at 90 °C and a proper
amount of glycidyl methacrylate (GMA) was added at
50 °C to reach a final concentration of 7% (w/v). The
reaction was maintained for 48 h at 50° C while the
pH of the solution was maintained at 8 by adding 1 M
NaOH solution. Then the solution was dialyzed in dis-
tilled water using dialysis tubes (12,000 x 14,000 Da
cut off) at 4 °C for 5 days. Finally, the solution was
freeze-dried to obtain pure GGMA (Shin et al. 2012;
Pacelli et al. 2015; Jiang et al. 2020).

Preparation of gellan gum (GG) and gellan gum
methacrylate (GGMA) hydrogels

GG hydrogels were prepared following protocols
reported by Mazzuca et al., (2014, 2016). Briefly, GG
and calcium acetate powder were dissolved in dou-
ble-distilled water, stirring, with final concentration
of 2% and 0.04% (w/v), respectively. The resulting
mixture was put for almost a minute in the microwave
at 600 W (Mars Microwave, CEM Corporation, Mat-
thews, NC, USA) until it became boiling and trans-
parent. Then, the homogeneous solution was poured
and cooled to room temperature in a polyethylene
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terephthalate (PET) vessel of the desired dimensions
for 1 h. The preparation of GGMA hydrogels was
carried out with the same protocol, but using a final
concentration of GGMA and calcium acetate of 2.5%
and 0.08% (w/v), respectively. The slight differences
between the concentrations of polysaccharide (GG
and the GGMA) and relative calcium acetate contents
were necessary to prepare hydrogels with similar rhe-
ological properties and therefore suitable for use as
paper cleaning agents (see the “Results and Discus-
sion” section).

'H and '3C NMR spectroscopy

'H (400 MHz) and *C (101 MHz) NMR spectra
were recorded at 40 °C using a Varian Mercury 400
spectrometer. Samples were dissolved in DMSO-
dg at a concentration of 10 mg/mL. Several drops of
D,0O were also added to the NMR tube to eliminate
hydroxyl peaks and reduce viscosity. As the T1 val-
ues of the samples by inversion recovery were lower
than 1 s, an acquisition time of 3 s was used with a
45° pulse. The water signal in qualitative 'H spectra
was presaturated to improve signal-to-noise ratio. The
sequence was not adopted for spectra exploited for
quantitative purpose. DOSY spectra were acquired
with a recycling delay of 5 s, diffusion delay of
500 ms, and 90° pulse.

ATR-FTIR spectroscopy

FTIR spectra of freeze-dried GG and GGMA were
acquired with the Thermo-Scientific instrument
(model is 50) (Thermo Scientific Inc., Madison WI,
USA) in Attenuated Total Reflectance (ATR) mode
using a single reflection diamond ATR cell. Spectra
were recorded in the wavenumbers region from 4000
to 525 cm™!, averaging over 32 scans with a resolu-
tion of 2 cm™!. All experiments were performed in
triplicate in same points (RSD <1%) and in different
points throughout the area of interest, obtaining con-
sistent and repeatable results.

Contact angle measurement

The contact angles were measured on a KRUSS
DSA100 instrument. Measurement of the static con-
tact angle was performed using the sessile drop
method by placing a drop of bi-distilled water, at
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room temperature, using a micropipette. A set of
3 images was captured, with a simple digital cam-
era, within 5 s after placing a drop of bi-distilled
water on the dried hydrogel surface, and subsequent
contact angle was measured by means of the Image
Acquisition and Measurement Software (IC Measure
software).

Rheology

Rheological measurements on GG and GGMA hydro-
gels were performed with a Rheometer MCR102,
Anton Paar, with a plate-plate geometry (diame-
ter=49.97 mm). Temperature was controlled using a
Peltier system, and solvent evaporation was avoided
thanks to an evaporation blocker and an isolation
hood. The samples were measured~18 h and~43 h
after preparation, to test if samples were character-
ized by aging and to verify reproducibility. They
remained stable for the entire investigated time inter-
val. Storage (G") and loss (G") moduli were measured
at T=25 °C~18 h after preparation as a function
of the shear strain y at frequency f=1 Hz (strain or
amplitude sweep test).

Atomic force microscopy (AFM)

AFM measurements were performed in air at room
temperature using a DIMENSION ICON instrument
(Bruker AXS, Germany) equipped with a Nano-
scope V controller and enclosed in an insulating
box. Images were collected in tapping mode using
high resolution rotated-tapping mode etched silicon
probes (RTESP), with a nominal tip radius of 8 nm.
The samples were prepared by depositing a piece of
hydrogel on freshly cleaved mica for 30 s, then gently
rinsing with 1 mL of bi-distilled water and drying in
air for 30 min. Gwyddion free software was used to
correct images by eliminating background and level-
ling defects.

