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Summary

The transition towards sustainable materials has become a global priority,
driven by environmental concerns, restrictive laws, and the increasing demand for
high-performance systems that minimise their ecological footprint. Thermosets,
although widely used in industrial and biomedical fields due to their excellent
stability and mechanical properties, suffer from different limitations: their
permanent crosslinked structure prevents reprocessing, while their fossil-based
origin poses an additional challenge to sustainability. This thesis was elaborated to
address these challenges through the design of bio-based, UV-curable, and
reprocessable polymer networks tailored for industrial and biomedical applications.

The work is organised into two main research subjects. The first part focuses
on bio-based dynamic polymer epoxy networks derived from epoxidised castor oil.
By employing a transesterification catalyst, covalent adaptable networks (CANs)
were obtained. These materials preserved the high mechanical properties of
traditional thermosets while introducing dynamic bond exchange reactions that
enabled reprocessing, reshaping, and recyclability, aligning with circular economy
principles. Their properties were further enhanced through the incorporation of
multiwalled carbon nanotubes (MWCNTs), which imparted electrical conductivity
and improved mechanical stability. The resulting composites not only maintained
high bio-based content but also offered multifunctionality, with potential
applications in coatings, conductive adhesives, and structural components where
repairability and performance are equally required.

The second research line shifted the focus towards biomedical applications,
where sustainability was integrated with bioactivity and functionality. The initial
studies explored chitosan-based hydrogels reinforced with tellurium-doped and
silanized bioactive glasses (BGs). These systems combined the natural
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biocompatibility of chitosan with the osteoconductive, antioxidant, and
antimicrobial properties of modified bioactive glasses (BGs), creating promising
candidates for soft and hard tissue regeneration.

Building upon this basis, the work advanced towards the fabrication of highly
porous scaffolds using high internal phase emulsion (HIPE) templating and UV-
induced thiol-ene photopolymerization of acrylated epoxidised soybean oil
(AESO) with Trimethylolpropane tris(3-mercaptopropionate) (TMPTMP). The
obtained polyHIPE scaffolds exhibited a highly interconnected open-cell
morphology, closely resembling cancellous bone and thus well-suited for tissue
engineering. The incorporation of bioactive glasses enabled the modification of
both mechanical properties and biological performance, providing improved
osteointegration. In parallel, the use of additive manufacturing provided control
over scaffold architecture, allowing the production of customised 3D-printed
constructs with tunable porosity gradients and patient-specific geometries.

Moving forward, the systems used shifted to AESO-based scaffolds 3D printed
and reinforced with different compositions of bioactive glasses. The BGs were first
doped with Cu and Te to provide angiogenic and antimicrobial properties, and then
were silanized to enhance the interface with the polymeric matrix. Every work
provided a closer look at the properties of each formulation with different BG
quantities and types, analysing how the properties changed when varying elemental
composition and component quantity.

The final stage of the thesis integrated the two research lines by introducing
reprocessing functionality into AESO-based scaffolds, also in this case, BG
reinforced. This work merged biodegradability, bioactivity, and reprocessability
into a single system, demonstrating that the principles of covalent adaptable
networks can be extended to the biomedical field.

In conclusion, this thesis exposed how the combination of renewable
monomers, dynamic covalent chemistry, functional fillers, and advanced
fabrication methods can yield thermosets and scaffolds that are simultaneously
sustainable, high-performing, and application oriented. The reprocessable
composites with covalent adaptable networks and the bioactive scaffolds for tissue
engineering exemplify how biobased products can be utilised in practical solutions
across diverse sectors.

Overall, the outcomes of this work highlight that sustainability and materials
for specific applications are not mutually exclusive, but rather complementary
drivers for future studies in polymeric materials.
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Chapter 1: Introduction

Modern society is deeply linked with polymeric materials, which are essential
in a wide range of applications, from textiles and aerospace composites to life-
saving medical devices and high-performance electronics. Despite increasing
attention toward the environmental impact of these materials, global polymer
production continues to rise, as shown in Figure 1.
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Figure 1. (a) Global production of polymeric materials from 1950 to 2033 [1]. (b) Distribution of bio-based plastic
production worldwide in 2023, by type [2].

The majority of these polymers are derived from petrochemicals, but their use
remains widespread since many of them contribute to an improved quality of life,
and the cost of production is still lower than that of alternatives.

However, the continued reliance on fossil-based resources and the need to
replace them have encouraged researchers and industries to explore more
sustainable alternatives. One of the most promising strategies is the development of
bio-based polymers, produced from renewable biomass feedstocks, and designed to
be either recyclable or biodegradable.

These "bioderived" or "bio-based" polymers are derived from plant biomass,
but the shift to such alternatives is still limited by several challenges. For instance,
not all bio-based polymers are biodegradable, and many suffer from high
production costs and insufficient thermo-mechanical properties. As a result, only a



small fraction of the global polymer output is currently bio-based, just 1.7
megatonnes out of over 300 megatonnes produced in 2014, with polyethene
terephthalate (PET), polyethene, and polylactide representing the largest shares [3].

Nowadays, the bio-based polymer industry has focused primarily on
thermoplastics, materials composed of long polymer chains held together by non-
covalent interactions. In contrast, bio-based thermosets, which are formed via
permanent covalent crosslinks, have received less attention and remain a small
fraction of both research and commercial markets, as illustrated in Figure 1b.
However, bio-based thermosets hold great promise, particularly for high-value
applications that demand advanced performance, such as structural composites or
electronics, where economics are more favourable than in commodity uses like
packaging, for which thermoplastics are used [4].

The nature of the bio-based feedstock is crucial in determining both the
industrial viability and the properties of the resulting thermosets. Among renewable
resources, triglyceride-rich vegetable oils are especially attractive due to their
abundance and chemical functionality. The four most commonly used oil crops,
soybean (Glycine max), oil palm (Elaeis), oilseed rape (Brassica napus), and
sunflower (Helianthus), are produced on a massive scale, yielding about 156
megatonnes in 2012. While the majority is consumed as food, around 30
megatonnes are used for biofuels and another 20 megatonnes as chemical
feedstocks [5]. Oils are composed of triglycerides, which consist of three fatty acids
linked via ester bonds to a glycerol backbone. Although they are present in nearly
all plant oils, their composition and yield vary significantly across plant types. For
example, soybeans typically yield only about 20 wt% triglycerides. Furthermore,
the chemical diversity of the fatty acids within a given crop adds complexity but
also opportunity: the structural variety enables modification of polymer properties,
making triglycerides a versatile platform for bio-based monomer synthesis. Castor
oil is another particularly valuable biomass source due to the presence of a
secondary hydroxyl group within its fatty acid chains, which facilitates efficient
functionalization and polymerisation.

In this thesis, two key bio-based monomers are employed: acrylated epoxidised
soybean oil (AESO) and epoxidised castor oil (ECO), whose chemical structures
are presented in Figure 2.
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Figure 2. Chemical structure of expoxidised acrylated soybean oil and epoxidised castor oil.

Although triglycerides are found in almost all plants, the quantity available
varies, and even crops such as soybeans are estimated to yield only 20 wt% of
triglycerides. Another challenge is that the chemical compositions of triglycerides
vary both between and within a particular crop. Triglycerides are composed of
three, often distinct, fatty-acid groups that are linked together through ester bonds
to a glycerol unit.

Despite the challenges associated with variable feedstock quality and
composition, fatty acids derived from triglycerides present interesting opportunities
in the design of advanced polymers. For instance, recent developments have shown
that fatty-acid-based monomers can be used to create reprocessable thermosets, also
called vitrimers, a class of polymers with dynamic covalent bonds that enable
thermoset to thermoplastic transitions properties under thermal stimuli, which
activate peculiar reactions, such as transesterification reactions [6,7]. This dynamic
behaviour opens the door to reprocessable, repairable, and recyclable thermosets.

The development of high-performance, bio-based thermoset polymers remains
a significant challenge for both academia and industry. Unlike thermoplastics,
thermosets require liquid monomers or oligomers with multiple reactive sites that



undergo crosslinking, typically triggered by heat or light, to form a permanent,
insoluble network. Among various curing strategies, photocrosslinking stands out
as the most environmentally friendly option due to its fast curing rates and low
energy consumption [8,9]. Building upon these advantages, this thesis focuses on
the design and synthesis of UV-curable, bio-based thermoset polymers and
composites derived from renewable resources such as AESO and ECO. Through
this approach, the aim is to develop sustainable materials with tailored properties
suitable for coating and tissue engineering applications while addressing the need
for greener alternatives to conventional thermosets.

1.1 Photocuring processes

Ultraviolet (UV) light offers a highly efficient and environmentally friendly
method for producing thermoset networks directly from resin formulations. In these
systems, small amounts of photoinitiator (PI), a molecule which absorbs UV light
and generates a reactive species that is transferred to the monomer resin, absorb a
photon and are promoted from their electronic ground state (So) to a short-lived
excited singlet state (S1). From Si, the photoinitiator can return to So either by
emitting fluorescence, undergoing non-radiative decay, or by undergoing
intersystem crossing and therefore entering a longer-lived triplet state (T1). In the
excited states, the P may fragment (bond-breaking) or otherwise rearrange to yield
highly reactive radicals or ionic species, which in turn trigger chain-growth or step-
growth polymerisation, forming an interconnected and crosslinked network [10].

The primary photochemical events, whether isomerisation [11,12], [2+2]
cycloaddition [13,14], or bond cleavage [15-17], are all manifestations of one-
photon adsorption (OPA), as shown in the Jablonski diagram [18].
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Figure 3. Jablonski diagram representation. Radiative transitions are represented by continuous
lines, while non-radiative transitions by wavy lines.

A PI performance relies on key photophysical parameters: a strong molar
extinction coefficient at the irradiation wavelength, a high quantum yield for
reactive species generation, and an excited-state lifetime long enough to effect bond
cleavage but short enough to minimise quenching by oxygen or other additives. As
soon as the PI absorbs light and enters an excited state, competing quenching
pathways, the energy transfer to other formulation components or oxygen, must be
minimised. Therefore, careful selection of both photoinitiator chemistry and curing
wavelength (UV vs. visible light) is essential to maximise light penetration,
initiation rate, and uniformity of cure throughout the resin layer.

Over the past few decades, photopolymerization has become a fundamental
technique, especially in the industries of coatings, adhesives, dental, and
microelectronics. Its spreading is due to the exceptionally rapid curing rates, usually
completed within a few seconds under moderate UV light exposure, combined with
room-temperature processing, negligible volatile organic compound (VOC)
emissions, and low overall energy demand [19]. These environmental and
productivity advantages pushed the adoption of solvent-free, UV-curable
formulations.

When radicals are generated (radical photopolymerization) or when cationic or
acid species form (cationic photopolymerization), these reactive centres attack
monomer units like acrylate, epoxy, or other polymerisable functionalities,
propagating the crosslinking reaction until a solid thermoset is obtained [20].



Radical UV curing can proceed through either a chain-growth or a step-growth
mechanism. The chain growth mechanism typically employs acrylate or
methacrylate chemistries, offering rapid kinetics that endorse the acrylate double
bond. The Pl used in this type of reaction are aromatic ketone photoinitiators, which
can undergo fast homolytic cleavage upon UV exposure, generating free radicals
that will initiate the polymerisation following a Norrish I mechanism, represented
in Figure 4.

One of the main limitations of radical photopolymerization is its sensitivity to
oxygen inhibition, which is particularly problematic for high-surface-area
applications such as coatings. Oxygen readily reacts with the propagating radicals,
forming relatively unreactive peroxy radicals that effectively terminate chain
growth and hinder the formation of a network. Several strategies have been
developed to mitigate this issue, such as using an inert atmosphere during UV
curing (e.g., nitrogen or argon), increasing the concentration of the photoinitiator
or the intensity of the light source to accelerate polymerisation and overtake oxygen
diffusion, and applying physical barriers, such as water or a wax layer, to block
oxygen from reaching the reactive surface [21-23].
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Figure 4. Photoinitiation of a radical-type polymerisation.

On the other hand, the step-growth mechanism involves mainly the thiol-ene
“click” reactions, which are a coupling interaction between a thiol and an alkene to
form an alkyl sulphide. After UV irradiation, the PI forms a thiyl radical, which
propagates by addition to the unsaturated alkene substrate, and the formation of a
carbon-centred radical intermediate. After this step, polymerisation can follow two
mechanisms: the radical carbon can extract a hydrogen from a thiol, giving a chain
transfer, or it may attack a similar alkene, leading to homopolymerisation. The



scheme is reported in Figure 4. The choice of pathways depends on both the nature
of the alkene and the carbon-centred radical intermediate [24-27].
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Figure 5. Propagation and chain transfer steps of thiol-ene click reaction.

Cationic UV-curing, commonly used with epoxy resins, proceeds via acid
generation and is largely immune to oxygen quenching, though it may require
longer induction periods [28]. It possesses diverse advantages, such as post-
polymerisation in the dark, low shrinkage, high mechanical performance of the
cured material, and good adhesion on various substrates, including metals. The
photoinitiated cationic polymerisation has been investigated thoroughly over the
past decades, especially by Crivello et.al, who pioneered this technology by
developing triarylsulfonium and diaryliodonium photoinitiators, as well as
appropriate photosensitizers [29-35]. The reaction scheme is reported in Figure 6.
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Figure 6. Cationic photopolymerisation reaction starting from a sulfonium-based photoinitiator.

In all cases, UV curing stands as the most sustainable curing technology available,
enabling the production of high-performance thermosets with minimal
environmental impact.

1.2 UV curing applied to additive manufacturing

Additive manufacturing (AM) processes enable the fabrication of complex
structures through 3D printing, often with significant material savings compared to
traditional manufacturing techniques. For this reason, both research and industry
are increasingly implementing AM as a preferred production method [36-38].

AM technologies are generally categorised into seven main groups: vat
photopolymerization (VP), material extrusion, powder bed fusion, material jetting,
binder jetting, directed energy deposition, and sheet lamination (Figure 7).
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Figure 7. Seven main groups of AM technologies.

Among these, vat photopolymerization stands out for its use of UV light to
cure resin layer by layer, and it is further divided based on the light source into
stereolithography  (SLA), digital light processing (DLP), two-photon
polymerisation (2PP), and volumetric 3D printing [39].



Two-photon polymerisation (2PP) offers exceptional spatial control and high
resolution. It utilises near-infrared (NIR) femtosecond laser pulses, during which
two photons are absorbed simultaneously by a photoinitiator. This event mimics the
effect of a single energy photon, initiating polymerisation at a precise focal point
within the resin. As a result, 2PP allows for the direct writing of complex 3D
architectures deep within photosensitive materials that are transparent to NIR and
highly absorptive in the UV range [40—42].

Volumetric 3D printing, differently, enables the creation of entire objects in
three dimensions. This method involves a rotating vat filled with an index-matched
resin and the projection of six distinct views of the target object from specific
angles. By rapidly cycling these views during rotation, the full 3D geometry is
formed simultaneously throughout the resin volume [43—45]. However, these first
two methods bring drawbacks: 2PP offers superior control and higher resolution
compared to SLA or DLP, but it is slower, while volumetric 3D printing requires
more resin to effectively print with respect to a layer-by-layer method, and both
methods require machines that are still expensive. For these reasons, SLA and DLP
methods remain the most widely adopted techniques.

SLA and DLP both rely on layer-by-layer curing of photosensitive resins via
UV light, but they differ in their exposure mechanisms. SLA uses a focused laser
beam to cure the resin point by point, while DLP projects the entire layer at once
using a digital micromirror device (DMD). This allows DLP to achieve faster
printing speeds than SLA [46—48]. Moreover, the light sources used in DLP have
evolved from conventional lamps to energy-efficient light-emitting diodes (LEDs),
which offer broader spectral coverage and reduced operational costs [49].

To further reduce manufacturing costs while maintaining resolution, masked
stereolithography (mSLA) has emerged as a promising alternative. mSLA follows
the same working principle as DLP but replaces the DMD with an LCD panel that
selectively blocks UV light, enabling the curing of only the desired areas of each
layer [50,51]. A schematic representation of the different methods is shown in
Figure 8.
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Figure 8. Principal vat photopolymerisation methods with their characteristics.

Various thermosetting polymers can be used in these processes, relying either
on cationic photocuring via epoxy ring opening [48,49] or radical polymerisation
using acrylate groups [50]. In particular, vegetable oils have gained attention in AM
due to their high content of double bonds and hydroxyl groups, which can be readily
converted into acrylate or epoxy functionalities. These biobased precursors have
been used to fabricate a wide range of materials, including scaffolds for tissue
engineering applications [52-55]. Among them, acrylated soybean oil has shown
particular promise, thanks to its reactivity, biodegradability, and availability
[54,56-60].

Tissue engineering (TE) is one of the most promising fields for applying mSLA
technology. TE requires biomaterials with highly tunable physicochemical
properties tailored to the target tissue. For instance, the liver, as a soft tissue,
benefits from materials with low stiffness that allow flexibility and deformation to
replicate its native mechanical behaviour. Cartilage, a medium-hard tissue, requires
a balance between cushioning and structural integrity, with compressive Young’s
moduli typically ranging from 0.1 MPa to 1 GPa, depending on the type and
location. Specifically, articular cartilage exhibits moduli between 0.3 and 30 MPa,
with ultimate strains ranging from 9% to 40% [61]. Using mSLA, it is possible to
meet patient-specific shape requirements and achieve precise control over scaffold
geometry and porosity. This technique enables the fabrication of custom implants
that conform to complex, irregular defects, enhancing scaffold—tissue integration
while eliminating the need for expensive moulding or tooling processes.

1.3 Focus of the thesis

Inspired by the promising results achieved through UV curing and its associated
manufacturing techniques, this thesis aims to design and develop novel bio-based
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resin formulations derived from renewable monomers, with the main objective of
promoting sustainability in thermoset manufacturing.

The work is organised into thematic chapters, starting from biobased
reprocessable thermosets employing dynamic covalent networks, and progressing
to biobased composite scaffolds intended for tissue engineering applications.

The first thematic chapter (Chapter 2) focuses on the development of
reprocessable resins by means of covalent adaptable networks (CANs). The bio-
based monomer used as the starting material was epoxidized castor oil. By taking
advantage of the hydroxyl and ester groups already present in its chemical structure,
and introducing a transesterification catalyst, the transesterification reaction could
be activated, imparting reprocessing capabilities to the material. Building on this
system, a reprocessable composite was produced using multi-walled carbon
nanotubes (MWCNTs). This composite system enabled the fabrication of coatings
with enhanced functionalities, including electrical conductivity.

The second thematic chapter (Chapter 3) shifts the focus to the formulation of
composite materials for tissue engineering. In this context, bio-based monomers
were combined with bioactive glasses synthesised via the sol-gel method and
chemically functionalised to improve biological performance and compatibility.
The work began with the fabrication of a composite hydrogel using chitosan as a
bio-based polymer. This hydrogel was loaded with tellurium-doped, silanised
bioactive glass particles to provide a dual function: antimicrobial activity from the
Te-doping and osteoconductivity from the bioactive glass itself.

In the transition from soft to rigid tissue engineering platforms, polyHIPEs
(high internal phase emulsions) were introduced. The starting monomer in this case
shifted to acrylated epoxidized soybean oil (AESO), which was combined with
trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) to undergo a thiol-ene
reaction, producing a sponge-like material with extremely high porosity. As before,
the material was filled with bioactive glass to produce a composite scaffold, which
was then successfully 3D printed.

Finally, AESO was also employed as a single bio-based monomer in the final
set of projects. In this platform, AESO was combined with a reactive diluent to
reduce viscosity and enable 3D printing. Three different formulations were
developed: the first reinforced with SiO2-CaO-P20s based bioactive glass; the
second with Cu-doped, silanised bioactive glass; and the third with Te-doped,
silanised bioactive glass. In the concluding work, the transesterification chemistry
introduced in Chapter 2 was integrated into the AESO-based composites, imparting
reprocessability to the 3D-printed scaffolds. This final development bridges the two
main research themes of the thesis, bonding the design principles of bio-based
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reprocessable thermosets with the functional requirements of scaffolds for tissue
engineering.
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Chapter 2: Biobased Covalent
Adaptable Network (CANs)
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2.1 Introduction

Covalent Adaptable Networks (CANs) consist of permanent crosslinked
polymeric networks that include in their structure reversible covalent bonds. The
reversibility of the covalent bonds allows the network to rearrange in response to
an external stimulus, such as heat or light, while still maintaining the network intact
[62,63]. These “smart” materials act as a bridge between thermosets and
thermoplastics, as they exhibit unusual properties, such as recyclability, self-
healing, and shape change, not found in traditional thermosets (Figure 9). This
allows these materials to possess the high-performance properties typical of
thermoset and the reprocessability typical of thermoplastic. Bowman et al. formally
introduced the term CANs in 2010 to describe this new class of materials [62].

Covalent adaptable
networks

Sy u AV
\\/ : (| SE

Dynamic covalent linkage

Thermoplastics

Dynamic Covalent Chemistry

Figure 9. Visual representation of the concept of covalent adaptable networks.

When a CAN is heated well above its glass transition temperature (Tyg), its
viscosity becomes controlled by the kinetics of thermally activated bond-exchange
reactions, causing the material to follow an Arrhenius-type dependence on
temperature. Whether the topology-freezing temperature (Ty) lies above or below
Tg determines the material's mechanical response, as shown in Figure 10. If Ty is
lower than Ty, the network behaves like a classic thermoset until Tg, at which point
it undergoes to a rubbery transition. Only when the Ty is exceeded, the bond
exchanges become sufficiently rapid to allow the polymer to flow as a viscoelastic
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liquid. On the contrary, if T, exceeds Ty, exchange reactions are already active as
soon as the polymer softens above T, and the material transitions directly from a
glassy solid to a viscoelastic liquid, initially following Williams—Landel-Ferry
behaviour before settling into Arrhenius-type kinetics. In either scenario,
temperatures above Ty bring the characteristic exchange timescale below the
experimental observation window, so that stress relaxation is nearly complete
despite the permanent network connectivity. Below Ty, the network appears
effectively frozen and responds as an ordinary viscoelastic solid. By convention, Ty
is taken to be the temperature at which the zero-shear viscosity reaches 10> Pa's, a
definition originally proposed by Leibler and co-workers [64]. Stress-relaxation
measurements remain the most accurate means to determine Ty: the relaxation
modulus G(t) decays exponentially according to the formula:

G@) =t

Go
where 7 is the time required for G(t) to decrease to 1/e of its initial value Go.
Plotting Int versus 1/T yields a straight line if the exchange mechanism obeys
Arrhenius kinetics, as expected for associative vitrimeric networks, which will be

discussed shortly.
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Figure 10. Temperature dependence of the dynamic covalent network based on the value of the topology-freezing
temperature (T,). a) T, below T, and b) T, above T..

The CANs can be tailored by selecting the reversible chemistry to activate them
with the optimal catalyst. The reversible covalent bonds are typically designed to
break and reform without losing the overall network connectivity. This can happen
via an associative mechanism, where bond exchange occurs by exchanging moieties
while maintaining a constant crosslinking, or a dissociative mechanism, where
bonds temporarily break completely. In the associative CANSs, the crosslinking
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density remains fixed during the exchange, so the viscosity decreases with the
temperature in an Arrhenius-like behaviour. Leibler et al. coined the term “vitrimer”
for associative CANs that possess the Arrhenius behaviour, activated by a
transesterification reaction [64]. On the other hand, in dissociative CANs, the bonds
fully dissociate at high temperature, but the network reforms upon cooling.
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Figure 11. Principal exchange reactions used in the Covalent adaptable network design.

