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ABSTRACT

This research explores and characterizes a photo-curable, biobased resin reinforced with bioactive glass (BGs) to
produce scaffolds 3D-printed for tissue engineering applications. Through a sol-gel were synthesized two types of
BGs, standard and copper-doped. The BGs were silanized to enhance resin compatibility. Transmission FTIR,
photoDSC and photoreology fully characterized the UV-curing behaviour of the resin formulation. 3D-printed
scaffolds’ mechanical properties were evaluated through tensile tests and dynamic mechanical thermal anal-
ysis (DMTA). At the same time, morphology and dispersion of the BGs inside the polymer matrix were assessed
utilizing Scanning Electron Microscopy (SEM). Bioactivity was evaluated by immersing the scaffolds in a
simulated body fluid (SBF) to evaluate hydroxyapatite (HAp) formation. Antibacterial activity tests following the
ISO 22196 protocol demonstrated 57 % fewer viable Staphylococcus aureus cells adhered to the surfaces of A713-
sil and A7I3-Cu-sil compared to the control. SEM and 3D-reconstructed images showed reduced bacterial ag-
gregations (from 13-14 % to 8-9%) and Z-maximum (from 4.5 pm to 2.5 pm). On the treated samples most
bacterial cells appeared as single and sporadic cells, making them more easily removable with mild antibiotics.

This work aims to enhance bone scaffold design that combines mechanical strength with bioactivity using
sustainable and biobased materials. The findings provide a foundation for future developments in tissue
engineering.

1. Introduction

In this context, bioactive glasses (BG) emerge as a significant inno-
vation. Introduced by Larry Hench, BGs are a unique class of ceramic

Bone damage and defects, particularly in the ageing population, are
expected to increase over the years [1,2] man bone possesses
outstanding self-healing properties [3,4], certain conditions require
intervention beyond the natural body repair mechanism. For instance,
approximately 13 % of fractures in the tibial bone result in delayed
union or fracture non-union [5]. Furthermore, various orthopaedic
conditions require extensive regeneration, which surpasses the body’s
natural self-healing capabilities. Bone grafting, bone implants and bone
allografts have been employed over the years to address these challenges
[6]. Since 1987, tissue engineering has become essential for bone repair
and regeneration, utilizing biocompatible materials to support and
stimulate cell growth, effectively mimicking the extracellular matrix

[7].

* Corresponding author.

biomaterials used in both hard and soft tissue engineering. They offer
excellent osteoconductive and angiogenic properties, crucial for bone
repair [8,9]. Besides promoting bone regrowth, BGs also exhibit anti-
bacterial properties. Antibacterial properties are attributed to localised
pH increase derived from the release of glass-network ions when
immersed in bodily fluids. Incorporating various metal ions, including
silver, zinc, strontium, and copper enhances these antibacterial effects
[10-12]. Copper, in particular, has been extensively studied for
biomedical applications since it offers a dual role in promoting antimi-
crobial activity and facilitating tissue repair, including bone and skin
regeneration [13,14]. However, introducing excessive Cu ions can
negatively impact glass solubility and bioactivity, necessitating a careful
optimisation [15,16].
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Despite their benefits, BG-based scaffolds often lack sufficient me-
chanical properties, limiting their use, especially in load-bearing appli-
cations [17]. To overcome the limitation, composite materials that
integrate BGs with polymers have been developed for various biomed-
ical applications, enhancing mechanical performance and bioactivity
[18]. Polymer-ceramic composite scaffolds have been manufactured
using various methods, including moulding and casting, electro-
spinning, and additive manufacturing (AM) [19-22]. By selecting
different polymeric matrices, the mechanical properties of the scaffold
can be optimised, ensuring the requirements needed for a broad range of
applications [23].

Among the manufacturing methods, AM process has gained attention
in the field due to its ability to produce precise, patient-specific scaffolds
for large bone defects using a layer-by-layer technique [24-30].
Different polymers, including natural or synthetic (e.g. hydrogel, pro-
teins, thermoplastic elastomers), have been utilised in AM processes [31,
32]. Photopolymers sensitive to UV-light are particularly promising for
AM due to their crosslinked molecular structure, which imparts thermal
resistance and exhibits minimal creep and stress relaxation [33,34]. Our
group has extensively studied photopolymers, especially in the context
of additive manufacturing [35-39]. The use of photo-curable polymers
in AM goes into the category of VAT photo polymerisation (VP), a
technique characterised by the fabrication of 3D manufacts starting from
the liquid resin, added with a cationic or radical photoinitiator [40]. The
photoinitiator can adsorb the irradiating light, starting the polymerisa-
tion reaction in a process much less important in energy dissipation than
thermal curing [41-46]. VP is the most used method of digital light
processing (DLP) since it can produce high-resolution patterns at room
temperature through the use of a system of mirrors called digital mirror
device (DMD) to direct UV light precisely [47]. Different kinds of ther-
moset polymers can be printed, both in a cationic photocuring exploiting
epoxy ring [48,49] or radical curing, exploiting acrylate functionalities
[501.

