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Abstract: Monoaldehydes, due to natural origin and therapeutic activity, have attracted great
attention for their ability to crosslink chitosan hydrogels for biomedical applications.
However, most studies have focused on single-component hydrogels. In this work,
chitosan-based hydrogels, crosslinked for the first time with 2,3,4-
trihydroxybenzaldehyde (THBA), were modified with pectin (PC), bioactive glass (BG),
and rosmarinic acid (RA). All of these were not only involved in the crosslinking, but
also modulated properties or imparted completely new ones. THBA functioned as a
crosslinker, resulting in improved mechanical properties, high swelling capacity and
delayed degradation and also imparted high antioxidant activity and antiproliferative
effect on cancer cells without cytotoxicity for normal cells. Hydrogels containing PC
showed enhanced mechanical strength, while the combination with BG gave improved
stability in PBS. All hydrogels modified with BG exhibited the ability to mineralize in
SBF. The addition of RA enhanced antioxidant and anticancer activities and promoting
the mineralisation process.
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Abstract

Monoaldehydes, due to natural origin and therapeutic activity, have attracted great attention for
their ability to crosslink chitosan hydrogels for biomedical applications. However, most studies
have focused on single-component hydrogels. In this work, chitosan-based hydrogels,
crosslinked for the first time with 2,3,4-trihydroxybenzaldehyde (THBA), were modified with
pectin (PC), bioactive glass (BG), and rosmarinic acid (RA). All of these were not only involved
in the crosslinking, but also modulated properties or imparted completely new ones. THBA
functioned as a crosslinker, resulting in improved mechanical properties, high swelling capacity
and delayed degradation and also imparted high antioxidant activity and antiproliferative effect
on cancer cells without cytotoxicity for normal cells. Hydrogels containing PC showed
enhanced mechanical strength, while the combination with BG gave improved stability in PBS.
All hydrogels modified with BG exhibited the ability to mineralize in SBF. The addition of RA

enhanced antioxidant and anticancer activities and promoting the mineralisation process.

Keywords: monoaldehyde; polyelectrolyte complex; bioactive glass; polyphenols; micro-

computed tomography

1. Introduction

Hydrogel materials are able to absorb a large amounts of water and swell without dissolving in
aqueous media. These unique properties hydrogels owe to three-dimensional crosslinked
network of hydrophilic polymer chains. Recently, hydrogels have attracted great attention for
their potential application in a wide range of biomedical areas, including tissue engineering and
controlled drug delivery systems. This is due to the fact that hydrogels are able to mimic
biomechanical characteristics of native extracellular matrix (ECM), providing 3D
microenvironments for cell migration, adhesion, and proliferation, as well as promoting the
transport of nutrients and signalling molecules. Furthermore, their porosity, high swelling
ability, and hydrophilic nature make hydrogels excellent candidates as carriers of hydrophilic
biologically active compounds (e.g. drugs, biomolecules, phytochemicals). Generally, all of
these properties of hydrogels are highly associated with the degree of crosslinking (Mallick et
al., 2020; M. Zhang et al., 2021).

Chitosan (CS), as a glucosamine-based polysaccharide obtained by deacetylation of chitin, is
one of the most studied biopolymers in the biomedical applications. CS is characterised by good
biocompatibility, biodegradability, inherent antibacterial activity, hemostatic potential, wide

availability, and low price (Coimbra et al., 2011). Although CS-based hydrogels for biomedical
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applications have been widely studied in recent years, their effective and safe crosslinking still
remains a great challenge.

The most frequently used crosslinking agents of CS are dialdehydes, in particular
glutaraldehyde (GA). The crosslinking mechanism of dialdehydes, including GA, is based on
the formation of imine bonds, well-known as Schiff bases, between two aldehyde groups of GA
and amino groups of chitosan chains. However, GA is highly cytotoxic and neurotoxic. In
recent years, great interest has been focused on monoaldehydes as CS crosslinking agent, which
in many cases, unlike dialdehydes, are naturally occurring compounds with beneficial
biological activities (e.g. antioxidant, anticancer, antibacterial) (Iftime et al., 2017; Xu et al.,
2018). The crosslinking mechanism of the monoaldehyde is based on imine-bond formation
between the single aldehyde group of the monoaldehyde molecule and the amino group of the
CS chain accompanied by the hydrophilic/hydrophobic assembling of the CS/aromatic units of
the monoaldehyde. The monoaldehyde hydroxyl group in the ortho position can form an
intramolecular hydrogen bond with the imine nitrogen, providing the stabilization of the imine
linkage (Iftime et al., 2017). Furthermore, the hydroxyl groups in other positions can form
additional hydrogen bonds with the hydroxyl or the amino groups in chitosan chains, enhancing
the crosslinking effect (Xu et al., 2018).

The second important crosslinking mechanism of CS is ionic/electrostatic interaction.
Examples of this are polyelectrolyte complexes (PECs), which are formed by electrostatic
interactions between cationic amino groups in CS and anionic groups in other polymers, such
as carboxyl acid groups of pectin (PC) under specific pH conditions (in the pKa range of these
two polymers) (Maciel et al., 2015).

PCs are anionic polysaccharides derived mainly from by-products of the fruit processing
industry, therefore they are environmentally friendly, available in vast amounts and inexpensive
(Neves et al., 2015). PCs show good biocompatibility and biodegradability, as well as a wide
range of biological activities, such as anti-inflammatory, antioxidant, and anticancer properties
(Cui et al., 2017; Munarin et al., 2011; Neves et al., 2015). PCs, especially low esterified
amidated ones, can easily be crosslinked by calcium ions to form hydrogels, also injectable
systems (Yuliarti et al., 2017). For these reasons, PCs are receiving increased attention as a
hydrogel material for drug delivery and tissue engineering applications (Cui et al., 2017,
Douglas et al., 2019; Munarin et al., 2011; Neves et al., 2015).

A combination of CS and PC to obtain PEC hydrogels exploits the biological benefits of both
biopolymers while also enabling modification of the material properties, such as mechanical

behaviour, wettability, swelling, and degradation (Chen et al., 2010; Coimbra et al., 2011).
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CS/PC-based hydrogels showed high cytocompatibility with many cell types (Birch et al.,
2015; Li et al., 2010), capacity to be loaded with drugs (Luppi et al., 2010; Neufeld & Bianco-
Peled, 2017) and natural biological active compounds (Maciel et al., 2015), indicating high
potential in biomedical applications.

In order to improve the biological and physicochemical properties of hydrogels or impart
completely new functionalities to them, various additives are used. One of them is bioactive
ceramic, especially bioactive glass (BG). BGs have significantly altered the properties of
hydrogels relevant for bone regeneration applications (mechanical properties,
microstructural/topographical features, osteoblast activity) (Dziadek, Charuza, et al., 2021).
Furthermore, calcium phosphate (CaP) forming ability of BGs and osteogenic properties of
their dissolution products (i.a. silica, calcium ions) have induced hydrogel mineralization with
a CaP phase, assuring improved mechanical properties, direct chemical bonding with bone, and
stimulation of bone regeneration (Sitarz et al., 2013; Wajda et al., 2016, 2018). Other additives
used in hydrogels are biologically active compounds. In recent years, much attention has been
paid to naturally occurring chemicals - polyphenols, as alternative for drugs and biomolecules.
This is due to the multiple biological activities of polyphenols, such as antioxidant, anticancer,
anti-inflammatory, antimicrobial and osteostimulation properties, and minor side effects
(Dziadek, Dziadek, et al., 2021). One of the polyphenols frequently found in herbal plants is
rosmarinic acid (RA). RA has exhibited multi-faceted activity, for instance strong antioxidant,
anticancer, and anti-inflammatory activities (Kuhlmann & Ro6hl, 2008; Xavier et al., 2009).
Furthermore, RA has been shown to regulate bone metabolism by inducing osteoblast
differentiation and inhibiting osteoclast activity (Lee et al., 2015).

As we have shown in previous work, calcium-rich sol-gel-derived BG particles can be a
sufficient rich source of Ca?* ions for internal crosslinking of low esterified amidated PC
(Douglas et al., 2019). Furthermore, numerous silanol groups (Si-OH) of sol-gel-derived BG
and hydroxyl groups of polyphenolic compounds may interact with each other and also with
functional moieties of chitosan (-OH, -NH>) and pectin (-OH, -COOH) to form hydrogen bonds
(Douglas et al., 2017; Dziadek, Dziadek, et al., 2021; Hu et al., 2021).

In this work, the phenolic monoaldehyde - 2,3,4-trihydroxybenzaldehyde (THBA) was used for
the first time as a crosslinking agent in CS-based hydrogels for potential use in tissue
engineering applications. It was hypothesize that the use of a second hydrogel-forming polymer,
namely PC, as well as different functional additives, including calcium-rich sol-gel-derived BG
particles and polyphenolic compounds (RA) would significantly affect the crosslinking process,

and therefore the properties of CS-based hydrogels. A series of highly porous scaffolds was

4



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

evaluated in terms of (i) microstructure and porosity; (ii) mechanical properties; (iii) thermal
properties; (iv) swelling and degradation behaviour; (v) the in vitro mineralisation process; (vi)
antioxidant activity; (vii) in vitro cytotoxicity and antiproliferative activity against normal and

cancer human cells.