Sample preparation and hydrogel application on
paper samples

Whatman filter paper samples soiled with linseed oil
were prepared in 2013 by dipping paper samples for
20 s in linseed oil and leaving to dry at room tem-
perature (Mazzuca et al. 2016) and successively,

artificially aged for 20 days at 80 °C (Lazzari and
Chiantore 1999).

To perform the cleaning process, a piece of gel
was taken from the stock and, if necessary, cut to
obtain the desired size. During the procedure, the
paper sample was fully covered with the gel of about
1 cm thickness. A uniformly pressed PET film was
applied over it to minimize the evaporation of water
and to ensure a close contact between the gel and the
sample. After cleaning, the gel was manually peeled
off in one step.

The solubilization and spreading effects of GGMA
hydrogel (and for comparison, of GG hydrogel)
towards handwritten words, in the margins of a paper
sheet, have been carefully evaluated. A blank part of
Breviarium sample was written using the following
media: blue pencil (Faber Castell GA, Stein, Ger-
many) a retractable ballpoint pen with blue, black and
red inks (Carioca spa, Settimo Torinese, Italy), and
a home-made indian ink. Handwritten paper sheets
were prepared 7 days before hydrogels application.

Determination of hydrogel retentive properties

During hydrogels application, the weight of the
paper sheets was recorded every 15 min to monitor
the water uptake during the experiment. For this, a
dual-range XS105 Mettler Toledo precision balance
(up to 0.0001 g; Mettler Toledo Inc., Columbus, Ohio
USA) was used; wet samples were placed on an alu-
minum foil. Experiments were performed at 20 °C
and RH=50%.

Determination of paper fibers composition

The paper fibers composition was estimated by
exposing them to graff “C” stain (Adamopoulos and
Oliver 2006). Graff “C” was prepared by mixing in
52mL of a ZnCl, saturated solution 0.06 mol of AICl,
and 0.06 mol of CaCl,, 0.64 mmol of I, and 1.4 mmol
of KI. To analyze paper materials, a drop of stain
was applied to a very small portion of each sample,
previously chopped with the help of a drop of water.
The sample was then placed on a microscope slide
and observed on the Nikon Eclipse Ti—E microscope
using a 20 X objective.

@ Springer
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Scanning electron microscopy (SEM)

Scanning electron microscopy measurements were
performed using a field emission scanning electron
microscope (FE-SEM), (SUPRA 35, Carl Zeiss SMT,
Oberkochen, Germany). Punched samples were pre-
viously metallized to allow electronic conduction on
the sample surface to have high-quality images with-
out deteriorating the samples or creating any kind
of artifacts. The metallization, 1 min at 25 mA, was
performed using a sputter coater (EMITECH K550X,
Quorum Technologies Ltd., West Sussex, United
Kingdom) with a gold target. The detector used was
the secondary electron detector, since interest was
mainly focused on the morphology of paper fibers
and on the presence of residues from the cleaning
agents. The main operating parameters of the instru-
ment were 10 keV as the gun voltage and a working
distance of about 8 mm.

Surface pH and colorimetry

pH measurements were carried out on paper and
hydrogel surface, before and after every cleaning
treatment, using a Crison pH meter, mod. Basic-20
(Crison Instruments s.a. Alella, Barcelona, Spain),
equipped with a flat surface pH electrode (mod.
HI1413B; Hanna Instruments Inc., Woonsocket, RI,
USA). Colorimetry measurements concerning the
optical quality of paper were performed using an Eop-
tis Digital Handheld Colorimeter (mod. CLM-194,
Eoptis srl, TN, Italy). The coordinates in the CIELAB
color space (L*=brightness, a*=red/green color
component, b* =blue/yellow color component) were
obtained using a D65 illuminant and a 10° observer.
Chromatic variation tests before and after cleaning
were reported in terms of AE=[(AL*)*>+(Aa*)*+
(Ab*)?]"2, which is the distance between two points
in the CIELAB color space. All experiments were
performed in triplicate in same points (RSD <1%)
and in different points throughout the area of interest,
obtaining consistent and repeatable results.