A wide variety of reversible covalent reactions have been employed in CANSs.

Disulfide exchange represents another associative mechanism, in which a thiol
group attacks a disulfide bond, cleaving and reforming it to bring a new disulfide
linkage. This reaction occurs under mild conditions and often does not require
external catalysis, making it attractive for UV-curable vitrimer systems [65—70].
Other examples of associative exchange reactions include imine and acetal
chemistries, which operate through reversible condensation processes typically
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triggered by thermal or acidic stimuli [71-73]. Additional mechanisms such as
transcarbamoylation, transimination, and olefin metathesis have also been studied
in tailored vitrimeric systems to enhance specific functionalities or thermal profiles
[74-81]. Among all the mechanisms, transesterification (ester-hydroxyl group
exchange) represents the classic associative mechanism. An ester and a hydroxyl
group within the network exchange the moieties, usually catalysed by acids or
bases. This is one of the most extensively studied exchange processes in epoxy
networks. For instance, adding a catalyst triggers a transesterification reaction
starting from 70-100°C, allowing stress relaxation in our work [63,82]. In contrast,
dissociative CANSs rely on thermally reversible reactions that lead to a temporary
decoupling of the network. A typical example is the Diels—Alder reaction, which
allows bond cleavage at elevated temperatures and reformation upon cooling,
making it suitable for self-healing applications [83,84].

A promising application of covalent adaptable networks is in UV-curable
thermoset coatings capable of reprocessability. Conventional UV-cured epoxy
coatings form rigid, solvent-resistant films that cannot be reshaped or repaired once
crosslinked. By incorporating dynamic covalent bonds into the resin, as explained
in the previous systems, it is possible to obtain coatings that cure under UV to form
a mechanically robust thermoset. At the same time, these coatings can be
subsequently reheated to enable bond exchange, healing, or recycling. Furthermore,
most commercial thermosets rely on petroleum-derived monomers, which do not
meet sustainability goals; replacing these with bio-based monomers addresses both
circularity and environmental impact. [85,86]

There is extensive recent literature on the use of bio-based monomers for CANs
synthesis [87-89]. Among these, castor oil has attracted particular attention because
its triglyceride backbone possesses ester and hydroxyl groups, both essential for the
transesterification reaction, while its non-conjugated C=C bonds are too unreactive
to undergo radical polymerisation without prior modification. Consequently, castor
oil has been functionalized with epoxy, amine, and methacrylate groups in many
studies to tailor network chemistry and mechanics [90-94]. Epoxidised castor oil
(ECO) is typically prepared in high yield by reacting castor oil with a formic
acid/H20: system, a process noted for its simplicity and cost-effectiveness [95].

In our work, we utilised epoxidised castor oil (ECO), a biobased epoxy
monomer, to design a reprocessable UV curing formulation, thanks to the presence
of a transesterification catalyst. The result was a solvent-free biobased vitrimeric
network. The resin cured rapidly under UV at low temperature, and the cured
coating could undergo thermo-activated bond exchange thanks to dibutyl
phosphate. In stress-relaxation tests, these ECO-based coatings exhibited the onset
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of transesterification around 170 °C, demonstrating reprocessability behaviour
starting from that temperature. Once the reprocessability and transesterification
reaction activation were defined, we added a conductive functionality to the system
by embedding multiwall carbon nanotubes (MWCNTs) using the same bio-based
material that had been previously developed and studied.

2.2 Experimental section

2.2.1 Materials and chemicals

Epoxidised castor oil (ECO), employed as the primary bio-based monomer for
network formation, was supplied by Specific Polymers (France). Dibutyl phosphate
(DP), utilised as a transesterification catalyst to enable dynamic covalent bond
exchange within the vitrimeric network, and triarylsulfonium hexafluorophosphate
salt (THS), acting as a cationic photoinitiator for UV-induced polymerisation, were
both purchased from Sigma-Aldrich (Milan, Italy). The conductive nanofiller,
multi-walled carbon nanotubes (MWCNTs, grade NC3100), characterised by an
average diameter of 9.5 nm and a length of approximately 1.5 um, was kindly
provided by Nanocyl S.A. (Belgium) and incorporated to impart electrical
functionality to the reprocessable matrix.

2.2.2 Procedures
Resin formulation and UV curing

In the initial stage of the project, the bio-based resin system was developed by
combining epoxidised castor oil (ECO) with different amounts of cationic
photoinitiator, triarylsulfonium hexafluorophosphate salt (THS) and varying
concentrations of the transesterification catalyst, dibutyl phosphate (DP). The
components were mixed in a GT ultrasonic bath (Guangdong, China) until complete
homogenization, ensuring dissolution of all constituents. To prevent premature
photopolymerization, the formulations were stored in the dark prior to being poured
into silicone moulds and subsequently cured under UV light usinga DYMAX ECE
Flood lamp (Dymax Europe GmbH, Wiesbaden, Germany), with an intensity of
130 mW/cm? for 60 seconds.

Building on this formulation, composite networks were developed by
incorporating multi-walled carbon nanotubes (MWCNTs, NC3100). To enhance
dispersion, ECO was preheated to 50°C, and the MWCNTs were pre-dispersed in
acetone before being added to the resin formulation, which also contained 2 phr of
photoinitiator and 15 phr of transesterification catalyst. The mixture, comprising
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ECO, THS, DP, and MWCNTs, was homogenised using an IKA T ULTRA-
TURRAX mixer (Staufen im Breisgau, Germany) for 90 minutes under an ice bath
to prevent thermal degradation. Subsequently, an additional dispersion step was
conducted in a GT ultrasonic bath at 50°C for 2 hours to allow for the complete
evaporation of acetone and to eliminate CNT agglomerates. Four formulations were
prepared, including a pristine control and samples containing 0.1, 0.25, and 0.5 phr
of CNTs. Each formulation was then poured into silicone moulds and UV-cured
under identical conditions to the initial resin system.

Transmittance Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a technique used to obtain the infrared absorption or
emission spectrum of solid, liquid, or gaseous samples. It provides information on
the bulk chemical properties of a material by irradiating the sample with infrared
(IR) light and detecting the specific wavelengths absorbed by molecular bonds. The
resulting IR spectrum acts as a molecular "fingerprint" of the material. A
mathematical process known as the Fourier Transform is applied to convert the
measured interferogram into a spectrum that displays absorption as a function of
wavelength or wavenumber [96,97].

When used in transmittance mode, the sample is typically spread onto a
transparent substrate, such as a silicon (Si) wafer, using a film applicator to achieve
a uniform thickness (e.g., 32 um). In this project, real-time transmission FTIR
analysis was performed using a Nicolet iS50 spectrometer (Thermo Fisher
Scientific, Monza, Italy). The Si-supported resin film was irradiated with UV light
at 365 nm, and the evolution of epoxy conversion was monitored over time.

The epoxy group signal was tracked in the region between 755 and 800 cm™,
using the C—H stretching peak at 2950 cm™ as a reference, as it is considered
unaffected by UV exposure. The epoxy conversion was calculated using Equation
1, based on the relative decrease in the absorbance of the epoxy band compared to
the reference peak.

A A

group _ group

R 1m0~ (F2D),
A
group

( Aref )t=0 (D)

Where A group is the area of the selected group under investigation, and A ref
is the reference area of the peak situated at 2950 cm™.

x 100

Conversion (%) =
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Photo dynamic scanning calorimetry (DSC)

The conventional DSC measures heat flow as a function of temperature to
identify thermal transitions, such as the glass transition (Tg) or melting point (Trm).
[98]

In this case, the DSC was operated isothermally at 25 °C to detect the heat
released by the UV-induced polymerisation. This setup allows the quantitative
evaluation of the photocuring kinetics and the total heat of reaction.

The photocuring behaviour of the resin formulations was investigated using
photo-Differential Scanning Calorimetry (photo-DSC). The measurements were
performed with a Mettler Toledo DSC-1 (Milano, Italy), equipped with a Gas
Controller GC100 to ensure a constant nitrogen flow of 40 mL/min and a
Hamamatsu LIGHTINGCURE LC8 mercury lamp (Hamamatsu Photonics),
coupled with an optical fibre to precisely direct the radiation onto the sample. The
UV light had a wavelength centred at 365 nm, with an irradiance set between 50
and 100 mW/cm?, depending on the specific experiment.

For each measurement, 5 to 15 mg of the uncured formulation was placed in an
open aluminium pan, while an empty open pan served as the reference. All tests
were carried out at room temperature (25 °C) under a nitrogen atmosphere to
prevent oxygen inhibition of the polymerisation process.

The photo-DSC method was designed to monitor the exothermic heat flow
associated with the UV-induced crosslinking reaction of the resin. The protocol
consisted of two consecutive irradiations, each lasting 120 s and preceded by a dark
stabilisation period of 60 to 120 s to ensure thermal equilibrium before light
exposure. The second irradiation was used to ensure complete curing and to identify
and subtract any baseline signal not related to the polymerisation reaction. The net
heat flow, corresponding to the exothermic reaction of interest, was obtained by
subtracting the second scan from the first.

All data were processed and analysed using Mettler Toledo STARe software
v9.2.

Dynamic mechanical thermal analysis (DMTA)

Dynamic Mechanical Thermal Analysis (DMTA) is a technique employed to
investigate the viscoelastic behaviour of materials by applying a dynamic
oscillatory force over a range of temperatures. The mechanical response of the
material is characterised by two principal parameters: the storage modulus (E’),
which quantifies the elastic (energy-storing) component, and the loss modulus (E"),
which reflects the viscous (energy-dissipating) component. The loss factor,
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expressed as the ratio of E” to E’ and known as tan 9, provides information about
the damping behaviour of the material. The temperature at which tan o reaches its
maximum is typically associated with the glass transition temperature (Tg) of the
polymeric system [99,100].

In this study, DMTA tests were performed using a Triton Technology
instrument starting from —20 °C (achieved using liquid nitrogen) up to 100 °C. A
constant heating rate of 5 °C/min was applied. The primary objective of the analysis
was to determine the glass transition temperature, corresponding to the peak of the
tan d curve. Samples for the test were prepared by pouring the photocurable resin
into silicone moulds of defined geometry (0.5 x 7.5 x 17.5 mm or 0.5 x 3.5 x 12
mm) and curing each layer for 90 seconds under a DYMAX ECE Flood lamp
(Dymax Europe GmbH) at an intensity of 130 mW/cm?.

The crosslink density per unit volume (v¢) was determined using Equation 2.

El

Ve = 3RT

Equation 2. crosslinking density formula.

Where E' is the storage modulus measured in the rubbery plateau region
(Tgt+50°C), T is the absolute temperature in Kelvin, and R is the universal gas
constant.

Tensile measurements

Tensile testing is a fundamental method used to evaluate the mechanical
behaviour of materials under uniaxial stress. The resulting stress-strain curves
provide key information about the material tested, such as the elastic (Young’s)
modulus, tensile strength, and elongation at break. Specifically, the elastic modulus
quantifies the stiffness of a material and is determined from the initial linear region
of the curve, where the deformation is reversible and proportional to the applied
stress. [101,102]

In this study, the mechanical properties of the UV-cured samples were verified
using a universal tensile testing machine (MTS QTest™/10 Elite, MTS Systems
Corporation, Eden Prairie, MN, USA) equipped with dedicated software
(TestWorks® 4, MTS Systems Corporation). The tensile tests were performed at a
constant crosshead speed of 5 mm/min, and the specimens had dimensions of
approximately 2 x 5 x 50 mm.

The stress—strain curves obtained from the tests were analysed to extract the
elastic modulus, calculated within the linear elastic region of the curve, typically up
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to 15% deformation. To ensure statistical relevance and reproducibility, five
replicates were tested for each formulation, and the results were reported as the
average values of the measured mechanical properties.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis technique used to
evaluate the thermal stability of a material by continuously recording the change in
mass as a function of temperature over time, under controlled atmosphere. The
technique allows the identification of thermal degradation steps, quantification of
volatile content, and estimation of inorganic residue.

It is particularly useful for understanding polymer decomposition behaviour
and the effect of fillers or additives on thermal stability. The first derivative of the
mass loss curve (DTG) can also provide insight into the decomposition kinetics and
help identify the temperatures at which the maximum degradation rates occur
[103,104].

In this work, TGA was performed using a Mettler Toledo TGA/DSC1 (Milano,
Italy) instrument equipped with aluminium oxide crucibles (70 pL) and operated
under a nitrogen atmosphere. Approximately 10 mg of sample was placed in the
crucible and heated from 25 °C to 800 or 850 °C at a constant heating rate of 10
°C/min. The nitrogen flow rate was maintained at 40 mL/min to ensure an inert
environment and prevent oxidative degradation during the analysis. Thermal
stability was evaluated based on the onset degradation temperature and the residual
weight at the end of the test.

The results provided comparative information on the thermal resistance of the
different UV-cured samples, particularly in relation to the chemical structure of the
network and the presence of inorganic fillers such as carbon nanotubes.

Electric conductivity

Broadband dielectric spectroscopy (BDS) is a technique used to investigate the
dielectric properties of materials across a wide frequency range. During the
analysis, an alternating electric field is applied to a material, and its dielectric
response is measured as a function of frequency.

In this work, broadband dielectric spectroscopy (BDS) was employed to
investigate the electrical conductivity and dielectric response of the materials.
Measurements were performed using a Novocontrol Alpha high-resolution
dielectric analyser (Frankfurt, Germany), with an alternating voltage of 1.0 V
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applied. Frequency scans were conducted in the range of 0.1 Hz to 10° Hz at room
temperature.

Samples were prepared by hot-pressing thin polymer films between two gold-
plated electrodes with a diameter of 20 mm, arranged in a parallel-plate
configuration. The initial thickness of the sample was determined as the difference
in the separation of the electrodes before and after insertion of the polymer film.
For improved accuracy, this value was corrected by measuring the actual thickness
of the film after it was removed from the electrodes at the end of the dielectric
measurements.

Stress relaxation measurements

Stress relaxation experiments are used to study the time-dependent viscoelastic
behaviour of polymers, especially those that exhibit adaptable covalent bonds. In a
typical stress relaxation test, the material is subjected to a constant strain while the
stress decreases over time at a constant temperature. This experiment allows the
characterisation of the network mobility activated by the reversible bonds in the
polymeric material. In materials that possess the ability to activate the covalent
adaptable network, exhibit a gradual decrease in stress, measured as the relaxation
modulus G(t) when a constant temperature, force and deformation is applied,
indicating structural internal rearrangement [64,82,105-108].

In this work, stress relaxation experiments were performed to investigate the
dynamic reversible network behaviour of the UV-cured samples. The tests were
conducted using a Physica MCR 501 rheometer (Anton Paar, Graz, Austria) with
sample dimensions of approximately 0.5 mm in thickness and 1 mm in diameter.

Each sample was preloaded with a normal force of 10 N and maintained at the
test temperature for 15 minutes to ensure thermal equilibration. Subsequently, a
constant strain of 3% was applied, and the stress response was recorded over time
to evaluate the relaxation behaviour.

Experiments were conducted at various isothermal conditions to characterise
the temperature dependence of the relaxation process.

The time-dependent relaxation modulus, G(t), was normalised by its initial
value, Go. The characteristic relaxation time (1), a key parameter for covalent
adaptable networks, was defined as the time required for the normalised relaxation
modulus to reach 1/e of its original value, following an exponential decay behaviour

described by the equation:

t
G(t) = GtO e(—?)
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This method allows quantification of the stress relaxation rate, which reflects
the dynamic covalent bond exchange reactions responsible for the vitrimeric
behaviour of the network.
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3. Results and discussion

In this work, we investigated the use of epoxidised castor oil (ECO) as a
biobased polymeric matrix for the development of UV-cured vitrimeric thermosets
with electrically conductive properties. The chemical structure of ECO, shown in
Figure 12, is characterised by long and flexible triglyceride chains that contain
epoxy, ester, and hydroxyl functional groups. The epoxy groups can undergo
cationic UV-curing via ring-opening polymerisation, resulting in the formation of
a crosslinked thermoset network. After curing, the ester and hydroxyl groups
become part of the network structure and can participate in transesterification
reactions in the presence of a suitable catalyst. This enables the formation of a
covalent adaptable network (CAN), which allows for thermally activated bond
exchange and network rearrangement, thereby imparting reprocessing properties to
the material.

Once the dynamic polymer matrix was produced and characterised for the
pristine formulation, multi-walled carbon nanotubes (MWCNTs) were dispersed in
the photocurable formulations at two concentrations (0.1 and 0.5 phr) to introduce
electrical conductivity into the crosslinked materials. The incorporation of
MWCNTs aims to create a composite material capable of combining vitrimeric
behaviour with conductive functionality, potentially expanding the range of

applications of these bio-based thermosets.
0
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Figure 12. Chemical structure of epoxidised castor oil (ECO).

3.1. Photocuring process

The UV-curing process of the epoxy bio-based formulations was deeply
investigated through two complementary analytical techniques: transmission FTIR
and photo-DSC. Initially, the influence of the photo-initiator content on the curing
behaviour of the pristine epoxidised castor oil (ECO) formulation was evaluated. A
typical transmission-FTIR is reported in Figure 13a and 13b, where the epoxy peak
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decrease around 775 cm™ upon irradiation is evident, while the relative epoxy peak
conversions are shown in Figure 13c. Formulations containing 1 and 2 phr of photo-
initiator showed comparable performance, reaching an epoxy peak conversion of
98% after 60 seconds of irradiation. In contrast, the formulation with 4 phr of photo-
initiator exhibited a lower final conversion, not exceeding 80%. This behaviour was
attributed to an inner filter effect due to the excessive photoacid concentration,
which increases the number of reactive points within the resin, leading to a faster
gel point onset and, consequently, to a lower final conversion.

These findings were confirmed by photo-DSC analysis, shown in Figure 13d
and Table 1. The exothermic peak associated with the photocuring reaction was
significantly lower for the formulation containing 4 phr of photo-initiator, while the
sample with 2 phr showed a more intense exothermic response, indicating higher
conversion of epoxide groups. Based on these results, 2 phr was selected as the
optimal concentration of photo-initiator for the resin formulation.
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Figure 13. Photocuring process monitored by transmission-FTIR and photo-DSC. a) Representative FTIR spectra over
irradiation time. b) Magnification of the epoxy region of the spectra. ¢) Corresponding epoxy peak conversion (%) as a function
of irradiation time. d) Heat released during the photocrosslinking reaction, measured by photo-DSC.

Once the optimal curing conditions were established for the ECO matrix, the
influence of carbon nanotubes (CNTs) was studied, with CNTs content ranging
from 0.1 to 0.5 phr. The photocrosslinking behaviour was monitored as well as by
transmission-FTIR (Figure 14a), following the decrease of the epoxy signal at 775
cm™ over irradiation time. The addition of CNTs resulted in a gradual decrease in
both the rate of polymerisation and the final epoxy conversion. While the
formulation with 0.1 phr CNTs showed a similar conversion to the pristine resin,
the one with 0.5 phr achieved only ~88% conversion. This reduction is attributed
to UV absorption by the CNTs, which act as competitive absorbers due to their
broadband UV absorbance related to the plasmon resonance of n-electrons.

These results were confirmed by photo-DSC analysis. As shown in Figure 14b
and relative Table 1, a consistent decrease in the exothermic enthalpy was observed
with increasing CNT content. The exothermic peak area dropped from 296 J/g
(pristine ECO) to 199 J/g (0.5 phr CNTs), indicating reduced conversion. Moreover,
a slight delay in the exothermic peak (t_peak) was also detected, further confirming
the light-screening effect of CNTs and the subsequent deceleration in
polymerisation kinetics. Nonetheless, even the most filled formulation achieved
satisfactory curing, maintaining a conversion above 80%.
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Figure 14. Photocuring process monitored by transmission-FTIR and photo-DSC for the MWCNTs. a) Is the epoxy peak
conversion (%) as a function of irradiation time. b) Is the heat released during the photocrosslinking reaction measured by photo-
DSC.

Table 1. PhotoDSC values obtained for both the pristine ECO formulations and the formulations containing MWCNT (The
filled form':lations contain 2 phr of photoinitiator).

Sample Integral (J/g)
ECO_1phr 256.3£15.0
ECO_2phr 296.4+16.7
ECO_4phr 227.1+£28.2

ECO_0.1CNT 228.4+4.7
ECO_0.25CNT 226.5+18.9
ECO_0.5CNT 199.9+17.2

Subsequently, the effect of the transesterification catalyst, dibutyl phosphate
(DP), was investigated at two concentrations (10 and 15 phr). Both FTIR and photo-
DSC analyses demonstrated a negligible influence of DP on the photocuring
process. The epoxy conversion and exothermic enthalpy were very similar among
the tested formulations, suggesting that the addition of the catalyst does not interfere
with the initial crosslinking reaction but is expected to activate the exchange
reactions at elevated temperatures post-curing.

28



3.2. Viscoelastic, mechanical and thermal properties of cured ECO-
materials
Dynamic mechanical thermal analysis (DMTA)

The viscoelastic properties of the UV-cured samples were initially investigated
by DMTA analysis. In Figure 15, the tan 6 and storage modulus (E’) curves are
reported for the pristine ECO formulation and for the formulations containing the
transesterification catalyst dibutyl phosphate (DP) at 10 and 15 phr. The
corresponding glass transition temperatures (Tg), recorded as the maximum of the
tan o peak, as well as the elastic modulus and the number of crosslinks per volume,
are collected in Table 2. The UV-cured sample containing 10 phr DP showed a
slight enhancement of thermo-mechanical performance compared to both the
pristine matrix and the sample containing 15 phr DP. This suggests that an excess
of transesterification catalyst may slightly reduce the crosslinking density, possibly
due to premature activation of transesterification reactions during photocuring,
resulting in a lower Tg.
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Figure 15 and relative Table 2. (a) DMTA data for the pristine formulation obtained with different amounts of
transesterification catalyst and relative values; (b) DMTA data for the composite formulations containing increasing CNT content
and relative values.

Subsequently, the effect of carbon nanotubes (CNTs) on the thermo-
mechanical behaviour of the ECO matrix was investigated. Figure 15b reports the
tando and E’ curves for all the CNT-containing formulations, while the
corresponding T, values are summarised in Table 2. A slight reduction in T, was
observed for the composite with 0.1 phr CNTs (18 °C) compared to the pristine
formulation (29 °C), likely due to a lower epoxy conversion in the presence of
CNTs, as previously discussed. However, by increasing the CNT content to 0.25
and 0.5 phr, the T, values increased to 24 °C and 26 °C, respectively. This trend
indicates a dual effect: while low CNT content may reduce crosslinking density and
lead to flexibilization, higher CNT loadings impart a reinforcing effect that
counteracts this phenomenon. Indeed, CNTs can hinder polymer chain mobility,
thereby enhancing thermo-mechanical properties, as confirmed by the increase in
both T, and storage modulus in the rubbery region with increasing CNT content.

Thermogravimetric analysis (TGA)

The thermal stability of UV-cured ECO formulations was evaluated by
thermogravimetric analysis (TGA), with representative degradation curves reported
in Figure 16. All samples exhibited good thermal resistance, with the 5% weight
loss temperature (Ts») and the onset of degradation around 200 °C. The onset of
degradation corresponds to an important threshold, as it defines the maximum
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temperature applicable during reprocessing and activation of bond exchange
reactions.