2. Materials and methods

2.1. Preparation of the materials

Bioactive glass powder of the following composition (%omol) 54Ca0-40SiO,-6P,0s, denoted
as A2, was synthetized using a sol-gel technique as reported previously (Zagrajczuk et al.,
2017). BG was milled in an attritor with ZrO> balls in isopropyl alcohol medium to obtain a
powder with a particle size of 1 um (dso). The particle size distribution and SEM image of BG
are shown in Fig. A.1. Particle size distribution was measured by laser diffraction Mastersizer-
S equipment (Malvern Instruments, UK) as described previously (Douglas et al., 2019).
Hydrogels were prepared using freeze-drying process. Chitosan (medium molecular weight;
75-85% deacetylated; Sigma-Aldrich, Germany) and pectin (low esterified amidated pectin
from citrus peels; degree of esterification - 27.4%, degree of amidation - 22.8%, galacturonic
acid content - 93.5%; Herbstreith & Fox, Germany) solutions (2 w/v%) were prepared by
dissolving CS and PC powders in 1 v/v% acetic acid aqueous solution and deionised water,
respectively. The pH values of the polymer solutions were 4.5 and 4.4, respectively. 2,3,4-
trihydroxybenzaldehyde (Sigma-Aldrich, Germany) was used as crosslinking agent. Materials
with and without THBA were prepared. THBA, rosmarinic acid (Carbosynth Ltd, UK), and BG
powder was introduced into materials in the form of 1 w/v% solution/suspension in deionised
water. Adequate solutions/suspensions (CS/PC/THBA/RA/BG) were mixed (3000 rpm) at
room temperature in 2-mL Eppendorf tubes using a vortexer to obtain materials of compositions
presented in Table 1. All mixtures were filled up to constant volume using 1 v/v% acetic acid.
The scheme showing the order of mixing of the components is shown in Fig. 1A (if a particular
component was not added, the respective mixing step for that component was omitted). The
samples in Eppendorf tubes were frozen in a laboratory freezer at -24 °C for 48 h and then
freeze-dried (Alpha 1-4 LSCplus, Christ, Germany, ice condenser temperature -55 °C, vacuum
0.1 mbar) for 48 h.

Table 1. The compositions of materials.
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Figure 1. Scheme showing the order of mixing of the components (if a particular component

was not added, the mixing step for that component was omitted).

2.2. Microstructure analysis

THBA-free and THBA-containing hydrogels were analysed using ultra-high resolution
scanning electron microscope (SEM) equipped with a field emission gun and a secondary
electron detector (Nova NanoSEM 200 FEI Europe Company, accelerating voltage 10-15 kV,
spot 4) coupled with an energy dispersion X-ray (EDX) analyser with a SiLi detector (EDAX,
Netherlands) in the low vacuum mode. Cross sections were prepared by hydrogel cutting with
a scalpel blade. Materials were analysed after coating with a carbon layer.

Architecture of crosslinked hydrogels were evaluated using micro-computed tomography (p-
CT) using a SkyScan 1272 equipment high-resolution X-ray microtomograph (Bruker Micro-
CT, Belgium). 2D projections were registered averaging 3 frames, rotation of 0.3° and 800 ms
exposure time. The images were registered at a resolution of 4904 x 3280 at an accelerating
voltage of 50 kV and a beam current of 200 pA. The pixel size was fixed at 2 pum.

2.3. Mechanical analysis

Mechanical strength of the hydrogels was determined using an Inspekt 5 Table Blue testing
machine (Hegewald & Peschke, Germany) equipped with a 100 N load cell. Samples were cut
into cylinders of 10 mm height and compressed with a displacement rate of 5 mm min? (n =
10). Subsequently, Young’s modulus (Ec) and the stresses corresponding to compression of a
sample by 50% (os0%) Were measured. The results were expressed as mean + standard deviation
(SD).

2.4. Thermal analysis

Thermogravimetric analysis (TGA) was performed using a Discovery TGA 550 analyser (TA
Instruments, USA) in the temperature range from 40 to 600 °C at a heating rate of 10 °C min™,
under a nitrogen atmosphere. The samples (c.a. 15 mg) were placed in a platinum crucible.
2.5. FTIR analysis

The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were registered
using Vertex 70v spectrometer (Bruker, USA) equipped with a ZnSe ATR crystal. Spectra were
collected in the 550-4000 cm* spectral range with a resolution of 4 cm™ and by averaging 128
scans.

2.6. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was performed in an ultrahigh vacuum

system (5 - 10°° mbar) equipped with an SES R4000 analyser (Gammadata Scienta, Sweden).
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A monochromatic Al Ka X-ray source (1486.6 eV) was used. The electron binding energy of
C1s peak was referenced at 284.8 eV. The obtained XPS spectra were analysed using CasaXPS
2.3.15 software.

2.7. Swelling and degradation studies

Swelling and degradation behaviour of hydrogels was investigated by incubating the samples
(n = 5) in phosphate buffered saline (PBS, pH 7.4) at 37 °C. For swelling tests, the samples
were weighed at the beginning of the experiment and again after 3 h, 1, 3, 7, and 14 days of

incubation. Before weighing the samples were placed on filter paper to remove excess PBS

from the surface. Swelling of each sample was calculated as follows: % %X 100%, where W
0

is weight after specific period of incubation, Wo is weight before incubation. For degradation
tests, the samples were weighed at the beginning of the experiment and again after 3, 7, and 14
days of incubation after freeze-drying. Mass loss of each sample was calculated as follows:
Wo—W;

— X 100%, where Wy is the weight of the sample before incubation and W is the weight
0

of the freeze-dried sample after a specific period of incubation. The results were expressed as
mean + standard deviation (SD).

2.8. Antioxidant activity and release of THBA and RA

Antioxidant activity of the hydrogels was evaluated using ABTS and DPPH free radical
scavenging assays and ferric reducing antioxidant power (FRAP) test (Dziadek, Dziadek, et al.,
2021). The samples were incubated with shaking in ABTS, DPPH, and FRAP working solutions
for 10 minutes in the dark at 30 °C (n = 3). For ABTS, DPPH, and FRAP assays, the changes
of absorbance at 734 nm, 515 nm, and 593 nm respectively, were measured using a spectrometer

(UV-1800, RayLeigh, China). The radical scavenging capacity (RSC) of the materials was

calculated as follows: RSC = % x 100%, where As was the absorbance of the solution after
0

sample incubation, and Ao was the absorbance of ABTS and DPPH working solutions. The
results of the FRAP test were expressed as absorbance. The results were expressed as mean +
standard deviation (SD).

The release of THBA and RA from hydrogels to PBS was evaluated using HPLC. A
Prominence-i LC-2030C 3D Plus system (Shimadzu, Japan) equipped with a diode array
detector (DAD) was used. The separation was performed on the Luna Omega 5 pum Polar C18,
100 A, 250 x 10 mm column (Phenomenex, California, USA) at 40°C. The mobile phase was a
mixture of two eluents: A — 0.1 % v/v formic acid in UHQ water and B — 0.1 % v/v formic acid

in methanol. The flow rate of the mobile phase was 1.2 mL min™. The analysis was carried out



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260

with the following gradient conditions: from 20% to 40% B in 10 min, 40% B for 10 min, from
40% to 50% B in 10 min, from 50% to 60% B in 5 min, 60% B for 5 min, from 60% to 70% B
in 5 min, from 70% to 90% B in 5 min, 90% B for 5 min, from 90% to 20% B (the initial
condition) in 1 min and 20% B for 4 min, resulting in a total run time of 60 min. The injection
volume was 20 uL. All of the reagents used for HPLC analysis were purchased from Sigma-
Aldrich, Germany.

2.9. In vitro mineralisation studies

The mineralization process of hydrogels was performed by incubation in simulated body fluid
(SBF), prepared according to Kokubo and Takadama (Kokubo & Takadama, 2006). Samples
were incubated in SBF for 7 and 14 days at 37 °C, freeze-dried and analysed using SEM/EDX
and ATR-FTIR methods as mentioned above.

2.10. Invitro cell studies

The human normal skin fibroblasts (BJ, ATCC, USA) and the human colon cancer epithelial
cells (HT-29, ATCC, USA) were cultured in direct contact with crosslinked materials in Eagle's
Minimum Essential Medium (EMEM, Sigma-Aldrich, MO, USA) and McCoy's 5a Medium
Modified (ATCC, USA), respectively, both containing 10% Fetal Bovine Serum (FBS) at a
density of 2-10* cells/mL/well for 1, 3, 7, and 10 days in 48-well plates. The bottom surfaces
of tissue culture polystyrene (TCPS) wells served as a control. The proliferation rate of cells
and cytotoxicity of hydrogels were assessed using the ToxiLight™ BioAssay Kit and
ToxiLight™ 100% Lysis Reagent Set (Lonza, USA) according to the manufacturer’s protocol.
The kit was used to quantify adenylate kinase in both supernatant (representing damaged cells)
and lysate (representing intact adherent cells). The results were expressed as mean + standard
deviation (SD) from 4 samples for each experimental group.

2.11. Statistical analysis

The results were analyzed using one-way analysis of variance (ANOVA) with Duncan post hoc
tests, which were performed with Statistica 13 (StatSoft®, USA) software. The results were
considered statistically significant when p<0.05.

3. Results and discussion

The use of monoaldehydes as crosslinking agents of chitosan is not as common as the use of
other ones, e.g. glutaraldehyde. However, due to their natural origin, low cytotoxicity, low
costs, and therapeutic activity, they have attracted great attention for crosslinking chitosan
hydrogels for biomedical applications. To date, the following monoaldehydes have been used -
vanillin (Hu et al., 2021; Karakurt et al., 2021; Xu et al., 2018), salicylaldehyde (Iftime et al.,

9
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2017, 2020), nitrosalicylaldehyde (Craciun et al., 2019; Olaru et al., 2018), and cinnamaldehyde
(Marin et al., 2014). In most cases, single-component hydrogels were obtained. However, there
are only a few reports on the introduction of functional components into imine-chitosan
hydrogels and examination of their effect on the crosslinking process, and thus the final
properties of materials. In recent works, melt-derived bioactive glass particles (Hu et al., 2021)
and diclofenac sodium salt (Craciun et al., 2019; Iftime et al., 2020), as a model drug, were
used. In the present study we developed multicomponent chitosan-based hydrogels modified
with a second hydrogel-forming polymer - pectin, as well as different functional additives —
bioactive glass particles and rosmarinic acid. For systematic evaluation of the obtained
hydrogels, the additives were introduced alone or in combination to both materials prepared in
the presence and absence of monoaldehyde (THBA, pyrogallolaldehyde). It is worth
mentioning that the THBA molecule contains three hydroxyl groups which, in addition to their
ability to stabilize the imine bond, provided additional binding sides for the chains of both
polymers and other components. Importantly, these three hydroxyl groups impart antioxidant
properties to the THBA. Pectin was able to form polyelectrolyte complexes with chitosan
through electrostatic interactions between ionised moieties. The BG particles used, similarly to
RA, also contain numerous hydroxyl groups capable of forming hydrogen bonds. Furthermore,
calcium ions, massively released from BG particles, were involved in ionic crosslinking of
pectin. All of these reactions and interactions provided a multi-level crosslinking effect of
chitosan-based hydrogels, as was schematically illustrated in Fig. 2, affecting their properties

discussed in the next subsections.