High pressure liquid chromatography (HPLC)
HPLC analyses were performed using an Agilent
1100 HPLC system with autosampler (G1329A)

equipped with four pumps (G1311A), and a 1100
Series Diode-array Detector (Agilent Technologies,
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CA, USA) with column C18 reverse phase (5 pm
250x 4.6 mm PINNACLE II, RESTEK, USA). Anal-
yses were performed on extracts obtained by treat-
ing 1 cm? of paper samples with 1 mL of methanol,
stirring on the rotating wheel (Dynal AS, Sweden)
for 24 h at room temperature. After centrifugation at
6000 rpm, the supernatant was filtered on RephiQuik
PTEE filter with pore size 0.45 pm (RephilLe Biosci-
ence Ltd, Shanghai, China) and analyzed by HPLC.
The analysis was carried out using gradient condi-
tions of the mobile phase using bi-distilled water with
2% acetic acid at pH 3 (solution A) and methanol
(solution B, organic modifier in the aqueous solvent
A). The gradient starts at 5% methanol and increases
as reported in Table S1. Each chromatographic anal-
ysis was repeated three times on the same day and
also on different days for all samples, to compare the
reproducibility of results.

Results and discussion
Gellan gum methacrylate functionalization

Deacetylated gellan gum is a linear hetero-pol-
ysaccharide whose repeating unit is a tetramer
of one (1,3)-B-p-glucose, one (1,4)-p-p-glucose,
one (1,3)-p-p-glucuronic acid, and one (1,4)-o-L-
rhamnose (Morris et al. 2012), as illustrated in the
chemical structure reported in Fig. 1. In order to
design a smart material with peculiar features, GG
has been chemically modified to obtain methacrylated
gellan gum by exploiting the high content of hydroxyl
groups that can undergo a methacrylation reaction in
the presence of glycidyl methacrylate. The chemical
functionalization is schematically shown in Fig. 1.

To monitor the occurrence of the chemical modi-
fication of gellan gum, 'H NMR spectra of GGMA
and GG have been recorded, as reported in Fig. 2A
and 2B. The 'H NMR spectrum of GG (Fig. 2B) is
characterized by the presence of four main peaks
that correspond to —CH of rhamnose (6 5.05 ppm,
R1), —CH of glucuronic acid (& 4.28 ppm, GA1l),
—CH of glucose (8 4.40 ppm, G21), and -CH; of
rhamnose (8 1.14 ppm, R6). Differently, the 'H
NMR spectrum of GGMA (Fig. 2A) shows the
appearance of distinctive peaks in the double bond
region (6 6.04 and 5.65 ppm) and a sharp peak
(6 1.86 ppm) that corresponds to the —CH; of the
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Fig. 1 Schematic illustration of the functionalization of GGMA
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Fig. 2 'H NMR spectra of A GGMA and B GG in DMSO-d6
at 40 °C after water presaturation. Assigned peaks are labeled
as: (R1) —CH of rhamnose, (GA1l) —CH of glucuronic acid,
(G21) —CH of glucose, (R6) —CHj; of rhamnose, and C —CH;4
of the methacrylate moiety. Red vertical lines highlight the
chemical shift of the distinctive peaks that appear in GGMA,
but not in GG

methacrylate moiety (see label C in Fig. 2). In addi-
tion, the '>*C NMR spectrum of GGMA has signals

at 167.1 ppm (C=0), 136.1 (CH,=), 126.6 ppm
(CH=), and 18.3 ppm (CHj;) that are not detected in
the pristine GG, as shown in Fig. S1 of the Support-
ing Information (SI). A further validation was car-
ried out through 2D DOSY analysis (Fig. S2 of the
SI) which suggests that the assigned H resonance
peaks belong to moieties that diffuse at the same
rate as the polysaccharide main chain, thus confirm-
ing that the methacrylate functional groups are suc-
cessfully bound to the macromolecular structure.
Moreover, the methacrylation of GG was also con-
firmed by ATR-FTIR analysis through the broaden-
ing of the band at approximately 1640 cm™!, due to
the presence of a double carbon bond (C=C), and
the characteristic signal around 1730 cm™', ascribed
to the stretching of the C=0 belonging to meth-
acrylic ester (Fig. S3). Both bands were absent in
the starting GG spectra.

The derivatization degree (DD) of GGMA,
defined as the fraction of hydroxyl groups (OH)
modified with-methacrylated moieties, was calcu-
lated by comparing the integral value of the methyl
peak of methacrylate (& 1.86 ppm, see label C in
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Fig. 2) in the '"H NMR spectrum to that of a ref-
erence polysaccharide peak (Fig. S4 of the SI), by
using the following equation:

11.86

pD=L|2
10| Ly

n,

"

where I, 44 is the integral value of the methacrylate
methyl peak; 3 is the number of equivalent protons of
the methyl group; 7, is the integral value of a ref-
erence peak of the polysaccharide; n, is the number
of equivalent protons of the reference signal; and 10
is the number of hydroxyl groups in repeating unit of
gellan gum. The methyl thamnose peak (R6 in Fig. 2,
n, = 3) or the anomeric rhamnose peak (R1 in Fig. 2,
n, = 1) can be chosen as a reference, being the fur-
thest from the water signal. However, independently
on the choice of the reference peak, the calculated
DD value is 0.014.