The growing demand for environmentally sustainable materials has
shifted the focus to biobased alternatives to fossil-derived polymers in
VP processes. Traditional fossil-based polymers, such as those based on
Bisphenol A, both epoxy and acrylate products, are being replaced by
biobased products [51,52]. Specifically, vegetable oils are renewable,
cost-effective and potentially biodegradable [53,54]. These oils contain
triglyceride chains with a high content of double bonds and hydroxyl
groups that be converted into epoxy or acrylate groups for
high-reactivity 3D printing [55-58]. Several studies have demonstrated
the possibility of using acrylate derivatives from vegetable oils in 3D
printing, with acrylate soybean oil particularly notable for its versatility
[59-65].

Combining polymers with reinforcing phases like BGs can enhance
scaffold performance, making them suitable for biomedical applications.
Developing biobased polymeric composite through photo-
polymerization for 3D printing offers immense potential in this field
[66-68]. The approach addresses the limitations of pure polymeric and
BG scaffolds by improving mechanical stability and bioactivity [69-73].
A critical factor in achieving this is the interface between the polymer
and the bioactive glass, which can be enhanced through silanization,
improving the wettability of the BG and, consequently, the adhesion
[74-79].

Based on our previous research on AESO-based polymeric scaffolds
reinforced with bioactive glasses [47], this study aims to address the
limitations of the developed scaffolds by manufacturing biobased
polymeric composites with enhanced mechanical and biological prop-
erties. The AESO matrix is reinforced with two types of BGs synthesized
by a sol-gel method: Si-Ca-P bioactive glass, named S4, and a novel
Cu-doped variant to impart antibacterial properties. Moreover, we
employed a silanization process on the BGs to enhance mechanical
performance, improving the interface between the polymer matrix and
the reinforcing ceramic phase.

The study investigates the effect of these novel Cu-doped BGs on the
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mechanical and biological properties of 3D-printed scaffolds. The syn-
thesized BGs were dispersed into the UV-curable formulations, and the
UV-curing process was investigated. Specifically, the impact of silani-
zation and Cu doping on bioactivity, antibacterial performance, and the
UV-curing process was considered, along with the 3D printing feasi-
bility, emphasizing the potential of these materials for advancing bio-
based 3D-printed scaffolds in biomedical applications.

2. Materials and method
2.1. Materials

Acrylated soybean oil (AESO) isobornyl acrylate (IBOA), Phenylbis
(2,4,6-trimethyl benzoyl) phosphine oxide. Ammonium hydroxide
(NH40H), tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP),
calcium nitrate tetrahydrate (Ca(NO3)y-4H20), 3-(Trimethoxysilyl)pro-
pyl methacrylate (TMSPMA), Copper(Il) nitrate trihydrate (Cu(NO3); -
3H,0) were all obtained from Sigma Aldrich, Milano, Italy.

2.2. Bioactive glasses synthesis

In this study, two types of BGs were synthesized using a modified
Stober method and following our previous paper [50,80].

The synthesis began by mixing two different solutions while stirring.
The first solution consisted of ammonium hydroxide (NH40H), bi-
distilled water, and ethanol, while the second solution was made of
ethanol (EtOH) mixed with tetraethyl orthosilicate (TEOS). The initial
mixing of the solutions initiated the formation of silica (SiO,) particles.
Subsequently, triethyl phosphate (TEP) as the phosphorus (P) precursor
and calcium nitrate tetrahydrate (Ca(NO3)2-4H20) as the calcium (Ca)
precursor were introduced to the mixture. The resulting system was then
heated at 60 °C for 48 h to eliminate solvents, followed by furnace
treatment at 700 °C for 2 h with a controlled heating ramp of 5 °C/min to
remove any residual organic compounds.

The same method was used for the Cu-doped bioactive glass syn-
thesis, with the addition of Copper (II) nitrate trihydrate (CuN20e-3H20)
after incorporating the Ca precursor.

The composition of the obtained bioactive glass (S4) and the Cu-
doped bioactive glass (Cu-S4) is reported in Table 1.

2.2.1. Bioactive glass silanization

To improve the bond between the polymeric matrix and the glass
particles, thus enhancing the mechanical properties, a silanization pro-
cess was carried out. The silanization of all types of BGs involved three
different methods based on literature [78,79].

Initially, the —~OH groups were activated to expose them for an
effective silanization process. The activation involved 0.5 g of glass
powder, previously disaggregated, and then immersed in 2 ml of
acetone. The solution was placed in an ultrasound bath and centrifuged
for 5 min at 7000 rpm after which the acetone was removed. The exact
process was repeated with water instead of acetone three times, to
ensure all traces of acetone were removed.

A solution of 20 % of TMSPMA in ethanol has been used for all the
silanization methods. The first method involved mixing the glass powder
with a magnetic stirrer for 2 h. The second method also involved 2-h
mixing, but acetic acid kept the solution at a pH of 5. The third
method involved mixing the solution for 24 h. All methods included a

Table 1
Nominal composition of bioactive glass S4 and bioactive glass Cu-doped CuS4.

Composition %wt

Bioactive glass name SiOo P>0Os CaO CuO
S4 77 9 14 -
Cu-S4 77 9 9 5
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subsequent centrifugation step at 7000 rpm for 2 min to remove the
solution and any remaining silanol that was not successfully bonded to
the glass surface. As a final step, the glass was dried in an incubator at
37 °C for 24 h.