bioactive glass

— chitosan

— pectin particles

NH, o Ca”ions

-OH o RA
= THBA #w~@ electrostatic interaction
=~ Schiff base - hydrogen bond

Figure 2. Schematic illustration of the network of THBA-containing CS-PC/A2/RA hydrogel.
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Figure 3. Representative SEM images and EDX spectra of the THBA-free and THBA-
containing hydrogels. Representative pCT analyses of the crosslinked hydrogels - 3D

reconstructions, cross sections, and open porosity (OP).
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SEM analysis of hydrogels revealed irregular highly porous morphology characteristic of
biopolymer-based porous materials obtained using freeze-drying processes (Fig. 3) (Coimbra
et al., 2011; Luppi et al., 2010). All materials showed sheet/sponge-like structures.
Additionally, the hydrogels with pectin contained fibrous-like structures, observed also by
Coimbra et al., 2011 and Luppi et al., 2010 in CS-PC porous materials. Pores of crosslinked
materials seemed be smaller compared to uncrosslinked hydrogels. This may be due to lower
amounts of water entrapped between crosslinked chitosan chains (Iftime et al., 2017), which
was confirmed by TG analysis (Fig. A.4). Although BG particles are not clearly visible in SEM
and UCT analyses, the main components of BG (Si, Ca) were detected using EDX analysis,
confirming their presence in the hydrogel matrices. This may be related to the low concentration
of BG particles in materials (5 w/w%) and their highly homogeneous distribution with no
tendency to agglomerate.

MCT analysis of crosslinked hydrogels proved nearly 100% interconnectivity of the pores and
high porosity, regardless of the composition of the hydrogels. Open porosity was in the range
of 94.9% — 96.5% (Fig. 3). The analysis of pore size distribution showed that all hydrogels had
pores predominantly in the range of 50-150 um (Fig. 4A), which is consistent with SEM
observations (Fig. 3). Smaller (2-50 um) and larger (>150 um) pores were also present, as
depicted by Fig. 4A. Such multi-scale pore size distribution, high porosity and interconnectivity
promote migration and proliferation of osteogenic cells, vascularization, transport of nutrients
and waste, as well as bone tissue ingrowth (lviglia et al., 2016). Wall thickness was
predominantly in the range of 2-18 um (Fig. 4B). 3D reconstructions and cross sections
obtained from PCT analysis revealed that CS-based materials had homogenous porous
morphology. In the case of CS-PC-based hydrogels, two phases differing in microstructure were
observed. Within the most porous phase, similar to that observed in CS-based materials, an
inhomogenously distributed and significantly less porous second phase was noted. The latter
was possibly PC and/or PC-CS PEC. Inhomogeneous distribution of the PC-containing phase
probably results from immediate electrostatic interactions between pectin and chitosan during
material preparation. This may also explain the lack of aforementioned agglomeration of BG.
This was in contrast to our previous observations made for injectable PC/BG hydrogels, in
which non-uniformly distributed agglomerates of A2 BG particles were noted, as a result of
extremely rapid local crosslinking process of pectin induced by Ca?* ions released from BG
(Douglas et al., 2019). It should be pointed out that during hydrogel preparation, PC solution

was added after mixing BG suspension with chitosan solution. As both calcium-induced

12
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crosslinking of pectin and formation of PEC are competitive processes, the order in which the
components were mixed favours the latter process, preventing BG agglomeration.

To date, uCT techniques have been used to investigate hydrogel microstructure and distribution
of inorganic particles in hydrogel matrices (Douglas et al., 2019; Dziadek, Charuza, et al., 2021,
Dziadek et al., 2019). However, our results clearly indicate that uCT imaging is also useful tool
to study homogeneity and interactions in hydrogel polyelectrolyte complex matrices formed
between polyanions and polycations, i.e. chitosan and pectin.
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Figure 4. Quantitative data based on uCT analyses of the THBA-containing hydrogels: pore

size distribution (A) and structure size distribution (B). Compression test results: Young’s

modulus and stresses corresponding to compression of a sample by 50% of the THBA-free and

THBA-containing hydrogels (C). Statistically significant differences (p < 0.05) between

materials are indicated by subsequent lower (Ec) and upper (cs09%) Latin letters. Different letters

indicate statistically significant differences.
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3.2. Mechanical analysis

As shown in Fig. 4C, hydrogels crosslinked with THBA exhibited significantly higher values
of Ec and os0% (0.22-1.60 MPa and 78-158 kPa, respectively) compared to materials without
THBA (0.07-0.73 MPa and 63-123 kPa, respectively). In turn, the presence of pectin in both
THBA-containing and THBA-free materials led to significant increases in Ec and o509 (0.64-
1.60 MPa and 106-158 kPa, respectively), when comparing to materials without PC (0.07-0.48
MPa and 63-113 kPa, respectively). Interestingly, improved mechanical properties were
observed despite an uneven distribution of the PC-containing phase. However, because of its
lower porosity, this phase may be considered as a reinforcing element of a highly porous
hydrogel matrix. In the group of materials crosslinked with THBA, the presence of each
additive resulted in higher values of both parameters tested. However, the highest E. values
were showed by CS-PC-based hydrogels modified with RA (CS-PC/RA, 1.56 MPa) as well as
with both RA and BG (CS-PC/A2/RA, 1.60 MPa), while the highest o50% value was noted for
the first mentioned one (CS-PC/RA, 158 kPa).

Crosslinking has been shown to be an effective strategy to enhance the mechanical properties
of biopolymers as a result of formation of a three-dimensional polymer network (Martinez et
al., 2015). Xu et al., 2018 showed that the formation of Schiff base bond/hydrogen bond linkage
in chitosan hydrogels crosslinked with vanillin provide good mechanical strength and additional
self-healing properties. The effect of interactions occurring between chitosan and pectin chains
(electrostatic, ion-dipole interactions and hydrogen bonding) on improvement of mechanical
properties of porous CS/PC materials was previously observed (Demir et al., 2020). In turn,
Chen et al., 2010 showed that the presence of Ca®* ions in a CS-PC PEC membrane significantly
improved its tensile strength, because of additional calcium-mediated ionic interactions
between pectin chains. In recent work, BG particles were considered as a co-crosslinker,
improving mechanical behaviour of CS/BG/vanillin hydrogels. BG particles provided
additional binding sites between chitosan and vanillin through multiple hydrogen bonding (Hu
et al., 2021). Taking together, the improved mechanical properties of the obtained
multicomponent scaffolds could be attributed to the higher crosslinking degree promoted by
multifaceted interactions between components.

Formation of the Schiff base in the chitosan matrix was confirmed by development of a distinct
yellow colour (Fig. 5C) (Stroescu et al., 2015). The FTIR spectra of THBS-containing
hydrogels showed an absorption band at 1628 cm™, which may be attributed to the stretching
vibration of imine bonding (Fig. A.2). Furthermore, an absorption band of the phenolic
hydroxyl groups of THBA shifted from 1279 to 1268 cm™, which may be due to the H-bonding
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between THBA and other components (Y. Zhang et al., 2014). The high-resolution C1s and
N1s XPS spectra of the THBA-containing CS hydrogel revealed peaks at 288.8 eV and 398.8
eV (Fig. A.3), respectively, which can be assigned to the binding energy of the C=N bond (Gao
et al., 2021), suggesting that a Schiff base reaction occurred. When analysing the TG curves,
crosslinked materials showed lower water content (lower initial weight loss up to 200 °C) as
well as enhanced thermal stability (higher temperature of thermal decomposition, occurring
between 200 and 350 °C, and higher residual weight) compared to uncrosslinked hydrogels,
confirming the presence of covalent Schiff base bonding (Fig. A.4) (Montaser et al., 2019).
Moreover, in the case of uncrosslinked materials, temperature of thermal decomposition of CS-
PC hydrogels tended to be higher compared to CS materials, which may indicate ionic
interactions between both polymers (Martins et al., 2018).

3.3. Swelling and degradation studies
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Figure 5. Swelling (A) and mass loss (B) of the THBA-containing hydrogels. Statistically
significant differences (p < 0.05) between materials are indicated by subsequent lower (3
hours), upper (1 day) Latin letters, Greek letters (3 days), Arabic numerals (7 days), and Roman
numerals (14 days). Different letters/numerals indicate statistically significant differences.
Macroscopic images of the THBA-free and THBA-containing hydrogels before (as prepared)
and after 14-day incubation in PBS (C).

Swelling and degradation behaviour of hydrogels crosslinked with THBA was investigated,
because only these ones were able to maintain a sufficient integrity for accurate weighing (Fig.
5C). Materials swelled the most after the first 3 hours of incubation in PBS (1878-4287%)).
Swelling ability of all THBA-containing materials gradually increased with increasing
incubation time until day 7 (Fig. 5A). After 14 days of incubation, a decrease in swelling was
observed, which suggests that the dissolution process was accelerated. This is in agreement
with the highest mass loss of hydrogels after 14-day incubation (Fig. 5B). Hydrogels containing
RA and CS-PC/A2 material exhibited a lower decrease in swelling and lower mass loss after
14-day incubation compared to other materials. Furthermore, significantly lower water uptake
and mass loss over the entire incubation period were observed for these materials. When
comparing hydrogels with pectin, those ones modified with BG particles showed significantly
reduced swelling and degradation. Importantly, materials combining all components (CS, PC,
THBA, RA, BG) were the most stable.

Macroscopic observations showed that the materials crosslinked with THBA maintained shape
and integrity over the entire incubation period. The THBA-free hydrogels containing pectin did
not dissolve completely during 14-day incubation in PBS, in contrast to materials without this
component (Fig. 5C). Also, hydrogels with RA exhibited incomplete dissolution in PBS,
however debris were much smaller after 14-day incubation compared to materials with PC.
THBA-free CS-PC/A2/RA hydrogel showed the lowest tendency to disintegrate/dissolve with
a very high swelling rate.