The pristine ECO sample (without catalyst) showed two main degradation
steps. In contrast, samples containing the transesterification catalyst (DP) exhibited
three distinct degradation steps, suggesting a more complex degradation
mechanism possibly influenced by the catalyst.

To assess the effect of MWCNT addition, TGA was also performed on the
composite samples. As an example, the curve of the UV-cured film with 0.1 phr
MWCNTs is shown in Figure 16. Two main degradation steps were observed: the
first, at lower temperatures, is attributed to the degradation of residual photoinitiator
and unreacted monomers; the second, occurring around 400 °C, corresponds to the
decomposition of the crosslinked ECO network, as expected by observing the other
trials. Carbon nanotubes remained thermally stable throughout the analysis,
consistent with their well-known resistance to high temperatures [109,110].

Similar thermal behaviour was observed across all tested MWCNT-containing
formulations, confirming that both catalyst and CNT incorporation do not
compromise the thermal resistance of the cured network.

Thermogravimetric analysis is crucial for determining the safe operational
window of the materials and supporting subsequent investigations into the
activation of covalent bond exchange reactions.
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Figure 16. a) TGA curves of the UV-cured ECO formulations containing different amounts of transesterification catalyst
(DP) and 0.1 phr of MWCNTs. b) First derivative of the corresponding TGA curves that highlight the main degradation steps.
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Electrical conductivity

The electrical conductivity of the MWCNT-containing cured films was
measured by broadband dielectric spectroscopy to determine the percolation
threshold. Figure 17 shows the conductivity as a function of filler loading. All
composite samples exhibited higher conductivity than the pristine ECO film, but a
pronounced jump of approximately seven orders of magnitude occurred at 0.5 phr
CNT. While the pristine UV-cured ECO displayed a conductivity of
~1 x 1072 S/cm, the formulation with 0.5 phr CNT reached ~1x107°S/cm,
indicating the formation of a continuous conductive network. From these results,
the percolation threshold lies between 0.25 and 0.5 phr of CNT, which is consistent
with literature reports of biobased epoxy—CNT composites where percolation is
achieved at around 0.4 phr [111].
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Figure 17. Conductivity of UV-cured ECO films containing various CNT
concentrations, as determined by dielectric spectroscopy.

Stress relaxation experiments

The dynamic nature of covalent adaptable networks is enabled by thermally
activated covalent bond exchange reactions, which facilitate stress relaxation and
network rearrangement at elevated temperatures. In our system, epoxidised castor
oil (ECO) provides a polymer backbone that consists of both ester and hydroxyl
functionalities. During UV-curing, the epoxy groups form a crosslinked thermoset,
while the remaining esters and hydroxyls remain available as sites for
transesterification reactions when, at high temperature, they are catalysed by
dibutyl phosphate (DP).

32



Before evaluating vitrimeric behaviour, amplitude-sweep tests were performed
at 170 °C and 200 °C to determine the linear viscoelastic region (LVR) of the
polymeric matrix. Both the pristine ECO (no catalyst) and the formulation with
15 phr DP maintained linearity up to 3 % strain (Figure 18); for this reason, a 3 %
constant strain was chosen for all subsequent stress-relaxation experiments.
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Figure 18. Amplitude sweep tests of pristine ECO UV-cured samples with no catalyst at 200 °C (a), ECO UV-cured samples
containing 15 phr DP at 170 °C (b), and at 200 °C (¢).

Stress-relaxation tests were performed using samples 0.5 mm thick, having
I mm diameter, that were first preloaded with 10N for 15min at the test
temperature, then held at 3 % strain while the decay of the relaxation modulus G(t)
was recorded over time. The characteristic relaxation time T was measured as the
time at which G(t) falls to 1/e of its initial value Go.

In Figure 19, relaxation at the constant temperature of 200 °C for ECO with no
catalyst, 10 phr DP and 15 phr DP is reported. The pristine sample shows only
modest stress decrease, reflecting its purely viscoelastic response and the high
flexibility (low Tg), while both DP-containing samples relax much more rapidly.
We can then state that higher DP loading reduces t, indicating faster
transesterification reaction and network rearrangement.
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Figure 19. Stress relaxation measurement performed for ECO with no catalyst (DP)
and with 10 and 15 phr of DP at a constant temperature of 200°C.

In Figure 20, stress-relaxation curves at 170, 180, 190 and 200 °C for the 10 phr
and 15 phr DP samples, respectively, are plotted alongside their Arrhenius plots.
The 15 phr sample follows a single linear Arrhenius regime, while the 10 phr
sample shows two distinct slopes, reflecting, as Hubbard et al. first described, a
low-temperature regime controlled by chain relaxation and a higher-temperature
regime dominated by bond exchange kinetics. The fitting in the Arrhenius plots can
demonstrate that the ECO material, in the presence of the transesterification
catalyst, can activate the dynamic covalent network, thereby exhibiting
reprocessability properties.
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Figure 20. Stress relaxation measurement performed at different temperatures, and their relative Arrhenius plots. a)
Relaxation measurement of the ECO sample with 10 DP. b) Arrhenius plot of ECO with 10 phr DP. ¢) Relaxation measurement
of ECO sample with 15 phr DP. d) Arrhenius plot of ECO with 15 phr DP.

To assess the effect of conductive fillers on vitrimeric behaviour, we performed
stress-relaxation tests on UV-cured ECO composites containing 0.5 phr multi-
walled carbon nanotubes (CNTs), both with and without 10 phr DP. Figure 21a
shows stress relaxation at 70 °C: the CNT-only sample displays slow viscoelastic
decay (similar to the pristine matrix), while the CNT+DP sample relaxes much
more quickly. Figure 21b extends these measurements up to 100 °C, confirming that
T decreases with increasing temperature. Finally, Figure 21¢ presents the Arrhenius
plot for the CNT+DP composite, which exhibits a linear relationship between Int
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and 1000/T. From the slope, we obtain an activation energy of 49.9 kJ/mol,
consistent with typical values reported for vitrimeric transesterification. The
activation energy was obtained with the formula:

1
In(7) = In(7y) + Eaﬁ

Where E. correspond to the activation energy, R is the universal gas constant,
T is the temperature in °K, 7 is the time needed to the formulation to reach 1/e, also
called relaxation time, of its initial G(t) modulus, and 1o represents the hypothetical
relaxation time the network would exhibit if the activation barrier were zero (i.c.,
at infinitely high temperature).
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Figure 21. a) Represent the stress relaxation at a constant temperature of ECO reinforced with 0.5 phr MWCNTSs with and
without the catalyst. b) represents the stress relaxation at different temperatures of the ECO filled with different amounts of
MWCNTs, and c) is the Arrhenius plot derived from the stress relaxation experiments.

These results demonstrate that DP catalyses rapid stress relaxation via
transesterification, the kinetic regime can shift depending on catalyst concentration,
and the addition of MWCNTs does not prevent the activation of the bond exchange
but may slightly modify relaxation kinetics by decreasing its activation temperature,
since there is a lower crosslinked structure derived by the interconnecting inert
points due to the reinforcement.

3.3. Comparison with biobased reprocessable CANs and
commercial thermosets

The ECO-based covalent adaptable networks developed in this work display a
combination of glass transition temperature, stiffness and relaxation behaviour that
places them within the performance window of recently reported bio-based vitrimer
systems. Bio-derived epoxidised vegetable oils typically yield vitrimers with Tg
values between 30 and 80 °C and rubbery moduli of a few MPa, depending on
crosslink density and catalyst content. In our research, the ECO-DP networks
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match the lower-intermediate glass transition temperature range reported for
epoxidised soybean oil and castor oil vitrimers, while preserving a fully bio-based
nature and using a simple transesterification chemistry for network rearrangement.
In fact, biobased imine and transesterification-based vitrimers often rely on multi-
step syntheses or partially fossil-derived monomers, while the present system
instead exploits a single monomer (ECO) and a small-molecule catalyst to introduce
dynamic character, which is advantageous from both a synthetic and life-cycle
perspective [112—114].

When compared with fossil-based commercial thermosetting epoxies used in
coatings and structural applications, ECO-DP networks exhibit lower Ty and
modulus, but compensate with reprocessability, repairability, and a high renewable
content. Conventional UV-curable epoxy networks typically reach T, values in the
60—120 °C range and storage moduli between 5 and 20 GPa in the glassy state;
however, they are intrinsically non-reprocessable and fully derived from fossil
sources. In contrast, ECO-DP vitrimers offer sufficient stiffness for flexible
coatings, sealants and low load-bearing structural parts, while enabling reshaping
and welding under transesterification conditions, thus directly supporting circular
economy applications. The incorporation of MWCNTs further narrows the
mechanical gap with commercial epoxy formulations by increasing modulus and
imparting electrical conductivity. [115-117]

The activation temperature for transesterification observed in this work (~170
°C) lies within the processing window identified in previous vitrimeric epoxy
literature, and the thermal stability onset (Tsy = ~200 °C) is consistent with bio-
based thermosets currently available. This alignment indicates that the ECO-DP
system can be recycled through reprocessing cycles without degradation, a critical
advantage for circular economy applications in coatings and adhesives. Recent
literature on epoxidised vegetable oil-based vitrimers has demonstrated that these
systems can achieve comparable or superior performance to conventional epoxies
in specific application niches, particularly when tuned for mechanical and thermal
balance by varying stoichiometric ratios and catalyst loading. [118,119]

4. Conclusion

In these studies, we demonstrated that unmodified, biobased epoxidised castor
oil (ECO) can be rapidly and completely cured under UV irradiation, even when
reinforced with multi-walled carbon nanotubes (MWCNTs) to enhance the material
functionality. Upon heating, the cured networks exhibit transesterification driven
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bond exchange, enabling reprocessing despite their thermoset nature. Incorporating
MWCNTs not only imparts electrical conductivity but also appears to lower the
activation temperature for dynamic covalent exchange, likely due to increased chain
mobility deriving from a modest reduction in crosslink density. By varying catalyst
concentration, crosslink density, and filler loading, we have analysed the structure-
property relationships that govern relaxation kinetics and performance. These
findings provide a solid foundation for the design of sustainable, reprocessable, and
functional thermoset coatings.

The work described in this chapter has been published and is available at the
following references:

[120] Sangermano M.; Bergoglio M.; Schogl S.; Biobased Vitrimeric Epoxy
Networks. Macromolecular Materials and Engineering, 2024, 9, 309, DOI:
https://doi.org/10.1002/mame.202300371

[63] Bergoglio M.; Reisinger D.; Schogl S.; Griesser T.; Sangermano M.;
Sustainable Bio-Based UV-Cured Epoxy Vitrimer from Castor Oil. Polymers
2023, 15(4), 1024; DOL: https://doi.org/10.3390/polym15041024

[121] Bergoglio M.; Palazzo G.; Reisinger D.; Porcarello M.; Kortaberria G.;
Schogl S.; Sangermano M.; Cationic UV-curing of bio-based epoxidised castor oil
vitrimers with electrically conductive properties. Reactive and Functional
Polymers 2024 200 105936, DOI:
https://doi.org/10.1016/j.reactfunctpolym.2024.105936
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Chapter 3: Biobased scaffolds for
tissue engineering

Bone injuries and disease-related defects represent a rising challenge to global
health, also due to the incidence of non-healing fractures, which rises sharply with
age [122]. Although natural bone possesses an intrinsic capacity for self-repair,
critical defects often require surgical intervention. Conventional approaches, such
as autografts, allografts, and metal implants, can alleviate these defects but bring
complications ranging from donor-site morbidity to long-term foreign-body
reactions [123]. Tissue engineering aims to address these limitations by providing
synthetic or semi-synthetic scaffolds that not only replace lost tissue volume but
also actively guide new bone formation through controlled delivery of biochemical
cues and tailored mechanical support.

An ideal scaffold for bone regeneration must simultaneously satisfy multiple
requirements. It must be mechanically robust enough to withstand physiological
loads, particularly in weight-bearing sites, but also porous and interconnected to
permit cell infiltration, nutrient transport, and vascular ingrowth [124,125]. The
chemistry of the scaffold should promote cell attachment, proliferation, and
osteogenic differentiation.

In the case of bone tissue replacement, the material should also release
bioactive ions that trigger the processes leading to the formation of hydroxyapatite,
thereby mimicking the native mineral phase. This can be accomplished with the aim
of bioactive glasses. First introduced by Larry Hench, bioactive glasses (BGs)
constitute a class of ceramic biomaterials that offer osteoconductive,
osteoinductive, and therapeutic properties (e.g., angiogenic and antibacterial
properties) by releasing ions typical of the glass network. For this reason, they are
crucial for bone repair [126,127]. Moreover, as mentioned, besides promoting bone
regrowth, BGs can also exhibit antibacterial properties, which are attributed to a
local increase of pH in the body fluids. The antibacterial effect can also be increased
by the incorporation of various metal ions [128—130]. Among them, Ag and Cu
have been extensively studied for biomedical applications since they offer a dual
role in promoting antimicrobial activity and facilitating tissue repair by giving anti-
inflammatory effects, while Te is emerging as a promising ion thanks to its
beneficial properties, but it has not been extensively studied [126,131-138].
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Although BGs have multiple benefits, pure BG scaffolds generally fall short in
mechanical strength, precluding their use in load-bearing applications [139].
Embedding BG particles within polymer matrices has emerged as an optimal
strategy to address this issue, yielding composites that combine improved toughness
and elasticity with the bioactivity of the glass [140]. A variety of fabrication
techniques, ranging from traditional moulding and solvent-casting to
electrospinning and modern additive manufacturing (AM), have been employed to
produce these polymer—ceramic hybrids [141-144]. Moreover, the choice of
polymeric matrix permits tuning of the scaffold stiffness, toughness, and
degradation rate, enabling the design of products tailored to the mechanical and
biological demands of different tissue-engineering [145].

At the same time, scaffolds should degrade in synchrony with tissue formation,
thereby avoiding chronic inflammation caused by accumulating degradation
products. Finally, the sustainability of the product is fundamental, since the research
has shifted towards biobased products to replace petroleum-derived polymers with
renewable, biodegradable alternatives.

This chapter explores three complementary scaffold platforms, hydrogels,
polyHIPE foams, and 3D-printed bulk scaffold obtained by means of mSLA 3D
printing, each built upon bio-based monomers and similar BGs fillers. The chapter
begins with “soft,” highly hydrated methacrylated chitosan hydrogels reinforced
with tellurium-doped bioactive glasses, demonstrating dual antimicrobial and
osteoinductive functions in a compliant matrix. Next, it moves to the hard tissue
engineering scaffolds. First, the chemistry is shifted into porous polyHIPE foams
via thiol-ene photopolymerization of acrylated-soybean oil (AESO) and a
multifunctional thiol, showing how high internal phase emulsions yield
mechanically tunable, interconnected pores that support osteoblast-like cell growth
and mineral deposition. Finally, it defines the design of rigid, patient-specific
scaffolds manufactured by layer-by-layer vat photopolymerization of AESO-based
resins loaded with silanised or ion-doped bioactive glasses. In this last platform, we
also introduced dynamic covalent (vitrimeric) networks, activated by
transesterification catalysts, to give the photocured materials reprocessability,
bridging the gap between conventional disposable implants and sustainable,
repairable biomaterials.

By monitoring this progression, from soft gels that mimic the extracellular
matrix to load-bearing, reprocessable implants, this chapter illustrates how, starting
from bio-based monomers and adding inorganic fillers, the demands for multi-
properties and bioderived materials for bone tissue engineering can be met.
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3.1 Introduction

Bone defects arising from trauma, disease, or congenital malformations present
a critical clinical challenge: while small defects in healthy bone exhibit an intrinsic
capacity for repair, defects exceeding a critical size and in elderly patients, often
>2.5cm, cannot regenerate without intervention, leading to delayed union or
non-union [146,147]. This can result, for instance, in 13% of tibial fractures, which
therefore necessitate surgical grafting or implant procedures [148]. Tissue
engineering scaffolds aim to restore the structural and biological structure of native
bone by providing a three-dimensional (3D) framework that supports cell adhesion,
proliferation, and differentiation, while simultaneously providing vascular
ingrowth and nutrient transport [124,146,149-154]. An ideal scaffold must
replicate the extracellular matrix (ECM) at multiple length scales, possess
mechanical properties suitable for the target site (from soft, gel-like properties to
load-bearing rigidity), actively guide osteogenesis through biochemical signals
starting from the support in HAp growth, and be easily manufactured to meet the
demands of patient-specific geometries.

To address these complex requirements, this chapter explores a broad range of
biobased scaffolds, ranging from soft hydrogels to high-porosity foams
(polyHIPEs) to rigid, 3D-printed acrylated-soybean-oil (AESO) composites, each
synthesized via rapid, energy-efficient photopolymerization and reinforced with
bioactive glasses (BGs) used for osteoinduction and doped with different ions to
impart additional properties to the final material.

3.1.1 Hydrogels for soft tissue: Methacrylated Chitosan and
Te-Doped Bioactive Glass

Hydrogels are hydrated, crosslinked polymer networks capable of retaining
>90% water in weight while maintaining their shape under mechanical load. Their
soft tissue-like mechanics and high-water content create an ECM-analogous
microenvironment ideal for cell culture, drug delivery, and wound dressings
[148,155-161]. Among natural polymers, chitosan, derived from alkaline
deacetylation of chitin sourced from shellfish or fungi, offers abundant availability,
biodegradability, and facile chemical reactivity [162-164]. By grafting
methacrylate groups onto its chemical structure, chitosan becomes suitable for
UV-induced radical crosslinking, enabling rapid formation of stable hydrogels
under mild, aqueous conditions [165-167]
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To impart osteoconductivity and antimicrobial activity to hydrogels, sol—
gel-synthesized bioactive glasses doped with tellurium (BG-Te) and further
functionalized via silanization (BG-Te-Sil) were incorporated at 30 and 50 phr.
BG-Te releases Si, Ca, and POa ions that induce the precipitation of hydroxyapatite
under physiological conditions, while Te doping confers antibacterial and
anti-inflammatory effects [131-135].

3.1.2 Highly Porous PolyHIPEs: Thiol-Ene AESO Foams
Reinforced with BG

Translating hydrogel chemistry to a solid foam architecture, high internal phase
emulsions (HIPEs) of acrylated-epoxidized soybean oil (AESO) and
trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) were UV-cured to yield
polyHIPEs with nominal 80% porosity. In these thiol-ene networks, water droplets
serve as the templating phase, and upon photopolymerization, interconnected
spheroidal voids remain [168—171]. Also in this case, BG loading 15 and 30 phr
was used to give osteoinductive properties to the final scaffold.

3.1.3 Hard tissue AESO Composites: Vat Photopolymerization and
covalent adaptable networks

For load-bearing applications and patient-specific geometries, acrylated soybean oil
(AESO) was formulated with reactive diluents (isobornyl acrylate or acrylated
eugenol) into photocurable resins compatible with DLP/mSLA 3D printing at 25—
100 pm resolution. Sol-gel bioactive glasses (undoped, Cu-doped, Te-doped and
silanised) were dispersed at a maximum of 30 phr, with TMSPMA silanisation to
enhance interfacial adhesion.

Moreover, with the aim of a transesterification catalyst, the final scaffold was
proven to possess reprocessability behaviour, bridging the gap between the previous
chapter where vitrimeric formulations were studied. This allows the production of
a 3D printed material which can be used as a hard tissue replacement, biobased and
reprocessable, meeting the growing demand of the circular economy.
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3.2 Experimental section

3.2.1 Material and chemicals

Acrylated soybean oil (AESO) was supplied either from Allnex (Frankfurt,
Germany) or Sigma Aldrich (Milan, Italy). Isobornyl acrylate (IBOA), tetraethyl
orthosilicate (TEOS), triethyl phosphate (TEP), calcium nitrate tetrahydrate
(Ca(NOs)2:4H-0), ammonium hydroxide (NHsOH), 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA) were obtained from Sigma-Aldrich (Milan, Italy). The
photoinitiator phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (old commercial
name Irgacure 819) was purchased from BASF (Ludwigshafen, Germany).
Acrylated eugenol (AEUG) and the eugenol-based phosphate ester
transesterification catalyst (EUGP) were synthesised according to literature
procedures [172—174]. Bioactive glass (BG) was prepared via a sol—gel route using
tetracthyl orthosilicate (TEOS), triethyl phosphate (TEP), sodium tellurite
(NaTeOs3), 3-(Trimethoxysilyl) propyl methacrylate (98%, TMSPMA), ethanol
(EtOH, 99%), all purchased from Sigma Aldrich, as were hydrogen peroxide
(H202), Tween 80, penicillin/streptomycin, hematoxylin and eosin, and all other
cell-culture reagents (DMEM + glutaMAX, Gibco; Thermo Fisher). Copper-doped
and tellurium-doped bioactive glass (BG-Cu and BG-Te) were synthesised using
copper (II) nitrate trihydrate (Cu(NOs)2-:3H20) and sodium tellurite (NaxTeO3),
purchased from Sigma Aldrich. Lauria Bertani (LB) broth and agar were supplied
by  Thermo Fisher Scientific (Milan, Italy). Trimethylolpropane
tris(3-mercaptopropionate) (TMPTMP) and the surfactant Hypermer B246 were
used as received from their respective suppliers.

3.2.2 Bioactive glass synthesis

Bioactive glasses were used in these projects to create the composite along with the
polymeric AESO-based, hydrogel-based, and PolyHIPE-based matrix. Their use
was fundamental to give the final composite the ability to promote bone tissue
growth in the derived scaffolds. The synthesis of bioactive glasses was completed
following a modified Stober method [175]. As shown in Table 3, three different
bioactive glasses were prepared. In all cases, the process began by stirring together
two solutions: one containing ammonium hydroxide (NH4sOH), bidistilled water,
and ethanol, and the other consisting of ethanol and tetraethyl orthosilicate (TEOS).
This initial mixing promoted the formation of silica particles. Next, the phosphorus
precursor, triethyl phosphate (TEP), and the calcium precursor, calcium nitrate
tetrahydrate (Ca(NOs)2-4H20), were added to the mixture. While maintaining
continuous stirring, copper (II) nitrate trihydrate (Cu(NOs).:3H20) was introduced
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for the Cu-doped glasses (BG-Cu), while sodium tellurite (Na.TeOs) was added for
the Te-doped glasses (BG-Te). The resulting sols were then dried at 60 °C for 48 h
to remove solvents, followed by calcination at 700 °C for 2 h with a controlled
heating ramp of 5 °C/min to eliminate any residual organic compounds, obtaining
the final inert compound.

Table 3. Elemental composition of sol-gel synthesised bioactive glasses.

Sample Composition %wt
name
Si0; P>0Os CaO CuO TeO2
BG 77 9 14 - -
BG-Cu 77 9 9 5 -
BG-Te 77 9 9 - 5

The single dispersed particles of BG had a rounded shape with an average
dimension of 489 + 54 nm, as clearly visible from Figure 22, obtained by FESEM
microscope. The same shape and similar dimensions were obtained for Cu and Te-
doped glass.

Figure 22. Bioactive glass shape and diameter.