2.3. Formulation and photo-curing

Following our previous work, the bio-based resin was combined with
30 % bio-derived reactive diluent (IBOA) and 1phr (per hundred resin)
of a radical photo-initiator. Based on previous studies, the photo-curable
resin formulation was combined with 30 phr of BGs [50]. The mixtures
were homogenized employing an ultra-turra T10 basic until the ho-
mogenization of all the components. To complete and ensure the pro-
cess, the resins were further processed using an ARE-310 Thinky mixer
(Laguna Hills, USA) with a cycle composed of 3 min of mixing followed
by 3 min of defoaming, repeated three times.

Nine formulations were developed, and their compositions are pre-
sented in Table 2. To avoid curing caused by light exposure, these for-
mulations were kept in a dark environment. The 3D printing process was
made by using a Prusa SL1S SPEED printer, followed by a post-curing
phase of 60 s under a DYMAX ECE Flood lamp, set to a light intensity
of 130 mW/cm?.

2.4. Characterization

2.4.1. Attenuated total reflectance fourier transform infrared spectroscopy
(ATR-FTIR)

To monitor the photocuring process, a Nicolet iS 50 Spectrometer
was employed, with data analysis conducted using OMNIC software
provided by Thermo Fisher Scientific. For the reaction analysis, a stir bar
was utilised to spread the viscous resin over a silicon support that had a
thickness of 32 pm. The spectral resolution was set at 4 cm™'. The con-
version was assessed by monitoring the reduction in the area associated
with the acrylate double bond, which is centred around 1620 cm‘l,
while the peak at 2930 cm™! was used as a reference. Equation 1 was
applied to numerically evaluate the conversion during the irradiation

with UV light.
(AXDW) B (Ajmup>
A0 N q00

(Agmup >
A
ref o

Equation 1. Percentage of conversion calculated from FTIR analysis.
Agroup corresponds to the acrylate group area investigated, A is the
reference area at 2390 cm ™!

Conversion (%) =

2.4.2. Photo dynamic scanning calorimetry (photo-DSC)

A photo-DSC was used to follow the advancement of the photocuring
reaction. The configuration consisted of a Mettler TOLEDO DSC-1 inte-
grated with a Gas Controller GC100 and a Hamamatsu LIGHTINGCURE
LC8 mercury lamp (from Hamamatsu Photonics).

Table 2
Formulation AESO:IBOA with different types of bioactive glasses based on the
silanization method.

AESO (%wt) IBOA (%wt) BGs (phr) BGs type Name

70 30 30 S4 Al
30 Cu-S4 AI-Cu
30 Silanised S4 AI-Sil 2h
30 Silanised S4 AI-Sil 2h pH 5
30 Silanised S4 AI-Sil 24h
30 Silanised Cu-S4 AI-Cu-Sil 2h
30 Silanised Cu-S4 AI-Cu-Sil pH 5
30 Silanised Cu-S4 AI-Cu-Sil 24h

0 - Alref
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The UV light had a 365 nm wavelength, with an intensity adjusted to
10 % of the maximum output, resulting in 10 mW/cm2 An open
aluminium pan contained 5-15 mg of resin, while an empty aluminium
pan was utilised as a reference. 40 ml/min nitrogen flow was used to
maintain an inert chamber at room temperature (25 °C).

The photo DSC procedure involved the sample settling for 2 min,
followed by 10 min of UV light exposure, divided into two irradiation
steps of 10 min each. The second irradiation was essential to establish
the baseline, which was determined by subtracting the second curve
from the first one. Mettler Toledo STARe software V9.2 was used to
process the data.

2.4.3. Rheology and photo-rheology

Anton Paar MCR302 parallel plate rheometer was used to determine
the viscosity through the rheology experiment and the behaviour in
function of the irradiation through the photo-rheology. Photo-rheology
tests were performed using a Hamamatsu LC8 UV lamp set to 30 mW/
cm?. The light was activated 1 min after the start of the test and adjusted
to half of its maximum power, which corresponded to 15 mW/cm?. A
glass plate was used as the lower plate, allowing the radiation to pass
through. The plate gap was set to 0.3 mm. A constant frequency of 1Hz
was used to measure the experiments, and the temperature was set to
25 °C. Both storage and loss modulus (G’ and G") were monitored during
the tests. During deformation, G’ represents the elastic component of the
material and G” indicates the viscous component.

Additionally, rheological testing was performed to determine the
viscosity formulations, and to determine their compatibility for the 3D
printing process. For this analysis, two 25 mm diameter metallic plates
were employed, maintaining a 1 mm gap between them. Viscosity
measurements were measured over a 0.01 to 1000 s-1 shear rate range.

2.4.4. Contact angle

Pressed BGs were used to determine the hydrophilicity of the sam-
ples. An ultrapure water droplet was placed on the surface and the
contact angle measurement was determined. The analysis was repeated
in triplicate and performed by a Drop SHApe Analyzer, DSA100, Kriiss.

2.4.5. 3D printing process

3D printing was performed using a commercial Masked Stereo-
lithography Apparatus (MSLA) printer, specifically the SL1S SPEED
model from Prusa, Czech Republic. The printer light source corresponds
to a monochromatic LED source of 405 nm with 25 W of power. After
printing, the object underwent a post-curing process in a DYMAX lamp
for 60 s to complete the photopolymerization. The biobased resin, which
is light-sensitive at 405 nm, was cured layer by layer, each with a 50 pm
thickness, for 5 s per layer. After printing, the samples were cleaned with
isopropanol to eliminate any uncured resin remaining on the surface. A
final curing step was performed for 30 min under a 405 nm Phrozen Cure
Lamp.