To investigate the reaction mechanism of gellan
gum chemical functionalization, '3C NMR spectra
of GG and GGMA were collected. Two different
reaction pathways may be identified as responsible
for the polysaccharide functionalization with GMA,
i.e. transesterification or addition of the oxirane ring
to any hydroxyl group of GG (see Fig. S5 of the SI).
The comparison between the '°C NMR spectra of

GG and GGMA in the 65-75 ppm region reported
in Fig. 3A shows that only for GGMA two carbon
peaks are detected at 65.6 and 67.7 ppm. However,
in the case of the addition of the oxirane ring, three
extra peaks corresponding to the carbons 5, 6 and 7
would be expected (see Fig. 3A). On the contrary,
no extra peaks with the chemical shift expected
for carbon 6 are detected. In addition, as shown by
the distortionless enhancement polarization trans-
fer spectra (DEPT) at 135° reported in Fig. 3B,
negative signals for both new peaks are observed,
thus excluding that they belong to CH. Indeed, in
DEPT 135 CH and CH; peaks are positive, CH, is
negative, and quaternary carbons are absent. These
results reveal that negligible modification of GG by
the addition pathway occurred. Thus, transesteri-
fication is the preferred reaction pathway for gel-
lan gum methacrylation. Under this assumption,
the carbon peak at 65.6 ppm can be identified as
the CH, carbon of the substituted polysaccharide
units, i.e. G1 or G2 or both, as shown in Fig. 1.
On the other hand, the less intense carbon peak at
67.7 ppm can have two possible origins: (i) it is a
signal related to a CH, carbon of substituted poly-
saccharide which contains less substituted units,
or (ii) it belongs to a methacrylated group formed
by addition of oxirane whose other signals are not
detectable because of the reduced probability of

84 80 76 72 68 64 60
Chemical shift (ppm)

5 74 73 72 71 70 69 68 67 66 65
Chemical Shift (ppm)

170 130 90 50 10

Chemical shift (ppm)

Fig. 3 Portions of '*C NMR spectra in DMSO-d6 at 40°C.
A: superimposed spectra of GGMA (black) and GG (red); B:
DEPT135 of GGMA. Example of expected structure in case of
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GG modification with glycidyl methacrylate by addition of the
oxirane ring is also shown in the inset
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this reaction pathway. In any case, the much higher
intensity of the 65.6 ppm peak reveals that the glu-
cose CH, carbon is the preferred reactive site for
the methacrylate derivatization.

Gellan gum methacrylate hydrogels

Having verified the occurrence of gellan gum meth-
acrylate functionalization, the capability of modi-
fied gellan gum to form hydrogels, suitable for
paper cleaning applications, has been investigated.
As shown in Fig. S6 of the Supporting Information,
GGMA is still able to form hydrogels by decreas-
ing temperature in the presence of divalent cations,
with only a slight change in the concentrations of the
constituents. The wettability of both GG and GGMA
dried hydrogels was also determined at room tem-
perature. This measurement allows to investigate the
hydrophobicity of the material and to understand how
a polar solvent may interact with it. Before meas-
urements, both samples were placed on glass slides
and dried at room temperature overnight, in order to
emphasize the possible different properties (Vanbeek
et al. 2008). As shown in Fig. 4A, the contact angle
value (0) for the GG dried hydrogel is 0°, indicating a
complete material wettability and a high water affin-
ity. A different behavior is observed for the GGMA
dried hydrogel, whose measured contact angle is
88°+2° (Fig. 4B). These results reveal the higher
hydrophobicity of the modified gellan gum.

To ascertain the effect of methacrylation on the
internal structure of GGMA hydrogels, rheological
measurements were performed. Figure 5 shows the
comparison between two strain sweeps performed
on GG and GGMA hydrogels, respectively. Both
the storage and loss moduli show almost constant

Fig. 4 Images of contact angles formed by a drop of bidis-
tilled water on A GG and B GGMA dried hydrogel
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Fig. 5 Storage G’ (filled symbols) and loss G’’ (empty sym-
bols) moduli as a function of strain y for the hydrogels GGMA
(light blue squares) and GG (purple red stars) at T=25°C

behavior at small strains with G'>G", indicating that
the samples behave like an elastic solid with a hard
structure, as suggested by the high value of the zero-
strain moduli (order of 10* Pa). Then, at y ~ 1% G’
and G” intersect. This point, which is defined as the
critical stain y,, corresponds to the breaking point
of the gel. It denotes the rupture of the macroscopic
structure, and for y>y, samples behave like a vis-
cous liquid with G”> G’. These data suggest that with
a small change in the polysaccharide concentration
(Cw=2.0% for GG and C,=2.5% for GGMA) and
in salt content (C;=2.5 mM for GG and C;=5 mM
for GGMA) a very similar rheological behavior of the
two hydrogels is observed.

