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ARTICLE INFO ABSTRACT

Keywords: Konjac glucomannan (KGM) is a non-toxic, biodegradable polysaccharide known for its excellent gel-forming
Konjac properties and high water retention. This study presents a novel tannin-enhanced KGM hydrogel, tailored for
Hydrogels controlled solvent release and improved surface adaptability in artwork cleaning applications. Hydrogel
gzlr);f};i?;ls formulation consisting of KGM crosslinked with borax was optimized generating borax through the reaction of

boric acid and sodium hydroxide. This resulted in uniformly crosslinked gels with improved tensile strength and
high moisture retention, essential for controlled cleaning. Moreover, tannins were incorporated in the optimised
KGM-based polymer matrices. This modification was introduced as a novel and sustainable strategy to enhance
crosslinking, leveraging natural polyphenols to add functional properties. Two tannins were tested: a condensed
tannin isolated from Vitis vinifera, and a hydrolyzable tannin isolated from oak, tannic acid. Tannins were
incorporated either through hydrogen bonding or covalently. Covalent attachment was achieved using
epichlorohydrin (ECH) to add an epoxide motif to the tannin, enabling covalent binding with KGM. The resulting
gels were thoroughly characterized for their chemical, rheological and morphological properties, showing that
novel crosslinking via in situ borax formation improved moisture retention and surface adaptability, while the
incorporation of tannins enhanced water absorption, maintaining high retention and favorable mechanical
properties.

Mechanical properties
Water retention
Cleaning

1. Introduction d-glucose linked by p(1—4) bonds. It contains a low amount of acetyl

groups, present at the C-3 position of the mannose units, that facilitate

Glucomannans are polycarbohydrates present in various natural
sources like tubers, bulbs and roots, as well as both hardwoods and
softwoods (Spiridon & Popa, 2008). Among those, the best-known raw
material for glucomannan production is konjac (Amorphophallus konjac),
given its high glucomannan content and the facile extraction of the
polycarbohydrate (Gémez et al, 2017; Srzednicki & Bor-
ompichaichartkul, 2020). Konjac glucomannan (KGM) is a high mo-
lecular weight, non-ionic polysaccharide, consisting of d-mannose and

* Corresponding authors.

water solubility at low concentrations (Davé & McCarthy, 1997). Due to
its excellent biocompatibility, non-toxicity, biodegradability and high
content of hydroxyl groups, KGM has been applied in multiple fields
including food industry, where it serves as a thickener, gelling agent and
stabilizer, (Halim et al., 2023; Zhang et al., 2022), in biomedical fields
like wound dressing, (Luan et al., 2017; Zhou et al., 2022) and in cos-
metics and skin care products due to their moisture-retaining ability
(Ervina et al., 2020; Paufique, 2010).
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The most common crosslinking method to form KGM hydrogel is
alkali-induced gelation, widely applied in food technology and
biomedical engineering (Lee et al., 2022; 7. Liu et al., 2021; Zhang et al.,
2022). Another crosslinking method involves the use of sodium tetra-
borate decahydrate (NayB4O7010H,0, i.e., borax). The hydrogel forms
via interchain crosslinking of two cis-diol pairs from KGM, mediated by
borate ions (Gao et al., 2008). These hydrogels are transparent, capable
of self-healing, pH-responsive and of flexible texture, as intermolecular
bonding involving borax and konjac motifs is reversible (Chen et al.,
2019; Song et al.,, 2019). These characteristics render KGM-borax
hydrogels well-suited for biomedical applications such as wound heal-
ing, (Song et al., 2019; Zhou et al., 2022) as well as for wastewater
treatment, where their adsorption capacity enables the removal of dyes
and heavy metals (Oishi & Maehata, 2013). Recently, KGM-borax
hydrogels were applied to provide water and other solvents in very low
amounts in the cleaning of water-sensitive surfaces such as historical
wooden musical instruments, highlighting their advantageous moisture
properties, texture and cleaning efficacy in the cultural heritage field
(Chelazzi et al., 2020; Lee et al., 2022). In this field, cleaning procedures
should ensure the safe removal of superficial contaminants such as dust,
soil, grease, etc., without affecting the underneath layer (Fiocco et al.,
2021; Lee et al., 2024a). For an effective and safe application, hydrogels
must exhibit chemical inertness and optimal moisture management,
meaning they should absorb a substantial amount of solvent while also
regulating its release effectively. They must be resistant to breakage to
prevent leaving residues, and sufficiently flexible to adapt to uneven
surfaces (Borysenko, 2021; Sansonetti et al., 2020). Additionally,
hydrogels should ideally be transparent or whitish to enable visual
monitoring of cleaning events, to assess cleaning efficacy eventually by
means of spectroscopic methods, and to ensure precision to the
conservator (Micheli et al., 2014).

The gelling mechanism for hydrogels formed with borax as a cross-
linking additive, such as the previously reported KGM-borax gel (Lee
et al., 2022), is based on the dissociation of borax in an aqueous me-
dium, resulting in an equilibrium involving boric acid (B(OH)3), borate
anions ([B(OH)4] ), and sodium cations (Na*). However, the solubility
of borax in water is known to be low, ie., 31.7 g/L (John & Colin D.,
2013) and it is also reported that the borax-containing hydrogels often
suffer from an inhomogeneous structure caused by insufficient mixing of
the borax with the polymer matrix (Figure S1) (Chmara, 2024). A
smooth structure is more desirable since it would guarantee a more
uniform interaction, or action on and with the surfaces to be cleaned,
and thus a more evenly distributed cleaning effect. This is especially the
case when the cleaning is not supposed to be done with swiping
movements, but in a stationary fashion, placing slabs of hydrogel on the
surface. To sustainably enhance KGM-borax hydrogel properties, ie.,
microstructure, hydrophilicity, moisture retention, and tensile strength,
natural polyphenols can be incorporated as structurally diversifying,
essentially more flexible and thus more random elements that actively
participate in the crosslinking.