2.4.6. Dynamic mechanical thermal analysis (DMTA)

Dynamic Mechanical Thermal Analysis (DMTA) of the 3D-printed
materials was performed using a Triton Technology instrument. The
temperature range for the analysis was selected from 0 °C to 100 °C,
with a heating rate set at 5 °C per minute. The test applied uniaxial
tensile stress at a frequency of 1 Hz, to identify the glass transition
temperature (Tg), which corresponds to the peak of the tan 8 curve. The
highest test temperature was chosen based on the material’s rubbery
plateau phase. The samples tested, measuring 1.5 x 3.5 x 12 mm, were
produced via 3D printing using the Prusa SL1S SPEED as described in
section 2.4.5. The crosslink density (v.) was determined using Equation
2.

E

Ve =3RT
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Equation 2. Formula used to determine the number of crosslinks per
volume (vc).Where E' corresponds to the storage modulus in the rubbery
plateau (Tg+50 °C), T is the temperature where E’ is taken in Kelvin and
R is the gas constant.

2.4.7. Tensile test

Mechanical properties of the 3D-printed materials were evaluated
through stress-strain tests using an MTS QTest™/10 Elite testing ma-
chine equipped with a 500 N load cell. The machine was set to a cross-
head speed of 5 mm/min. Young’s modulus (E) was derived from the
slope of the linear portion of the stress-strain curve, while the stress and
strain at break were measured at the point where the samples failed. The
results presented are the average values obtained from five dog-bone-
shaped samples, which were printed according to the ISO-527A Type
5B standard.

2.4.8. Composite scaffolds characterization

The composite 3D printed scaffolds were fully characterized,
focusing on the morphology, composition, in vitro reactivity in simu-
lated body fluid (SBF) according to Kokubo’s protocol [81], cyto-
compatibility and metabolic activity. All the analysis will be described in
the following paragraphs. To analyse the scaffolds fracture surface, field
emission scanning electron microscopy (FESEM) with energy dispersive
X-ray spectroscopy (EDS) capabilities (SUPRA™ 40, Zeiss, Oberkochen,
Germany) was employed, along with X-ray diffraction (XRD) analysis
(Malvern PANalytical X’Pert PRO diffractometer) to examine their
morphological and compositional properties. Specimen preparation
involved breaking either 3D printed DMTA or 3D printed tensile samples
through the brittle fracture, then mounting them on aluminium stubs
with a silver-based adhesive, followed by platinum (Pt) metallization for
analysis.

2.4.9. Simulated body fluid (SBF)

In vitro reactivity in simulated body fluid (SBF) was evaluated by
immersing the filled scaffolds in the prepared solution, following the
Kokubo protocol [82]. The samples were kept in an orbital shaker at
37 °C and 120 rpm for 28 days; then their surface was evaluated at
different periods to determine the hydroxyapatite formation employing
EDS, SEM images and XRD analysis.

2.4.10. Invitro cytocompatibility assessment

2.4.10.1. Cells cultivation. Before conducting biological assays, the
samples were sterilized by exposure to UV-C light for 30 min on each
side. Human bone marrow-derived mesenchymal stem cells (hbMSCs)
were obtained from Promo-Cell (C-12974) and grown in low-glucose
Dulbecco’s modified eagle medium (DMEM; Sigma-Aldrich, Milan,
Italy), which was supplemented with 10 % fetal bovine serum (FBS;
Sigma-Aldrich, Milan, Italy) and 1 % antibiotics. The cells were incu-
bated at 37 °C in an atmosphere of 5 % CO» until they reached 80-90 %
confluence. They were then detached using a 0.25 % solution of trypsin-
EDTA in phosphate-buffered saline (PBS), collected, and prepared for
experimentation.

2.4.10.2. Cytocompatibility evaluation. Cells were seeded directly onto
the surface of the specimens (A713-ref, A713-S4, A713-S4-sil, A7I3—Cu,
and A713-Cu-sil) at a desired density of 2 x 10* cells per sample. After a
4-h incubation period to facilitate adhesion, 700 puL of DMEM was added
to each specimen, and the cells were cultured for 24 h. Cell viability was
determined at various times using the resazurin-based alamarBlue™
assay (ready-to-use solution; Life Technologies, Milan, Italy) to measure
metabolic activity. According to the manufacturer’s instructions, alamar
blue reagent at concentration of 0.015 % in PBS,was applied to the
seeded samples, and after 4 h of incubation in darkness, relative fluo-
rescent units (RFU) were measured using a spectrophotometer (Spark,
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Tecan, Switzerland).

Surface-attached cell morphology was examined using scanning
electron microscopy (SEM; JSM-IT500, JEOL, Japan). Samples were
dehydrated with an ascending gradient of ethanol (70-90 % ethanol for
1 h each and 100 % ethanol for 2 h), fast-dried with hexamethyldisila-
zane, mounted on stubs using conductive carbon tape. Images were
taken at varying magnifications after coating them with a thin gold layer
(JEOL smart coater, JEOL, Japan).