This feature is important because the measured
mechanical properties ensure an optimal removal
ability of compounds from the surface. Indeed, a uni-
form contact between the gel and the paper is feasi-
ble, and, even after the cleaning treatment, hydrogels
are not breakable during handling and, importantly,
their shape does not change, allowing for an efficient
and localized action.

The internal structure of GG and GGMA hydro-
gels was also characterized through AFM measure-
ments, as shown in Fig.6A, B, respectively. Both sys-
tems form extended branched networks, with long and
interconnected fibers. In addition, the distributions of
values of fiber height shown in Fig. 6 C, D suggest the
presence of different structural levels of order, from
helix structures to side-by-side aggregation of double
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Fig. 6 AFM images (height
channel) of hydrogel net-
works formed by A GG and
B GGMA. Bars are 200 nm.
The height profiles of the
cross-sections highlighted
in the images are shown in
panels C and D, respec-
tively

Height [nm]

Width [um]

helices induced by divalent cations, in agreement
with previous studies (Diener et al. 2020; Tavag-
nacco et al. 2023). These results reveal that the deri-
vatization degree of 0.014 used in this work allows to
obtain a good balance between the increased hydro-
phobicity of the modified material and its maintained
ability to form hydrogels. It must be emphasized that
DD of gellan gum with methacrylic moieties was
kept low in order to avoid alteration in both gelation
properties, due to the addition of relatively bulky sub-
stituents, and water solubility (Coutinho et al. 2010;
Shin et al. 2012; Tavagnacco et al. 2023). Moreover,
a lower DD is an advantageous goal from a point of
view of economic savings, process scaling, and sus-
tainability for the environment. Furthermore, the pH
of the GGMA hydrogel is almost neutral (6.3 +0.1)
and therefore suitable for paper cleaning applications.

Evaluation of paper compatibility

The compatibility of GGMA hydrogels with paper
was tested on reference samples made of pure cel-
lulose. First, the retentive properties of GGMA gels
were measured by determining the amount of water
released on Whatman filter paper sheets at fixed
times. Information on the water release properties
is fundamental to avoid sample damaging because
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of an excessive solvent absorption during the clean-
ing procedure. The measured weight increase due to
water uptake from the hydrogel for a Whatman filter
paper after 1 h of application is about 140% using
the GGMA hydrogel. This result is similar to that
obtained for classic GG hydrogel (150%) with the
same application time and reference treated paper,
indicating that GG and GGMA hydrogels have com-
parable retentive properties (Li et al. 2021). Then, the
presence of gel residues on paper or the occurrence
of changes in the morphology of cellulose fibers were
evaluated. With this aim, the hydrogel weight and
dimension were monitored during the application
process, finding weight variations lower than 3% and
no detectable size changes. Complementary ATR-
FTIR and SEM experiments were also carried out on
paper by comparing results before and after gel appli-
cation and finding the absence of significant changes,
as shown in Fig. S7. Finally, the effect GGMA hydro-
gel on paper pH and colorimetry values was tested.
The pH value changes from 6.1 +0.1 to 6.3+0.1 with
the application of a GGMA hydrogel (after cleaning
with GG it is 6.4 +0.1), while the colorimetric varia-
tion is negligible, i.e., 0.2 +0.1 (see Table 1A). Over-
all, these findings assess the full compatibility with
paper of the proposed hydrogel.
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Table 1 pH values of