Natural polyphenols are secondary metabolites derived from the
pentose phosphate, shikimate, and phenylpropanoid pathways in plants,
and exist in form of lignins, lignans, and tannins (Randhir et al., 2004).
Tannins exist in a threefold structural variety. Gallotannins and ellagi-
tanninsare soluble and cleavable into their components in hot water or
in the presence of a tannin-specific enzyme, e.g., tannase, and are thus
termed ‘hydrolysable’ tannins. Tannin species without carbohydrate
moieties, termed proanthocyanidins, polyflavonoid tannins,
catechol-type tannins or pyrocatecollic type tannins, are stable under
these conditions and thus called ‘non- hydrolysable’ or ‘condensed’
tannins (Haslam, 1989; Khanbabaee & Ree, 2001; Pizzi, 2008). An
example for condensed tannins, which are derived from the flavonoid
pathway, are the tannins obtained from wine, i.e., Vitis vinefera (Vv),
consisting normally in a mix of procyanidins and profisetidins (Fig. 1a)
(Zhen et al., 2021Db). These have relatively small structures with a high
phenol group content. An example for a hydrolysable tannin, derived
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from the shikimate pathway, is tannic acid (TA), isolated from oak galls
or from oak bark, presenting a more voluminous structure and still
higher phenolic content (Fig. 1b). Most notably, like glucomannan,
tannins can also be obtained from waste biomass, i.e., from the residues
of the wine, forestry, wood and furniture industries. Tannins have
gained increasing interest due to their antioxidant and antimicrobial
properties,(Fraga-Corral et al., 2021; Gianni et al., 2020; Koleckar et al.,
2008; Villanueva et al., 2023) and UV protection capabilities,(Alfonsi
et al., 2023; Liao et al., 2019) and they have been explored as valuable
biomaterial mediators or bioactive additives in various tissue engi-
neering applications (Buzzini et al., 2008; Kim et al., 2020; Pizzi, 2008;
Wei et al., 2023). The antioxidant, radical scavenging, and antimicrobial
properties of tannins can also been useful in the context of the cleaning
of cultural heritage items, where they might contrast, for example, the
oxidative damage of sensitive surfaces eventually provoked by an
additional or previously used cleaning agent that left residues. Their
biological activity can be exploited to lower the number of bacteria on
the surface of cultural heritage objects that could thrive on some of the
historic organic coatings and thus destroy the objects.

Chemically, tannins exhibit versatile crosslinking capabilities in the
context of hydrogels through various potential binding mechanisms,
including hydrophobic coordination, electrostatic interaction, hydrogen
and ionic bonding; consequently, numerous studies have investigated
polyphenols as crosslinking agents, being able to add interesting fea-
tures to hydrogel matrices (Alavarse et al., 2022; Jafari et al., 2022;
Shavandi et al., 2018; Tang et al., 2025, 2024).

Apart from structurally diversifying the hydrogel matrix, this study
aims to develop novel KGM-based hydrogel formulations displaying a
much more uniform crosslinker incorporation, for ultimately improving
both mechanical and moisture properties, using a sustainable approach
suitable for cleaning cultural heritage surfaces.

To achieve the desired characteristics, the preparation of the newly
developed KGM-based hydrogels was devised in three approaches. The
first focuses on the facilitation of uniform crosslinking and generation of
a homogeneous, particle-free matrix, which was hypothesized to happen
by incorporating boric acid (H3BOs) (BA) and sodium hydroxide
(NaOH) for an in situ generation of borax. BA can overcome the low
solubility problem of borax, granting consistent incorporation of the
crosslinking agent across the whole volume of water.

As a second way of varying hydrogel characteristics, Vv and TA
tannins were added to sustainably advance the crosslinking system by
offering non-linear structures capable of a more flexible crosslinking
and, thus, a means to manipulate pore sizes within the hydrogel
structures.

In a third approach, incorporation of tannins and in situ borax for-
mation was accompanied by the addition of epichlorohydrin (ECH) as a
second, organic crosslinker, diversifying chemical bonding between
KGM and tannins, moderating the strong hydrophilicity introduced by
the boron-based crosslinker. EECH, was selected for beeing a commonly
used, biobased crosslinker known for its ability to react with hydroxyl
and phenolic groups, forming stable covalent networks (Kuniak &
Marchessault, 1972; Nouailhas et al., 2011; Obaid et al., 2025). Its
compatibility with both polysaccharides and polyphenols makes it
particularly suitable for the dual-network design proposed in this study.
Moreover, ECH is obtainable from renewable resources, (Bell et al.,
2008) aligning with the sustainable strategy of this work.

Typically, polyphenols undergo pre-functionalization with ECH,
with the resulting epoxidized polyphenols serving as starting material
for the synthesis of new substances (Ferruti et al., 2023; Vera & Urbano,
2021).

In this study, a novel one-step process is presented for combining the
synthesis with tannin-enhanced konjac glucomannan hydrogels with
optimised, in situ-realised crosslinking with different crosslinking sys-
tems, both singularly or in combination, for generating hydrogels with
improved mechanical features.