2.4.11. In vitro antibacterial assessment

2.4.11.1. Growth culture medium. The antibacterial activity of the
specimens was tested against multi-drug resistant Staphylococcus aureus
(MDR S. aureus), a Gram-positive bacterium obtained from the American
Type Culture Collection (ATCC 43300). This strain, recognized for its
resistance to multiple antibiotics, is a standard model for testing the
antibacterial efficacy of materials and is a major cause of bone infections
[83]. The bacteria were cultured on Luria-Bertani agar (LB,
Sigma-Aldrich, Milan, Italy) and incubated at 37 °C until single and
countable colonies appeared. The following day, a fresh bacterial sus-
pension was prepared as explained in previous article to a final con-
centration of 1 x 10° CFU/mL [82].

2.4.11.2. In vitro antibacterial activity assessment. The antibacterial
properties of the specimens (A713-ref, A713-S4, A713-S4-sil, A7I13-Cu,
and A713-Cu-sil) were evaluated according to the International Orga-
nization for Standardization protocol (ISO 22196). Sterile samples were
placed in a 24-well plate, and 100 pL of a bacterial suspension with the
desired cell count was applied directly onto their surfaces, with the
A713-ref sample serving as the control. After 24 h of incubation at 37 °C,
non-adherent bacteria were removed by washing with PBS, and the
metabolic activity of the surface-adhered bacteria was measured using
the resazurin-based alamar Blue assay (0.0015 % in PBS; described in
section 2.4.10.2).

The number of viable bacteria adhering to the surfaces was deter-
mined using the colony-forming unit (CFU) method. Bacteria were me-
chanically detached from the surfaces by sonication and vortexing.
Viable colonies were then counted following to the previous article [82].

Additionally, the morphology of bacteria adhered to the surfaces and
the formation of bacterial aggregates was analyzed using scanning
electron microscopy (SEM) as detailed in section 2.4.10.2.

Two software programs were employed to assess the thickness, dis-
tribution of bacterial colonies, and the surface area occupied by the
bacteria: SMILE VIEW™ map (version 8.2.9621, JEOL) and ImageJ.
High-magnification SEM images ( x 5000) were processed by removing
background noise through threshold adjustments. SMILE VIEW software
was used to determine the 3D image of the bacteria, providing data on
their thickness, height, and distribution, represented as peaks. In
ImageJ, bacterial cells were automatically counted, and the surface area
occupied by the bacteria on the specimens was calculated.

2.5. Statistical analysis

All experiments were conducted in triplicate, and the results were
analyzed statistically using SPSS software (version 20.0, IBM). The
Shapiro-Wilk test was used to verify the normal distribution of the data,
and Levene’s test confirmed the homogeneity of variance. Comparisons
between groups were performed using a one-way ANOVA, followed by
Tukey’s post hoc test for further analysis. Differences were considered
statistically significant when p-values <0.05.
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3. Results and discussion
3.1. Bioactive glass silanization

After activating the bioactive glasses using acetone, as described in
section 2.2.1, both S4 and Cu-doped glasses were immersed in a solution
of 20 % TMSPMA in ethanol.

Nguyen et al. have demonstrated that silanization, particularly using
TMSPMA, is an efficient approach to improve the dispersion of particles
within a polymeric matrix, reducing their natural tendency to aggregate.
The dispersion enhancement significantly increases the mechanical
properties of the composite materials [84,85]. TMSPA is a practical
choice due to its protocol as a silanizing agent; in fact, it avoids haz-
ardous solvents like xylene and utilizes ethanol as a safer and environ-
mentally friendly solvent.

Chemically, the silanization process consists of a hydrolysis and
condensation reaction of the trimethoxysilane groups in TMSPMA. Upon
hydrolysis, the methoxy (-OCH3) groups are converted into silanol
(-SiOH) groups in the presence of water. These silanol groups react in
turn by condensation with hydroxyl groups present on the glass surface,
allowing the forming of solid Si-O-Si bonds. This covalent linkage at-
taches the TMSPMA molecules to the particle surface, providing a stable
interface.

Furthermore, the remaining methacrylate groups (-CH;—C(CHs)-
COO-) in TMSPMA also participate in the chemical integration of the
silanization agent to the matrix. These groups can participate in the
photocuring reactions, forming covalent bonds with the polymer
network. This double functionality ensures a better distribution and
dispersion of the bioactive glass particles within the polymeric matrix,
making the TMSPMA a perfect candidate for this silanization process.

To graft TMSPMAon the bioactive glass surface, three different
silanization methods were tested: i) mixing the glass powder with a
magnetic stirrer for 2 h; ii) 2-h mixing plus keeping the pH of the so-
lution at 5 using acetic acid; iii) mixing the solution for 24 h. After the
process, the samples were characterized by ATR FTIR and contact angle
to determine the effect of the silanization.

The ATR-FTIR analysis, shown in Fig. 1a and b, compares the un-
treated glass samples, the silanization agent, and the treated glasses. The
analysis revealed that all functional groups belonging to TMSPM were
present in the treated samples, indicating a successful surface func-
tionalization of the bioactive glasses. Since the FTIR is a qualitative

S4 bioactive glass

= TMSPMA
Reference
Silanisation 24h
Silanisation 2h pH5
Silanisation 2h

Absorbance (a.u.)

T T T T T T T T T T T
1800 1700 1600 1500 1400 1300

Wavenumber (cm™")

a)
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analysis, it was determined that all the methods were efficient in func-
tionalizing the BGs.