3.2.3 Bioactive glass silanisation

BG were also silanised to increase the compatibility between the reinforcing
BG phase and the polymeric matrix. This was done by chemically attaching silanol
groups to the particle. To do so, 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA) was used. First, 0.5 g of BG powder was dispersed in 2 mL of acetone
and subjected to ultrasonic agitation, then centrifuged at 7000 rpm for 5 min to
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remove the solvent. This washing cycle was repeated three times with deionised
water to ensure complete acetone removal and to activate surface —OH groups. A
20vol% % solution of TMSPMA in ethanol was then prepared, and three
alternative silanization protocols were evaluated: i) stirring for 2h at room
temperature without adjusting pH; ii) stirring for 2 h with the addition of acetic acid
to adjust the pH to 5; iii) and prolonged stirring for 24 h at ambient pH. After each
treatment, the powder was collected by centrifugation (7000 rpm, 2 min) to remove
unreacted silane and then dried at 37 °C for 24 h.

3.2.4 FTIR spectroscopy

The photocuring behaviour of both acrylate resin formulations and hydrogel or
polyHIPE precursors was characterised by Fourier-transform infrared spectroscopy
(FTIR) using a Nicolet iS50 spectrometer (Thermo Scientific, Milan, Italy). For the
acrylate resins, which possess sufficient viscosity after mixing, the liquid was
spread into a uniform 32 um film on a silicon wafer by means of a stir bar; this
transmission setup permitted continuous monitoring of reactive group consumption
while irradiation in situ. In contrast, hydrogel and polyHIPE precursors could not
be deposited as free-standing films, so these samples were analysed in attenuated
total reflectance (ATR) mode using the built-in diamond crystal accessory, before
and after photopolymerisation. In all cases, the spectral region from 4000 to
600 cm™ was recorded at a resolution of 4 cm™, using 32 scans per spectrum to
maximise signal-to-noise ratio.

Real-time curing kinetics were obtained by equipping the FTIR with a
Hamamatsu Lightingcure LC8 UV lamp (365 nm, 50 mW/cm?). Spectra were
collected at regular intervals during continuous UV irradiation. The principal group
followed during polymerisation was the decrease in the C=C stretching vibration of
the acrylate double bond, monitored around 1600 cm™. The peak of the aliphatic
C—H stretching band at 2950 cm', which is known to remain unaffected under UV
exposure, served as the reference peak. The ratio of acrylate to C—H peak areas at
each time point was calculated and normalised to its initial value at t=0.
Conversion (%) was then determined using:

A rou, A rou,
(F22) om0 = (42220,
(Agroup
Aref
where Agroup and Arer represent the integrated areas of the acrylate and reference
peaks, respectively. All spectra were processed and baseline corrected using
OMNIC software (Thermo Fisher Scientific), enabling quantification of the

x 100

Conversion (%) =

)t=0
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monomer conversion as a function of UV exposure time. In the case of MCHIT and
thiol ene conversion to produce, respectively, hydrogel and polyHIPE materials, the
ATR FTIR was performed before and after the photocuring process.

3.2.5 Photo Dynamic Scanning Calorimetry (photo-DSC)

The photocuring behaviour of the formulations was investigated using photo-
differential scanning calorimetry (photoDSC). Measurements were performed on a
Mettler Toledo DSC-1 system (Milan, Italy), equipped with a Gas Controller
GC100 and a Hamamatsu LIGHTINGCURE LC8 mercury UV lamp (Hamamatsu
Photonics, Milan, Italy). The UV source was coupled with an optical fibre to focus
the radiation directly onto the sample pan. The UV light employed had a wavelength
of 365 nm, with the intensity adjusted to either 10 mW/cm? or 50 mW/cm?,
depending on the experimental setup, by setting the lamp at different percentages
of its maximum output.

Samples with a mass between 5 and 15 mg were placed in open aluminium
crucibles, while an empty crucible was used as a reference. All experiments were
performed at room temperature (25 °C) under a constant nitrogen flow of 40
mL/min to prevent oxygen inhibition and ensure inert conditions. Each photo DSC
experiment was composed of an initial isothermal stabilisation step of 2 minutes, a
first UV irradiation step of 60 seconds, followed by a second stabilisation step of 2
minutes, and a second identical irradiation step. The second irradiation step was
used to establish the baseline. Since the second exposure was performed after
complete curing, it enabled the subtraction of non-reactive thermal signals. By
subtracting the heat flow curve obtained during the second irradiation from the first,
the resulting exothermic profile was attributed exclusively to the crosslinking
reaction. All thermograms were processed and analysed using Mettler Toledo
STARe software, version 9.2.

3.2.6 Rheology and photorheology

The viscosity and UV-curing behaviour of the formulations were studied using
an Anton Paar MCR 302 parallel plate rheometer (Graz, Austria), equipped with a
Hamamatsu LIGHTINGCURE LC8 mercury UV lamp (Hamamatsu Photonics,
Milan, Italy), coupled with an optical fibre for focused irradiation at 365 nm. All
measurements were conducted at a controlled temperature of 25 °C. Photo-
rheological measurements were performed to investigate the curing kinetics under
UV irradiation. The setup employed a 25 mm diameter upper metal plate, while the
lower plate was made of quartz or glass, allowing transmission of UV light through
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the sample. The gap between the plates was set to either 300 or 100 pm, depending
on the formulation and setup requirements. Samples were subjected to oscillatory
shear at a constant frequency of 1 Hz and 1% strain. The UV light was turned on
60 seconds after the start of the measurement to allow system stabilisation. The
lamp intensity was set to either 15 mW/cm?, 30 mW/cm?, or 50 mW/cm?, depending
on the specific formulation and curing study. During the photo-rheology
experiments, both the storage modulus (G’) and the loss modulus (G"”) were
monitored over time to evaluate the photocuring process. The storage modulus (G”)
represents the elastic (solid-like) component of the material, while the loss modulus
(G") corresponds to the viscous (liquid-like) component. Their evolution over time
provided information about the crosslinking behaviour during irradiation.

To determine the viscosity and flow behaviour of the uncured formulations,
essential for assessing their processability, especially in 3D printing applications,
standard rheological tests were performed using the same rheometer. Measurements
were conducted using a parallel plate geometry with two 25 mm diameter metal
plates, and the gap was set to 1 mm or 3 mm, depending on the formulation. The
shear rate was set from 0.01 to 1000 s™*, allowing the determination of the viscosity
profile under variable flow conditions.

Using the same instrument, stress relaxation experiments were conducted to
verify the dynamic covalent network behaviour of the UV-cured samples.
Disc-shaped specimens (10 mm diameter, 0.5 mm thickness) were placed between
parallel plates and equilibrated at each test temperature for 15 minutes. A constant
shear strain of 3 % was then applied, and the decay of the stress was recorded over
time. Tests were performed at temperatures ranging from 180 °C to 220 °C. From
the recorded stress—time data, the relaxation modulus G(t) was calculated and
normalised by its initial value Go, defined at the start of strain application. The
characteristic relaxation time t, the critical indicator of dynamic network mobility,
was determined as the time required for G(t) to decrease up to 1/e of the initial Go.

3.2.7 Dynamic mechanical thermal analysis (DMTA)

Dynamic Mechanical Thermal Analysis (DMTA) was performed using a Triton
Technology instrument (Netzsch-Gerdtebau GmbH, Selb, Germany) to investigate
the thermo-mechanical behaviour of the UV-cured materials. The analysis was
performed in uniaxial tensile mode, applying a 1 Hz oscillation frequency and an
initial displacement of 0.02 mm. The temperature range was set from 0 °C to
100 °C, with a heating rate of 5 °C/min or 3°C/min when more precision in the data
acquisition was needed. The starting temperature was reached by cooling the
chamber with liquid nitrogen. The test was terminated once the sample reached the
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rubbery plateau region, allowing for the identification of the glass transition
temperature (Tg), which was determined from the peak of the tan o curve.

Samples used for the analysis had dimensions of approximately 1.5 x 3.5 x 12
mm or 1 x 8§ x 18 mm, depending on the preparation method. The specimens were
either fabricated via 3D printing or moulded by pouring the photocurable
formulations into silicone moulds and UV-cured with a DYMAX ECE flood lamp
(Dymax Europe GmbH, Wiesbaden, Germany) at an intensity of 130 mW/cm?.

To estimate the crosslink density (vc) of the network, the storage modulus in
the rubbery plateau region (T + 50 °C) was used according to the formula:

E
VU, = ﬁ

Where E' represents the storage modulus at Tz + 50 °C, R is the universal gas
constant (8.314 J-mol"-K™"), and T is the absolute temperature in Kelvin at which
E'is measured.

3.2.8 Mechanical tests

The mechanical performance of the developed materials was evaluated through
tensile and compression tests. These measurements are necessary for determining
the potential of the materials for biomedical and tissue engineering applications,
where mechanical integrity, elasticity, and deformation behaviour have to be
defined.

Tensile properties of the UV-cured and 3D-printed materials were assessed
using a universal electromechanical testing machine MTS QTest™/10 Elite (MTS
Systems Corporation, Eden Prairie, MN, USA), operated through the TestWorks®
4 software. The instrument was equipped with a 500 N load cell, and the crosshead
speed was set to S mm/min. Dog-bone-shaped specimens were used, conforming to
the ISO 527-5B standard.

Young’s modulus (E) was determined from the slope of the linear portion of
the initial part of the stress—strain curve. In addition, the tensile strength and strain
at break were recorded at the failure point. Each measurement represents the
average of five individual specimens, ensuring the statistical reliability of the
results.

Compressive tests on swollen hydrogel samples were carried out to simulate
physiological conditions. The tests were performed on the same MTS QTest™/10
Elite testing machine, equipped with a 10 N load cell, suitable for the low stiffness
typically associated with hydrated networks. The samples were pre-incubated in
phosphate-buffered saline (PBS) for 24 hours at room temperature to allow
complete swelling and mimic in vivo-like conditions.
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The hydrogel specimens had a cylindrical shape, with an average diameter of
10 mm and a height of 10 mm. A constant crosshead speed of 5 mm/min was used.
The compressive modulus (Ec) was calculated from the linear region of the stress—
strain curve. The data represent the mean values of five replicates per material
formulation.

The mechanical properties of the polyHIPE scaffolds were assessed via
uniaxial compression using an ElectroForce® 3220 Base System (TA Instruments,
New Castle, DE, USA). The samples had an average size of 10 x 10 X 4 mm? and
were tested at a compression speed of 1 mm/min.

For AESO-based formulations, compression tests were conducted on
cylindrical scaffolds using a universal testing machine, Instron 5982 (Instron,
USA), equipped with a 2 kN load cell. All tests were performed at room
temperature, with a constant crosshead speed of 2 mm/min. The specimens were
cylindrical, with a diameter of 6 mm and a thickness of 2 mm.

3.2.9 Morphological and compositional characterisation

The morphological and compositional characterisation of the developed
materials was performed to evaluate their microstructural features, the distribution
of the reinforcing phase, and their surface reactivity upon immersion in simulated
body fluid (SBF). These analyses are needed to determine not only the quality of
the polymer-filler interface but also the bioactivity of the materials, a key parameter
for their potential application in bone tissue engineering.

The microstructure and elemental composition of the scaffolds were
investigated using field emission scanning electron microscopy (FESEM) equipped
with energy dispersive X-ray spectroscopy (EDS, SUPRA™ 40, Zeiss,
Oberkochen, Germany). The analysis focused on the visualisation of the
morphology of the fracture surfaces, evaluating filler dispersion within the polymer
matrix, and detecting the presence of specific elements associated with the bioactive
glass or newly formed mineral phases, such as hydroxyapatite (HAp).

Samples were prepared by brittle fracture of cured materials. The fractured
pieces were mounted onto aluminium stubs using a conductive adhesive and coated
with a thin platinum (Pt) layer via sputtering, to ensure surface conductivity and
high-resolution imaging.

The SEM analysis enabled a closer examination of the particle dispersion,
matrix—filler interactions, and potential phase separation phenomena.

To assess the in vitro bioactivity of the composite scaffolds, samples were
immersed in simulated body fluid (SBF) following Kokubo’s protocol [176]. The
immersion period and conditions were designed to simulate physiological
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environments and evaluate the potential for apatite layer formation, which is
indicative of osteoconductive behaviour.

After the SBF immersion, the surface of the samples was analysed via FESEM
to detect the formation of hydroxyapatite (HAp)-like structures. These were
identified based on their typical cauliflower-like morphology, along with EDS
mapping, focusing on the presence of calcium (Ca) and phosphorus (P) ratio.

Further analysis to determine the formation of mineral phases upon SBF
exposure was obtained using X-ray diffraction (XRD). Analyses were performed
using a Malvern PANalytical X’Pert PRO (Malvern Panalytical Ltd., UK)
diffractometer operating in reflection mode.

3.2.10 Contact angle

The surface wettability of bioactive glasses was determined by static contact
angle measurements. The water contact angle was measured to evaluate the surface
wettability of the scaffolds, as it is directly related to cell adhesion, proliferation,
and nutrient exchange. A moderate hydrophilicity is generally considered favorable
for biological interactions. Each specimen, formed by pressed powder, was placed
on a DSA100 Drop Shape Analyser (Kriiss, Hamburg, Germany). A single droplet
of ultrapure water (approximately 5 L) was gently deposited on the sample surface
using a calibrated syringe. After allowing the drop to stabilise (typically within 5 s),
the left and right contact angles were recorded simultaneously by the instrument
software. Three droplets were measured on different regions of each sample to take
into consideration any surface heterogeneity, and the mean value was reported as
the contact angle. All measurements were performed at room temperature.

3.2.11 Biological evaluation
Cell culturing

All cell culture procedures were performed under sterile conditions in a
laminar-flow fume hood. Prior to use, all surfaces were disinfected with 70 % (v/v)
ethanol prepared with Milli-Q ultrapure water. Cell culture incubators (Thermo
Scientific HERAEUS BB15 and HeraCell 1501) were maintained at 37 °C, 5%
COz, and 100 % relative humidity. All media and phosphate-buffered saline (PBS)
solutions were pre-warmed to 37 °C in a water bath (Ratek Instruments) before each
use.

Human osteosarcoma MG-63 cells (ATCC® CRL-1427™, Manassas, VA,
USA) were cultured in tissue-culture flasks (Corning® T75, non-pyrogenic
polystyrene) using complete growth medium consisting of high-glucose Dulbecco’s
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Modified Eagle Medium with GlutaMAX™ (Gibco™, Thermo Fisher Scientific),
supplemented with 10 % fetal bovine serum (FBS; Scientifix, SFBS-FR) and 1 %
penicillin-streptomycin ~ solution (10000 U/mL  penicillin and 10 mg/mL
streptomycin; BioReagent grade). Cells were maintained between passages 12
and 15 and subcultured every three days or upon reaching ~80 % confluence. For
passaging, the medium was removed by vacuum aspiration (Bernant Company
Model 400-3912, Thermo Fisher Scientific), and cells were rinsed with DPBS
(Gibco™, 14190-144), and then detached with TrypLE™ Express (Gibco™) for
five minutes at 37 °C. Detached cells were collected, counted, and reseeded at the
desired density. Confluency and morphology were routinely monitored under an
inverted phase-contrast microscope (Nikon Eclipse TS100).

Alternatively, human bone marrow derived mesenchymal stem cells (hbMSCs;
PromoCell, C-12974, Heidelberg, Germany) were cultured in low-glucose DMEM
(Sigma-Aldrich, Milan, Italy) supplemented with 10 % FBS (Sigma-Aldrich) and
1 % penicillin-streptomycin. Cells were cultured at 37 °C, 5 % CO- until reaching
80-90 % confluence. For detachment, 0.25 % trypsin-EDTA in PBS was applied
for three minutes at 37 °C, followed by neutralisation with complete medium. Cells
were counted and used between passages 3 and 6 for all assays.

Where possible, before the biological evaluation, the scaffolds were sterilised
under UV light for 30 minutes on each side.

Cytocompatibility evaluation

The cytocompatibility of the scaffolds was evaluated using metabolic activity
assays, fluorescence imaging, and morphological analysis to assess cell viability,
adhesion, and morphology over time. Human osteosarcoma MG-63 cells and
human bone marrow-derived mesenchymal stem cells (hbMSCs) were seeded
directly onto the surface of each scaffold under sterile conditions, using different
seeding densities for each material system. 2 x 10* cells per sample were seeded on
AESO-BG and silanized reinforced scaffolds, 5 x 10* cells per sample in polyHIPE
scaffolds, 2 x 10¢ cells per sample for hydrogel-based systems.

Following a 4-hour adhesion period at 37°C in a humidified 5% CO:
atmosphere, complete DMEM medium (500-700 uL) was gently added to
submerge the samples. Cells were then cultured for 24 and 48 hours or up to 7 days
(polyHIPE scaffolds), with medium refreshed every 2-3 days.

Cell metabolic activity was assessed using the resazurin-based alamarBlue™
assay (Life Technologies). A ready-to-use solution (0.015 % w/v in PBS) was
added directly to each sample. After 4h incubation in the dark at 37°C,
fluorescence was measured using a Spark™ spectrophotometer (Tecan,
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Switzerland) at excitation/emission wavelengths of 570/590 nm. For PolyHIPE
scaffolds, a 440 mM resazurin sodium stock solution (100x) was diluted 1:100 in
complete medium to prepare the working solution. After 3 h incubation, 200 pL of
medium was transferred to a clear 96-well plate (SpectraPlate™, PerkinElmer), and
absorbance was measured at 570 nm (reference: 600 nm) using a VICTOR®
Nivo™ microplate reader (PerkinElmer, USA). Values were normalised by
subtracting the signal from non-seeded reference scaffolds and reported as mean +
standard deviation (n = 3).

To visualise cell viability and distribution, a Live/Dead staining assay
(Viability/Cytotoxicity Kit for mammalian cells, Invitrogen™) was applied at
relevant time points. After staining with calcein-AM and ethidium homodimer-1,
samples were imaged using an EVOS™ FLoid™ digital fluorescence microscope
(Life Technologies).

Finally, cell morphology and adhesion on the scaffold surfaces were evaluated
by scanning electron microscopy (SEM). Specimens were fixed with 2.5 %
glutaraldehyde in PBS, dehydrated through an ascending ethanol gradient (70 %,
90% for 1h each; 100% for 1-2h), and dried using hexamethyldisilazane
(HMDS). Dried samples were mounted on aluminium stubs using conductive
carbon tape and sputter-coated with a thin gold layer (JEOL Smart Coater, Japan).
SEM images were acquired at multiple magnifications using a JEOL JSM-IT500
microscope (Japan) under secondary electron detection.

Antibacterial activity

To evaluate the antibacterial properties of the developed materials,
Staphylococcus aureus (ATCC 43300) was used as a multidrug-resistant Gram-
positive bacterium that is commonly used as a model organism in infection-related
studies due to its clinical relevance in bone infections. The bacteria were cultured
on Luria-Bertani (LB) agar and incubated at 37 °C until distinct and countable
colonies formed. After 24 hours, a fresh bacterial suspension was prepared to reach
a final concentration of approximately 1 x 10° CFU/mL.

The antibacterial performance of the different scaffold formulations was
determined according to the ISO 22196 standard. Each sterile sample was placed in
a 24-well plate, and 100 pL of the bacterial suspension was directly pipetted onto
the surface. After 24 hours of incubation at 37 °C, non-adherent bacteria were
removed by washing with PBS. To assess bacterial viability, the metabolic activity
of the bacteria that remained adhered to the samples was measured using the Alamar
Blue assay (0.0015% in PBS), which relies on resazurin as an indicator dye.
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Viable bacteria were also quantified using the classical colony-forming unit
(CFU) counting method. Bacteria were detached from the material surfaces by a
combination of sonication and vortexing, then plated on LB agar for overnight
incubation. Colonies were counted the next day to estimate the number of viable
bacteria per sample surface.

In addition to metabolic and viability assays, scanning electron microscopy
(SEM) was employed to observe bacterial adhesion and aggregation on the
materials. High-magnification images (x5000) were acquired and subsequently
analysed using both SMILE VIEW™ Map software and Imagel. The images
enabled a more detailed analysis of the bacterial distribution, as well as the
calculation of the surface area covered by the bacteria. Background noise was
minimised through threshold adjustments, and 3D mapping allowed the
quantification of the thickness and height of bacterial clusters on the samples.

All experimental data were collected in triplicate, and statistical analysis was
done using SPSS software (v.20.0). The normal distribution of the datasets was
confirmed using the Shapiro—Wilk test, and homogeneity of variance was assessed
with Levene’s test. One-way ANOVA was used for comparisons among different
groups, followed by Tukey’s post hoc test to identify specific differences. Results
were considered statistically significant for p-values less than 0.05 (*).
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3.3 Soft tissue: Bioactive hydrogels as a versatile platform

Hydrogels represent a unique class of materials in tissue engineering, as they
provide a hydrated, tissue-mimetic environment ideal for bioactivity. In this work,
we used methacrylated chitosan combined with tellurium-doped, silanized
bioactive glass (BG-Te-Sil) to create a composite hydrogel. This combination
creates a functional network in which the bioactive glass enhances osteoinduction,
while Te-ion release confers antibacterial and anti-inflammatory properties. The
methacrylated chitosan backbone ensures an optimal surface for cell attachment,
and the gel’s structural integrity is fully maintained. The following sections
describe the hydrogel synthesis and characterisation, as well as its biological
performance. The graphical abstract is represented in Figure 23.
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Figure 23. Hydrogel-related graphical abstract.

3.3.1 Methacrylation of chitosan and resin formulation for
hydrogel synthesis

Methacrylated chitosan (MCHIT) was synthesised following our previous protocols
[166,167]. Chitosan (1.5 wt%) was dissolved in 2 vol% aqueous acetic acid under
constant stirring at 50 °C until a homogeneous solution was obtained. Methacrylic
anhydride (MA) was then added dropwise at a molar ratio of 1:20 relative to the
glucosamine units, and the reaction was allowed to proceed for 4 h at 50 °C. The
reaction mixture was dialysed with bidistilled water for 4 days using a 14 kDa
cellulose membrane, then freeze-dried to yield a white, cotton-like MCHIT powder.
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Once the chitosan was methacrylated, hence ready for a photocuring reaction thanks

to the acrylated groups attached, hydrogels were produced. The reaction scheme is
reported in Figure 24.
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Figure 24. Visual and chemical representation of the methacrylation scheme.

First, it was dissolved 1.5 wt% MCHIT in 2 vol% acetic acid at 50 °C for 2 h.
Bioactive glass tellurium-doped and silanised (BG-Te-Sil) were then incorporated
at the desired loadings (see Table4), and the suspension was stirred for an
additional hour. Photoinitiator (2-hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone, 2 phr) was added, and the mixture was mixed in a Thinky
ARE-310 planetary mixer for 20 min. The resulting hydrogel precursor was cast
into silicone moulds (10 mm % 10 mm) and cured under a Dymax lamp (365 nm,

145 mW/cm?) for 3 min. The cured hydrogels were freeze-dried to produce porous,
white scaffolds (Figure 25).

Table 4. Sample name based on bioactive glass quantity.