Treatment pH AL* Aa* Ab* AE*
uncleaned and cleaned
samples and position (A): Whatman paper sample
variation of samples in the Unireated 6.140.1
CIELAB space (on the L T
* a* and b* axes and as a GG hydrogel 6.4+0.1 0.1+0.1 -0.1+0.1 -0.1+0.1 2+
total chromatic variation, GGMA hydrogel 6.3+0.1 0.1+0.1 0.2+0.1 —0.1+0.1 0.2+0.1
ie., AE¥) of (A): Whatman (B): Breviarium paper sample
paper sample; (B): Untreated 6.7+0.2
Breviarium paper sample; e
(C): notebook paper GG hydrogel 7.6+0.1 3.8+0.1 -1.0+0.1 -5.6+0.1 6.9+0.1
sample; (D): Whatman GGMA hydrogel 8.1+0.2 4.1+0.1 -0.5+0.2 —6.0+0.1 +
paper soiled “_’ith linseed (C): notebook paper sample
oil after cleaning; (E): untreated 50402
notebook paper with aged T
adhesive after cleaning GG hydrogel 55+0.1 2.3+0.1 -1.0+0.1 -22+0.1 33+0.1
GGMA hydrogel 5.7+0.1 2.1+0.1 -0.1+£0.1 -2.0+0.1 +
(D): Whatman paper sample soiled with linseed oil
Untreated 43+0.2
GG hydrogel 44+0.1 1.3+£0.2 -0.5=+0.1 -2.7+0.3 3.0+£02
GGMA hydrogel 55+0.2 6.0+0.1 -39+0.2 —-133+0.1 15.1+0.1
In all cases, untreated (E): Notebook paper with aged adhesive
paper has been used as a Untreated 63+0.2
reference. Treatments with GG hydrogel 6.5+0.1 0.2+0.1 -0.1+0.2 -12+0.1 12+0.1
hydrogel is always 60 min GGMA hydrogel ~ 72+0.1  0.5+0.2 —04+02  —5.7+0.1 57402

long

Paper cleaning ability

The paper cleaning ability of the GGMA hydrogel
was tested on two well-known paper samples, i.e.,
“Breviarium romanum ad usum fratrum” (hereaf-
ter called Breviarium) and modern notebook paper
(Di Napoli et al. 2020; D’Andrea et al. 2021; Maz-
zuca et al. 2016). The qualitative composition of the
paper samples was estimated using optical micros-
copy, by exposing the paper fibers to Graff *‘C’’ stain
(Fig. S8). This test allows to distinguish common
papermaking processes and plant fibers sources on
the basis of the measured color range (Hubbe et al.
2019). Fig. S8A shows that the Breviarium paper fib-
ers are stained red, which is the signal of a high cel-
lulose content and thus a papermaking process based
on rag pulp, as expected for a eighteenth century
paper (Collings and Milner 1984). Similar analyses
carried out on 1990s modern paper give light bluish-
grey fibers, as reported in Fig. S8B. This result sug-
gests that the modern paper sample was produced
from bleached chemically treated wood pulp (using
the Kraft process, also named “sulphate process”)
(Cabalovi et al. 2017).

The retentive properties of GGMA and GG
hydrogels were evaluated for both paper samples.
In the case of Breviarium paper, the measured
weight increase by paper after 1 h of gel applica-
tion is about 105% and 110% for GGMA and GG
gels, respectively. In the case of notebook paper,
the measured weight increase by paper is about
90% and 95% for GGMA and GG gels, respectively.
These measurements confirm that, as in the case
of Whatman paper, the retentive properties of the
GG and GGMA hydrogels are the same and thus,
the water uptake of a paper sheet in contact with
GGMA hydrogel is similar to that of GG hydrogel.

Comparative diagnostic analyses before and after
the hydrogel application were performed on the two
kind of paper samples. The FTIR spectra reported
in Fig. 7 show a decrease of the peaks intensity in
the spectral region between 1750 and 1550 cm™!
after GG or GGMA gel application for both Brev-
iarium and notebook modern paper samples, which
is attributable to a reduction of cellulose degrada-
tion byproducts (Drabkovéd et al. 2020). The dif-
ference in the variation of peaks intensity among
the two paper samples is mainly attributable to a
more pronounced degradation stage of Breviarium
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Fig. 7 FTIR spectra of A Breviarium and B notebook paper samples before (red) and after cleaning with GGMA (blue) and GG
(green) hydrogels. Significant bands are indicated by arrows. Spectra are normalized to the maximum for clarity

paper, because of a strong natural aging, and to the
presence of waterproofing sizing agents in mod-
ern paper (Hubbe et al. 2019). The FTIR spectra
also reveal that no peaks related to the presence of
hydrogels residues are detected.

The effect of the hydrogel application on the paper
acidity was then evaluated. The pH value of Brevia-
rium surface increased from 6.7 +0.2 to 8.1 +0.3 and
7.6+0.1 after cleaning with GGMA and GG hydro-
gel, respectively. On the other hand, modern note-
book paper exhibited a starting pH value of 5.0+0.2
which increased up to 5.7+0.1 and 5.5+0.1 after
cleaning with GGMA and GG hydrogel, respectively
(see Table 1B and C). These results demonstrate
the ability of both hydrogels to remove acidic com-
pounds deriving from cellulose degradation and from
slightly acid peptides arising from gelatin used for
sizing (Bronzato et al. 2015). The optical quality of
cleaned paper has also been investigated by means of
colorimetry experiments. For Breviarium paper AE*
is 7.3 and 6.9 using GGMA and GG gels, respec-
tively, while in the case of notebook paper AE* is 2.9
and 3.3 for GGMA and GG gels, respectively (see
Table 1B and C). These findings suggest that the pro-
posed treatment is able to remove molecules respon-
sible for the paper yellowing. Importantly, micro-
scope images reported in Figs. S9 and S10 in SI show
that the contour of the printing inks and a selection
of handwritten media (see Materials and Methods)
remains stable in both paper samples and thus prove
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that GGMA cleaning does not cause ink spread-
ing or solubilization on paper. Overall, the cleaning
power of GG and GGMA hydrogels is similar, even
on paper with different properties, demonstrating the
efficacy and suitability of the proposed methacrylate-
based system, as compared to well-established clean-
ing tools.