Similar to FTIR analysis, contact angle measurements confirmed the
surface modifications of the glasses after silanization. A drop of ultra-
pure water was deposited onto the pre-pressed BG surface, and the
resulting contact angle measurements are reported in Fig. 2. The images
confirmed that all silanized glasses exhibited increased hydrophobicity,
indicating the successful attachment of aliphatic chains to the glass
surface. In contrast, the non-silanized glass remained completely hy-
drophilic, instantly adsorbing the water drop.

When comparing the contact angles across different methods, it is
noticeable that the Cu-silanized glass did not show significant changes
between the process methods, suggesting consistent hydrophobicity
regardless of the chosen process. However, the differences were more
evident in the case of S4 glass. The 2 h method at pH5 and the 24-h
method produced comparable results, whereas the 2 h method led to a
less hydrophobic surface.

Based on these observations, the 2-h silanization at pH5 and 24-h
silanization methods were selected as the most efficient for both types
of BGs. Ultimately, the 24-h method was chosen due to its consistency
with the project’s emphasis on using low-impact reagents and sustain-
able processes, as it requires fewer additional compounds, such as acetic
acid, to adjust the pH.

For the Cu-doped glasses, however, the 24-h silanization method
posed a potential issue. During 24 h of immersion, the Cu ions could
dissolve into the solution, causing the unintended removal of Cu doping
from the glass. To address this concern, we performed an EDS analysis
on the BGs after the silanization process. The Cu weight percentage was
calculated, resulting in 4.1 wt% for both the 2-h and the 2-h at pH 5
methods, while the 24-h method yielded 3.9 wt%. The consistency in the
Cu percentage clearly shows that the 24-h process does not result in
significant copper ions leaching from the glass particles.

Given these findings, all BGs incorporated into the resin will be
considered silanized using the chosen 24-h treatment method.

3.2. Photo curing process

The photocurable and biobased resin behaviour under UV light with
different types of BGs was investigated using three different methods:
transmission FTIR, photo-DSC, and photorheology. The BGs content in
all the UV-curable formulations was maintained at 30 phr, based on our

Cu doped bioactive glass

—— TMSPMA
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Silanisation 24h
Silanisation 2h pH5
Silanisation 2h
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Fig. 1. FTIR spectra of a) silanized S4 BGs compared with the reference (composition with not silanized BGs) and TMSPMA and b) silanized S4 Cu doped BGs
compared with the reference (composition with not silanized Cu-BGs) and TMSPMA.
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Fig. 2. Different images and relatives’ numeric values corresponding to the contact angle of a drop of ultrapure water deposited onto the surface of BGs treated

differently.

previous investigations [86].

3.2.1. Attenuated total reflectance fourier transform infrared spectroscopy
(ATR-FTIR)

Transmission FTIR evaluated the acrylate double bond conversion
upon UV irradiation by monitoring the peak decrease centred around
1620 cm™'. Representative curves obtained from transmission FTIR
recorded during UV-light irradiation are shown in Fig. 3b. The reported
curve represents typical behaviour observed across all formulations. The
conversion curves for all the formulations tested are presented in Fig. 3a,
with the conversion data summarized in Table 3.

As expected, the results reported in Fig. 3 and summarized in Table 4
indicate that the presence of BGs decreases the final conversion of the
acrylate double bond, while the slope of the conversion curves remains
comparable across formulations as a function of irradiation time. This
outcome was expected, as glass fillers can influence light penetration
during irradiation and even compete with the photoinitiator for light
absorption. The BGs influence is likely due to the inert nature of the
glass, which leads to competitive absorption of light between the glass

Table 3

Final conversion of the photocurable polymeric matrix after 120 s UV-light
irradiation obtained by following the decrease of the acrylate peak by
means of FTIR.

Sample Conversion (%) after 120s irradiation
A713-ref 86 + 2
A713-S4 73+ 2
A713-S4-sil 54+5
A713-Cu 68 + 2
A713-Cus-sil 57 +1

particles and the photoinitiator, thereby reducing the generation of
photoinduced reactive initiating species. Furthermore, the silanized BGs
lead to an additional decrease in the final double bond conversion upon
irradiation, although these values remain within an acceptable range for
complete curing process.

3.2.2. Photo dynamic scanning calorimetry (photo-DSC)
Photo-DSC was used to validate the ATR-FTIR analysis. The

Fig. 3. a) Conversion curves as a function of irradiation time for the formulation A7I3 (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.
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Table 4

Heat released by the photocuring reaction measured
during photo-DSC analysis with different types of
bioactive glasses.

Sample Integral [J/g]
A713-ref 256 + 33
A713-S4 215 + 16
A713-S4-sil 144 £ 25
A713-Cu 203 £ 10
A713-Cus-sil 156 + 5

exothermicity data for all the formulations taken in consideration is
reported in Table 4 and Fig. 4.

The data reported are consistent with the FTIR analysis. The photo-
DSC results show that incorporating bioactive glass slightly reduces the
heat released during UV curing, which aligns with the observed decrease
in acrylate double bond conversion measured by FTIR. As previously
noted, the silanized fillers further reduced the overall heat release due to
lower double bond conversion.

3.2.3. Rheology and photo-rheology

The formulation was also subjected to photo-rheology analysis to
determine the optimal conditions for a 3D printing process and confirm
the success of the curing process. The rheological curves obtained upon
UV irradiation, shown in Fig. 5a, indicate that all the analyzed formu-
lations simultaneously reached a constant G’ modulus. This suggests
that the silanization process does not affect the kinetics of the curing
process. Additionally, the gelation time remained consistent at approx-
imately 5 s, regardless of the composition. These findings provide
further evidence about the optimal curing process.