Both swelling and degradation behaviour of hydrogels strongly depend on the degree of
crosslinking and also the nature of linkage. In general, the higher the crosslinking degree, the
lower the swelling ability and the slower the degradation rate (Hu et al., 2021; Iftime et al.,
2017). Therefore, the results clearly indicated that THBA was successfully used as a
crosslinking agent of CS-based hydrogels. The presence of PC, RA, and BG in THBA-free
materials also induced crosslinking, but this effect was much weaker. This was due to the fact

that the covalent bonding (Schiff base bond) is known to be much stronger than ionic
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interactions (calcium-mediated interactions between PC chains and interactions between
ionised functional groups of CS and PC) as well as hydrogen bonding (e.g. between hydroxyl
groups of RA, BG, CS, and PC). The introduction of PC, RA, and BG into THBA-containing
hydrogels gave a synergistic crosslinking effect.

Pornpimon and Sakamon (Pornpimon & Sakamon, 2010) showed that swelling of the chitosan
films was reduced upon modification with the plant extract rich in polyphenols, as a result of
intermolecular interactions between chitosan and the extract components. In contrast, literature
data showed that the swelling ability and degradation rate of CS-based materials crosslinked
with glutaraldehyde considerably increased upon addition of PC (Demir et al., 2020), while the
presence of Ca?* ions in CS-PC PEC materials accelerated the weight loss during incubation in
PBS (Chen et al., 2010). It seems that THBA provided a stabilizing effect in CS-PC hydrogels,
due to the hydrogen bonds established between the hydroxyl groups of THBA and pectin
moieties. Furthermore, because of the lower content of pectin with respect to chitosan, PC-
containing phase may be entrapped between highly crosslinked CS phases, creating a protective
environment against water. This can be supported by uCT analysis (Fig. 3).

3.4. Antioxidant activity and release of biologically active compounds
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Figure 6. Radical scavenging capacity (RSC) against the ABTS"" and DPPH" radicals, as well
as ferric reducing antioxidant potential (FRAP) of the THBA-free and THBA-containing
hydrogels (A). Statistically significant differences (p < 0.05) are indicated by subsequent lower
(ABTS), upper (DPPH) Latin letters and Greek letters (FRAP). The release of RA to PBS after
14-day incubation - % of the initial content in the materials (B). Statistically significant
differences (p < 0.05) are indicated by subsequent lower Latin letters. Different letters indicate

statistically significant differences.
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The radical scavenging capacity (RSC) against the ABTS™ and DPPH" radicals, as well as the
ferric reducing antioxidant potential (FRAP) of the hydrogels, are shown in Fig. 6A.
Antioxidant activity of hydrogels can be clearly ascribed to the presence of phenolic
components — THBA and RA. The materials containing these components showed high RSC
and reducing potential which increased in the following order: THBA<RA<THBA+RA. In the
case of materials with both THBA and RA, antioxidant potential did not depend on
composition, in contrast to hydrogels with a single phenolic component (THBA or RA).

The release of biologically active compounds form hydrogels was evaluated after 14-day
incubation in PBS (Fig. 6B). The release of THBA and RA form hydrogels crosslinked with
THBA was below 1% of the initial content in the materials (data not shown). In the case of
THBA-free hydrogels, release of RA was in the range 21% — 32%, depending on material
composition. The presence of PC and BG separately decreased RA release significantly, while
combination of these components (PC and BG) reduced RA release to the greatest extent. The
release of RA from THBA-free hydrogels corresponded to yellowish colour of incubation
medium (Fig. 5C).

A very low release level of THBA from THBA-containing hydrogels indicated its strong
interactions with other components of the materials, confirming contribution in crosslinking
process. Crosslinking with THBA inhibited almost completely the release of RA. In the case of
THBA-free materials, RA release level corresponded with swelling/dissolution rate of the
hydrogels (evaluated macroscopically — Fig. 5C). This indicates that, besides the interaction
of RA with hydrogel components, the crosslinking process using THBA enables RA to be
effectively entrapped in the hydrogel network. This is in agreement with other studies indicating
that reduced release of biologically active components from the hydrogel is closely correlated
with a higher degree of crosslinking and therefore lower swelling and degradation rates (Iftime
et al., 2020; Karakurt et al., 2021).

Although THBA and RA were practically not released from the hydrogels crosslinked with
THBA, they showed high antioxidant activity. Furthermore, the release level of RA from
THBA-free hydrogels did not correlate with RSC and reducing potential. This may indicate that
antioxidant activity of hydrogels is mainly attributed to antioxidants attached to the materials,
not to the released ones (Dziadek, Dziadek, et al., 2021). Some differences in antioxidant
activity between hydrogels containing a single phenolic compound (THBA or RA) may result
from different interactions between them and other components (CS, PC, BG). As the

antioxidant activity of a phenolic compound depends on the total number of phenolic hydroxyl
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groups able to interact with reactive oxygen species by donating hydrogens, phenolic hydroxyl
groups involved in hydrogen bonding were not available to scavenge free radicals/reduce ferric
ions. In turn, the combination of both THBA and RA provided maximal antioxidant effect.

3.5. In vitro mineralisation studies
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Figure 7. SEM images, EDX spectra, and ATR-FTIR spectra of the THBA-containing
hydrogels after 14-day incubation in SBF.

Mineralisation process of the THBA-containing hydrogels after incubation in SBF was assessed
using SEM/EDX and ATR-FTIR methods (Fig. 7). After 14-day incubation, hydrogels
containing BG particles were covered with a uniform layer rich in calcium (Ca) and phosphorus
(P). Furthermore, quite large amounts of sodium (Na), chlorine (Cl), and potassium (K) were
incorporated into materials from SBF. In the case of crosslinked hydrogels without BG, only
the latter elements (Na, Cl, K) were detected after incubation (data not shown). ATR-FTIR
spectra of hydrogels containing BG particles incubated in SBF releveled new bands proving
mineralisation by a CaP phase. Furthermore, the reduction in the intensity of bands arising from
hydrogels was observed, indicating that the layer was thick and uniformly covered the

materials. The bands noted in the ranges of 960 - 1130 cm™ and 600 - 560 cm™ correspond to
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stretching and bending vibrations of PO4* groups in crystalline CaP, respectively (Bossard et
al., 2019). The bands in spectra of hydrogels containing RA tended to be sharper, compared to
those without RA, suggesting the presence of CaP phase with higher crystallinity. This may be
due to acceleration of CaP layer crystallization by additional polyphenolic compound with
numerous phenolic hydroxyl groups capable to interact with Ca?* ions from SBF (Zhou et al.,
2012). There were no significant changes in the spectra of THBA-containing hydrogels without
BG after incubation, confirming SEM/EDX analysis.

These results confirmed the mineralisation ability of CS- and CS-PC-based hydrogels
containing BG particles. This may provide chemical bonding with bone, as well as improved
mechanical properties of the hydrogels after implantation, actively promoting bone
regeneration (Mota et al., 2012).

3.6. In vitro cell studies
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Figure 8. The response of BJ human normal skin fibroblasts and HT-29 human colon cancer
epithelial cells cultured in contact with THBA-containing hydrogels: adenylate kinase (AK)
level in the lysate corresponding to the number of intact adherent cells (A), AK level in the
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supernatant representing material cytotoxicity (B). Statistically significant differences (p <0.05)
between materials and TCPS are indicated by subsequent lower (1 day), upper (3 days) Latin
letters, Greek letters (7 days), Arabic numerals (10 days). Different letters indicate statistically

significant differences.

Cytotoxicity and antiproliferative activity of THBA-containing hydrogels were evaluated on
normal fibroblast cells and colon cancer cells (Fig. 8). The number of normal cells in contact
with tested materials was lower after each cell culture period compared to the control (TCPS).
Nevertheless, the fibroblasts cultured on hydrogels showed a high proliferation rate. After 10
days of culture, there were no statistically significant difference between materials. In the case
of cancer cells, a strong antiproliferative activity of the materials was noted. The number of
cancer cells in contact with the hydrogels was several times lower compared to TCPS and
decreased with increasing culture time. In the case of materials containing RA, a significantly
lower number of cells was observed after 3 days of culture, compared to hydrogels without RA.
In turn, after 10-day culture, the number of cells in contact with materials did not differ
significantly. Release of adenylate kinase from both normal and cancer cells in contact with
hydrogels was on the same level or even lower compared to the control, indicating a low
cytotoxic effect. Materials containing RA showed lower cytotoxicity when compared to
unmodified ones.

The results showed that materials crosslinked with THBA were not cytotoxic against normal
and cancer cells, however they inhibited the proliferation of cancer cells, possibly indicating a
modulation of the cell cycle. This suggested that apoptosis rather than necrosis was a pathway
for cancer cell death. Inducing apoptosis of cancer cells while reducing the death of normal
cells is one of the most desirable mechanisms of action of anticancer therapies (Kwan et al.,
2015). Antiproliferative activity of THBA-containing hydrogels may be ascribed to the
presence of phenolic compounds — THBA and RA. As mentioned above, monoaldehydes, such
as vanillin (Karakurt et al., 2021), salicylaldehyde (Iftime et al., 2017), o-vanillin, and 2,4,6-
trihydroxybenzaldehyde (Marton et al., 2016), as well as polyphenols, for instance RA (Swamy
et al., 2018), exhibited antitumor activity against different types of cancer cells. Similarly to
antioxidant properties, anticancer activity was possibly attributed mainly to compounds

attached to materials.

4. Conclusions
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In the present work, a series of highly porous chitosan-based hydrogels was prepared and
comprehensively evaluated. A simple and green method for crosslinking with the use of
monoaldehyde - 2,3,4-trihnydroxybenzaldehyde was successfully applied. The hydrogels were
modified with a second hydrogel-forming polymer — pectin, as well as different functional
additives — bioactive glass particles and rosmarinic acid. All of these were involved in the
crosslinking process of the hydrogels, while simultaneously modulating their properties or
imparting completely new ones. The crosslinking process with THBA resulted in significantly
improved mechanical properties, high swelling capacity and delayed degradation. In addition
to the crosslinking function, THBA provided high antioxidant activity and also a selective
antiproliferative effect on cancer cells with no cytotoxicity for normal cells. Hydrogels
containing pectin showed significantly modified microstructure and enhanced mechanical
strength, while the combination with bioactive glass particles gave improved stability in PBS.
All hydrogels modified with bioactive glass particles exhibited the ability to mineralize in SBF.
The addition of rosmarinic acid enhanced antioxidant and anticancer activities as well as
promoting the mineralisation process. The results indicated that the obtained hydrogels
represent promising multifunctional biomaterials with a wide range of tunable physicochemical
and biological properties with great potential for the use in different tissue engineering fields,

for instance in bone regeneration or after tumour resection.
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Abstract

Monoaldehydes, due to natural origin and therapeutic activity, have attracted great attention for
their ability to crosslink chitosan hydrogels for biomedical applications. However, most studies
have focused on single-component hydrogels. In this work, chitosan-based hydrogels,
crosslinked for the first time with 2,3,4-trihydroxybenzaldehyde (THBA), were modified with
pectin (PC), bioactive glass (BG), and rosmarinic acid (RA). All of these were not only involved
in the crosslinking, but also modulated properties or imparted completely new ones. THBA
functioned as a crosslinker, resulting in improved mechanical properties, high swelling capacity
and delayed degradation and also imparted high antioxidant activity and antiproliferative effect
on cancer cells without cytotoxicity for normal cells. Hydrogels containing PC showed
enhanced mechanical strength, while the combination with BG gave improved stability in PBS.
All hydrogels modified with BG exhibited the ability to mineralize in SBF. The addition of RA

enhanced antioxidant and anticancer activities and promoting the mineralisation process.