Hydrophobic compounds removal capacity

Having established the compatibility and clean-
ing effectiveness of GGMA hydrogels with paper,
their removal ability of hydrophobic compounds was
finally evaluated. As described in the Introduction,
until the mid-nineteenth century linseed oil could be
found in paper artifacts with the drawback of favor-
ing paper yellowing and acidification, thus promot-
ing cellulose depolymerization (Vereshchagin and
Novitskaya 1965; Kochhar 1993; Lazzari and Chi-
antore 1999). For this reason, the hydrophobic com-
pounds removal capacity was first studied on What-
man filter paper samples soaked with linseed oil and
aged. Figure 8A shows the ATR-FTIR spectrum of
a Whatman filter paper sample before cleaning. The
bands detected at 1730 cm™' and 1600 cm™' can be
assigned to the stretching mode of the carbonyl and
carboxylate moieties, respectively, thus signaling the
presence of acid and oxidation compounds deriving
from oil (Lazzari and Chiantore 1999). To monitor
the cleaning efficacy of GGMA and GG hydrogels,
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Fig. 8 A FTIR spectra and B HPLC chromatograms of aged Whatman filter paper soaked with linseed oil, before (red) and after

cleaning with GGMA (blue) and GG (green) hydrogels

the intensity of the band at 1730 cm™!, attributable
to oil, is compared with that at 1024 cm™', mainly
related to the CO and CC stretching and CCH and
OCH bending modes of cellulosic units (see Fig.
S11A) (Lojewska et al. 2006). Therefore, the amount
of oil on the paper sample is proportional to the inten-
sity of the band at 1730 cm™! with respect to that at
1024 cm™!. After the cleaning procedure with GGMA
hydrogel, there is a significant decrease in the intensi-
ties of spectroscopic bands attributable to oil, but they
remain almost unchanged after the application of GG
hydrogel (see Table S2). These results demonstrate
that the use of a more hydrophobic material, such as
GGMA, is necessary to efficiently remove oil stains
from paper. Moreover, no unexpected peaks, due to
the presence of hydrogel matrix residues, are visible.
The ability of GGMA hydrogel to adsorb hydro-
phobic compounds can be explained by hypothesiz-
ing that methacrylate side chains of GGMA polymers
self-associate, forming hydrophobic domains, simi-
larly to what detected in aqueous solution for some
hydrophobic derivatives of hyaluronate, another ani-
onic polysaccharide (Creuzet et al. 2006). Similarly,
formed hydrophobic domains in GGMA hydrogel can
target and segregate small hydrophobic molecules
adsorbed by the gel, leading to their efficient removal
from paper. The evidence that hydrogel is not just an
“inert water reservoir” but rather that the constituent
polymers have a role in the cleaning process, has been

already pointed out in the literature (Mazzuca et al.
2014, 2017). In particular, it was reported (Mazzuca
et al. 2017) that hydrogels made up of poly(2-hydrox-
yethyl methacrylate) and poly(vinyl pyrrolidone)
polymers have different affinity for acidic cellulosic
by-products with respect to GG hydrogel, explaining
the different cleaning properties of these hydrogel
matrices.

In Fig. 8B, the chromatograms obtained from the
extraction in methanol of the paper sample soaked in
linseed oil before and after the cleaning process with
GGMA and GG hydrogels are compared. The chro-
matogram of untreated paper (red curve in Fig. 8B)
shows the complex characteristic profile of the lipid
component, identifiable by the peaks at 40-50 min
which belong to traces of linseed oil fat acids. After
application of GGMA and GG hydrogels, the inten-
sity of these peaks decreased, signaling partial oil
removal, with a higher variation induced by GGMA
hydrogels (see Table S2) (Mazzuca et al. 2016). More-
over, the absence of detectable residues of GGMA
and GG hydrogels was confirmed by HPLC experi-
ments in both water (data not shown), and methanol.
In addition, as shown in Table 1D, the pH value of
the paper increased from 4.3+0.2 for the untreated
samples to 4.4+0.1 and 5.5+0.2 after cleaning with
GG and GGMA, respectively (the pH of the linseed
oil is 4.940.2). These results indicate that paper is
degraded due to the oil action, but GGMA hydrogel
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is able to remove acid compounds deriving from cel-
lulose and oil deterioration. Furthermore, as shown in
Table 1D after a GGMA hydrogel cleaning process,
the brightness of the sample increases (AL*>0),
while the values of the red and yellow tones decrease
(Aa*<0 and Ab*<0, respectively). The applica-
tion of GGMA hydrogels favors a color variation
(AE*=15.1+0.1) compared to the untreated sample.
These data evidence the higher ability of the GGMA
hydrogel to remove chromophore compounds, with
respect to the GG hydrogel.