Based on all the experiments conducted on the photo-curable for-
mulations, it can be confirmed that they are highly responsive to UV
light, allowing the photocuring process to be activated without any
delay. Notably, the silanization of bioactive glasses does not signifi-
cantly hinder the photocuring process, ensuring efficient curing across
all formulations.

Rheological tests were performed to investigate the viscosity of the
photo-curable formulations and their compatibility with the 3D printing
process. The viscosity curves as a function of the applied shear rate are
presented in Fig. 5b, with all relevant data summarized in Table 5.

Table 5 shows that the viscosity values obtained for all the formu-
lations closely match the theoretical viscosity required for a 3D printing

40
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Fig. 4. Heat released by the photocuring reaction during UV-light irradiation of
A713 formulation as a function of time.
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process, which needs to be less than 5 Pa*s at 30s~! according to the
literature [87-94]. All the formulations meet the criteria for a successful
3D printing process.

3.3. The 3D printing process

All the previously characterized formulations were 3D printed using
a Prusa SL1S printer.

The DLP method was specifically chosen because it enables high
precision, smooth surfaces, and uniform distribution of bioactive glass
within the polymer matrix. It also supports the efficient manufacturing
of designs with controlled porosity, which is particularly beneficial for
applications requiring bioactivity and cellular interaction.

Various shapes were printed, including samples for dynamic thermal
analysis (DMTA), dog bone shape samples for tensile tests, and squared
samples for compression tests. As shown in Fig. 6, complex and hollow
shapes were also successfully printed, demonstrating the effectiveness of
the 3D printing process. This confirms that, as achieved in previous
studies, it is possible to easily create complex structures tailored in shape
and porosity.

3.4. Characterization of 3D-printed scaffolds

3.4.1. SEM analysis

Scanning Electron Microscope (SEM) analysis was conducted on the
fracture surface of the 3D-printed samples. Fig. 7a and b presents SEM
images of the S4-reinforced samples, both with silanized and pristine
glass, while Fig. 7c and d shows the samples containing Cu-doped
bioactive glasses. The images reveal that all the samples exhibit well-
dispersed BGs particles throughout the biobased polymer matrix.

A closer examination of the composites containing silanized glasses
compared to the non-salinized counterparts reveals a significant
improvement in the interface between the reinforcement and the poly-
meric matrix. When non-silanized glasses are used, voids can be
observed at the interface during brittle fracture, caused by the detach-
ment of the reinforcement, indicating poor glass-polymer matrix inter-
action and a week interface.

In contrast, as also evidenced by other authors [95] when silanized
glasses are employed, no noticeable voids between glass particles and
matrix are observed, suggesting a stronger interface. This indicates that
the fracture occurs within the polymer matrix rather than at the
matrix-glass interface.

Additionally, the SEM images of the samples containing silanized
glasses appear less clear compared to those with non-silanized glasses.
This reduced definition is attributed to the silanization process, which
causes a strong bond with the polymer matrix. The interface between the
particles and polymer matrix is strong and continuous; therefore, the
fracture does not occur at the interface but within the polymer matrix.
The glass particles are coated with a layer of polymeric matrix, and since
the matrix is less conductive than the BGs, the SEM images, which rely
on electron conduction, are less defined.

By analysing the BGs particles embedded in the matrix, their mean
diameters were determined. As reported in our previous study [50], the
S4 particles had a mean diameter of 482 + 59 nm. In contrast, the
Cu-doped particles displayed a slightly reduced mean diameter of 412 +
67.

3.4.2. Dynamic mechanical thermal analysis (DMTA)

DMTA was used to assess the viscoelastic properties of the photo-
cured AESO-based materials. The collected data are presented in Fig. 8
and Table 6. The analysis reveals minimal difference in the glass tran-
sition temperature (Tg) between scaffolds containing silanized and non-
silanized S4 BGs. However, a slight decrease in Ty is observed in the
samples containing Cu-doped BGs.

The incorporation of Cu-doped bioactive glass could cause a slight
reduction in the final Ty compared to the non-doped formulation,
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Fig. 5. 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.

Table 5

Viscosity value measured at 30 s~' measured with a parallel

plate of 2.5 mm diameter.

Sample Viscosity [Pa*s] at 30s*
A713-ref 1.1
A713-54 4.0
A713-S4-sil 2.6
A713-Cu 0.8
A713-Cu-sil 0.6

possibly due to the competitive light absorption effect of the Cu element.
Cu, which imparts a blue colour to the material, absorbs more UV light
than a white-coloured material, potentially interfering with the cross-
linking process during UV exposure. This is supported by the lower
percentage of conversion, as evaluated by FTIR analysis and confirmed
by photo-DSC values.

3.4.3. Tensile tests

Tensile tests on the 3D-printed, composite scaffolds were used to
determine the impact of the BG silanization process on their mechanical
properties. The tests measured the elastic modulus, elongation at break,
and stress at break. All the collected data are presented in Fig. 9 and
summarized in Table 7.