Keywords: monoaldehyde; polyelectrolyte complex; bioactive glass; polyphenols; micro-

computed tomography

1. Introduction

Hydrogel materials are able to absorb a large amounts of water and swell without dissolving in
aqueous media. These unique properties hydrogels owe to three-dimensional crosslinked
network of hydrophilic polymer chains. Recently, hydrogels have attracted great attention for
their potential application in a wide range of biomedical areas, including tissue engineering and
controlled drug delivery systems. This is due to the fact that hydrogels are able to mimic
biomechanical characteristics of native extracellular matrix (ECM), providing 3D
microenvironments for cell migration, adhesion, and proliferation, as well as promoting the
transport of nutrients and signalling molecules. Furthermore, their porosity, high swelling
ability, and hydrophilic nature make hydrogels excellent candidates as carriers of hydrophilic
biologically active compounds (e.g. drugs, biomolecules, phytochemicals). Generally, all of
these properties of hydrogels are highly associated with the degree of crosslinking (Mallick et
al., 2020; M. Zhang et al., 2021).

Chitosan (CS), as a glucosamine-based polysaccharide obtained by deacetylation of chitin, is
one of the most studied biopolymers in the biomedical applications. CS is characterised by good
biocompatibility, biodegradability, inherent antibacterial activity, hemostatic potential, wide

availability, and low price (Coimbra et al., 2011). Although CS-based hydrogels for biomedical
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applications have been widely studied in recent years, their effective and safe crosslinking still
remains a great challenge.

The most frequently used crosslinking agents of CS are dialdehydes, in particular
glutaraldehyde (GA). The crosslinking mechanism of dialdehydes, including GA, is based on
the formation of imine bonds, well-known as Schiff bases, between two aldehyde groups of GA
and amino groups of chitosan chains. However, GA is highly cytotoxic and neurotoxic. In
recent years, great interest has been focused on monoaldehydes as CS crosslinking agent, which
in many cases, unlike dialdehydes, are naturally occurring compounds with beneficial
biological activities (e.g. antioxidant, anticancer, antibacterial) (Iftime et al., 2017; Xu et al.,
2018). The crosslinking mechanism of the monoaldehyde is based on imine-bond formation
between the single aldehyde group of the monoaldehyde molecule and the amino group of the
CS chain accompanied by the hydrophilic/hydrophobic assembling of the CS/aromatic units of
the monoaldehyde. The monoaldehyde hydroxyl group in the ortho position can form an
intramolecular hydrogen bond with the imine nitrogen, providing the stabilization of the imine
linkage (Iftime et al., 2017). Furthermore, the hydroxyl groups in other positions can form
additional hydrogen bonds with the hydroxyl or the amino groups in chitosan chains, enhancing
the crosslinking effect (Xu et al., 2018).

The second important crosslinking mechanism of CS is ionic/electrostatic interaction.
Examples of this are polyelectrolyte complexes (PECs), which are formed by electrostatic
interactions between cationic amino groups in CS and anionic groups in other polymers, such
as carboxyl acid groups of pectin (PC) under specific pH conditions (in the pKa range of these
two polymers) (Maciel et al., 2015).

PCs are anionic polysaccharides derived mainly from by-products of the fruit processing
industry, therefore they are environmentally friendly, available in vast amounts and inexpensive
(Neves et al., 2015). PCs show good biocompatibility and biodegradability, as well as a wide
range of biological activities, such as anti-inflammatory, antioxidant, and anticancer properties
(Cui et al., 2017; Munarin et al., 2011; Neves et al., 2015). PCs, especially low esterified
amidated ones, can easily be crosslinked by calcium ions to form hydrogels, also injectable
systems (Yuliarti et al., 2017). For these reasons, PCs are receiving increased attention as a
hydrogel material for drug delivery and tissue engineering applications (Cui et al., 2017,
Douglas et al., 2019; Munarin et al., 2011; Neves et al., 2015).

A combination of CS and PC to obtain PEC hydrogels exploits the biological benefits of both
biopolymers while also enabling modification of the material properties, such as mechanical

behaviour, wettability, swelling, and degradation (Chen et al., 2010; Coimbra et al., 2011).

3
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CS/PC-based hydrogels showed high cytocompatibility with many cell types (Birch et al.,
2015; Li et al., 2010), capacity to be loaded with drugs (Luppi et al., 2010; Neufeld & Bianco-
Peled, 2017) and natural biological active compounds (Maciel et al., 2015), indicating high
potential in biomedical applications.

In order to improve the biological and physicochemical properties of hydrogels or impart
completely new functionalities to them, various additives are used. One of them is bioactive
ceramic, especially bioactive glass (BG). BGs have significantly altered the properties of
hydrogels relevant for bone regeneration applications (mechanical properties,
microstructural/topographical features, osteoblast activity) (Dziadek, Charuza, et al., 2021).
Furthermore, calcium phosphate (CaP) forming ability of BGs and osteogenic properties of
their dissolution products (i.a. silica, calcium ions) have induced hydrogel mineralization with
a CaP phase, assuring improved mechanical properties, direct chemical bonding with bone, and
stimulation of bone regeneration (Sitarz et al., 2013; Wajda et al., 2016, 2018). Other additives
used in hydrogels are biologically active compounds. In recent years, much attention has been
paid to naturally occurring chemicals - polyphenols, as alternative for drugs and biomolecules.
This is due to the multiple biological activities of polyphenols, such as antioxidant, anticancer,
anti-inflammatory, antimicrobial and osteostimulation properties, and minor side effects
(Dziadek, Dziadek, et al., 2021). One of the polyphenols frequently found in herbal plants is
rosmarinic acid (RA). RA has exhibited multi-faceted activity, for instance strong antioxidant,
anticancer, and anti-inflammatory activities (Kuhlmann & Ro6hl, 2008; Xavier et al., 2009).
Furthermore, RA has been shown to regulate bone metabolism by inducing osteoblast
differentiation and inhibiting osteoclast activity (Lee et al., 2015).

As we have shown in previous work, calcium-rich sol-gel-derived BG particles can be a
sufficient rich source of Ca?* ions for internal crosslinking of low esterified amidated PC
(Douglas et al., 2019). Furthermore, numerous silanol groups (Si-OH) of sol-gel-derived BG
and hydroxyl groups of polyphenolic compounds may interact with each other and also with
functional moieties of chitosan (-OH, -NH>) and pectin (-OH, -COOH) to form hydrogen bonds
(Douglas et al., 2017; Dziadek, Dziadek, et al., 2021; Hu et al., 2021).

In this work, the phenolic monoaldehyde - 2,3,4-trihydroxybenzaldehyde (THBA) was used for
the first time as a crosslinking agent in CS-based hydrogels for potential use in tissue
engineering applications. It was hypothesize that the use of a second hydrogel-forming polymer,
namely PC, as well as different functional additives, including calcium-rich sol-gel-derived BG
particles and polyphenolic compounds (RA) would significantly affect the crosslinking process,

and therefore the properties of CS-based hydrogels. A series of highly porous scaffolds was
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evaluated in terms of (i) microstructure and porosity; (ii) mechanical properties; (iii) thermal
properties; (iv) swelling and degradation behaviour; (v) the in vitro mineralisation process; (vi)
antioxidant activity; (vii) in vitro cytotoxicity and antiproliferative activity against normal and

cancer human cells.

2. Materials and methods

2.1. Preparation of the materials

Bioactive glass powder of the following composition (%mol) 54Ca0-40SiO,-6P,0s, denoted
as A2, was synthetized using a sol-gel technique as reported previously (Zagrajczuk et al.,
2017). BG was milled in an attritor with ZrO, balls in isopropyl alcohol medium to obtain a
powder with a particle size of 1 um (dso). The particle size distribution and SEM image of BG
are shown in Fig. A.1. Particle size distribution was measured by laser diffraction Mastersizer-
S equipment (Malvern Instruments, UK) as described previously (Douglas et al., 2019).
Hydrogels were prepared using freeze-drying process. Chitosan (medium molecular weight;
75-85% deacetylated; Sigma-Aldrich, Germany) and pectin (low esterified amidated pectin
from citrus peels; degree of esterification - 27.4%, degree of amidation - 22.8%, galacturonic
acid content - 93.5%; Herbstreith & Fox, Germany) solutions (2 w/v%) were prepared by
dissolving CS and PC powders in 1 v/v% acetic acid aqueous solution and deionised water,
respectively. The pH values of the polymer solutions were 4.5 and 4.4, respectively. 2,3,4-
trihydroxybenzaldehyde (Sigma-Aldrich, Germany) was used as crosslinking agent. Materials
with and without THBA were prepared. THBA, rosmarinic acid (Carbosynth Ltd, UK), and BG
powder was introduced into materials in the form of 1 w/v% solution/suspension in deionised
water. Adequate solutions/suspensions (CS/PC/THBA/RA/BG) were mixed (3000 rpm) at
room temperature in 2-mL Eppendorf tubes using a vortexer to obtain materials of compositions
presented in Table 1. All mixtures were filled up to constant volume using 1 v/v% acetic acid.
The scheme showing the order of mixing of the components is shown in Fig. 1A (if a particular
component was not added, the respective mixing step for that component was omitted). The
samples in Eppendorf tubes were frozen in a laboratory freezer at -24 °C for 48 h and then
freeze-dried (Alpha 1-4 LSCplus, Christ, Germany, ice condenser temperature -55 °C, vacuum
0.1 mbar) for 48 h.