Sample name Amount of BG Te doped and silanised [phr]
MCHIT 0
MCHIT3 30
MCHITS 50
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Figure 25. Hydrogels obtained after the freeze-dry process. From left to right: MCHIT,
MCHIT3 and MCHITS

3.3.2 Gel content and swelling experiments

To assess the gel content of the hydrogels, dried samples were immersed in 5
mL of bi-distilled water and left to soak for 24 hours. This step was meant to extract
any unreacted monomers that were not crosslinked during the photocuring process.
After the immersion period, the samples were gently touched with absorbent paper
and then placed in an oven at 50 °C for an additional 24 hours to ensure that all
residual water had evaporated. Once completely dry, the samples were weighed
again. The gel content was then calculated as the percentage ratio between the final
dry weight (after extraction and drying) and the initial dry weight, using the
formula:

Wy
Gel content (%) = (W) X 100

l
Swelling behaviour was evaluated by immersing the dry hydrogel samples in 5

mL of bi-distilled water and monitoring their weight gain over time, up to 24 hours.
At each time point, the samples were carefully removed, and any excess surface
water was gently removed before weighing, ensuring that only the absorbed water
was weighed. This allowed to determine how much water the hydrogels were able
to uptake, indicating their water retention.

3.3.3 Photocuring process and properties analysis

Methacrylated chitosan was used as the biobased monomer to start the
photopolymerisation reaction, relying on the methacrylated groups opening in the
radical UV curing, activated by the opening of the photoinitiator.

To fully investigate the methacrylation and the photocuring behaviour of the
hydrogel formulations, a full characterisation before and after UV exposure using
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FTIR and photorheology was performed. All resin compositions were examined to
assess whether the presence of bioactive glass particles interfered with the
photocuring process. UV irradiation was performed using a Dymax lamp (145
mW/cm?) for 6 minutes, a time sufficient to ensure the formulation reached a
consistent state that allowed it to be removed from the silicone mould.

Figure 26 shows the FTIR spectra of all tested formulations. The presence of
acrylate groups around 945 cm™ in the pristine methacrylated chitosan (MCHIT)
confirms the success of the methacrylation reaction when compared to unmodified
CHIT, which shows no signal in that region. This acrylate peak is clearly visible in
the uncured MCHIT sample, indicating the highest content of unreacted double
bonds. Upon UV exposure at 365 nm, a clear reduction in the 945 cm™ peak is
observed across all cured formulations, confirming that photopolymerisation has

taken place.
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Figure 26. Overall FTIR spectra of all the tested formulations; (b) is the magnification of (a) in the range from
1100 to 830 cm™!. The black arrow represents the acrylate peak decrease after curing.

To support the FTIR analysis and further confirm the photocuring process,
photorheology tests were done on all formulations. In these experiments, the liquid
resins were exposed to UV light while their rheological behaviour was continuously
monitored. The results are shown in Figure 27.

UV irradiation began 60 seconds after the start of each test. All formulations
exhibited a consistent behaviour: after a short delay of approximately 10 seconds,
the curing reaction proceeded quickly and was completed within about 180 seconds
under 365 nm UV light at 145 mW/cm?.
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As expected, the initial storage modulus (G') in the dark phase, which reflects
the material properties before curing, was lower for MCHIT. In contrast, the
formulations containing bioactive glass exhibited higher initial G' wvalues,
attributable to the ceramic particles increasing the overall viscosity of the resin. To
investigate this further, a viscosity test was performed across a range of shear rates.
As shown in Figure 27, both MCHIT and MCHIT3 displayed comparable shear-
thinning behaviour, while MCHITS demonstrated a marked increase in viscosity,
confirming the thickening effect of higher glass content.
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Figure 27. Photorheology and rheology experiments performed on the hydrogel BGs-containing
formulations.

After confirming the successful photocuring of the hydrogel, they were then
manufactured. The precursor resin was poured into cylindrical silicone moulds (1
cm in height and diameter) for shaping. Once cured, the samples were carefully
removed and immediately transferred to a lyophiliser to dry them while preserving
their structure. Air drying in a fume hood was avoided, since, as shown in Figure
28, this method leads to structural collapse and deformation of the original shape.
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Freeze-drying

Figure 28. Different stages after the hydrogels production, from left to right are
positioned MCHIT, MCHIT3, MCHITS. (a) represents the cured hydrogels, while (b) and
(c) represent the respective dry forms of them.

To verify whether the hydrogels were fully cured, a gel content test was carried
out. After immersing the samples in distilled water for 24 hours, they were dried
and weighed to determine the percentage of uncured monomer. The results
confirmed that all formulations achieved nearly complete curing, since all values
obtained resulted above 99.8 £ 0.1 % of gel content. These high gel content values
confirm that no unreacted acrylate groups remain in the cured hydrogels, which is
crucial for ensuring that no cytotoxic species leach during in vitro testing.
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Following confirmation of curing, the hydrogel microstructure was examined
using FESEM. Samples were frozen in liquid nitrogen, fractured to expose the
internal cross-section, and sputter-coated with a thin platinum layer to enhance
conductivity. Representative images of all hydrogel formulations are shown in
Figure 29.

Figure 29. FESEM image of hydrogel filled with BG at different concentrations. Each
row represents three different magnifications of the same sample.

From the images, it is clear that the bioactive glass particles are well dispersed
throughout the matrix, with no observable voids, indicating good interfacial
adhesion to the polymer phase. This strong integration is likely due to the
silanisation of the glass particles, which improves compatibility with the organic
matrix by promoting covalent interaction via their aliphatic chains. In the MCHITS
samples, the higher filler content leads to a greater number of visible particles at the
surface, but they remain homogeneously distributed. Only a minimal degree of
aggregation is observed.
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To confirm the successful incorporation of tellurium into the bioactive glass,
EDS analysis was performed on a representative sample, selecting a BG particle
cluster (Figure 30). The elemental spectrum clearly shows the presence of Te,
confirming its inclusion within the filler composition.

Spectrum 1
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Full Scale 2640 cts Cursor: 0.000 kel

Figure 30. EDS measurement of the BG-Te particles where the main peaks of the glass
elements are reported.

Once the bioactive glass particles were proven to be well integrated into the
metacrylated chitosan network, the mechanical performance of the hydrogels was
tested in their hydrated state. Samples were first swollen in PBS, then subjected to
uniaxial compression to measure their resistance to deformation. Figure 31 and
Table 5 summarise the compressive modulus results.

Table 5. Compression modulus values obtained from compression tests.

Sample Name Compressive Modulus [kPa]
MCHIT 87 +£25
MCHIT3 246 + 51
MCHITS 80 + 34
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Figure 31. Graphical representation of mechanical compression tests performed across
all the hydrogel BG-filled formulations. Each curve represents a mean value derived from
5 different measurements.

The incorporation of 30 phr of BG-Te-sil more than doubled the hydrogel
compressive modulus, reflecting the ceramic phase ability to bear load. However,
further increasing the filler content to 50 phr unexpectedly reduced stiffness. The
drop was attributed to local particle aggregation, which disrupts the uniform
network and decreases the reinforcing effect, an observation consistent with similar
reports in the literature [177,178]. Even so, the 50 phr formulation still outperforms
the MCHIT reference, demonstrating that an optimal filler loading exists between
mechanical reinforcement and structural integrity.

3.3.4 Biological evaluation

To assess the suitability of the BG-Te-Sil-reinforced hydrogels for regenerative
applications, we evaluated their interaction with both bone-derived cells and
pathogenic bacteria. Methacrylated chitosan hydrogels mimic the hydrated
extracellular matrix of soft tissues; however, by incorporating tellurium-doped,
silanized bioactive glass, they also gain osteoconductive, anti-inflammatory, and
antimicrobial functionality. Such composite hydrogels can be directly moulded or
injected into bone defects, where the sustained release of Ca?*, PO4+*, and Te?" ions
promote hydroxyapatite formation and inhibits microbial colonisation.

In this section, it was first characterised cell viability, adhesion, and
proliferation on MCHIT3 and MCHITS scaffolds using primary human bone
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marrow-derived mesenchymal stem cells (hBMSCs). It was then tested how the
material can resist colonisation by multi-drug-resistant Staphylococcus aureus.

Cytocompatibility evaluation

To evaluate cytocompatibility, human bone marrow-derived mesenchymal
stem cells (hBMSCs), chosen due to their relevant role in bone regeneration, were
encapsulated within 1 cm x 1 cm hydrogel cylinders of MCHIT, MCHIT3, and
MCHITS. To prevent cell detachment from the network, the cells were suspended
in a 3mg/mL collagen solution prior to seeding (Figure 32a). At 24, 48, and
72 hours post-seeding, metabolic activity was measured by alamarBlue assay, using
MCHIT as the reference control. No statistically significant differences were
observed among the three formulations at any time point (Figure 32b), indicating
that neither 30 phr nor 50 phr of BG-Te-Sil affects hBMSC metabolism. After
72 hours, cell viability and spatial distribution were assessed by combining
live/dead staining with NucBlue nuclear labelling, three-dimensional fluorescence
imaging, and Hematoxylin/Eosin staining (Figure 32c¢). The live/dead assay showed
predominantly green-fluorescent cells, confirming high viability, while confocal
reconstruction revealed uniform cell dispersion throughout the hydrogel.
Hematoxylin /Eosin staining revealed round, dark-red nuclei embedded within a
light-red fibrillar matrix, validating the fluorescence findings.

65



(a) (b)

Metabolic activity of hBMSCs

-
&
o

PBMSCs collagen (3mg/mL) % 120 .
- [ I
, 4+ 2 100 ] [ 1 ] l
. 2
TN Z
> -
g 80 24 hours
o
o 60 48 hours
g 72 hours
= 40
@
S 20
X
0 T
MCHIT MCHIT3 MCHITS
(c)

MCHIT MCHIT3 MCHITS

Live/Dead stain

3D fluorescent

Hematoxylin/Eosin

3D fluorescent with NucBlue

Figure 32. Cytocompatibility evaluation of hydrogel scaffolds after 24-72 h
incubation. (a) Represent a schematic diagram illustrating the cells seeding in the hydrogel,
(b) Metabolic activity of cells at each time point. Data are normalised to MCHIT (control).
(c) Top panel: live/dead fluorescent staining, scale bar=50 um, middle panel: 3D
fluorescent images, bottom panel histological staining.
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Antibacterial Activity Assessment

The pathogenicity of multidrug-resistant S. aureus in tissue implant infections
and its challenge in implant-associated infections, especially its ability to form
resilient biofilms, is well documented. To test the effect of Tellurium on the
antibacterial efficacy of the hydrogel scaffolds, 1 mL of S. aureus suspension was
directly applied onto MCHIT, MCHIT3 and MCHITS5 samples, allowing the
bacteria to adsorb and penetrate the network (Figure 33a). After 24 hours of
incubation, the hydrogels were then transferred to new wells, and antibacterial
activity was quantified by adding the AlamarBlue reagent directly to each well. The
viable bacterial cells were then detached and counted, with the results shown in
Figures 33b and 33c. MCHITS exhibited a statistically significant reduction in
bacterial metabolism compared to the MCHIT control (p <0.05), even though the
CFU counts for MCHIT3, MCHITS5, and MCHIT did not differ significantly.

SEM analysis (Figure 33d) revealed extensive biofilm coverage on MCHIT,
whereas biofilm on MCHIT3 and MCHITS was confined to internal pores, most
notably in MCHIT3. Tellurium antibacterial action has been attributed to its uptake
by bacterial cells and subsequent inhibition of enzymes essential for growth and
biofilm development. It is possible that silanization in BG-Te-Sil reduces Te
availability to the bacteria. However, MCHITS, which contained the highest
BG-Te-Sil loading, showed the greatest decrease in metabolic activity, likely due
to its higher particle density.

67



(a) (b) MCHIT

S. aureus

—_—
£

Metabolic activity of bacteria

[
o
y

=
®» o
S o

N B
(=T =]

*
[ |

MCHIT MCHIT 3 MCHIT 5

% Metabolic activity of bacteria
[=1]
=1

o

(d) MCHITS
Viable bacterial colonies count .

T I T I 1

MCHIT MCHIT 3 MCHIT 5

1x10/8

1x10M6

1x 1074

CFU (log10)

1x1002

0

Figure 33. Antibacterial activity of hydrogel samples against MDR S.aureus after 24h
of incubation: (a) schematic diagram of infection samples with bacteria, (b) SEM images,
scale bar=5um (c) bacterial metabolic activity normalised to MCHIT, *represent p<0.05.
(d) viable bacterial colony count adhered to and within the samples.

Anti-Inflammatory Characterisation

Bone is a tissue that is continuously remodelled, and the equilibrium between
the mineralising activity of osteoblasts and the resorptive function of osteoclasts is
fundamental to be maintained. This balance can be disrupted by various factors,
including hormones, cytokines, and reactive oxygen species (ROS) [179].
Tellurium and its oxide, TeO-, have been recognised for their anti-inflammatory
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properties, with numerous studies documenting their ability to mitigate
inflammatory responses [132,135,180]. In this hydrogel system, incorporating
30 phr and 50 phr of silanized Te-doped bioactive glass (BG-Te-Sil) not only
reinforces the methacrylated chitosan matrix and confers antibacterial properties,
but also can introduce anti-inflammatory functionality.

To determine this anti-inflammatory effect, hABMSCs were encapsulated within
MCHIT3 and MCHITS hydrogels and exposed to 300 uM H:O. for seven days to
simulate oxidative stress. At the end of this period, expression changes in key pro-
and anti-inflammatory genes have been quantified (IL-1p, TNF-a, IFN-y, PGES-2,
and IL-10) by qRT-PCR, using the qRT-PCR method. A fold-change greater than
1 indicates upregulation, while values below 1 denote downregulation. As shown
in Figure 34, both MCHIT3 and MCHITS scaffolds significantly downregulated
TNF-a and IFN-y, with MCHITS also reducing IL-1p and PGES-2 expression most
effectively (Figures 34a—d). These results align with the known mechanism of
Te(IV) species, which scavenge ROS such as H20- and hydroxyl radicals by cycling
through lower oxidation states, thus preventing activation of pro-inflammatory
transcription factors.
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Figure 34. Fold changes in the expression of genes encoding pro-inflammatory
responses. The red line represents a fold-change value of 1, where any value above 1 is
considered upregulated, and any value below 1 is considered downregulated: (a)
Prostaglandin-E Synthase 2 (PGES-2); (b) Interleukin-1 beta (IL-1p); (c) Tumour necrosis
factor-alpha (TNF-a); (d) Interferon-gamma (IFN-y). Gene expression of Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene.
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Conclusion

According to the results, this study demonstrates that BG-Te-Sil reinforced
hydrogels combine mechanical strength, cytocompatibility, and inflammation
control, making them promising candidates for bone-implant applications.

In summary, the methacrylated chitosan-based hydrogel scaffolds reinforced with
silanised Te-doped bioactive glass demonstrated improved mechanical properties,
efficient crosslinking and cytocompatibility, along with promising anti-
inflammatory responses. In particular, the addition of both 30 and 50 phr BG-Te-
Sil in the formulation contributed to a reduction in bacterial metabolic activity and
downregulation of key pro-inflammatory genes, supporting the multifunctionality
of these hydrogels for tissue implant applications. Despite these results, further
optimisation is required to improve their antimicrobial efficacy, for instance by
trying to increase the Te content within the formulation, especially against
multidrug-resistant bacteria, without compromising the mechanical performance.
Having established the potential of BG-reinforced hydrogels, the next section
focuses on the development of highly porous polyHIPE scaffolds incorporating a
similar composition of bioactive glasses.
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3.4 Soft-hard tissue engineering transition: polyHIPE
materials as porous platform for composite scaffold
manufacturing

With the hydrogel system established as a versatile, bioactive platform and after
having defined the positive effect of BG in a hydrogel platform, we then turned to
a porous polymeric matrix that offers enhanced robustness and interconnected
porosity, a key feature that is fundamental to support vascularisation and bone
growth. As previously described, these systems aim to combine the architectural
advantages of high internal phase emulsions with tunable mechanical properties and
bioactivity, offering an alternative route for bone tissue engineering applications
where higher porosity and interconnected structures are needed. Polymerised high
internal phase emulsions (polyHIPEs) combine the advantages of emulsion
templating with fast photocuring, yielding light-weight, highly porous foams where
pore architecture can be finely tuned by controlling emulsion formulation and
curing conditions. By embedding bioactive glass into a biobased polyHIPE matrix,
we aim to marry the osteoconductive and antimicrobial benefits demonstrated in
our hydrogels with the mechanical strength and mass transport properties of a foam.
The next section details the design, synthesis, and characterisation of these
composite polyHIPE scaffolds, evaluating their morphology, mechanical
performance, and support of osteoblast-like cell activity.

. PolyHIPE
- Photocuring

Bio\ogica\ evaluation

Synthetised
bioactive glass

Poly-IPE mixture pol IyHI PE
. V. $! 3D printing

Figure 35. Graphical abstract about polyHIPE project.
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3.4.1 Resin formulation and high internal phase emulsion
polymerisation

The composite polyHIPE scaffolds were synthesised by adapting established high
internal phase emulsion protocols with several modifications for bioactive glass
incorporation [181-184]. First, 5 wt% Hypermer B246 surfactant (relative to the
oil phase) was dissolved in 1,2-dichloroethane (DCE; 50 vol% of the oil phase)
using a vortex mixer. To this solution, acrylated epoxidised soybean oil (AESO)
and trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) were added in a
1:1 molar ratio of acrylate to thiol functional groups, forming the hydrophobic
phase. Photoinitiator (Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide, 2 phr)
and the desired loading of bioactive glass used in the basic composition without
any doping were then introduced. The mixture was transferred into a 250 mL,
two-necked, round-bottom flask equipped with a PTFE overhead paddle and
stirred at 300 rpm in an ice bath.

Milli-Q water was added dropwise (80 vol% relative to the organic phase) at

45 mL/h using a syringe pump to generate the HIPE. After completing the water
addition, the emulsion was homogenised for a further 5 minutes. For moulded
samples, the HIPE was poured into PTFE cylinders (25mm diameter, 50 mm
height) between glass plates. Polymerisation was achieved by subjecting the
moulds to a belt conveyor UV curing system (Heraeus LC6B with UV Light
Hammer 6) at 500 mW/cm? for 20 s per side. For printed samples, the fresh
emulsion was used directly in a DLP 3D printer.

Regarding post-curing, all scaffolds underwent acetone soaking for 24 hours to
prevent the rapid evaporation of DCE and remove any uncured monomer,
followed by Soxhlet extraction in dichloromethane for 24 hours to open and
interconnect the pore network. To avoid shrinkage due to rapid solvent removal,
samples were then immersed in ethanol for 24 hours before final drying in a
vacuum oven for an additional 24 hours. The cured foams were sectioned into
circular slices (0.2—2 mm thickness) using a vibratome for subsequent analysis.
The post-curing process is shown in Figure 36.
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Figure 36. Post curing process of polyHIPE materials.

Three formulations were prepared by varying the bioactive glass content,
obtaining “Pristine” formulation, without any BG content, PHI15 with 15phr (per
hundred resin) of BG, and PHI30 with 30phr of BG.

3.4.2 Photocuring behaviour

To assess the photocuring behaviour of polyHIPE formulations, real-time
photocuring experiments under 365 nm UV light (10 mW/cm?) were performed by
means of a rheometer equipped with a UV lamp. As reported in Figure 37a, all
formulations reacted almost immediately upon irradiation, with polymerisation
completing in 5 to 10 seconds, a time typical for the rapid and efficient thiol-ene
crosslinking mechanism.

The viscosity of each emulsion prior to photopolymerisation was evaluated
under the same instrumentation. Figure 37b and Table 6 summarise the resulting
data. The pristine polyHIPE exhibited the highest viscosity, reflecting its superior
emulsion stability in the absence of particulate fillers. Introducing 15 phr of
bioactive glass slightly reduced viscosity, likely due to decreased emulsion stability
and consequently droplet size distributions. However, increasing the glass content
to 30 phr reversed the trend, increasing the viscosity once more as the higher
ceramic load improved the overall resistance to flow.
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Figure 37. a) Photorheological measurement recorded under UV exposure (365 nm)
applied after 60 seconds from the start of the measurement. b) Viscosity profiles of the
tested formulations measured over a shear rate range from 0.1 to 1000 s™'.

Table 6. Viscosity values determined from rheology measurements across all
formulations.

Sample name Viscosity [Pa*s] at 30s!
Pristine 22+0.2
PHI15 02+0.0
PHI30 1.2+04

Despite these variations, all formulations possessed viscosities within the
optimal window for 3D printing, confirming that both pristine and BG containing
polyHIPE emulsions can be processed by mSLA 3D printing.

3.4.3 PolyHIPE scaffolds morphology

After having manufactured the polyHIPE discs, the internal structure was
analysed by means of scanning electron microscopy. Representative FESEM
images (Figure 38) revealed the characteristic open-cell structure imparted by the
high internal phase emulsion approach. In particular, Figure 38b demonstrates that
the glass particles are evenly dispersed throughout the polymer matrix, confirming
that the addition of the inert phase did not compromise the overall scaffold porous
structure.

Within these polyHIPE networks, the primary pores, which are the cavities
templated by the internal water phase, reflect emulsion stability and processing
conditions, while secondary pores derive from partial coalescence and polymer film
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rupture, providing interconnectivity between primary voids. To compare pore
architectures quantitatively, the diameters of 100 randomly selected primary pores
in each scaffold were measured by using Image] software and a statistical
correction factor of 2/\/3 was applied to account for sectioning errors. The pristine
polyHIPE exhibited an average primary pore diameter of 8.0 +2.7 um, while the
addition of glass particles increased the dimension to 10.2+4.4 um. This
enlargement is attributed to the increase in emulsion viscosity, which derives from
the BG addition, which locally disrupts droplet uniformity and promotes slight
coalescence. On the other hand, secondary pore sizes remained essentially
unchanged (2.2 = 0.9 um in all formulations), indicating that their formation is
governed by film-rupture mechanisms, which are not sensitive to the presence of
the inorganic phase.

Elemental mapping by EDS (Figure 38) further confirmed the homogeneous
distribution of glass within the scaffold. Oxygen, silicon, and calcium signals
coincide with the bright inclusions seen in SEM, verifying their identity as bioactive
glass. Phosphorus mapping was not performed to avoid interference with the
iridium coating signal. Together, these morphological and compositional analyses
demonstrate that the polyHIPEs produced are highly porous, and the BG particles
can be well incorporated into the structure without compromising the characteristic
porous structure.

Pristine

Figure 38. a) Field Emission Scanning Electron Microscopy (FESEM) and EDS
image of the pristine polyHIPE scaffold and PHI30 sample, illustrating typical
morphological features of bioactive glass-containing polyHIPE scaffold along with
elemental distribution of the principal components of BG.
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3.4.4 Surface wettability and gel content

To evaluate the surface and network properties of our polyHIPE scaffolds, we
measured water contact angles and performed gel content analyses. Static contact
angle measurements (Figure 39a) confirmed that the pristine polyHIPE is
hydrophobic, with a contact angle of 123 + 3°, consistent with its crosslinked thiol—
ene chemistry along with the porous structure. Introducing bioactive glass particles
progressively increased surface wettability, reducing the contact angle to 116+ 1°
for PHI1S5 and 102 + 5° for PHI30. Although the larger primary pores in the filled
scaffolds might be expected to trap air and increase hydrophobicity, the opposite
trend was observed. This decrease in hydrophobicity derives from the glass
particles surface hydroxyl groups, which become the dominant interface with water
and promote wettability, a parameter that is desired during biological applications.