As a final test of the hydrophobic compounds
removal capacity of GGMA hydrogels, we investigated
the cleaning efficiency of aged modern adhesive (from
pressure adhesive tape), a more hydrophobic material
that is usually found on modern paper surface. The
adhesive composition consists of aged synthetic rub-
ber (a copolymer made of styrene and isoprene), and
polypropylene or poly(vinylchloride) backing, as deter-
mined by ATR-FTIR spectroscopy (D’Andrea et al.
2021). Over time, the copolymer is subjected to oxida-
tion processes which lead to the production of carbonyl
compounds, identifiable by the band at 1730 cm~!, as
shown in Fig. S11B, and to a worsening of the mac-
roscopic features, such as yellowing and hardening
(Comelli et al. 2014; Gémez et al. 2019). The varia-
tions in the FTIR spectra after the cleaning treatment
were used to evaluate adhesive removal (see Fig. 9A).
As reported for linseed oil, the band at 1730 cm™!,
attributable to the stretching mode of the carbonyl moi-
ety of the adhesive, is compared to that at 1024 cm™!,
assignable to the vibrational modes of cellulose units
(see Fig. S11B) (Gorassini et al. 2016). After the clean-
ing treatment, the absorbance at 1730 cm™~! decreases

Fig. 9 A: FTIR spectra of

from 0.339 to 0.328 and 0.172 for GG and GGMA
hydrogels, respectively. Even if the adhesive removal is
not complete, these results, together with colorimetric
and pH surface measurements (see Table 1E), prove
that the use of a more hydrophobic material, such as
GGMA, is necessary for the efficient removal of adhe-
sive stains from paper. Importantly, images reported in
Figs. 9B and S12 clearly highlight the greatest removal
efficacy of GGMA with respect to GG, without remov-
ing or fading out notebook lines. The SEM images
reported in Fig. S13 of the SI further confirm that the
translucent adhesive patina on paper has been removed
by GGMA, but not by GG, and that no residues are left
on the samples.

Conclusions

In this work, the use of GGMA hydrogels has been
evaluated as a a single component system, tool for
a green, water-based removal of potentially harm-
ful hydrophobic substances, such as oily materials
and synthetic adhesives. The treatment is also suit-
able for different paper typologies. Notwithstanding
the chemical modification of the gellan gum poly-
mer, GGMA hydrogels exhibit rheological behavior
similar to that of GG, thus allowing an easy handling
and a good adaptation to paper surfaces. The compat-
ibility and cleaning efficiency of the GGMA hydro-
gel have been assessed on paper samples differing in
composition and state of degradation and compared
to the behavior of GG hydrogel. The removal capa-
bility of hydrophilic substances as cellulose degra-
dation byproducts of GGMA hydrogel was found to

A

modern paper with adhesive
before (red) and after clean-
ing with GGMA (blue) 0.8
and GG (green) hydrogels.

Spectra are normalized to

the maximum for clarity; B: P 0.6
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be comparable to that of GG. Moreover, the GGMA
hydrogel has been tested for the removal of natural
aged linseed oil from Whatman paper and old rub-
ber-based pressure adhesive tape from modern note-
book paper. By using a multi-technique approach,
based on spectroscopic, chromatographic, SEM, col-
orimetric, and pH measurements, it has been shown
that GGMA hydrogels possess cleaning properties
similar to those of the GG hydrogel regarding hydro-
philic residues, but due to its higher hydrophobic
character, with the addition of an interesting hydro-
phobic residues removal activity, almost absent in
the GG hydrogel. Even if a total hydrophobic compo-
nent removal is not reached yet, the studied GGMA
hydrogel represents an improvement over the well-
established GG one. This preliminary study opens
the way to a new class of opportunely modified GG-
based hydrogels for paper cleaning, whose hydro-
phobic materials removal efficiency can be tuned by
varying the derivatization degree of gellan gum.
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