The realised gels were comprehensively characterized in terms of
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Fig. 1. Chemical structures of Vitis vinifera tannin (Vv) (a), tannic acid (TA) (b) and a conceptual structural representation of the various crosslinking means applied
in this work, i.e., in situ borax-based (c), using tannins and in situ borax (d), and using tannins together with epichlorohydrin (ECH) and in situ borax (e).
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their morphology and chemical composition through microscopy and
spectroscopic analyses. Additionally, the moisture content, thermal and
mechanical characteristics of the new gels were measured to identify
promising products for the cleaning of cultural heritage artefacts. The
various data are further compared to a reference system consisting in a
borax-crosslinked KGM hydrogel previously reported (Lee et al., 2023).

2. Materials and methods
2.1. General information

The purified konjac glucomannan (KGM) (> 95 % pure, molecular
weight of ~200.000 g/mol) was acquired from Hubei Yizhi Konjac Co.
Ltd (Yichang, China) and used without further purification. High-purity
water Milli-Q from Millipore Corporation (Merck KGaA, Darmstadt,
Germany) was used for all the procedures. Sodium tetraborate decahy-
drate (NapB407e10H,0, borax) was purchased from Carlo ERBA (Cor-
naredo, Italy) and boric acid (H3BOs, BA) from Fluka (Morris Plains,
New Jersey, USA). Vitis vinifera tannin (Vv) and tannic acid (TA) were
isolated from waste biomass in form of wine and oak tree pruning res-
idues (wood components of Quercus robur), and analysed for structural
aspects using procedures established earlier (Zhen et al., 2021a).
Epichlorohydrin (ECH), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and
methanol (HPLC grade) were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). The process of production of the reference
system, i.e., borax-crosslinked KGM-based hydrogel (K borax) was
performed as described earlier (Lee et al., 2023).

2.2. Preparation of KGM-based hydrogel with in situ formation of the
borax crosslinker (K_BA)

For preparing KGM-based hydrogels with in situ borax formation
(K_BA), KGM and BA were mixed in a ratio of 2:1 (m/m) and were
suspended at a concentration of 3 % (m/v) in a solution of ethanol in
Milli-Q water (5 % v/v). The suspension was kept stirring for approx. 30
s. Afterwards, 1 M aqueous solution of NaOH was added at a molar ratio
of 1:15 relative to the stoichiometric amount required for complete re-
action with BA. The gel was transferred to a falcon tube and left in a
water bath at 50 °C for 45 min to stabilize and homogenize the hydrogel.
The hydrogel was stored at 4 °C until use.

The amounts of each product used for the preparation of these
hydrogels are listed in Table 1.

2.3. Preparation of tannin-modified KGM-based hydrogel with in situ
formation of the borax crosslinker (K_BA_V and K_BA_T)

The preparation of KGM-based hydrogels modified with tannins
(K_BA_V and K_BA_T) was carried out in analogy to the synthesis of the
K_BA sample described in Section 2.2. The weight ratio of KGM over

Table 1

Composition of the formulated KGM-based hydrogels. The amounts of konjac
glucomannan (KGM), boric acid (BA), polyphenol (PP), i.e., either Vv or TA,
milliQ water (H30), ethanol (EtOH), sodium hydroxide (NaOH), and epichlo-
rohydrin (ECH) are reported.

Name KGM BA PP H,0 EtOH NaOH ECH
[g] [g] [g] [mL] [mL] [mL] [mL]
K_borax 1.20 0.60 — 57.00 3.00 — —
K BA 1.20 0.60 — 55.12 2.90 1.98 —
KBAV 1.14 0.60 W, 55.12 2.90 1.98 —
0.06
K BA V- 1.14 0.60 W, 54.34 2.86 2.25 0.55
E 0.06
KBAT 1.14 0.60 TA, 55.12 2.90 1.98 —
0.06
K BA_T- 1.14 0.60 TA, 53.84 2.83 2.43 0.90
E 0.06
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tannin, either Vv or TA, was fixed to 95:5 (m/m). Firstly, the tannin was
dispersed in the mixture of ethanol and Milli-Q water at a concentration
of 0.1 % (m/v), and the suspension was sonicated for 10 min to achieve
complete dissolution. Afterwards, KGM and BA were added to the
tannin solution in concentrations of 2 % (m/v) and 1 % (m/v), respec-
tively. Then, 1 M aqueous solution of NaOH was added at a molar ratio
of 1:15 relative to the stoichiometric amount required for complete re-
action with BA, considering also the amount of NaOH consumed by the
phenolic groups of the tannins, which were determined as described
before (Zhen et al., 2021a). The mixture was then stabilized as described
in Section 2.2. The hydrogels were stored at 4 °C until use.

2.4. Preparation of tannin-modified KGM-based hydrogel with ECH as
crosslinker (K_BA_V-E and K_BA_T-E)

The gel was prepared using the methodology outlined in Section 2.3,
with the modification that, following the dispersion of tannin in a
mixture of ethanol and Milli-Q water, ECH was stoichiometrically added
relative to the phenolic OH content of each tannin. Eventually, the gel
was left in a water bath at 60 °C for 45 min to ensure complete reaction
of the ECH and stabilize the gel. The hydrogels were stored at 4 °C until
use.

2.5. ATR-FTIR spectroscopy

Chemical characterization of the gel was performed by Fourier-
Transform Infrared spectroscopy in Attenuated Total Reflection mode
(ATR-FT-IR). Spectra were acquired with a Nicolet iS10 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with an iTR
Smart device (total scan 32, range 4000 - 800 cm™}, resolution 2 cm™).

2.6. UV-Vis spectroscopy

For UV-Vis spectroscopy analysis, tannin-containing hydrogels were
dispersed in water with the aid of an Ultra-Turrax homogenizer (T-25
basic, Janke and Kunkel IKA, Germany), to yield a final tannin con-
centration of 10 ppm. The pH was adjusted to approximately 8, and the
samples were subsequently analyzed with a Jasco V-730 UV-Vis spec-
trometer (Jasco Inc., Easton, US) (scan speed 8000 nm/min, range 250 -
400 nm, resolution 1 nm). Spectra were subsequently normalized to
their maximum absorbance.