Table 1. The compositions of materials.
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CS PC RA A2 BG
Material (Wiw%  (w/w% (WA (Wiw%  (w/w%
) ) %) ) )
Uncrosslinked materials
CS 100 - - - -
CS-PC 70 30 - - -
CS/IA2 100 - - - 5
CS-PC/A2 70 30 - - 5
CS/RA 100 - - 2 -
CS-PC/RA 70 30 - 2 -
CS/IA2/RA 100 - - 2 5
CsS-
PCIA2/IRA 0 % ' ? °
Crosslinked materials
CS 100 - 2 - -
CS-PC 70 30 2 - -
CS/IA2 100 - 2 - 5
CS-PC/A2 70 30 2 - 5
CS/RA 100 - 2 2 -
CS-PC/RA 70 30 2 2 -
CS/IA2/RA 100 - 2 2 5
CS-
PC/A2/RA 0 % ? ? >
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Figure 1. Scheme showing the order of mixing of the components (if a particular component

was not added, the mixing step for that component was omitted).

2.2. Microstructure analysis

THBA-free and THBA-containing hydrogels were analysed using ultra-high resolution
scanning electron microscope (SEM) equipped with a field emission gun and a secondary
electron detector (Nova NanoSEM 200 FEI Europe Company, accelerating voltage 10-15 kV,
spot 4) coupled with an energy dispersion X-ray (EDX) analyser with a SiLi detector (EDAX,
Netherlands) in the low vacuum mode. Cross sections were prepared by hydrogel cutting with
a scalpel blade. Materials were analysed after coating with a carbon layer.

Architecture of crosslinked hydrogels were evaluated using micro-computed tomography (p-
CT) using a SkyScan 1272 equipment high-resolution X-ray microtomograph (Bruker Micro-
CT, Belgium). 2D projections were registered averaging 3 frames, rotation of 0.3° and 800 ms
exposure time. The images were registered at a resolution of 4904 x 3280 at an accelerating
voltage of 50 kV and a beam current of 200 pA. The pixel size was fixed at 2 pum.

2.3. Mechanical analysis

Mechanical strength of the hydrogels was determined using an Inspekt 5 Table Blue testing
machine (Hegewald & Peschke, Germany) equipped with a 100 N load cell. Samples were cut
into cylinders of 10 mm height and compressed with a displacement rate of 5 mm min? (n =
10). Subsequently, Young’s modulus (Ec) and the stresses corresponding to compression of a
sample by 50% (os0%) Were measured. The results were expressed as mean + standard deviation
(SD).

2.4. Thermal analysis

Thermogravimetric analysis (TGA) was performed using a Discovery TGA 550 analyser (TA
Instruments, USA) in the temperature range from 40 to 600 °C at a heating rate of 10 °C min™,
under a nitrogen atmosphere. The samples (c.a. 15 mg) were placed in a platinum crucible.
2.5. FTIR analysis

The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were registered
using Vertex 70v spectrometer (Bruker, USA) equipped with a ZnSe ATR crystal. Spectra were
collected in the 550-4000 cm* spectral range with a resolution of 4 cm™ and by averaging 128
scans.

2.6. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was performed in an ultrahigh vacuum

system (5 - 10~° mbar) equipped with an SES R4000 analyser (Gammadata Scienta, Sweden).
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A monochromatic Al Ka X-ray source (1486.6 eV) was used. The electron binding energy of
C1s peak was referenced at 284.8 eV. The obtained XPS spectra were analysed using CasaXPS
2.3.15 software.

2.7. Swelling and degradation studies

Swelling and degradation behaviour of hydrogels was investigated by incubating the samples
(n = 5) in phosphate buffered saline (PBS, pH 7.4) at 37 °C. For swelling tests, the samples
were weighed at the beginning of the experiment and again after 3 h, 1, 3, 7, and 14 days of

incubation. Before weighing the samples were placed on filter paper to remove excess PBS

from the surface. Swelling of each sample was calculated as follows: % %X 100%, where W
0

is weight after specific period of incubation, Wo is weight before incubation. For degradation
tests, the samples were weighed at the beginning of the experiment and again after 3, 7, and 14
days of incubation after freeze-drying. Mass loss of each sample was calculated as follows:
Wo—W;

— X 100%, where Wy is the weight of the sample before incubation and W is the weight
0

of the freeze-dried sample after a specific period of incubation. The results were expressed as
mean + standard deviation (SD).

2.8. Antioxidant activity and release of THBA and RA

Antioxidant activity of the hydrogels was evaluated using ABTS and DPPH free radical
scavenging assays and ferric reducing antioxidant power (FRAP) test (Dziadek, Dziadek, et al.,
2021). The samples were incubated with shaking in ABTS, DPPH, and FRAP working solutions
for 10 minutes in the dark at 30 °C (n = 3). For ABTS, DPPH, and FRAP assays, the changes
of absorbance at 734 nm, 515 nm, and 593 nm respectively, were measured using a spectrometer

(UV-1800, RayLeigh, China). The radical scavenging capacity (RSC) of the materials was

calculated as follows: RSC = % x 100%, where As was the absorbance of the solution after
0

sample incubation, and Ao was the absorbance of ABTS and DPPH working solutions. The
results of the FRAP test were expressed as absorbance. The results were expressed as mean +
standard deviation (SD).

The release of THBA and RA from hydrogels to PBS was evaluated using HPLC. A
Prominence-i LC-2030C 3D Plus system (Shimadzu, Japan) equipped with a diode array
detector (DAD) was used. The separation was performed on the Luna Omega 5 pum Polar C18,
100 A, 250 x 10 mm column (Phenomenex, California, USA) at 40°C. The mobile phase was a
mixture of two eluents: A — 0.1 % v/v formic acid in UHQ water and B — 0.1 % v/v formic acid

in methanol. The flow rate of the mobile phase was 1.2 mL min™. The analysis was carried out
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with the following gradient conditions: from 20% to 40% B in 10 min, 40% B for 10 min, from
40% to 50% B in 10 min, from 50% to 60% B in 5 min, 60% B for 5 min, from 60% to 70% B
in 5 min, from 70% to 90% B in 5 min, 90% B for 5 min, from 90% to 20% B (the initial
condition) in 1 min and 20% B for 4 min, resulting in a total run time of 60 min. The injection
volume was 20 uL. All of the reagents used for HPLC analysis were purchased from Sigma-
Aldrich, Germany.

2.9. In vitro mineralisation studies

The mineralization process of hydrogels was performed by incubation in simulated body fluid
(SBF), prepared according to Kokubo and Takadama (Kokubo & Takadama, 2006). Samples
were incubated in SBF for 7 and 14 days at 37 °C, freeze-dried and analysed using SEM/EDX
and ATR-FTIR methods as mentioned above.

2.10. Invitro cell studies

The human normal skin fibroblasts (BJ, ATCC, USA) and the human colon cancer epithelial
cells (HT-29, ATCC, USA) were cultured in direct contact with crosslinked materials in Eagle's
Minimum Essential Medium (EMEM, Sigma-Aldrich, MO, USA) and McCoy's 5a Medium
Modified (ATCC, USA), respectively, both containing 10% Fetal Bovine Serum (FBS) at a
density of 2-10* cells/mL/well for 1, 3, 7, and 10 days in 48-well plates. The bottom surfaces
of tissue culture polystyrene (TCPS) wells served as a control. The proliferation rate of cells
and cytotoxicity of hydrogels were assessed using the ToxiLight™ BioAssay Kit and
ToxiLight™ 100% Lysis Reagent Set (Lonza, USA) according to the manufacturer’s protocol.
The kit was used to quantify adenylate kinase in both supernatant (representing damaged cells)
and lysate (representing intact adherent cells). The results were expressed as mean + standard
deviation (SD) from 4 samples for each experimental group.

2.11. Statistical analysis

The results were analyzed using one-way analysis of variance (ANOVA) with Duncan post hoc
tests, which were performed with Statistica 13 (StatSoft®, USA) software. The results were
considered statistically significant when p<0.05.

3. Results and discussion

The use of monoaldehydes as crosslinking agents of chitosan is not as common as the use of
other ones, e.g. glutaraldehyde. However, due to their natural origin, low cytotoxicity, low
costs, and therapeutic activity, they have attracted great attention for crosslinking chitosan
hydrogels for biomedical applications. To date, the following monoaldehydes have been used -
vanillin (Hu et al., 2021; Karakurt et al., 2021; Xu et al., 2018), salicylaldehyde (Iftime et al.,

9
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2017, 2020), nitrosalicylaldehyde (Craciun et al., 2019; Olaru et al., 2018), and cinnamaldehyde
(Marin et al., 2014). In most cases, single-component hydrogels were obtained. However, there
are only a few reports on the introduction of functional components into imine-chitosan
hydrogels and examination of their effect on the crosslinking process, and thus the final
properties of materials. In recent works, melt-derived bioactive glass particles (Hu et al., 2021)
and diclofenac sodium salt (Craciun et al., 2019; Iftime et al., 2020), as a model drug, were
used. In the present study we developed multicomponent chitosan-based hydrogels modified
with a second hydrogel-forming polymer - pectin, as well as different functional additives —
bioactive glass particles and rosmarinic acid. For systematic evaluation of the obtained
hydrogels, the additives were introduced alone or in combination to both materials prepared in
the presence and absence of monoaldehyde (THBA, pyrogallolaldehyde). It is worth
mentioning that the THBA molecule contains three hydroxyl groups which, in addition to their
ability to stabilize the imine bond, provided additional binding sides for the chains of both
polymers and other components. Importantly, these three hydroxyl groups impart antioxidant
properties to the THBA. Pectin was able to form polyelectrolyte complexes with chitosan
through electrostatic interactions between ionised moieties. The BG particles used, similarly to
RA, also contain numerous hydroxyl groups capable of forming hydrogen bonds. Furthermore,
calcium ions, massively released from BG particles, were involved in ionic crosslinking of
pectin. All of these reactions and interactions provided a multi-level crosslinking effect of
chitosan-based hydrogels, as was schematically illustrated in Fig. 2, affecting their properties

discussed in the next subsections.