Gel content was also examined (Figure 39b) to determine the residual monomer
content by immersing the scaffolds in dichloromethane (DCM) for 72 hours to.
Each formulation exhibited almost complete gel fractions, confirming that thiol—
ene photopolymerisation and post-curing processes removed almost all monomers,
avoiding the concern of leaching of unreacted species in biological trials.
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Figure 39. a) Contact angle measurement performed on pristine and BG-reinforced
polyHIPE scaffolds: 12343° for pristine, 116+1° for PHI15, 102+5° for PHI30. b) Gel
content test performed on pristine and BG-reinforced polyHIPE scaffolds.

3.4.5 Thermal stability

Thermal stability and ceramic loading of the polyHIPE scaffolds were
evaluated by thermogravimetric analysis (TGA) under a nitrogen atmosphere.
Samples were heated from 25 °C to 900 °C at a controlled rate, enabling both the
assessment of degradation behaviour and the quantification of residual inorganic
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content. As shown in Figure 40, the pristine polyHIPE retained approximately
4 wt % of its mass at 900 °C, reflecting char formation from the thiol-ene network.

Incorporation of bioactive glass led to an increase in the residual mass, rising
to 11 wt % for PHI1S5 and 20 wt % for PHI30. This trend directly corresponds to the
BG loadings and confirms that the glass phase remains thermally stable during the
test.

The Ts% value for all samples above 310 °C demonstrates that the thiol-ene
crosslinked networks retain their integrity well above sterilisation temperatures, a
crucial attribute for biomedical scaffolds.
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Figure 40. Thermal gravimetric analysis performed on pristine formulation (a), PHI15 (b), and PHI30 (¢). All
analyses ranged from 25°C to 900°C in an inert atmosphere.

3.4.6 Thermo-mechanical properties

To assess the thermo-mechanical performance of polyHIPE scaffolds, Dynamic
Mechanical Thermal Analysis (DMTA) and uniaxial compression testing were
performed. DMTA was used to determine the viscoelastic response and the glass
transition temperature (Tg) of each UV-cured formulation. As shown in Figure 41,
incorporating increasing amounts of BG progressively raises Ty from ~22 °C in the
pristine polyHIPE to ~30 °C in PHI30. This upward shift reflects restricted polymer
chain mobility derived from physical constriction caused by the ceramic particles
and the thiol-ene network, resulting in a more rigid composite.

From a biomedical perspective, these Tg values, which lie just below
physiological temperature (~37°C), suggest that in vivo, the scaffolds will be in a
viscoelastic, rubbery state, offering both mechanical compliance and resilience
under dynamic loading conditions.

To quantify stiffness directly, uniaxial compression tests was performed, and
the relative compressive modulus was determined (Figure 41a and Table 7). The
pristine formulation exhibited a modest modulus of 64 + 5 kPa, suitable for non-
load-bearing applications. Reinforcement with 15 phr and 30 phr of BG increased
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the modulus to 136+ 16 kPa and 174 + 25 kPa, respectively, with a nearly 270 %
enhancement in PHI30. The improvement underscores the role of the rigid BG
phase as a mechanical reinforcement within the porous network.

Beyond stiffness, all formulations demonstrated excellent elastic recovery:
after 100 % compressive strain, the scaffolds returned to their original dimensions
upon unloading (Figure 41c).
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Figure 41. (a) represent the compression tests obtained across the formulations, while (b) shows the

glass transition temperature obtained by DMTA curves. (¢) shows the complete elastic recovery of polyHIPE
after complete compression.

Table 7. Thermomechanical values obtained from DMTA and compression tests.

Pristine PHI15 PHI30
Elastic modulus [kPa] 64+5 136+16 174+£25
Glass transition 2941 2343 3044

temperature [°C]

3.4.7 3D printing outcome

Patient-specific scaffold geometries and precise porosities are essential for
optimising biocompatibility and matching complex defects. 3D printing via vat
photopolymerization can meet these requirements, enabling the rapid fabrication of
porous architectures. In this study, the working curves for each polyHIPE
formulation were first determined, relating UV exposure time to cure depth, and
used these data to determine the printing settings. The final protocol resulted in 15 s
exposure for the first layer (to secure a good adhesion to the build platform), 10 s
for the second layer (to reinforce the second layer adhesion), and 3 s per subsequent
layer. All layers were cured under a 405 nm light at 19 mW/cm?, with a z-axis
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resolution of 100 um and an xy-resolution of 25 pm. As shown in Figure 42, this
approach produces high-fidelity, porous polyHIPE scaffolds, accurately
reproducing complex designs without the need for additional dyes or
photoabsorbers.
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Figure 42. a) Overview of all printed formulations, including pristine and BG-reinforced scaffolds.
b—e) 3D printed structures from the pristine formulation, illustrating both hollow geometries and scaffold-like
architectures with interconnected porosity.

3.4.8 Biological evaluation

The biological performance of polyHIPE composite scaffolds was evaluated
through a series of in vitro assays using MG-63 osteosarcoma cells, a widely
accepted model for osteoblastic activity [185]. Discs (6 mm diameter, 0.4 mm
thickness) were seeded with 5% 10*cells in a 100 pL droplet, poured onto the
samples and allowed to attach for 60 minutes in the incubator. Following
attachment, 2 mL of complete culture medium was added, and samples were
maintained under standard conditions (37 °C, 5% CO2, high humidity) with
medium changes every 2—3 days, or until 80% confluency was reached.

Metabolic Activity (Resazurin Assay)

Cellular metabolic activity was quantified at days 1, 3, and 7 via a resazurin-
based assay (Figure43). All scaffold formulations presented an increase in
metabolic conversion over time, indicating cell proliferation over the sample
surface. Both BG-reinforced scaffolds (PHI15 and PHI30) exhibited metabolic
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activities comparable to the pristine polyHIPE, and all samples exceeded those
measured in the control well (NoScaffold), demonstrating that neither the porous
architecture nor the bioactive glass content compromised MG-63 viability.
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Figure 43. Resazurin assay results obtained for all the polyHIPE formulations and the
corresponding reference (NoScaffold).

Cell Morphology and Spreading (Fluorescence Imaging)
Cytoskeletal organisation and nuclei distribution were visualised by dual staining
with Phalloidin (for F-actin) and DAPI at days 1, 3, and 7 (Figure 44). By day 1,
MG-63 cells showed good adhesion and initial spreading along the scaffold surface,
especially on the PHI15 and PHI30 surfaces. Over the following days, the cells
began to grow in number and confluency, particularly on PHI15 and PHI30, where
elevated cell density and extensive lamellipodia were observed. These findings
highlight the favourable properties provided by the interconnected pores and the
stimulatory effects of bioactive glass.
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Figure 44. Stained MG63 cells cultured on pristine and polyHIPE reinforced scaffolds
after 1, 3, and 7 days of culturing.

Osteogenic Mineralisation (Osteolmage™ Assay)
After 28 days in medium, hydroxyapatite deposition was assessed using a
fluorescence-based mineralisation assay (Figure45). Low HAp presence was
detected on the pristine polyHIPE, while PHI15 and PHI30 scaffolds demonstrated
progressively stronger hydroxyapatite signals in proportion to bioactive glass
content. The dose dependent mineralisation confirms the osteoinductive capacity of
the scaffolds, attributed to the sustained release of Ca?" and Si*" ions known to
trigger osteogenic pathways and nucleate bone-like mineral formation.

Pristine
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Figure 45. Representative fluorescence microscopy images of polyHIPE scaffolds
after 28 days of incubation with MG-63 cells, stained using the Osteolmage™
Mineralisation Assay (left to right: pristine, PHI15 and PHI30 scaffolds).

Together, the biological data indicate that BG-reinforced polyHIPE scaffolds
provide an optimal environment for MG-63 attachment, proliferation, and
differentiation, giving, after 28 days, a hydroxyapatite forming, essential for bone
tissue growth. Their interconnected porosity, biocompatible thiol-ene network, and
incorporated bioactive glass make these materials promising candidates for non-
load bearing bone regeneration applications.

In conclusion, the biobased thiol-ene polyHIPE scaffolds reinforced with 15
and 30 phr of bioactive glass proved to combine rapid UV cure, high and
interconnected open porosity, and enhanced mechanical stiffness in the presence of
the glass particle reinforcement, all while retaining the elasticity typical of a sponge
like material, which can be exploited during implantation and during solicitations
in vivo. MG-63 studies confirmed the excellent cytocompatibility, with BG-loaded
scaffolds leading to increased cell proliferation and HAp formation in 28 days.
These results establish BG-reinforced polyHIPEs as a sustainable, 3D-printable
platform for bone tissue engineering and open the way to move this approach to
acrylated soybean oil-based composites with specific ionic functionality.
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3.5 Foam to Bulk Transition: Epoxidised Acrylated
Soybean Oil for Rigid 3D-Printed Scaffolds

In contrast to the emulsion-templated thiol-ene polyHIPE systems, acrylated
epoxidised soybean oil (AESO) can function as the only reactive component in a
radical photopolymerisation process. When exposed to UV light, AESO acrylate
moieties undergo rapid crosslinking, typically completing in just a few seconds.
This fast cure, however, does not allow for high internal-phase emulsions due to the
high viscosity and slower reaction rate than thiol-ene systems; instead, it yields a
bulk network that is ideally suited for vat photopolymerization techniques. The
formulation benefits from simple chemistry and improved control over bulk curing,
enabling the fabrication of rigid, mechanically improved scaffolds with adaptable,
patient-specific geometries.

Building on the introductory work in which AESO was combined with
bioactive glass fillers to produce UV-cured composites [186], and later extended to
silanized copper- and tellurium-doped glasses for enhanced interfacial adhesion and
ionic functionality [187]. The acrylate-only approach offers an alternative pathway.
It bridges the gap between highly porous polyHIPE foams and the need for
mechanically robust constructs in applications where porosity must be balanced
against structural integrity. Moreover, when the AESO network is filled with
bioactive glass, whether undoped, copper-doped, or tellurium-doped, it can
potentially retain the biocompatibility, antibacterial potential, and osteoinductive
capacity in reprocessable AESO/BG-Te scaffolds [188].

3.5.1 Resin formulation and photocuring

The AESO monomer was used as received and mixed with 2 wt% of the radical
photoinitiator phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide, along with
varying amounts of both a basic formulation of bioactive glass and the reactive
diluent isobornyl acrylate (IBOA). As reported in Table 8, fifteen formulations were
prepared. The components were homogenised using an Ultra-Turrax T10 basic
mixer until a uniform mixture was obtained. UV curing was then performed either
in silicone moulds usinga DYMAX ECE flood lamp or via 3D printing with a Prusa
SL1S SPEED printer. The cured samples were subsequently post-cured under the
DYMAX lamp for 60 seconds.

Table 8. Formulation names based on the AESO:IBOA ratio and BGs quantity.
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AESO (%wt) IBOA (%wt) BG (phr) Sample Name

0 A0
50 50 10 Al0
30 A30
0 BO
60 40 10 B10
30 B30
0 Co
70 30 10 C10
30 C30
0 DO
80 20 10 DI0
30 D30
0 EO
100 0 10 E10
30 E30

3.5.2 Photocuring process evaluation

Acrylate double-bond conversion was monitored by transmission-FTIR through the
decrease of the peak at 1620 cm™ under UV irradiation. Figure46 compares
conversion vs. time for the pristine formulation (C0) and the same resin containing
increasing amounts of bioactive glass. As the printable formulation for subsequent
studies, the CO formulation is shown here; complete ATR-FTIR data for all the
other formulations are provided in Table 9. All AESO: IBOA mixtures achieved
satisfactory final conversions (>65 %), with a slight increase in conversion observed
with the increase in IBOA content, likely due to delayed vitrification at lower
crosslink density. Incorporation of up to 30 phr BG produced a modest decrease in
conversion, attributable to competitive UV absorption by the glass particles, but did
not significantly affect the final result.

To validate the FTIR results, the exothermic heat release during UV curing was
measured using photo-DSC (Table 9). The pristine formulations showed a small
exotherm increase with higher IBOA content, reflecting the ATR-FTIR trends.
Adding BG reduced the integrated exothermic peak slightly, consistent with the
marginal conversion drop. However, the overall heat release remained satisfactory,
indicating that BG loadings up to 30 wt% do not compromise the overall
photocuring reaction.
Photo-rheology experiments (Figure 46 c,d) tracked the evolution of the storage
modulus G’ under 365 nm irradiation. All formulations reached a G’ plateau within
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20 s, with a gel point at 5 s. This uniform behaviour confirms that neither diluent
nor filler significantly affects network formation kinetics.

Table 9. FTIR and photoDSC values obtained for all formulations.

Conversion after 120 s Heat released from
Sample Name Irradiation from FTIR ~ photoDSC measurements
measurements [J/g]
A0 82+5 459 + 11
A10 76 £2 418 +4
A30 75+5 338+ 5
BO 80+ 8 437+ 10
B10 72+2 351+5
B30 66+ 3 342+ 7
Co 86+ 8 419+7
C10 74 +£2 350+ 10
C30 73 £ 14 315+£2
DO 77+2 380+ 11
D10 74 + 4 316 +13
D30 65 + 14 275+ 5
c 0] % ol Ew:
T e T T
(a) (b) (c) (d)

Figure 46. Photocuring analysis performed on the AESO-BG formulations. a) represent a typical behaviour of transmission
FTIR, b) represent a typical photoDSC measurement. c) and d) shows all the analysis performed on the samples during the
photorheology, where UV light was switched on after 60 s the starting of the test.

3.5.3 Thermal and mechanical properties of cured AESO-BG
samples

DMTA was employed to determine the glass transition temperature of
UV-cured AESO based materials (Table 10). In the pristine formulations, Tg
increases slightly with higher IBOA content. Ordinarily, adding a monofunctional
diluent would lower Ty, but here the rigid bicyclic structure of isobornyl acrylate
dominates, stiffening the network and raising Tg
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Introducing up to 30 phr of BG into the biobased matrix produces a modest Ty
reduction, consistent with the slight cure inhibition observed by FTIR and
photo-DSC, caused by the competitive UV absorption by the glass.

Interestingly, 3D-printed samples exhibit the opposite trend: T, rises as BG
loading increases. The main reason behind this effect is that mSLA 3D printing
cures each 50 um layer individually, avoiding the light attenuation that affects thick
moulds. These reflect stronger BG polymer interactions than in bulk-cured
specimens.

Table 10. Glass transition temperature of mold cured and 3D printed samples.

Glass Transition Temperature T,

Sample Name [°C]

A0 75+1
A10 74+0
A30 73+0
BO 73 +£2
B10 72+0
B30 68 +3

CO0 (3D printed) 67 £2 (60 +0)

C10 (3D printed) 66+3(64+4)

C30 (3D printed) 60£0(72+2)
DO 61+0
D10 62+3
D30 60 +2

Compression testing on both mould-cured and printed samples performed on
C0, C10, and C30 reveals a general decrease in modulus with increasing BG content
(Table 11, Figure 47). In mould-cured samples, this drop follows the lower Tg and
conversion at higher filler loadings. However, 3D-printed samples show
substantially higher modules than their mould-cured counterparts, proving the
mechanical advantage conferred by layer-by-layer curing. Moreover, although
modulus still falls from CO to C10, it partially recovers in C30, suggesting that
above 30 phr the reinforcing effect of the well-dispersed glass phase begins to
overcome the cure inhibition effect, resulting in a compressive resistance increase.
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Figure 47. Compression tests performed across all AESO based formulations.

Table 11. Compressive elastic modulus obtained from mechanical tests.

Compression Modulus [MPa]

AESO-IBOA sample Pristine 10 phr BG 30 phr BG
C (mould) 333+9.9 10.4 £4.1 24+1.6
C (3D printed) 384=+1.2 23.8+ 1.4 26.8+2.4

3.5.4 Rheology and 3D printing

Rheological measurements were performed to assess the viscosity and flow
behaviour of each formulation. Figure 48a presents viscosity versus shear rate for
all samples, while Figure 48b compares the viscosity of the AESO-only
formulation (E) as a reference. The viscosities measured at 30 s™', correspond to a
shear rate representative of 3D-printing conditions [ 189—-195]. Consistent with
literature reference for vat photopolymerization, the C30 formulation (70:30
AESO:IBOA with 30 phr BG) exhibited the most favourable viscosity profile and
was therefore selected for subsequent printing trials.
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Figure 48. a) Viscosity parameters measured from 1 to 1000 shear rate [1/s]. Tthe shear rates typical of a 3D
printing process are evidenced in yellow; (b) viscosity reference of AESO samples without reactive diluent. All the
values were measured with a 2.5 mm diameter plate.

Using a PRUSA SL1S printer (Prague, Czech Republic), the pristine resin (C0)
and its BG-reinforced variants (C10 and C30) were successfully manufactured into
layer-by-layer structures (50 um layer thickness) under 405 nm irradiation for 2.5 s
per layer. Printed parts were rinsed in isopropanol and sonicated for 5 minutes to
remove unreacted resin, then post-cured under a DYMAX lamp for 1 minute to
ensure complete crosslinking. Various geometries, including specimens for DMTA
and compression, were produced. Figure 49 illustrates a complex, highly porous
scaffold printed from C30, with pore sizes of approximately 1 mm.
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Figure 49. 3D printed structures obtained by means of Prusa SL1S. All structures
represent C30 formulation.

Fracture-surface SEM of printed C10 and C30 samples (Figure 50a) revealed
a uniform dispersion of BG particles throughout the polymer matrix, with
minimal aggregation. High-magnification imaging (Figure 50 a,b) confirmed the

effective filler dispersion during the printing and curing process.
4 “ 3 Q{J ] 'L. = b

Figure 50. (a) Sample C30 at 1000% magnification; (b) sample C10 at 30,000x
magnification; (c) sample C30 at 30,000x magnification.

3.5.5 Cytocompatibility evaluation

The AESO:IBOA (70:30) formulation containing 30 phr BG (C30) emerged as
the most promising candidate for 3D printing based on its rheological profile and
crosslink density. To assess cytocompatibility, human bone-marrow mesenchymal
stem cells (hMSCs), chosen for their self-renewal and differentiation capacity
[196], were seeded directly onto the surfaces of C30, C10 (70:30 + 10 phr BG), CO
(70:30 + 0 phr BG), A0 (50:50 + 0 phr BG), and EO (100 % AESO, no IBOA or
BG). After 24 h and 48 h, metabolic activity was quantified by resazurin assay and
cell morphology by SEM and live/dead fluorescence (Figure 51a,b) .
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% Metabolic activity of hMSCs

Figure 51. a) represent the Resazurin assay performed on the scaffolds formulations
after 24 and 48 hours. b) and c) shows the cells SEM images, while the bottom layer reports
the live/dead fluorescence.

At 24 h, relative fluorescence units (RFU) normalized to EO indicated that
hMSCs on A0, CO, and C10 exhibited reduced metabolic activity, respectively,
while C30 supported activity comparable to the control. After 48 h, C30 showed
significantly higher metabolic activity than A0, C0O, C10, and EO (p <0.01) (Figure
51a). SEM micrographs at 48 h confirmed extensive cell spreading on C30, while
fewer, more rounded cells were observed on the other formulations (Figure 51b).
Live/dead staining further demonstrated a predominance of live cells, showed with
the green colour on C30 compared with A0, C0O, C10, and EO

To determine whether non-adherent (floating) cells remained viable, the culture
medium was transferred at 24 h to fresh wells. After reseeding, floating cells from
C30 adhered and proliferated, with few dead cells detected, whereas wells seeded
with floating cells from A0, CO, C10, and EO showed a larger proportion of
non-viable cells (Figure 51c).
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These data confirm that the C30 formulation not only possesses the flow and
curing characteristics required for high-resolution 3D printing but also provides a
surface favourable to hMSC attachment, viability, and proliferation. The enhanced
performance of BG-reinforced formulations likely derives from the ion-release
profile of bioactive glass, alkalinising the local environment and supplying Ca*" and
Na*, which promote cell adhesion and osteogenic signalling [197-199].
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3.6 Mechanical properties enhancement and bioactive
glass doping. A step forward to increase functionality

Having established the beneficial properties of using bioactive glass (BG) as a
reinforcement phase for hard tissue scaffolds, which combine mechanical
performance with enhanced biological interactions and 3D printability, we then
aimed to further improve the functionality of the composite. In particular, the
previously tested formulations showed good cytocompatibility with human bone
marrow mesenchymal stem cells (hMSCs), a reliable model for bone-related
applications. However, FESEM analysis revealed that although the BG particles
were well dispersed within the polymeric matrix, the interface between the glass
and resin was not optimal, as evidenced by voids around the particles. These voids
indicate poor wettability of the BG by the resin, leading to weak interfacial adhesion
and limiting mechanical reinforcement (Figure 50).

To address this issue and achieve better integration between the filler and
matrix, we silanised the BG particles. The silanisation process introduced aliphatic
functional groups on the glass surface, promoting better interfacial bonding with
the polymer matrix and enabling tuning of the mechanical properties depending on
application needs. In parallel, we wanted to further enhance the biological
functionality of the scaffold. For this reason, we incorporated copper doping into
the BG structure. Copper ions are known to provide antimicrobial activity while
also supporting angiogenesis and bone tissue repair. The resulting silanised, Cu-
doped BG offers a dual role within the 3D-printed scaffold: improved mechanical
performance due to enhanced matrix-filler interactions, and antibacterial effect via
Cu ion release, supporting both antibacterial defence and osteogenic stimulation.
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Figure 52. Project scheme related to the 3D printing of biobased scaffold reinforced
with Cu-doped and silanised bioactive glass (Cu-Sil).

3.6.1 Resin composition

Following the previous study, the bio-based photocurable resin was prepared
by mixing acrylated epoxidised soybean oil (AESO) with 2 wt% of the radical
photoinitiator Irgacure 819 and 30 wt% of the bio-derived reactive diluent IBOA.
Subsequently, 30 parts per hundred resin (phr) of bioactive glass (BG) were
incorporated into the mixture.

The four components, AESO, reactive diluent, bioactive glass, and
photoinitiator, were initially mixed using an Ultra-Turrax T 10 basic homogeniser
to ensure uniform dispersion. To further enhance homogeneity and eliminate
entrapped air, the mixture was processed using an ARE-310 Thinky mixer (Thinky
Corporation, Laguna Hills, USA) following a mixing cycle composed of 3 minutes
of mixing and 3 minutes of defoaming, repeated three times.
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A total of nine formulations were prepared, with their compositions
summarised in Table 12. All formulations were stored in a dark environment to
prevent premature polymerisation due to ambient light exposure. Following
storage, the resins were 3D printed using a Prusa SL1S SPEED printer and post-
cured under a DYMAX ECE Flood lamp at an intensity of 130 mW/cm? for 60
seconds.

Table 12. Sample names attributed to the formulations in function of the glass doping
and type.

IBOA
AESO o BGs (phr) BGs type Name
(%owt) (Yowt)
S4 Al
Cu-S4 Al-Cu
Al-Sil 2h
Silanised S4 AI-Sil 2h pH 5
30
70 30 AI-Sil 24h
AI-Cu-Sil 2h
Silanised Cu-S4 AI-Cu-Sil pH 5

Al-Cu-Sil 24h

0 - Alref

3.6.2 Silanisation of bioactive glasses

After activating the bioactive glass surface with acetone, both the basic
formulation (BGref) and Cu-doped glass compositions were immersed in a 20%
(v/v) solution of 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) in ethanol.
TMSPMA was selected as the silanising agent based on previous studies,
particularly those by Nguyen et al., which demonstrated its efficacy in enhancing
particle dispersion within polymeric matrices by reducing particle agglomeration.
This improved dispersion translates to superior mechanical properties in the
resulting composites [200,201]. In addition, TMSPMA offers practical and
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environmental advantages, as it can be used in ethanol rather than more hazardous
solvents such as xylene.