2.7. Scanning electron microscopy (SEM) imaging

Samples of the various gels were freeze-dried and metalized using a
gold coating. At least 5 images for each gel in different sample regions
were acquired. Measurements were carried out on a Tescan MIRA 3XMU
series field emission FE-SEM microscope (TESCAN, Brno, Czech Re-
public) with an accelerating voltage of 5 kV in a high vacuum.

2.8. Color and opacity measurements

A portable Konica Minolta CM-2600d spectrophotometer (Chiyoda,
Tokyo, Japan) was employed for colorimetric measurements. The
average of the specular component included (SCE) values of 5 repeti-
tions for each sample was considered and the dataset was processed in
the CIE 1976 L*a*b* space. The opacity of the samples was calculated by
means of their contrast ratio, which is the ratio of the reflectance of a
hydrogel (5.00 + 0.05 mm thick) when backed by a black standard to
that when backed by a white standard of a known reflectance (Inokoshi
et al., 1996). The contrast ratio (CR) is defined as CR = Yp/Yy, where Yy
is the tristimulus value Y of the sample on the black background and Yy,
is the tristimulus value Y of the sample on the white background. The
results are presented as percentages.
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2.9. Determination of antioxidants by the DPPH radical scavenging
activity

Adapting established protocols (Szabo et al., 2007), a stock solution
for each freeze-dried hydrogel was prepared at a concentration of 0.2
mg/mL in aqueous methanol (40 % (v/v)). A DPPH stock solution was
prepared by dissolving 50 mg of DPPH in 10 mL of aqueous methanol
(40 % (v/v)). Using a 96 well plate, each sample was analyzed using a
series of five concentrations, i.e., 200, 160, 120, 80, and 40 pg/mL
against a blank sample, employing for each measurement 100 pL of the
DPPH stock solution. Aqueous methanol (40 % (v/v)) was used to adjust
volumes as needed to arrive at a final volume of 125 pL in each well. All
mixtures were incubated for 30 min in the dark before spectrophoto-
metric analysis at A = 519 nm using a Biochrom ASYS UVM340 plate
reader (Biochrom, Waterbeach Cambridge, UK).

2.10. Determination of moisture properties

Moisture properties were obtained following a procedure described
elsewhere (Domingues et al., 2014; Ming Kuo et al., 1999). In short,
hydrogels were sliced into 1 x 1 x 0.2 cm blocks and dried overnight;
afterwards, each gel was soaked for 5 h obtaining a fully swollen state
gel. The equilibrium water content (EWC) and the swelling capacity (SC)
were calculated as follows:

(Ww - Wd)

w

EWC(%) = x 100

(Ww — Wd)
d

SC(%) = x 100

where Wy is the initial weight of the dried gel and Wy, is the weight of the
gel after it absorbed water.

The soaked gels were placed on filter paper (Advantec MFS, Inc., 55
mm) for 30 min. The filter paper was weighed before and after the
application of the gel to assess the retention capability (RC), calculated
as follows:

Re() = e

where Fq is the initial weight of the filter paper, and F,, is the weight of
the filter paper with the moisture released from the gel.

To further understand the correlation between water uptake (WU)
and water release (WR), the values of WR/WU were calculated as fol-
lows: (Lee et al. 2024b)

(Fw—Fd)

———x 100
(Ww - Wd)

WR / WU(%) =

2.11. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a thermo-
balance TGA 2 (Mettler Toledo, Nanikon, Switzerland). Typical sam-
ple amounts of around 5 mg were weighed in oven-dried 70 pL ceramic
pans. Exact sample weights were determined automatically using the in-
built balance of the calorimeter. TGA measurements were carried out at
a heating rate of 10 °C/min from 25 to 1100 °C under nitrogen flow (50
mL/min). Experiments were run in triplicate. STARe software version
18.00 was used for data acquisition. TGA graphs were collected,
showing typical mass loss with regards to temperature and related de-
rivative (DTG) graphs were generated, showing mass loss rate versus
temperature. The thermal parameters were determined by fitting the
DTG curves using Origin software.
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2.12. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a
Mettler Toledo DSC 3 Calorimeter (Mettler Toledo, Nanikon,
Switzerland). Typical sample amounts of around 5 mg were exactly
weighted in 40 uL aluminum pans, which were closed with a lid that was
centrally punctured to prevent pressure built-up. An empty pan was used
as a reference. DSC experiments were carried out under nitrogen flow
(50 mL/min), temperature was scanned by a double heating-cooling
cycle from 20 °C to 400 °C with a heating rate of 10 °C/min and a
cooling rate of 25 °C/min. Experiments were run in triplicate. STARe
software version 18.00 was used for data acquisition and Origin soft-
ware for data visualization.

2.13. Determination of mechanical properties

Gel mechanical properties were assessed by means of a TA.XT Plus
Texture Analyzer (Stable Micro Systems, Godalming, United Kingdom),
equipped with a 5 kg load cell, both in tensile and compressive modes.

Before the tensile test, the hydrogels were first sliced into 2 mm-thick
sections and then cut into rectangular specimens (3 x 1 cm) with the aid
of a custom-made template to maintain consistent geometry across
samples. Specimens were clamped onto an A/TG tensile grips probe,
setting an initial distance of 1 cm between the grips. Sample thickness
was measured using a Sicutool 3955G-50 (Sicutool, Milan, Italy) device
prior to tensile testing. The analysis was conducted following a pro-
cedure described elsewhere (Said & Sarbon, 2022; Vigani et al., 2022).
The upper grip raised at a constant speed of 2 mm/min for a distance of
50 mm. The tensile strength and the elongation % were calculated for
each sample. Five replicates were performed.