bioactive glass

— chitosan

— pectin particles

- -NH, o Ca”ions

- -OH o RA

= THBA #w~@ electrostatic interaction
- Schiff base - hydrogen bond

Figure 2. Schematic illustration of the network of THBA-containing CS-PC/A2/RA hydrogel.
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Figure 3. Representative SEM images and EDX spectra of the THBA-free and THBA-
containing hydrogels. Representative pCT analyses of the crosslinked hydrogels - 3D

reconstructions, cross sections, and open porosity (OP).
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SEM analysis of hydrogels revealed irregular highly porous morphology characteristic of
biopolymer-based porous materials obtained using freeze-drying processes (Fig. 3) (Coimbra
et al., 2011; Luppi et al., 2010). All materials showed sheet/sponge-like structures.
Additionally, the hydrogels with pectin contained fibrous-like structures, observed also by
Coimbra et al., 2011 and Luppi et al., 2010 in CS-PC porous materials. Pores of crosslinked
materials seemed be smaller compared to uncrosslinked hydrogels. This may be due to lower
amounts of water entrapped between crosslinked chitosan chains (Iftime et al., 2017), which
was confirmed by TG analysis (Fig. A.4). Although BG particles are not clearly visible in SEM
and UCT analyses, the main components of BG (Si, Ca) were detected using EDX analysis,
confirming their presence in the hydrogel matrices. This may be related to the low concentration
of BG particles in materials (5 w/w%) and their highly homogeneous distribution with no
tendency to agglomerate.

MCT analysis of crosslinked hydrogels proved nearly 100% interconnectivity of the pores and
high porosity, regardless of the composition of the hydrogels. Open porosity was in the range
of 94.9% — 96.5% (Fig. 3). The analysis of pore size distribution showed that all hydrogels had
pores predominantly in the range of 50-150 um (Fig. 4A), which is consistent with SEM
observations (Fig. 3). Smaller (2-50 um) and larger (>150 um) pores were also present, as
depicted by Fig. 4A. Such multi-scale pore size distribution, high porosity and interconnectivity
promote migration and proliferation of osteogenic cells, vascularization, transport of nutrients
and waste, as well as bone tissue ingrowth (lviglia et al., 2016). Wall thickness was
predominantly in the range of 2-18 um (Fig. 4B). 3D reconstructions and cross sections
obtained from PCT analysis revealed that CS-based materials had homogenous porous
morphology. In the case of CS-PC-based hydrogels, two phases differing in microstructure were
observed. Within the most porous phase, similar to that observed in CS-based materials, an
inhomogenously distributed and significantly less porous second phase was noted. The latter
was possibly PC and/or PC-CS PEC. Inhomogeneous distribution of the PC-containing phase
probably results from immediate electrostatic interactions between pectin and chitosan during
material preparation. This may also explain the lack of aforementioned agglomeration of BG.
This was in contrast to our previous observations made for injectable PC/BG hydrogels, in
which non-uniformly distributed agglomerates of A2 BG particles were noted, as a result of
extremely rapid local crosslinking process of pectin induced by Ca?* ions released from BG
(Douglas et al., 2019). It should be pointed out that during hydrogel preparation, PC solution

was added after mixing BG suspension with chitosan solution. As both calcium-induced
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crosslinking of pectin and formation of PEC are competitive processes, the order in which the
components were mixed favours the latter process, preventing BG agglomeration.

To date, uCT techniques have been used to investigate hydrogel microstructure and distribution
of inorganic particles in hydrogel matrices (Douglas et al., 2019; Dziadek, Charuza, et al., 2021;
Dziadek et al., 2019). However, our results clearly indicate that uCT imaging is also useful tool
to study homogeneity and interactions in hydrogel polyelectrolyte complex matrices formed
between polyanions and polycations, i.e. chitosan and pectin.
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Figure 4. Quantitative data based on uCT analyses of the THBA-containing hydrogels: pore

size distribution (A) and structure size distribution (B). Compression test results: Young’s
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THBA-containing hydrogels (C). Statistically significant differences (p < 0.05) between
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3.2. Mechanical analysis

As shown in Fig. 4C, hydrogels crosslinked with THBA exhibited significantly higher values
of Ec and os0% (0.22-1.60 MPa and 78-158 kPa, respectively) compared to materials without
THBA (0.07-0.73 MPa and 63-123 kPa, respectively). In turn, the presence of pectin in both
THBA-containing and THBA-free materials led to significant increases in Ec and o509 (0.64-
1.60 MPa and 106-158 kPa, respectively), when comparing to materials without PC (0.07-0.48
MPa and 63-113 kPa, respectively). Interestingly, improved mechanical properties were
observed despite an uneven distribution of the PC-containing phase. However, because of its
lower porosity, this phase may be considered as a reinforcing element of a highly porous
hydrogel matrix. In the group of materials crosslinked with THBA, the presence of each
additive resulted in higher values of both parameters tested. However, the highest E. values
were showed by CS-PC-based hydrogels modified with RA (CS-PC/RA, 1.56 MPa) as well as
with both RA and BG (CS-PC/A2/RA, 1.60 MPa), while the highest o509 value was noted for
the first mentioned one (CS-PC/RA, 158 kPa).

Crosslinking has been shown to be an effective strategy to enhance the mechanical properties
of biopolymers as a result of formation of a three-dimensional polymer network (Martinez et
al., 2015). Xu et al., 2018 showed that the formation of Schiff base bond/hydrogen bond linkage
in chitosan hydrogels crosslinked with vanillin provide good mechanical strength and additional
self-healing properties. The effect of interactions occurring between chitosan and pectin chains
(electrostatic, ion-dipole interactions and hydrogen bonding) on improvement of mechanical
properties of porous CS/PC materials was previously observed (Demir et al., 2020). In turn,
Chen et al., 2010 showed that the presence of Ca®* ions in a CS-PC PEC membrane significantly
improved its tensile strength, because of additional calcium-mediated ionic interactions
between pectin chains. In recent work, BG particles were considered as a co-crosslinker,
improving mechanical behaviour of CS/BG/vanillin hydrogels. BG particles provided
additional binding sites between chitosan and vanillin through multiple hydrogen bonding (Hu
et al., 2021). Taking together, the improved mechanical properties of the obtained
multicomponent scaffolds could be attributed to the higher crosslinking degree promoted by
multifaceted interactions between components.

Formation of the Schiff base in the chitosan matrix was confirmed by development of a distinct
yellow colour (Fig. 5C) (Stroescu et al., 2015). The FTIR spectra of THBS-containing
hydrogels showed an absorption band at 1628 cm™, which may be attributed to the stretching
vibration of imine bonding (Fig. A.2). Furthermore, an absorption band of the phenolic
hydroxyl groups of THBA shifted from 1279 to 1268 cm™, which may be due to the H-bonding
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between THBA and other components (Y. Zhang et al., 2014). The high-resolution C1s and
N1s XPS spectra of the THBA-containing CS hydrogel revealed peaks at 288.8 eV and 398.8
eV (Fig. A.3), respectively, which can be assigned to the binding energy of the C=N bond (Gao
et al., 2021), suggesting that a Schiff base reaction occurred. When analysing the TG curves,
crosslinked materials showed lower water content (lower initial weight loss up to 200 °C) as
well as enhanced thermal stability (higher temperature of thermal decomposition, occurring
between 200 and 350 °C, and higher residual weight) compared to uncrosslinked hydrogels,
confirming the presence of covalent Schiff base bonding (Fig. A.4) (Montaser et al., 2019).
Moreover, in the case of uncrosslinked materials, temperature of thermal decomposition of CS-
PC hydrogels tended to be higher compared to CS materials, which may indicate ionic
interactions between both polymers (Martins et al., 2018).

3.3. Swelling and degradation studies
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Figure 5. Swelling (A) and mass loss (B) of the THBA-containing hydrogels. Statistically
significant differences (p < 0.05) between materials are indicated by subsequent lower (3
hours), upper (1 day) Latin letters, Greek letters (3 days), Arabic numerals (7 days), and Roman
numerals (14 days). Different letters/numerals indicate statistically significant differences.
Macroscopic images of the THBA-free and THBA-containing hydrogels before (as prepared)
and after 14-day incubation in PBS (C).

Swelling and degradation behaviour of hydrogels crosslinked with THBA was investigated,
because only these ones were able to maintain a sufficient integrity for accurate weighing (Fig.
5C). Materials swelled the most after the first 3 hours of incubation in PBS (1878-4287%)).
Swelling ability of all THBA-containing materials gradually increased with increasing
incubation time until day 7 (Fig. 5A). After 14 days of incubation, a decrease in swelling was
observed, which suggests that the dissolution process was accelerated. This is in agreement
with the highest mass loss of hydrogels after 14-day incubation (Fig. 5B). Hydrogels containing
RA and CS-PC/A2 material exhibited a lower decrease in swelling and lower mass loss after
14-day incubation compared to other materials. Furthermore, significantly lower water uptake
and mass loss over the entire incubation period were observed for these materials. When
comparing hydrogels with pectin, those ones modified with BG particles showed significantly
reduced swelling and degradation. Importantly, materials combining all components (CS, PC,
THBA, RA, BG) were the most stable.

Macroscopic observations showed that the materials crosslinked with THBA maintained shape
and integrity over the entire incubation period. The THBA-free hydrogels containing pectin did
not dissolve completely during 14-day incubation in PBS, in contrast to materials without this
component (Fig. 5C). Also, hydrogels with RA exhibited incomplete dissolution in PBS,
however debris were much smaller after 14-day incubation compared to materials with PC.
THBA-free CS-PC/A2/RA hydrogel showed the lowest tendency to disintegrate/dissolve with
a very high swelling rate.

Both swelling and degradation behaviour of hydrogels strongly depend on the degree of
crosslinking and also the nature of linkage. In general, the higher the crosslinking degree, the
lower the swelling ability and the slower the degradation rate (Hu et al., 2021; Iftime et al.,
2017). Therefore, the results clearly indicated that THBA was successfully used as a
crosslinking agent of CS-based hydrogels. The presence of PC, RA, and BG in THBA-free
materials also induced crosslinking, but this effect was much weaker. This was due to the fact

that the covalent bonding (Schiff base bond) is known to be much stronger than ionic
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interactions (calcium-mediated interactions between PC chains and interactions between
ionised functional groups of CS and PC) as well as hydrogen bonding (e.g. between hydroxyl
groups of RA, BG, CS, and PC). The introduction of PC, RA, and BG into THBA-containing
hydrogels gave a synergistic crosslinking effect.