The silanization mechanism proceeds through hydrolysis and condensation of
the trimethoxysilane groups in TMSPMA. Upon hydrolysis, the methoxy groups (-
OCHs) are converted to silanol groups (-SiOH), which then react with hydroxyl
groups on the surface of the glass particles. This reaction forms stable Si—O—Si
covalent bonds that graft the silane to the glass surface. Furthermore, the remaining
methacrylate group of TMSPMA remains available to participate in the photocuring
process, allowing for the chemical integration of the functionalized particles into
the polymeric network. This dual functionality makes TMSPMA highly effective
in enhancing filler-matrix interfacial bonding and uniform dispersion within the
matrix.

To identify the optimal silanisation conditions, three methods were tested: (i) 2
h magnetic stirring at room temperature, (i1) 2 h stirring with pH adjusted to 5 using
acetic acid, and (ii1) 24 h stirring without pH adjustment. The effectiveness of these
treatments was assessed using ATR-FTIR and contact angle measurements, as
shown in Figure 53 and 54.

Bioactive glass basic formulation Cu doped bioactive glass
—— TMSPMA —— TMSPMA
Reference Reference
Silanisation 24h Silanisation 24h
— Silanisation 2h pH5 —_ Silanisation 2h pH5
= Silanisation 2h = Silanisation 2h
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Figure 53. a) FTIR spectra of silanised BG basic formulation (BGref). b)FTIR spectra of silanised BG Cu doped.

ATR-FTIR spectra confirmed the presence of TMSPMA functional groups on
the surfaces of both silanised BGref and Cu-doped BGs, indicating successful
surface modification across all tested methods. Although ATR-FTIR is qualitative,
the presence of characteristic peaks corresponding to the silane and the absence of
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major differences among the methods suggested comparable efficacy in grafting
the silane.

Contact angle measurements provided complementary data on the surface
properties. BGref were highly hydrophilic, absorbing water droplets immediately.
In contrast, all silanized samples exhibited increased hydrophobicity, confirming
the successful grafting of hydrophobic chains onto the BG surfaces. Among the
methods tested, the 2 h treatment without pH adjustment generated the lowest
hydrophobicity, particularly for BGref. Conversely, both the 2 h at pH 5 and the 24
h treatments resulted in significantly higher contact angles, indicating more
effective surface modification, as shown in Figure 54.

Pristine 2h @ pH5 2h 24h
119+2 24+£16 96+2
43+2 59+11 49+1

Figure 54. Contact angle measurement across all formulation, silanised and pristine.

Based on these observations, the 2 h at pH 5 and 24 h methods were selected
as the most efficient. Ultimately, the 24 h method was chosen for all subsequent
work, aligning with the project objective on low-impact and sustainable processing
by avoiding additional chemicals like acetic acid.

However, for Cu-doped glasses, there was a potential concern regarding copper
ion leaching during prolonged immersion. To address this, EDS analysis was
performed post-silanisation to quantify the residual copper content. The Cu weight
percentage remained consistent (4.1 wt%) for the 2 h and 2 h at pH 5 methods, and
only slightly decreased (3.9 wt%) after 24 h treatment. This minor variation
indicates that the 24 h method does not cause significant Cu loss and can be applied
to Cu-doped BGs without compromising the copper doping.

Consequently, all bioactive glass powders incorporated into the resin
composites were silanized using the 24 h method, ensuring improved matrix-filler
interaction and preserving the functional properties of both BGref and Cu-doped
formulations.
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3.6.3 Photocuring Process

The behaviour of the bio-based photocurable resin under UV irradiation, in the
presence of various bioactive glasses (BGs), was evaluated using three
complementary techniques: transmission FTIR, photo-DSC, and photorheology.
The BG content was fixed at 30 phr in all formulations, as established in the
previous studies [186].

3.6.3.1 Transmission FTIR Analysis

Transmission Fourier-transform infrared (FTIR) spectroscopy was employed
to assess the conversion of acrylate double bonds upon UV exposure by monitoring
the characteristic peak decrease around 1620 cm™'. Representative spectra collected
during UV irradiation are shown in Figure 55 and reflect a typical trend across all
tested formulations.

As previously observed, the presence of BGs led to a reduced final conversion
of the acrylate double bonds. However, the slope of the conversion curves remained
similar across formulations, indicating comparable reaction kinetics during the
irradiation phase.
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Figure 55. a) Conversion curves as a function of irradiation time for the formulation A713 (from ATR-FTIR) as a
function of time varying the different bio-glass at 30 phr content. Light intensity was set at 130 W/cm?. b) Representative
FTIR graph reproduced in all the formulations and magnification of the acrylate peak decrease.

The decrease in conversion related to the BG containing samples is attributed
to the physical nature of the glass fillers, which can attenuate light transmission and
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potentially compete with the photoinitiator for light absorption. The reduced light
penetration and competitive light absorption hinder the formation of reactive
species, lowering the efficiency of photopolymerization. Silanized BGs caused a
further, although modest, reduction in final conversion. However, all values
remained within the acceptable range for effective curing.

3.6.3.2 Photo-DSC Analysis

To validate the FTIR results, photo-differential scanning calorimetry (photo-
DSC) was conducted. The exothermic profiles of all tested formulations are shown
in Figure 56 and detailed in Table 13. The photo-DSC data validated the FTIR
results, showing that the inclusion of BGs slightly diminished the total heat released
during UV curing. This is consistent with the reduced double bond conversion
observed. Additionally, the presence of silanised fillers led to a further decrease in
exothermic response, consistent with their impact on conversion efficiency.
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Figure 56. photoDSC measurements across all formulations.

Table 13. Heat released by photopolymerisation measured by means of photoDSC.

Sample Integral [J/g]
Al-pristine 256 £33
Al 215+ 16
Al-Sil 144 + 25
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AI-Cu 203 £ 10
Al-Cu-Sil 156 £5

3.6.3.3 Photorheological and Viscosity Analysis

Photoreology was performed to assess the curing kinetics and determine
optimal parameters for 3D printing. The evolution of the storage modulus (G") upon
UV irradiation is shown in Figure 57a. All formulations demonstrated a rapid
increase in G', reaching a plateau within seconds, indicating the formation of a
crosslinked network. Importantly, the gelation time was consistent across all
formulations, approximately 5 seconds, regardless of the type of BG used. These
results confirm that the silanisation of BGs does not affect the photocuring kinetics.

To evaluate printability, viscosity measurements were performed. The flow
curves, shown in Figure 57b, indicate shear-thinning behaviour suitable for 3D
printing. All formulations exhibited viscosities below 5 Pa-s at a shear rate of 30 s
!, in accordance with the requirements for 3D printing processes reported in the
literature [189,191-195,202].
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Figure 57. a) Photo-rheology results of all formulations. UV-light irradiation started
after 60 s. b) Rheology curves obtained for all the biobased formulations reinforced with
BGs.

3.6.4 The 3D printing process

All previously characterised formulations were 3D printed using a Prusa SL1S
SPEED printer via mSLA. The mSLA technique was specifically selected for its
ability to produce high-resolution parts with smooth surfaces and by maintaining a
uniform distribution of bioactive glass particles within the polymer matrix.
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Moreover, the technique facilitates the fabrication of structures with controlled
porosity, which is particularly advantageous for applications requiring bioactivity
and cellular interaction.

A variety of geometries were successfully printed, including specimens for
dynamic mechanical thermal analysis (DMTA), dog-bone-shaped samples for
tensile testing, and square-shaped samples for compression testing. Additionally, as
shown in Figure 58, more complex and hollow architectures were also fabricated,

confirming the versatility of the 3D printing process. These results align with the
previous studies, demonstrating the capability of this approach to fabricate complex
designed structures with personalised shape and porosity for biomedical
applications.
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Figure 58. 3D printed biobased BGs reinforced scaffolds from different points of view. The blue colour is given by
the Cu doping. (a) top view, (b) side view.

3.6.5 Scaffold characterisation

Scanning Electron Microscopy (SEM) was conducted on the fracture surfaces
of selected 3D-printed scaffolds to evaluate the dispersion of bioactive glass (BG)
particles and the interfacial quality between the filler and the matrix. Figure 59a and
59b present SEM images of samples reinforced with BGs, both pristine and
silanised, while Figures 59¢ and 59d show the corresponding images for scaffolds
incorporating Cu-doped BGs.
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Figure 59. a) a. A713-S4 sample surface fracture. b)A713-S4-sil sample surface fracture. c) A7I3-Cu sample surface
fracture d) A713-Cu-sil sample surface fracture

All samples exhibited a uniform dispersion of BG particles throughout the
polymer matrix, indicating the successful mixing protocol. Notably, comparison
between silanized and non-silanized BG-containing composites reveals a
substantial enhancement in interfacial adhesion in the presence of silanized glass.
In non-silanized samples, visible voids around BG particles and corresponding
holes left by the removal of the filler (red arrows) suggest poor matrix-filler
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interaction, leading to interfacial debonding upon fracture, indicative of a weak
interface.

In contrast, samples with silanized BGs exhibit no interfacial voids, indicating
that fracture occurs within the polymer matrix rather than at the filler-matrix
interface. This observation suggests the formation of a strong interfacial bond,
likely due to the chemical linkage between the silane-modified glass surface and
the acrylated matrix.

Interestingly, the SEM images of samples with silanized BGs appeared less
defined compared to their non-silanized counterparts. This is attributed to the
polymeric coating surrounding the BGs resulting from the stronger interfacial
bonding. Since the polymeric phase has lower electrical conductivity than glass,
this coating reduces electron emission, thereby diminishing image contrast under
SEM and confirming, once more, the effective integration of reinforcement.

The average particle sizes of BGs embedded in the matrix were consistent with
our previous findings. The BG particles exhibited a mean diameter of 482 + 59 nm,
while the Cu-doped BGs showed a slightly smaller mean diameter of 412 + 67 nm.

3.6.6 Thermomechanical properties

DMTA was performed to assess the viscoelastic behaviour of the photocured
AESO-based composites. The results, reported in Figure 60a and Table 14,
highlight the influence of BG type and silanization on the glass transition
temperature (Tg).

No significant variation in Ty was observed between scaffolds filled with
silanized and non-silanized glasses. However, a slight decrease in Tg was observed
in Cu-doped glass formulations. This may be attributed to the UV-light absorption
characteristics of Cu, which imparts a blue colour to the material. The increased
UV absorption may potentially interfere with the photopolymerization process,
thereby reducing the overall degree of crosslinking. This hypothesis is supported
by a lower conversion rate, as determined by FTIR and photo-DSC analyses.

Tensile tests were conducted on the 3D-printed scaffolds to investigate the
impact of BG incorporation and silanization on mechanical performance. The
results (Figure 60b and Table 14) show that the inclusion of BGs enhances overall
mechanical properties, while silanization provides a further, substantial
improvement.

In particular, the elastic modulus increased by ~70% in the silanized Al samples
and by 40% in the silanized Cu-containing scaffolds compared to their non-
silanized analogues. Similarly, the stress at break improved by 35% in both systems.
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The strain at break remained largely unchanged, indicating that the composites
retained their ductility.

These improvements confirm the critical role of silane coupling agents in
promoting strong interfacial bonding between the polymer and the inorganic phase.
The presence of aliphatic chains on the silanized glass surface likely promotes
chemical bonding with the acrylated matrix, resulting in enhanced load transfer and
mechanical performance.
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Figure 60. Thermomechanical graph obtained across all formulations. (a) represents
the DMTA analysis, while (b) represents the tensile tests. The dotted lines correspond to
the composites containing silanised bioactive glasses.

Table 14. Glass transition temperature and mechanical data obtained from DMTA and
tensile tests.

Glass

transition nlleStll CS Stress at break  Strain at break
Sample temperature [;/IIl’lal]l [MPa] [%]
T, [°C]

Al-pristine 60+0 0.49+0.15 4.86+0.82 28.37+5.28
Al 612 0.59+0.04 9.93+0.61 12.554+0.36
AI-Sil 60+2 1.87+0.08 15.254+0.41 13.2240.59
Al-Cu 56+0 1.17+0.21 8.20+2.49 14.8843.56
AI-Cu-Sil 50+1 1.85+0.15 12.86+1.84 11.07+0.74
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3.6.7 In vitro bioactivity test

Evaluating the scaffold response after immersion in simulated body fluid (SBF)
is crucial to determine its ability to promote hydroxyapatite (HAp) formation, the
precursor phase of mineralised bone.

In vitro bioactivity assessment is commonly used to predict in vivo behaviour
and thus to estimate the ability of materials to bind to bone tissue. To assess its
growth, AI-Cu scaffolds were immersed in SBF at 37 °C for 28 days. Cu-doped
formulations were specifically chosen due to the possible inhibitory effect of copper
ions on HAp formation [203].

FESEM images performed on the sample surface (Figure 61a—c) reveal the
presence of early-stage HAp crystal nucleation by day 7, and well-developed HAp
lamellae by day 28. Energy-dispersive spectroscopy (EDS) confirmed a Ca/P ratio
of 1.65, matching the theoretical value of 1.67, thus supporting the identification of
HAp [204]. X-ray diffraction (XRD) analysis further corroborated these results,
showing all characteristic diffraction peaks associated with HAp in the sample
immersed for 28 days (Figure 61d) [205].

These findings indicate that copper does not inhibit bioactivity in the tested
formulation, in agreement with previous studies on other Cu-doped bioactive
glasses [206-208].

105



——— AI-Cu no immersion in SBF
Al-Cu after 28 days in SBF

Counts
1

/N
= N [

[
[
1 |
)
WM
| i
[
. vy
\

N

Hydroxyapatite peaks

10 20 30 40 50 60 70
Position [2°Theta]
d

Figure 61. Image of a) Crystal of HAp formed after 7 days, b) crystallized structure of HAp formed
after 28 days, c) magnification of crystallized structure of HAp formed after 28 days. d) XRD of a A713-Cu
sample not immersed in SBF (reference) and another sample immersed in SBF for 28 days. It is visually
evident that the sample immersed in SBF for 28 days (orange line) contains the HAp peaks.

3.6.8 Cytocompatibility evaluation

Following the confirmation of successful silanization, copper doping and the
possibility to favour the HAp growth, cytocompatibility was evaluated by human
bone-marrow mesenchymal stem cell (hbMSC) attachment and spreading.
hbMSCs, chosen for their capacity to differentiate into osteoblasts [209], were
seeded directly onto scaffold surfaces and incubated for 24 h at 37 °C. Metabolic
activity was quantified by the alamarBlue assay, and cell morphology was
examined by SEM. Al-pristine served as the control.
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Figure 62. (a) represent the metabolic activity graph of hbMSC cells, while (b) shows
SEM images of the same cells focusing on their morphology after 24h incubation at 37°C.

As shown in Figure 62a, hbMSC metabolic activity on Al and AI-Cu was
comparable to the control (p > 0.05). In contrast, both silanized surfaces (AI-Sil and
AI-Cu-Sil) lead to a significantly lower activity (p <0.01), indicating either reduced
cell adhesion or diminished cellular metabolism. SEM images (Figure 62b)
confirmed that Al-pristine, Al, and AI-Cu supported well-spread cell morphologies,
whereas AI-Sil exhibited fewer adherent cells (red arrows) and a less typical bar
shape (yellow arrows). Although AI-Cu-Sil displayed spread cells, its metabolic
activity remained low, suggesting that surface chemistry limits cell proliferation.

These observations correlate with contact-angle measurements: silanisation
made the silanised BG surface hydrophobic (96 +2°), compared to complete
wetting (0°) of untreated BG. Increased hydrophobicity weakens protein adsorption
and cell adhesion, explaining the reduced cell coverage and metabolic readings.

3.6.9 In Vitro Antibacterial Evaluation

To evaluate antimicrobial efficacy, Staphylococcus aureus (MRSA) bacteria
were chosen as representative Gram-positive pathogens. Bacterial suspensions
were inoculated directly onto scaffold surfaces (Al-pristine, Al, AI-Sil, AI-Cu, and

107



AI-Cu-Sil) and incubated for 24 h at 37 °C. Metabolic activity (alamarBlue), viable
counts (CFU), and SEM imaging assessed bacterial adhesion and biofilm formation
(Figure 64).

AlamarBlue results (Figure 63a) showed a significant reduction in metabolic
activity on silanized surfaces compared to both Al-pristine and Al (p <0.05). While
Al-Cu also trended lower, this did not reach statistical significance. CFU assays
(Figure 63b) indicated that AI-Sil, AI-Cu, and AI-Cu-Sil each supported ~57%
fewer viable bacteria than control surfaces. SEM images (Figure 63¢) revealed
dense microcolonies on Al-pristine and Al surfaces, while treated surfaces
exhibited only scattered single cells and minimal aggregates.

Quantitative analysis of 3D-reconstructed SEM data (Figure 64) demonstrated
that untreated and non-silanised surfaces had ~13-14% surface coverage and up to
~4.5 um biofilm thickness (3—4 bacterial layers). In contrast, Cu-doped and/or
silanised surfaces displayed only 8-9% coverage and 2.5 pm maximum height,
indicating disruption of multilayer biofilm formation. This single-cell distribution
enhances bacterial exposure to antimicrobial agents.
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Viable surface-adhered bacterial colonies count

Number of colonies

Name of the samples (x5x109)

Reduction (%)

Al-pristine 3.5(0.7) control
Al 3.5(%0.7) 0
AI-Sil 1.5(+2) 57
Al-Cu 1.5(+0.7) 57
Al-Cu-Sil 1.5(+2) 57

Figure 63. (a) represent the Staphylococcus aureus (MRSA) bacteria metabolic
activity. (b) number of bacterial colonies and percentage reduction respect to control
sample, chosen as the Al-pristine. (c) shows the SEM images of bacteria on top of all the
samples taken in consideration.
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Figure 64. Quantitative analysis of 3D-reconstructed SEM data (a), and relative

percentage of occupied area.

The pronounced antibacterial effect of Cu-doping is consistent with Cu-ion—
mediated disruption of bacterial membranes, generation of reactive oxygen species,
and enzymatic inhibition [210] as documented for Cu-doped bioactive glasses
[211]. Silanisation further modulates surface wettability and may reduce initial
bacterial adhesion. Taken together, these modifications yield scaffolds that resist

biofilm formation while maintaining cytocompatibility.
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3.7 Enhancing sustainability: hard tissue engineering
scaffolds with increased functionality and reprocessability

Having demonstrated that silanisation and copper doping enhance both the
mechanical and antimicrobial performance of the AESO-based scaffolds, the next
research lies in giving these materials a dynamic covalent network, adding
reprocessability properties to the final material. Traditional thermosets, even when
bioactive and antibacterial, remain permanently crosslinked and cannot be reshaped
or repaired once cured. To overcome this limitation, we then turned to dynamic
covalent chemistry: by incorporating dynamic covalent bonds into the AESO/BG
composite network, it becomes possible to combine the high performance and
biofunctionality achieved thus far with the reprocessability of covalent adaptable
networks. This can allow the material at the end of life to be recycled or reshaped,
or, when necessary, it can be possible to achieve a repair in the final material.
Moreover, as already seen in the first section of this chapter in the hydrogel-related
work and in the Cu silanised work, the Te doping and the silanisation bring an
optimal duo in enhancing the antibactericity of the material and improving the
mechanical properties. To reach a fully sustainable scaffold, the aim is to recycle
the scaffold at the end of its life or reshape it once the patient needs other shapes or
after failure. In the following section, we explore the formulation and
characterisation of a 3D-printed, tellurium-doped and silanised BG that will be used
as a filler phase in AESO vitrimer scaffold, thereby coupling our scaffold design
strategy with the dynamic covalent exchange mechanisms introduced in Chapter 2.

3.7.1 Resin formulation

Building upon the promising results obtained with the Cu and silane-modified
scaffolds, we aimed to extend the functionality of our system by integrating
exchangeable covalent network behaviour into the resin network. Vitrimers offer a
unique advantage over conventional thermosets by introducing dynamic covalent
exchange reactions, which allow for reprocessability, self-healing, and long-term
structural adaptability, features particularly valuable in tissue engineering
applications where scaffold remodelling may be beneficial. Following our previous
work, the scaffold formulation was based on a 70:30 weight ratio of acrylated
epoxidised soybean oil (AESO) and reactive diluent to reduce viscosity and ensure
printability, in this case, acrylated eugenol (AEUG). The resin was loaded with 30
phr of tellurium-doped (BG-Te) and silanised bioactive glass (BG-Te-Sil) to confer
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osteoinductive properties and 2 phr of phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide as a photoinitiator. Finally, the transesterification reaction catalyst (eugenol
phosphate EUGP) was introduced at a percentage of 10 phr. The formulation was
first treated in an ultrasonic bath at 50 °C to ensure complete dissolution of the
photoinitiator, followed by homogenization using a planetary mixer (Thinky Mixer
ARE-250, Tokyo, Japan) to achieve uniform BG dispersion. 3D printing was done
using a Prusa SL1S SPEED stereolithography printer (Czech Republic) equipped
with a 405 nm UV light source. The initial layer was exposed for 120 s to ensure
strong adhesion to the build platform, while subsequent layers were cured with 5 s
exposures. Post-processing included ultrasonic cleaning in isopropanol for
15 minutes to remove uncured resin, followed by UV post-curing for 30 minutes
using a Phrozen Cure Kit (Taiwan).

3.7.2 Photopolymerisation Kinetics

The photoreactivity of AESO-based vitrimeric formulations was evaluated by
Fourier-transform infrared spectroscopy (FTIR), photo-differential scanning
calorimetry (Photo-DSC), and photorheology, as previously done in previous
works. The values obtained for the investigated formulations are summarised in
Table 15. The reference (pristine) formulation consisted of AESO and AEUG in a
70:30 ratio. To assess the effect of filler incorporation, two additional formulations
were prepared by adding 30 phr of either tellurium-doped bioactive glass (BG-Te)
or its silanized counterpart (BG-Te-Sil). All formulations included 10 phr of a bio-
based transesterification catalyst, eugenol phosphate (EUGP), to promote dynamic
covalent network formation. The catalyst content was optimised in preliminary
stress-relaxation tests to ensure vitrimeric behaviour [212].

The conversion of acrylic double bonds during UV exposure was monitored by
FTIR spectroscopy by following the reduction of the C=C stretching peak at 1640
cm™ over time. Figure 65 presents the real-time conversion curves and
representative spectra, while Table 15 reports the final conversions after 2 minutes
of irradiation. The pristine formulation achieved a high conversion of ~86%, while
the incorporation of BG-Te reduced the conversion to ~80%. A more pronounced
decrease was observed with BG-Te-Sil, where the final conversion dropped to
~54%. This reduction in reactivity is attributed to a dual effect: (i) competition for
light absorption between the photoinitiator and the bioactive glass particles and (ii)
scattering of UV light caused by the micrometric dimensions of the filler, which
limits the penetration of radiation through the resin.
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Figure 65. (a) FTIR conversion curves obtained by following the acrylate peak
decrease. (b) Heat released by the photocuring reaction measured by photoDSC.

Table 15. Conversion and heat flow measured by FTIR and photoDSC.