Moreover, gel hardness was investigated through a compressive test.
Samples were prepared in cylindrical molds with dimensions of 30 mm
in diameter and 30 mm in height. A TA.XT plus Texture Analyzer,
equipped with a P/10 measuring system consisting of a cylindrical probe
with a diameter of 10 mm, was used to apply uniaxial forces perpen-
dicular to the sample surface (Hurler et al., 2012). The probe was low-
ered with a test speed equal to 10.0 mm/s in order to determine a 70 %
sample deformation. Hardness, that is the maximum compressive force
per unit area required for sample destructuring, was calculated. Five
replicates were performed.

3. Results and discussion

3.1. Hydrogel formation and characterization of their chemical,
structural and morphological properties

A series of six hydrogels were prepared based on KGM as the main
matrix element (Table 1), to compare their characteristics against the
current standard, i.e., borax-crosslinked KGM-based hydrogel K_borax
that has been reported before.(Lee et al., 2023)

The chemical composition of the hydrogels and consequently their
relative structure was characterized using ATR-FTIR spectroscopy, and
the various observed bands together with their respective assignments
are shown in Table S1. In Fig. 2, the spectrum of the two non-tannin
modified hydrogels, K_borax and K_BA, are compared to that of KGM
powder, and they show a broad band at 3435 cm™ corresponding to ~-OH
stretching vibrations, indicative of the high hydroxyl group of saccha-
ride content in KGM. The characteristic peak at 1734 cm™, attributed to
—C=0 stretching vibrations of KGM, is significantly reduced in the
hydrogel spectra, suggesting successful crosslinking under involvement
of the carbonyl functionalities in the hemicellulose matrix, (Kurt &
Kahyaoglu, 2017) and/or partial hydrolysis of esters along the KGM
polymers. The bands between 1620 cm™ and 1608 cm™ are caused by
the asymmetric stretching of the -COO~ group (Postulkova et al., 2017).
Additionally, the region from 1500 cm™ to 1200 cm™! show coupling of
deformation vibrations of groups, such as -C=C, -CH, and —-CHO
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Fig. 2. Spectra obtained with ATR-FTIR of the freeze-dried non-modified hydrogels (a), Vv-modified and TA -modified hydrogels, zoomed in the 1800-600 cm™

range (b).

(Anvari et al., 2016; Liu et al., 2021) resulting in more intense bands in
the spectra related to K_borax and K_BA. For the latter hydrogels, the
region between 1400 cm™ and 1320 cm™ displays bands associated with
the asymmetric stretching of -B-O-C, indicative of diol complexation,
while the shoulder around 915 cm™ is attributable to —-B-O stretching
vibrations (Chaudhary et al., 2020). These absorptions confirm the
structural interactions resulting from the crosslinking process in the
hydrogels, and thus more importantly also the successful formation of
the crosslinking upon in situ borax-formation in case of K_BA.

In Fig. 2b, the spectrum of the K_BA hydrogel is compared with those
of tannin-modified hydrogels, ie., K BA'V, K BA_V-E, K BAT and
K BA_T-E. The —OH stretching band shifts to around 3352 cm™ in all

tannin-modified hydrogels implying the physical entanglement of tan-
nins within the hydrogel (see Figure S2) (Zhou et al., 2022). The -C=0
stretching vibration shifts to 1720 cm™ in K_BA_V and K_BA_V-E, and to
1715 em™ in K. BA_T and K BA_T-E, indicating tannin presence and
incorporation into the polymer matrix (Zhou et al., 2022). Additionally,
bands at 1705, 1607, and 1542 cm™!, which correspond to the C=0 and
C—C stretching vibrations of aromatic esters from the tannins, confirm
the presence of the aromatic ester structure within the hydrogels (Zhou
etal., 2022). In both Vv- and TA-containing hydrogels, bands at 785 and
670 cm™, are attributed to ~C-H out-of-plane bending of the tannin,
furtherly confirming its incorporation (Ari et al., 2021). Additionally,
the appearance of a defined band at 928 cm™ in both Vv- and

(a)

Absorbance

——K_BA_V-E
K_BA_V
—W

(b)

250 270 290 310 330 350 370 390 250 270 290 310 330 350 370 390

Wavelength (nm)

Wavelength (nm)

Fig. 3. UV-Vis spectra of aqueous solutions, zoomed in the 250-400 nm range, of Vv-modified hydrogels (a) and TA-modified hydrogels (b), compared to their

respective plain tannin aqueous solutions.
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TA-containing hydrogels, suggests the formation of additional
borate-polysaccharide and borate-tannin complexes within the KGM
tannin-modified hydrogels (Chaudhary et al., 2020).

The tannin-KGM interaction was further confirmed by performing
UV-Vis spectroscopy on an aqueous solution of tannins Vv or TA at
concentrations of 10 ppm and on the hydrogel solutions containing
tannins Vv or TA at the same dilution. The spectra in Fig. 3 were
normalized to facilitate the observation of the shift in the band related to
the 1 — 7* transition of polyphenols, which typically lies around 280
nm (Pizzi, 2008). In Figure S3, it is shown that the non-modified
hydrogel (K_BA) does not exhibit any absorption in that region.