Pornpimon and Sakamon (Pornpimon & Sakamon, 2010) showed that swelling of the chitosan
films was reduced upon modification with the plant extract rich in polyphenols, as a result of
intermolecular interactions between chitosan and the extract components. In contrast, literature
data showed that the swelling ability and degradation rate of CS-based materials crosslinked
with glutaraldehyde considerably increased upon addition of PC (Demir et al., 2020), while the
presence of Ca?* ions in CS-PC PEC materials accelerated the weight loss during incubation in
PBS (Chen et al., 2010). It seems that THBA provided a stabilizing effect in CS-PC hydrogels,
due to the hydrogen bonds established between the hydroxyl groups of THBA and pectin
moieties. Furthermore, because of the lower content of pectin with respect to chitosan, PC-
containing phase may be entrapped between highly crosslinked CS phases, creating a protective
environment against water. This can be supported by uCT analysis (Fig. 3).

3.4. Antioxidant activity and release of biologically active compounds
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Figure 6. Radical scavenging capacity (RSC) against the ABTS"™" and DPPH" radicals, as well
as ferric reducing antioxidant potential (FRAP) of the THBA-free and THBA-containing
hydrogels (A). Statistically significant differences (p < 0.05) are indicated by subsequent lower
(ABTS), upper (DPPH) Latin letters and Greek letters (FRAP). The release of RA to PBS after
14-day incubation - % of the initial content in the materials (B). Statistically significant
differences (p < 0.05) are indicated by subsequent lower Latin letters. Different letters indicate

statistically significant differences.
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The radical scavenging capacity (RSC) against the ABTS™ and DPPH" radicals, as well as the
ferric reducing antioxidant potential (FRAP) of the hydrogels, are shown in Fig. 6A.
Antioxidant activity of hydrogels can be clearly ascribed to the presence of phenolic
components — THBA and RA. The materials containing these components showed high RSC
and reducing potential which increased in the following order: THBA<RA<THBA+RA. In the
case of materials with both THBA and RA, antioxidant potential did not depend on
composition, in contrast to hydrogels with a single phenolic component (THBA or RA).

The release of biologically active compounds form hydrogels was evaluated after 14-day
incubation in PBS (Fig. 6B). The release of THBA and RA form hydrogels crosslinked with
THBA was below 1% of the initial content in the materials (data not shown). In the case of
THBA-free hydrogels, release of RA was in the range 21% — 32%, depending on material
composition. The presence of PC and BG separately decreased RA release significantly, while
combination of these components (PC and BG) reduced RA release to the greatest extent. The
release of RA from THBA-free hydrogels corresponded to yellowish colour of incubation
medium (Fig. 5C).

A very low release level of THBA from THBA-containing hydrogels indicated its strong
interactions with other components of the materials, confirming contribution in crosslinking
process. Crosslinking with THBA inhibited almost completely the release of RA. In the case of
THBA-free materials, RA release level corresponded with swelling/dissolution rate of the
hydrogels (evaluated macroscopically — Fig. 5C). This indicates that, besides the interaction
of RA with hydrogel components, the crosslinking process using THBA enables RA to be
effectively entrapped in the hydrogel network. This is in agreement with other studies indicating
that reduced release of biologically active components from the hydrogel is closely correlated
with a higher degree of crosslinking and therefore lower swelling and degradation rates (Iftime
et al., 2020; Karakurt et al., 2021).

Although THBA and RA were practically not released from the hydrogels crosslinked with
THBA, they showed high antioxidant activity. Furthermore, the release level of RA from
THBA-free hydrogels did not correlate with RSC and reducing potential. This may indicate that
antioxidant activity of hydrogels is mainly attributed to antioxidants attached to the materials,
not to the released ones (Dziadek, Dziadek, et al., 2021). Some differences in antioxidant
activity between hydrogels containing a single phenolic compound (THBA or RA) may result
from different interactions between them and other components (CS, PC, BG). As the

antioxidant activity of a phenolic compound depends on the total number of phenolic hydroxyl
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groups able to interact with reactive oxygen species by donating hydrogens, phenolic hydroxyl
groups involved in hydrogen bonding were not available to scavenge free radicals/reduce ferric
ions. In turn, the combination of both THBA and RA provided maximal antioxidant effect.

3.5. In vitro mineralisation studies
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Figure 7. SEM images, EDX spectra, and ATR-FTIR spectra of the THBA-containing
hydrogels after 14-day incubation in SBF.

Mineralisation process of the THBA-containing hydrogels after incubation in SBF was assessed
using SEM/EDX and ATR-FTIR methods (Fig. 7). After 14-day incubation, hydrogels
containing BG particles were covered with a uniform layer rich in calcium (Ca) and phosphorus
(P). Furthermore, quite large amounts of sodium (Na), chlorine (Cl), and potassium (K) were
incorporated into materials from SBF. In the case of crosslinked hydrogels without BG, only
the latter elements (Na, Cl, K) were detected after incubation (data not shown). ATR-FTIR
spectra of hydrogels containing BG particles incubated in SBF releveled new bands proving
mineralisation by a CaP phase. Furthermore, the reduction in the intensity of bands arising from
hydrogels was observed, indicating that the layer was thick and uniformly covered the

materials. The bands noted in the ranges of 960 - 1130 cm™ and 600 - 560 cm™ correspond to
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stretching and bending vibrations of PO4* groups in crystalline CaP, respectively (Bossard et
al., 2019). The bands in spectra of hydrogels containing RA tended to be sharper, compared to
those without RA, suggesting the presence of CaP phase with higher crystallinity. This may be
due to acceleration of CaP layer crystallization by additional polyphenolic compound with
numerous phenolic hydroxyl groups capable to interact with Ca?* ions from SBF (Zhou et al.,
2012). There were no significant changes in the spectra of THBA-containing hydrogels without
BG after incubation, confirming SEM/EDX analysis.

These results confirmed the mineralisation ability of CS- and CS-PC-based hydrogels
containing BG particles. This may provide chemical bonding with bone, as well as improved
mechanical properties of the hydrogels after implantation, actively promoting bone
regeneration (Mota et al., 2012).

3.6. In vitro cell studies
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Figure 8. The response of BJ human normal skin fibroblasts and HT-29 human colon cancer
epithelial cells cultured in contact with THBA-containing hydrogels: adenylate kinase (AK)
level in the lysate corresponding to the number of intact adherent cells (A), AK level in the
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supernatant representing material cytotoxicity (B). Statistically significant differences (p <0.05)
between materials and TCPS are indicated by subsequent lower (1 day), upper (3 days) Latin
letters, Greek letters (7 days), Arabic numerals (10 days). Different letters indicate statistically

significant differences.

Cytotoxicity and antiproliferative activity of THBA-containing hydrogels were evaluated on
normal fibroblast cells and colon cancer cells (Fig. 8). The number of normal cells in contact
with tested materials was lower after each cell culture period compared to the control (TCPS).
Nevertheless, the fibroblasts cultured on hydrogels showed a high proliferation rate. After 10
days of culture, there were no statistically significant difference between materials. In the case
of cancer cells, a strong antiproliferative activity of the materials was noted. The number of
cancer cells in contact with the hydrogels was several times lower compared to TCPS and
decreased with increasing culture time. In the case of materials containing RA, a significantly
lower number of cells was observed after 3 days of culture, compared to hydrogels without RA.
In turn, after 10-day culture, the number of cells in contact with materials did not differ
significantly. Release of adenylate kinase from both normal and cancer cells in contact with
hydrogels was on the same level or even lower compared to the control, indicating a low
cytotoxic effect. Materials containing RA showed lower cytotoxicity when compared to
unmodified ones.

The results showed that materials crosslinked with THBA were not cytotoxic against normal
and cancer cells, however they inhibited the proliferation of cancer cells, possibly indicating a
modulation of the cell cycle. This suggested that apoptosis rather than necrosis was a pathway
for cancer cell death. Inducing apoptosis of cancer cells while reducing the death of normal
cells is one of the most desirable mechanisms of action of anticancer therapies (Kwan et al.,
2015). Antiproliferative activity of THBA-containing hydrogels may be ascribed to the
presence of phenolic compounds — THBA and RA. As mentioned above, monoaldehydes, such
as vanillin (Karakurt et al., 2021), salicylaldehyde (Iftime et al., 2017), o-vanillin, and 2,4,6-
trihydroxybenzaldehyde (Marton et al., 2016), as well as polyphenols, for instance RA (Swamy
et al., 2018), exhibited antitumor activity against different types of cancer cells. Similarly to
antioxidant properties, anticancer activity was possibly attributed mainly to compounds

attached to materials.

4. Conclusions
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In the present work, a series of highly porous chitosan-based hydrogels was prepared and
comprehensively evaluated. A simple and green method for crosslinking with the use of
monoaldehyde - 2,3,4-trihnydroxybenzaldehyde was successfully applied. The hydrogels were
modified with a second hydrogel-forming polymer — pectin, as well as different functional
additives — bioactive glass particles and rosmarinic acid. All of these were involved in the
crosslinking process of the hydrogels, while simultaneously modulating their properties or
imparting completely new ones. The crosslinking process with THBA resulted in significantly
improved mechanical properties, high swelling capacity and delayed degradation. In addition
to the crosslinking function, THBA provided high antioxidant activity and also a selective
antiproliferative effect on cancer cells with no cytotoxicity for normal cells. Hydrogels
containing pectin showed significantly modified microstructure and enhanced mechanical
strength, while the combination with bioactive glass particles gave improved stability in PBS.
All hydrogels modified with bioactive glass particles exhibited the ability to mineralize in SBF.
The addition of rosmarinic acid enhanced antioxidant and anticancer activities as well as
promoting the mineralisation process. The results indicated that the obtained hydrogels
represent promising multifunctional biomaterials with a wide range of tunable physicochemical
and biological properties with great potential for the use in different tissue engineering fields,

for instance in bone regeneration or after tumour resection.
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