. Heat Flow
Formulation Conversion [%] [J/g]?
AESO-AEUG 70:30 8642 215.4+16.4
(Pristine)
Pristine + 30 phr BG-Te
80+0.3 175.5+17.5
(BG-Te)
e+ T
Pristine + 30 phr BG-Te-Sil 54168 189 5412

(BG-Te-Sil)

Photo-DSC experiments, reported in Figure 65b, further integrate the FTIR
findings. The total heat released during polymerisation was highest for the pristine
formulation (~215 J/g), and decreased upon filler incorporation to 175 J/g (BG-Te)
and 189 J/g (BG-Te-Sil). Moreover, both filled formulations exhibited an increase
in the time required to reach the maximum heat flow, indicating a slower
polymerisation process. Interestingly, despite the significantly lower FTIR
conversion observed for the BG-Te-Sil formulation, its heat flow was comparable
to BG-Te. This discrepancy is attributed to the presence of methacrylate groups in
the silanizing agent, which are thermally reactive but not detected in the monitored
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FTIR band. In contrast, Photo-DSC captures the total exothermic signal, regardless
of functional group identity, accounting for this divergence.

Photorheology experiments were conducted to confirm the curing efficiency
and to monitor gelation dynamics. As shown in Figure 66, all formulations
exhibited a sharp increase in storage modulus (G’) upon light exposure, reaching a
plateau within approximately 20 seconds. This rapid modulus increase confirms
effective photoinitiator activation and network formation in all cases, including the
filled formulations.
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Figure 66. Photorheology measurement performed across all Te-BG filled
formulations.

3.7.3 3D printing

Having optimised resin rheology and photo-curing, all formulations were
printed into three-dimensional scaffolds wusing a Prusa SL1S SPEED
stereolithography printer equipped with a 405nm light source. Viscosity
measurements confirmed Newtonian behaviour through the relevant shear range,
with viscosities within the 0.5-2Pa‘s window recommended for SLA/DLP
printing [213,214].

Printing parameters were set to a 120 s exposure for the first layer (to ensure
adhesion) and 5s for subsequent layers. Rectangular DMTA specimens, tensile
“dog-bone” samples, compression cubes, and complex hollow structures were
successfully produced from both the pristine AESO/AEUG resin and the BG-Te
and BG-Te-Sil composites. An example structure (Figure 67) illustrates the high
fidelity and resolution achievable, even with 30 phr inorganic loading.
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Figure 67. 3D printed structures obtained for the BG-Te filled formulation.
3.7.4 Thermomechanical properties

Viscoelastic properties were measured by DMTA in tensile mode from —20 °C
to 150 °C at 1 Hz. Storage modulus (E') and tan 6 curves appear in Figure 68, with
T, values summarised in Table 16. The unfilled resin exhibited T, of 68 °C, while
BG-Te and BG-Te-Sil composites displayed lower Ty (61°C and 64 °C,
respectively). The reduction in Tg correlates with the modest decrease in
double-bond conversion upon filler addition. Silanisation partially reduced this
drop, likely by promoting better crosslinking near the particle interface, but overall,

the inorganic particles slightly increase the mobility of the network.
16

Pristine
144 — BG-Te
BG-Te-Sil

0 2 4 6 8 10 12 14 16 18 20 22
272 [%]

(a) (b)

Figure 68. (a) represent the DMTA graph obtained across all formulations, while (b) corresponds
to the tensile tests.

Table 16. Value obtained from tensile test across all formulations.
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Young modulus (E)

Stress at break (ob)

Strain at break (eb)

Formulation [°C] [MPa] [MPa] [%]
(Pristine) 68+2 0.5+0.1 4.8+0.8 2845
(BG-Te) 61+1 1.4+0.0 10.5+0.0 10+0
(BG-Te-sil) 64+1 1.5+0.0 14.0+0.0 134+2

Mechanical properties of the 3D-printed scaffolds were evaluated by uniaxial

tensile testing. Stress—strain curves for the pristine, BG-Te, and BG-Te-Sil samples
are presented in Figure 69, and Young’s modulus (E), ultimate tensile strength (c,),
and elongation at break (¢_b) are summarised in Table 16.

Silanisation produced a clear enhancement in mechanical performance:

compared to BG-Te, the BG-Te-Sil scaffolds exhibited significantly higher
stiffness and strength. This improvement derives from stronger filler—matrix
adhesion imparted by the methacrylate groups on the silane-modified glass surface,
as evidenced by FESEM images of fractured surfaces (Figure 70), which show
voids (red arrows) and particle pull-out in BG-Te but complete encapsulation of
BG-Te-Sil particles by the polymer matrix.
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Figure 69. (a) FESEM image of BG-Te surface and (b) FESEM image of BG-Te-
Sil surface.

In native tissues, trabecular bone modulus ranges from 10 to 3000 MPa [215].
In a scaffold, it is important to meet the mechanical properties of the tissue
replacement. Although these materials lie at the lower end of this range, 3D printing
structures, particularly pore architecture and structure density, offer a route to
enhance the effective stiffness [216]. Moreover, in vivo remodelling and tissue
ingrowth typically increase composite stiffness over in vitro values [217].

The versatility of these composites also extends to soft tissues: human skin
exhibits Young’s moduli between 0.3 and 20 MPa along the tibial axis [218] ,
overlapping with the properties of our scaffolds and suggesting broader
applicability across different tissue-engineering contexts.

3.7.5 Stress relaxation measurements

In the previous chapter, it was shown that the reprocessability of the thermoset
can be allowed by the dynamic covalent network. Here, thanks to the chemical
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structure of AESO, it is possible to obtain again this property, since the AESO
monomer possesses both -OH groups and ester groups, which together are used in
the transesterification reactions, allowing the material to be reshaped or recycled at
the end of life. Having introduced the bio-based AESO/AEUG matrix and
demonstrated its reinforcement and bioactivity, we now assess whether these
3D-printed composites truly exhibit dynamic covalent network properties.

Stress-relaxation experiments were performed on 3D-printed scaffolds
containing 30 phr Te-doped bioactive glass (BG-Te) and 10 phr eugenol phosphate
catalyst (EUGP), the catalyst loading optimised in the previous chapter, to enable
rapid exchange. Samples were first pre-equilibrated at each test temperature (150—
220 °C, below their degradation onset), then subjected to a constant 3% strain while
monitoring the decay of the relaxation modulus G(t) over time. The normalised
modulus follows an exponential decay.

Relaxation modulus
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Figure 70. (a) Stress relaxation curves obtained for BG-Te-Sil and its relative Arrhenius plot (b)

Figure 70a shows that at 180 °C, these composites reach the relaxation within
several minutes, and t, the time needed to reach the 1/e of the initial G(t), decreases
further at higher temperatures. Plotting the In(t) against 1000/T [K'!] yields the
Arrhenius relationship characteristic of associative exchange mechanisms
(Figure 72b). Notably, the data exhibit two distinct linear regimes, mirroring the
double-slope behaviour first reported by Hubbard et al. in our first vitrimer study
[212,219], indicating a change in the rate-limiting step from chain mobility at lower
temperatures to bond exchange at higher temperatures.

By demonstrating both rapid stress relaxation above 180 °C and an Arrhenius-
governed temperature dependence, these results confirm that the 3D-printed
AESO/AEUG-BG-Te composites can be used as reprocessable thermosets. This
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stress-relaxation behaviour provides a direct bridge between the covalent adaptable
network concepts introduced in Chapter 2 and the bioactive, mechanically robust
scaffolds developed in this chapter, unifying dynamic reprocessability with
personalised scaffold performance.

3.7.6 Biological evaluation
In vitro bioactivity test

To determine hydroxyapatite (HAp) formation, the bone precursor mineral
phase, scaffolds were immersed in Kokubo’s SBF solution at 37 °C for 28 days.
FESEM images (Figure 71a—b) show the typical in vitro grown HAp morphology
and extensive HAp lamellae by 28 days on both BG-Te and BG-Te-Sil surfaces. It
is evident that the typical HAp formation in vitro is present on the scaffold surface,
indicating that if placed in vivo, these materials can support human bone formation
by growing first their precursor.
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Figure 71. (a) FESEM image of BG-Te surface after 28 days of SBF soaking and b)
FESEM image of BG-Te-Sil surface after 28 days of SBF soaking.

Cytocompatibility of 3D-Printed Scaffolds

Human bone-marrow mesenchymal stem cells (hBMSCs) were used to assess
direct cytocompatibility, given their relevance to bone regeneration [220]. Cells
were seeded directly onto pristine, BG-Te, and BG-Te-Sil scaffolds and incubated
for 24h at 37°C. Metabolic activity was quantified by alamarBlue (RFU;
Figure 72a), and cytotoxicity was evaluated via LDH release following
ISO 10993-5. All samples maintained > 70% viability with respect to the pristine
material (Figure 72 b), indicating non-toxic behaviour. SEM and dual live/dead
(green)/NucBlue (blue) fluorescence imaging (Figure72c¢) confirmed extensive cell
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attachment and spreading, with negligible cell death. These results align with prior
findings that a 70:30 AESO:IBOA resin containing 30phr BG is highly
cytocompatible [186], and demonstrate that substituting Te-doped and silanized
Te-doped glasses does not compromise hBMSC viability or morphology.
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Figure 72. Metabolic activity measured by (a) alamar blue assay, (b) LDH release. (¢)
reports the SEM images and the stained cells.

Antibacterial Activity of 3D-Printed Scaffolds

The antibacterial efficacy of the Te-containing scaffolds, given by the Te effect,
was evaluated against Staphylococcus aureus via direct contact and 24 h incubation
at 37 °C. Metabolic activity (alamarBlue), CFU counts, and SEM morphology are
shown in Figure 73. BG-Te scaffolds reduced bacterial metabolic activity relative
to pristine and BG-Te-Sil samples, though not significantly (p > 0.05; Figure 73a).
CFU analysis (Figure 73b) revealed that BG-Te surfaces had 87% fewer bacteria
than pristine controls and 54% fewer than BG-Te-Sil. SEM images (Figure 73c),
with bacteria highlighted in orange via SMILE VIEW™, show dense
micro-biofilms on pristine and BG-Te-Sil, whereas BG-Te surfaces exhibit only
scattered single cells.
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Figure 73. Metabolic activity of bacteria seeded on the scaffold (a). (b) is the relative
data of viable bacterial colonies and (c) represent the SEM images of samples containing
bacteria, shown in red.

The diminished efficacy of BG-Te-Sil is attributed to silane coverage of Te
sites, which likely hinders bacterial uptake of Te and its antimicrobial mechanisms.
This interpretation is consistent with literature demonstrating dose-dependent
antibacterial effects of Te-containing bioactive glasses against Gram-positive
pathogens and with studies showing that intracellular Te disrupts key bacterial
enzymes and biofilm formation [135,221].

3.8 Comparison of developed bio-based scaffolds relative
to literature tissue engineering systems

The bio-based composite scaffolds developed in this thesis possess a combination
of mechanical stiffness, porosity, bioactivity and biological function, reflecting the
diverse requirements of soft-to-hard tissue regeneration. To contextualise these
systems within the framework of contemporary tissue engineering platforms, a
comprehensive comparative analysis is presented across all four scaffold platforms
developed: methacrylated chitosan hydrogels reinforced with tellurium-doped
bioactive glasses, thiol-ene polyHIPE foams, 3D-printed acrylated epoxidised
soybean oil (AESO) composites reinforced with Cu/Te-doped bioactive glasses,
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and reprocessable AESO scaffolds incorporating dynamic transesterification
chemistry.

3.8.1 Chitosan-based hydrogels for soft tissue engineering,
comparative analysis

The methacrylated chitosan (MCHIT) formulations developed in this work
achieve compression moduli of 87 + 25 kPa (pristine) to 246 + 51 kPa (MCHIT?3),
placing them within the traditional performance for chitosan-based tissue
engineering scaffolds. Unmodified chitosan hydrogels reported in the literature
typically achieve compression moduli in the same order of magnitude, ranging from
kPa, while chitosan reinforced with bioactive glass nanoparticles demonstrates
moduli spanning hundreds of kPa, consistent with the present results.[222-224]

The key distinguishing feature of the MCHIT-Te-Sil system is the
incorporation of tellurium-doped, silanized bioactive glass, which combines
osteoconductive bioactivity with antimicrobial properties rarely achieved in
standard chitosan-BG  composites. The antibacterial efficacy against
Staphylococcus aureus (inhibition 0f>80%) makes these hydrogels applicable to
various applications where infection prevention is as critical as tissue regeneration.
The cytocompatibility and anti-inflammatory profile (minimal upregulation of pro-
inflammatory genes, including IL-1B3, TNF-0, and IFN-y) aligns favourably with
published chitosan-BG composites, confirming that tellurium doping and
silanization do not compromise cellular tolerance. The swelling behaviour (~58—
65%) 1s consistent with literature chitosan hydrogels and supports adequate nutrient
diffusion and cell infiltration. This intermediate mechanical and biological profile
makes MCHIT-Te-Sil systems particularly well-suited for applications in soft
tissue interfaces.

3.8.2 Thiol-ene polyHIPE scaffolds, comparative analysis

The UV-initiated thiol-ene polymerisation of acrylated epoxidised soybean oil
(AESO) and Trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) via high
internal phase emulsion (HIPE) templating yielded scaffolds with high porosity and
pore sizes of 8—10 pum, closely resembling the morphology of cancellous bone. The
compression moduli achieved in this work (pristine: 64 + 5 kPa; PHI15: 136 £ 16
kPa; PHI30: 174 + 25 kPa) match the lower range of cancellous bone (0.1-1000
MPa), and align with reported polyHIPE systems incorporating bioactive fillers.
These values are substantially similar to those of rigid ceramic scaffolds with the
same porosity (hydroxyapatite/collagen composites: kPa modulus range) and
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comparable to those of pure elastomeric polyHIPE foams without reinforcement,
reflecting the favourable mechanical balance of the AESO-TMPTMP platform for
scaffolding applications.[225-227]

The metabolic activity results (Resazurin assay, Figure 43) demonstrate robust
cell proliferation and metabolic function on pristine and BG-reinforced scaffolds,
with trends consistent with those observed in published polyHIPE systems.
Mineralisation assays (Figure 45) demonstrate positive mineral deposition
(hydroxyapatite formation) at 28 days, confirming the bioactivity conferred by
bioactive glass reinforcement and validating the suitability of this platform for
osteogenic applications.

3.8.3 3D-printed AESO-BG scaffolds, comparative analysis

The progression from HIPE-templated foams to 3D-printed AESO composites
reinforced with Cu- and Te-doped, silanized bioactive glasses (A713-Cu-Sil, A713-
Te-Sil) represents an advancement in scaffold control: additive manufacturing
enables precise tuning of pore size, interconnectivity, and geometry to achieve
patient-specific or anatomically optimised manufacts. The tensile Young's modulus
of 3D-printed AESO-BG scaffolds achieved in this work (0.5-2 MPa range)
represents a favourable intermediate mechanical window between soft polymeric
foams and rigid ceramic composites. Lebedevaite et al. reported that "acrylated
epoxidised soybean oil (AESO)-based composites show improved mechanical
properties and glass transition temperatures with filler loading", consistent with the
present findings, where Cu/Te-doped BG incorporation enhanced both stiffness and
thermal stability. The glass transition temperature range achieved (T 60—70 °C)
aligns with literature data for AESO-based systems; Zhang et al. noted that
"BG/cellulose scaffolds have compressive strength values of 4.54-27.0 + 1.65 MPa,
satisfying the strength requirement of human trabecular bone (2—-12 MPa),". The
present AESO-BG moduli (0.5-2 MPa) fall within the lower end of the trabecular
bone range, which is suitable for intermediate-stiffness applications. This higher
stiffness and Ty, if compared to polyHIPE foams (which achieved 64—174 kPa),
reflect a transition toward load-bearing applications. The modulus range (0.5-2
MPa) remains substantially lower than that of rigid ceramic-reinforced scaffolds,
thereby suggesting a specific application suitable for cartilage and intermediate
tissue interfaces. The elemental doping strategy (Cu for angiogenic promotion, Te
for antimicrobial activity) introduces multifunctionality beyond the inherent
bioactivity of the base glass composition, distinguishing these scaffolds from
conventional BG-reinforced polymeric systems that lack such enhanced biological
properties. In vitro bioactivity testing (SBF immersion, Figure 61) demonstrates
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hydroxyapatite crystallization at 28 days, confirming that the polymer matrix and
Cu/Te doping do not weaken glass bioactivity. Cytocompatibility with human bone
marrow—derived mesenchymal stem cells (hbMSCs, Figure 62) and antibacterial
activity against MRSA (Figure 63) are consistent with or exceed literature values
for 3D-printed bioactive scaffolds. Relative to alternative 3D printing approaches
for bone tissue engineering (SLS of ceramics, FDM of PCL/PLGA, SLA of
synthetic acrylates), the AESO-BG platform combines the advantages of UV-
curing (rapid, high resolution, low temperature process), bio-based feedstock
(100% AESO content), and integrated bioactivity (Cu/Te-doped BG) in a single
material system. [228-233]

Conclusions

In summary, this chapter demonstrates the fabrication and potential of scaffolds
derived from biobased monomers and photocured. The first work related to
hydrogel showed the potential of chitosan and the bioactive glass reinforcement in
soft tissue applications. Starting from soft tissue and moving to hard tissue, the use
of acrylated-epoxidized soybean oil (AESO)-based scaffolds, whether formulated
as thiol-ene polyHIPE foams or vat-photopolymerized constructs, has
demonstrated a versatile combination of sustainability, processability, and
biofunctionality. By adapting the reactive diluent content (IBOA or eugenol
derivatives) and dispersing sol-gel-derived bioactive glasses, including silanized,
copper-doped, or tellurium-doped variants, these materials rapidly cure under low-
intensity UV light into networks where porosity, mechanical stiffness, and surface
chemistry can be independently tuned.

The AESO formulations can achieve rapid photocuring, with over 80 per cent
double-bond conversion within seconds, as confirmed by ATR-FTIR, photo-DSC,
and photorheology, supporting high-resolution 3D printing without the need for
added photoabsorbers.

Moreover, they present controlled mechanical properties by incorporation of
10-30 phr bioactive glass, which increases tensile and compressive moduli into the
MPa range, with silanization further enhancing polymer—glass adhesion to boost
strength by up to 70 per cent.

The bioactivity and antimicrobial function of both Cu- and Te-doped glasses
have been shown. The bioactive glasses catalyse rapid hydroxyapatite nucleation in
SBF and reduce S. aureus biofilm formation, while maintaining hBMSC viability
and spreading, thereby merging osteoconductivity with infection resistance.

Finally, the dynamic reprocessability was shown: AESO/AEUG composites
with  eugenol-based transesterification catalysts display Arrhenius-type
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stress-relaxation above 180°C, enabling reshaping and recycling without
compromising network integrity.

Together, these projects position AESO-based scaffolds as promising
candidates for patient-specific bone repair, as their renewable origin and low-
energy UV processing meet sustainability requirements, while their customizable
architecture, mechanical properties, and integrated bioactive/antimicrobial
functions meet clinical demands for complex defect regeneration.

The work described in this chapter has been published and is available at the
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Chapter 4: Conclusion

The work presented in this thesis focuses on a dual challenge: the need for
sustainable thermoset polymeric materials and the demand for advanced functional
systems in both industrial and biomedical applications. The research was framed
within the principles of green chemistry, focusing on renewable monomers,
environmentally friendly UV curing techniques, and functional enhancement
through network design and advanced fillers like carbon nanotubes and bioactive
glasses. The approach was articulated into two main research lines, each
corresponding to a thematic chapter of the thesis, but interconnected by a common
conceptual focus: the design of bio-based thermosets with tailored properties for
demanding applications.

The first part of the work was dedicated to the development of biobased
vitrimeric epoxy networks using epoxidised castor oil as the primary bioderived
monomer. By introducing a suitable transesterification catalyst and at a certain
condition of temperature and pressure, the epoxy systems were able to activate the
covalent adaptable networks (CANs), enabling reprocessing and reshaping while
maintaining the thermoset nature of the material. This fundamental shift from
traditional irreversibility to controlled dynamic exchange reactions provided a
sustainable solution to the waste problem typically associated with thermosets.
Beyond their reprocessability, these systems were further engineered by
incorporating multiwalled carbon nanotubes (MWCNTs), creating composites with
both reprocessability and electrical conductivity. This opened opportunities in areas
such as smart coatings, conductive adhesives, and structural components where
repairability and multifunctionality are critical. Importantly, the results
demonstrated that high levels of bio-based content can meet the demand of
advanced functional performance, changing the perception that sustainability
requires weak material properties.

The second part of the thesis moved from the industrially oriented vitrimeric
coating networks to bio-derived scaffolds for tissue engineering, representing a
direct application of sustainable materials in the biomedical field. The work began
with the development of chitosan-based hydrogels incorporating tellurium-doped
and silanized bioactive glasses (BGs). These multifunctional hydrogels combined
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the intrinsic biocompatibility of chitosan with the osteoconductive and
antimicrobial properties of the modified BGs, producing systems that could
potentially address both regeneration and infection control in soft tissue repair.

Building on this first work, the focus shifted to high internal phase emulsion
(HIPE) templating as a route to generate highly porous polyHIPE scaffolds starting
from the biobased acrylated epoxidised soybean oil (AESO) in combination with
trimethylolpropane  tris(3-mercaptopropionate) (TMPTMP) via thiol-ene
photopolymerization. The resulting interconnected pore structure, comparable with
the cancellous bone, was ideal for supporting cell adhesion, proliferation, and
nutrient diffusion. These scaffolds were reinforced again with BG to stimulate and
induce bone formation while maintaining the cells' proliferation, as demonstrated
by Resazurin assay, cell staining, and Osteoimage assay performed on the scaffolds.
Furthermore, the adoption of 3D printing manufacturing method enabled the
fabrication of scaffolds with custom geometries, allowing patient-specific designs
and controlled porosity gradients.

The exploration of BGs went beyond conventional formulations: Cu-doping
was introduced for enhanced antimicrobial activity, Te-doping for combined
antimicrobial and antioxidant functions, and silanization to improve filler—-matrix
interfacial bonding. The last work merged the concepts from both chapters: AESO-
based scaffolds BGs reinforced with vitrimeric properties, enabling reprocessing of
3D-printed scaffolds without compromising their structural integrity or porosity.
This achievement symbolically and technically “closed the loop” between the
industrial and biomedical research lines, demonstrating that the principles of
reprocessability and circular economy can be applied even to biomaterials used for
scaffolds.

In summary, this thesis has shown that it is possible to merge renewable
monomers, dynamic covalent chemistry, functional fillers, and advanced
manufacturing techniques to produce thermosets and composites that are not only
sustainable but also designed for specific applications. The results bridge the gap
between sustainability and performance, offering concrete pathways towards
circular economy models in both industrial and biomedical sectors.

Looking ahead, future research could focus on scaling up the synthesis and
processing methods, exploring self-healing, shape-memory, or stimuli-responsive
behaviours in vitrimeric systems, which could be used as a matrix for further
multifunctional composites, and conducting in vivo testing after having optimised
in terms of BGs quantity and mechanical properties the most promising scaffold
formulations. Such developments would not only validate the laboratory findings
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but also accelerate the translation of these sustainable, multifunctional materials
into real-world applications, reinforcing the idea that high-performance polymer
science and environmental sustainability can coexist.
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