In Fig. 3a, the V¥ spectrum shows a maximum at 284 nm, while the
spectra of K BA_V and K_BA_V-E display a slight blue-shift, i.e., a shift of

Carbohydrate Polymer Technologies and Applications 11 (2025) 100875

the polyphenol-related band to lower wavenumbers. On the contrary,
the spectrum of TA in water is characterized by a maximum of 275 nm
(Fig. 3b), while those of K BA_T and K_BA_T-E show red shifts, ie., a
slight shift towards higher wavenumbers. Additionally, a second band
appears around 310 nm in the hydrogel spectra, which correspond to the
ionized TA molecule (Shutava et al., 2005). The shift and the doubling of
the bands indicate a change in the symmetry of the polyphenol mole-
cule, providing evidence of the interaction between tannins and the
polymeric matrix, only concerning intensity of the bands (Luo et al.,
2015). Only little differences are observed between tannin-containing
gels with and without ECH. This may be due to hydrogen bonding
occurring more readily and in considerably higher quantities than the
chemical bonding upon epoxide opening (Akagawa & Suyama, 2001).

Tannin-containing hydrogels

Fig. 4. SEM images of freeze-dried K_borax (a), K_BA (b), K BA_V (c, d), K BA_V-E (e, f), K BAT (g, h), K BA_T-E (i, j).
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To further examine the effect of the in situ borax formation and the
consequences of the formulation modifications with tannins and organic
crosslinker on the morphology of the gel, all systems were analyzed
using SEM. In Figures S4a, b, c, d, e and f, gels display an irregular three-
dimensional porous structure typical of KGM-borax crosslinking (Li
et al.,, 2015). At higher magnification (Fig. 4a and b), the porous
structure of K_BA consists of folded sheets with a mean thickness of 1.11
pm (£ 0.28), resulting from a denser network than K_borax. In fact, the
changes in the crosslinking system of K_BA, where sodium hydroxide
effectively deprotonates both KGM and BA, enhanced bonding
(Mahjoub et al., 2019). The thickening of the sheets occurs in all the in
situ crosslinked gels (Fig. 4c, e, g, i).

Moreover, the simple addition of tannins, i.e., Vv or TA, respectively,
led to the formation of several microporous structures in K BA_V and
K BA_T (Fig. 4d and h). These pores, with a mean diameter of 0.12 pm
(£ 0.02), likely result from hydrogen bonding between the hydroxyl
groups of tannins and KGM (Feng et al., 2021). In K BA_V-E and
K_BA_T-E, where the tannins were included with the epoxidating agent,
the porous walls densify, forming a thicker, sponge-like structure (Fig. 4f
and j) (Ma et al., 2020).

3.2. Optical properties of hydrogels

While having beneficial effects on the microstructure and the sta-
bility of the hydrogels as such, the incorporation of tannins in the
structure of the gels affected their final coloration and opacity. Given the
eventual importance of final coloration and opacity for conservation
applications, where a whitish and transparent gel is currently preferred
(Micheli et al., 2014; Sansonetti et al., 2020), the colorimetric co-
ordinates and the Contrast Ratio of the tannin-containing gels were
measured; data are presented in Table 2. As displayed in Fig. 5a, band c,
the K_BA gel appears almost transparent, while the addition of Vv tannin
results in a deep red coloration as attested by the high and positive of
redness/greenness a* values, +25.93 for KBAV and +26.7 for
K BA_V-E, while TA addition causes them to become greenish, as
defined by negative value of a* -3.61 for K_BA_T-2.75 for K_BA_T-E, due
to color variation that TA undergoes as a function of environmental pH
and the intermolecular interactions of TA in the matrix. No variation in
the yellow-blue, b*yellowness/blueness, was detected between Vv- and
TA-based systems, while coloration of the first ones results lighter, L*:
lightness/darkness parameter, than these last. However, to get reliable
information on the opacity, the Contrast Ratio was assessed showing
significant different values among Vv- and TA-containing hydrogels.
TA-containing hydrogels (K. BA'T and K BA_T-E) display a lower
Contrast Ratio than those containing Vv (T_BA_V and K _BA_V-E)
implying a major transparency for TA samples.

It is also interesting to notice how the gels additionally crosslinked
with ECH, i.e., K BA_V-E and K_BA_T-E, exhibit higher contrast ratio and
thus higher opacity, indicating that the denser pores observed in the
SEM analysis affect the opacity.

3.3. Radical scavenging activity of hydrogels

The radical scavenging activity, correlated to the antioxidant activity
of the tannin-modified hydrogels K BA_V, K BA_V-E, K BA_T, and

Table 2

Chromatic coordinates (CIELAB) of the tannin-modified hydrogels and their
Contrast Ratio. a*: redness/greenness, b*: yellowness/blueness, L*: lightness/
darkness.

Hydrogel a* b* L* Contrast Ratio (%)
KBAV 25.9 (£ 0.2) 39.5 (£ 0.3) 48.8 (£ 0.1) 17.7 (£ 0.5)

K BA_V-E 26.7 (+ 0.3) 37.6 (+0.3) 45.5 (+ 0.4) 19.0 (+0.4)
KBAT -3.6 (£ 0.1) 38.9 (+ 0.0) 74.4 (£ 0.2) 7.8(+0.2)

K BA_T-E -2.8 (£ 0.1) 36.0 (£ 0.3) 72.5 (£ 0.2) 9.5(£0.1)

Carbohydrate Polymer Technologies and Applications 11 (2025) 100875

K_BA_T-E were measured using the DPPH radical scavenging assay. For
the measurements were used freeze-dried samples of the various
hydrogels. For the hydrogels K BA_V, K BA_V-E, K BA_T, and K_BA_T-E,
moderate activities were found, in form of ICsg values of 107 mg/L, 112
mg/L, 110 mg/L, and 111 mg/L, respectively. A control sample of gallic
acid, run as control during the analyses, was found to exhibit an ICsq of
35 mg/L. The measured values suggest that crosslinking is not fully
consuming phenolic hydroxyl groups, allowing for a useful antioxidant
activity of the realized hydrogels.

3.4. Moisture properties of hydrogels

The moisture properties of these gels are summarized in the table in
Fig. 6b. Interestingly, the bivariate plot of SC and RC in Fig. 6 reveals
distinct trends within the tannin-modified gels, both with or without
additional ECH crosslinking. In fact, both RC, which indicates the ability
of the network to retain water (the higher the value, the lower the
retention), and SC, which provides the percentage of solvent absorbed
by the gel network, highlighted a remarkable difference between K_BA
and K_borax, and between tannin-modified gels with/without ECH. The
plot clearly showed that K_borax is the system with the highest SC and
RC (2.2 + 0.5 x 10% % and 43.2 + 1.0 mg cm™, respectively) indicating
a highly expansive network as well as significant water release. Mean-
while, K_BA displays significantly lower values of SC (1.2 + 0.2 x 102
%) and RC (18.1 + 1.0 mg cm™2) suggesting a more constrained struc-
ture, due to the thicker and denser structure provided by the in situ
gelation process (see Section 3.1, Fig. 4a and b). This structure exhibit an
improved ability to retain water in comparison with K_borax, hinting at
the beneficial effect of a tighter crosslinking and eventually even more
hydrophilic surfaces due to an increased amount of deprotonated hy-
droxyl groups throughout the matrix.

Moreover, the plot effectively shows how the cross-linking process
between tannins and the polymer influences the moisture properties of
the final gel formulation. In this regard, a clear distinction was observed
for the modified gels cross-linked with or without ECH. K_BA_V and
K BA_T, both containing tannins bonded with KGM physically via
hydrogen bonding and chemically via the formation of the borax-type
bridge, presented SC and RC values similar to each other, clustering
together. These values are substantially higher than K BA, suggesting
that the incorporation of tannins enhances hydrophilicity, but slightly
decreases their water-retention ability, probably due to the influence in
the microporosity and the increment of hydrophilic functionalization
(Kim et al., 2020; Mahjoub et al., 2019). Conversely, K BA_V-E and
K BA T-E exhibited SC values similar, grouping together, to their
non-epoxidized counterparts (2.0 + 0.6 x 10° % and 2.0 + 0.1 x 103 %,
respectively), but the reduction in RC proved enhancement in the
water-release ability. This behavior can be attributed to the structural
effects of ECH. The covalent bonding introduced by the organic cross-
linker likely results in a denser and more compact network that increases
matrix thickness and reduces free volume, thereby creating more
tortuous diffusion paths for solvent molecules. Additionally, this denser
architecture may slightly reduce surface wettability, collectively
contributing to more controlled water release despite high water uptake
(Dabbaghi et al., 2019).

The results obtained from the biplot are confirmed by the water
release/water uptake ratio (WR/WU) revealing that K BA_T-E and
K_BA_V-E emerge as the best candidates for cleaning applications in the
field of cultural heritage, since they offer the advisable combination of
high swelling capacity and low retention capability.

EWC is consistently high (92-95 %) across all formulations, reflect-
ing their overall strong hydrophilic nature, and follows the same trend
as SC, supporting comparable interpretations.

3.5. Thermal properties of hydrogels

The differences in the formulations of the hydrogels, and here
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Fig. 6. Bivariate plot of swelling capacity (SC) and retention capability (RC)

values (a), and overview of moisture properties of the gels: swelling capacity (SC),

retention capability (RC), equilibrium water content (EWC) and water release/water uptake ratio (WR/WU) (The average values and the related standard deviations

were determined by repeating the experiment five times) (b).

especially in the presence of crosslinking elements and in the structure-
variating tannins, were expected to have only a subtle impact on thermal
properties of the various hydrogels, and thus on their stability under
various temperatures. Thermal analyses in the form of TGA and DSC
were hence performed, and developments of mass losses and heat flow
curves are displayed in Fig. 7. The maximum temperature of the
degradation steps (Tpax) from TGA and residue and glass transition
temperature (Tg) from DSC are given in the table in Fig. 7d

Data confirm that the in situ formation of the borax-based cross-
linking system gives a more homogeneous and thus slightly more stable
hydrogel that seems to retain more effectively structural waters still left

in the structures after the freeze-drying, causing a higher temperature
for the initial moisture-loss in the TGA for K_BA, 90 °C, in comparison to
K_borax, 77 °C. Adding the tannins Vv and TA to the basic formulation
mixture causes a reduction in the onset temperature, AT = 16 °C, of the
moisture loss, and a general reduction of thermal stability. A slither
decrease is observed for the addition of ECH. All samples exhibit similar
ash contents, indicating the overall consistency of the preparations in
terms of inorganic, i.e., boron content.

DSC analyses display for all samples a Ty at around 187-188 °C
(Fig. 7¢), indicative for the crosslinking involving the hydroxyl groups of
the carbohydrates (Enomoto-Rogers et al., 2013). Noteworthy is the
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Fig. 7. Thermogravimetric (TG) curves (a) and their corresponding derivatives (DTGA) (b); first heating heat flows measured by DSC (c); maximum temperature of
the degradation step (Tyax) from TGA and residue and glass transition temperature (Tg) from DSC of the realised hydrogels (d).

clearly visible endothermic peak for the sample K BA T at 116 °C,
possibly indicating for this sample a reduced compatibility between the
polymer and the additive TA. Such indication of a potential structural
incompatibility is observed also for K BA_V, albeit much less pro-
nounced, causing only a shoulder in the curve at around 128 °C. Inter-
estingly, when adding ECH to the samples, the incompatibility seems to
be mediated, resulting in the loss of these endothermic peaks for
K_BA_T-E and K_BA_V-E. The visible changes in the gelation enthalpies
across the various hydrogels reflect nicely the differences caused in
terms of structural ordering upon addition of the two different tannins,
causing a disruption of the crystallinity of the KGM samples strong
enough to be monitored. Interestingly, DSC curves for the tannin con-
taining hydrogels show also exothermic peaks at temperatures around
340 °C, with onsets at around 280 °C, indicative of a polymerization
before finally thermal degradation in form of random condensation
starts as already indicated by the TGA data (Fig. 7d). Samples K BA_V-E
and K BA_T show clear maxima, while samples K BA_V and K _BA-T-E

10

exhibit only shoulders in their heat flow curves. The high temperature
found for this exothermic peak suggests that this polymerization can be
imagined as ‘random’ or cascade-type polycondensation reactions
involving both the polyphenols and the polysaccharides in inter- and
intramolecular fashion. The roughness of the curves for
tannin-containing samples in the temperature interval between 225 °C
and 280 °C can be explained with intensifying interactions between the
polymers and the onset of condensations involving the hydroxyl groups
of both the tannins Vv and TA and KGM, leading to a more pronounced
polymerization in form of single condensations across species causing a
first distinctive exothermic peak, for example for samples K_BA_V-E and
K_BA_T-E at circa 295 °C.

3.6. Mechanical properties of hydrogels

The mechanical performance of the newly synthesized gels was
evaluated through tensile strength, elongation at break and hardness, as
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described in Section 2.12.

As displayed in Fig. 8a, c and d, the incorporation of tannins in
K_BA_V and K BA_T significantly improved tensile strength, compres-
sive resistance and Young modulus compared to K_BA. These enhance-
ments reflect a better balance between flexibility and structural
integrity. The compressive stress-strain curves (Figure S5b) confirm this
trend: K BA exhibited a shallow slope, indicative of low toughness,
while tannin-containing gels demonstrated steeper slopes under higher
strain levels. This improvement was particularly notable in gels con-
taining TA, which possesses a higher hydroxyl content than Vv,
providing more binding sites for stronger intermolecular interactions
within the gel matrix (Chen et al., 2016; Gwak et al., 2021). Addition-
ally, the introduction of ECH further reinforces the gels network, by
forming stable covalent bonds, leading to increased hardness and me-
chanical strength (Nicu et al., 2024). This is supported by tensile
stress-strain data (Figure S5a), which show that the K BA_T-E un-
dergoes significant deformation up to the yield point, presenting high
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ductility with minimal brittleness. In contrast, the base K BA exhibits
gradual yield and moderate decline, indicating reduced elasticity and
lower fracture resistance. Compressive stress-strain curves (Figure S5b)
reveal that K_BA_T-E has steeper slopes at higher strain levels and shows
strain-hardening behavior, increasing its resistance to deformation. The
enhanced mechanical performance can be attributed to the synergistic
interaction between the hydroxyl-rich structure presented by TA and
ECH crosslinking, resulting in a dense, resilient network. While it shows
a relatively high standard deviation in hardness, making interpretation
less straightforward, its mechanical behavior is still notable (Fig. 8b).
The increased crosslinking, however, also limited chain mobility, lead-
ing to reduced elongation at break.

When comparing these findings to previous studies on hydrogels
commonly used for artwork cleaning, ie., Agar gel, a significant
improvement is evident. Agar gel is known for its brittleness in cleaning
application, with a reported elongation at break of only 11.8 + 0.1 %
(Lee et al., 2023), which is substantially lower than the values observed
for our newly formulated gels, as shown in Fig. 8b. This comparison
underscores the advantages of gels containing tannins and ECH
(K. BA_VE and K_BA_T_E), particularly for applications that demand
enhanced durability and strength, while still achieving a balance of
flexibility in the material.

4. Conclusions

In this study, KGM-based hydrogels crosslinked on the basis of newly
developed in situ borax approach were developed, exhibiting a much
more homogeneous matrix than hydrogels realized using directly borax.
Additionally, the incorporation of tannins into the crosslinked matrix,
using the in situ borax crosslinking approach changed in crosslinking
degree and nature, adding a more lipophilic compound in comparison to
the sole boron crosslinker. In situ borax as a crosslinking system during
gel preparation altered the microstructure by thickening the structural
sheets. Consequently, the moisture, mechanical and thermal properties
were affected, resulting in reduced hydrophilicity, greater control over
solvent release, and increased extensibility in K BA gel compared to
K_borax.

The addition of tannins, both condensed or hydrolysable, enhanced
the moisture and mechanical properties of the gels. Addition of tannins
led to the resulting K BA_V and K_BA_T gels exhibiting increased hy-
drophilicity and diminished solvent release compared to K_BA. Me-
chanically, these gels displayed higher tensile strength and hardness,
along with reduced extensibility. Thermally, the various hydrogels
exhibit subtle differences that are in line with the structural variations.

Employing additionally ECH for achieving an additional crosslinking
with modification of hydrophobicity led to gels K BA_V-E and K_BA_T-E
that exhibited lower hydrophilicity and greater control over solvent
release, while also displaying enhanced tensile strength and hardness.
Realized tannin-containing hydrogels exhibit radical scavenging
activities.

With K_BA_T-E featuring important properties like chemical inert-
ness, ability to absorb a significant amount of solvent, effectively regu-
lating solvent release, and being resistant to breakage based on sufficient
structural flexibility, current efforts aim to evaluate this gel together
with suitable controls in cleaning applications in the cultural heritage
sector.
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