The filled scaffolds exhibited an overall enhancement in mechanical
performance. Furthermore, silanization significantly enhances the me-
chanical properties across all the measurements. Specifically, the elastic
modulus increased by an impressive 70 % for the S4 samples and by 40
% for the Cu-reinforced samples. Additionally, the stress at break
improved by 35 % for both S4 and Cu-reinforced samples, while the
strain at break remained almost unchanged.

This improvement highlights the effectiveness of the silanization
process, evidencing the pivotal role of silane as a linker between the
polymeric matrix and the glass particles. The aliphatic chains attached
to the surface of the BGs suggest the formation of a strong interface with
the polymer matrix, yielding outstanding enhancements in terms of
mechanical properties.

3.4.4. Simulated body fluid (SBF) immersion

After immersing the Cu-doped samples in SBF for 28 days at 37 °C,
their surfaces were analyzed using FESEM and XRD analyses. The
A713-Cu samples were selected as the reference for this analysis, as Cu
doping typically presents the most challenging conditions for

hydroxyapatite (HAp) growth due to Cu’s potential to hinder HAp
formation.

FESEM images of the scaffold surface on both the 7th and 28th days
are shown in Fig. 10. On the 7th day, initial HAp crystals are visible, and
by the 28th day, the well-formed HAp lamellae are evident. To confirm
the formation and presence of HAp, an EDS analysis was conducted, and
the Ca/P ratio was determined to be 1.65, closely matching the theo-
retical ratio of 1.67, thus verifying HAp presence [96].

Final confirmation was obtained through XRD analysis, where all
theoretical peaks corresponding to HAp are represented in Fig. 10d [97].

Then, the obtained results show that the copper present in the
bioactive glass does not hinder the bioactivity of the material, as
observed by other authors for other glass compositions [98-100].
Furthermore, the silanization allows an excellent dispersion and expo-
sure of the glass on the surface of the samples, thus permitting the
mechanisms activation of the bioactivity process. These findings
conclusively demonstrate that the samples successfully supported the
growth of hydroxyapatite, confirming their bioactivity and potential for
bone regeneration applications.

3.5. Invitro cytocompatibility evaluation

After confirming the success of silanization and doping the samples
with Cu and evaluating the characterization of the samples’ surfaces, the
study moved on to assess the surface impacts on the attachment and
spread of the hbMSCs. hbMSC with their intrinsic differentiation po-
tential into bone cells, are suitable candidates for this application [101].
The metabolic activity and morphology of the surface-attached cells
were evaluated using alamar blue assay (which results are shown here as
RFU values as detailed in section 2.4.10.2) and SEM images after 24 h of
direct contact with the samples’ surfaces. The results are presented in
Fig. 11. A713-ref is considered the control sample, and the obtained
results were compared to it.

As shown in Fig. 11a, the metabolic activity of the cells attached to
the surfaces of A7I3-S4 and A7I3-Cu was similar to that of the control
sample (A713-ref) with no significant differences (p > 0.05). However,
the cells attached to the surfaces treated with silanization demonstrated
statistically significantly lower metabolic activity than the control
sample (p < 0.01, indicated by **). This reduction could be explainable
by either a small number of attached cells or a decrease in the cells’
metabolic rate. SEM images showed well-spread cells on the surfaces of
A713-ref (control), A713-S4, and A7I3—Cu. In contrast, on the A713-S4-
sil surface, some non-attached cells were observed (red arrow);
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Fig. 6. 3D printed biobased BGs reinforced scaffolds from different points of view.

Fig. 7a. A713-S4 sample surface fracture.

Fig. 7b. A713-S4-sil sample surface fracture.
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Fig. 7c. A7I3-Cu sample surface fracture.

Fig. 7d. A713-Cus-sil sample surface fracture.
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Fig. 8. Tan Delta and elastic modulus curves obtained by DMTA analysis.

Table 6

Results obtained by DMTA analysis for samples variable bio-glasses and
IBOA rates. T, was calculated as the maximum of tan 8. v, calculated by
Equation 2.

Sample Glass transition temperature Ty [°C]
A713-ref 60 £0
A713-54 61 +2
A713-84-sil 60 + 2
A713-Cu 56 + 0
A713-Cu-sil 50 +1

additionally, the attached cells (highlighted by the yellow arrow in
Fig. 11b) did not exhibit the typical morphology of the hbMSCs.

This finding aligns with the hydrophilicity analysis performed using
contact angle measurements, which demonstrated that after silaniza-
tion, the hydrophobicity of A713-S4-sil increased from 0° + 0° (un-
treated sample) to 96° + 2°, categorizing it as a hydrophobic surface
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Fig. 9. Stress-strain curves obtained from tensile tests.
Table 7
Compressive modulus obtained from compression test.
Sample Elastic modulus Stress at break Strain at break [%]
[MPa] [MPa]
A713-ref 0.49 £ 0.15 4.86 + 0.82 28.37 £5.28
A713-S4 0.59 + 0.04 9.93 + 0.61 12.55 + 0.36
A713-54-sil 1.87 £ 0.08 15.25 £ 0.41 13.22 + 0.59
A713-Cu 1.17 £0.21 8.20 = 2.49 14.88 + 3.56
A713—-Cu- 1.85 + 0.15 12.86 + 1.84 11.07 £ 0.74

sil

[102]. This increase in hydrophobicity can mitigate cell attachment to
the surfaces, as evidenced in the SEM images, and could contribute to
the observed decrease in metabolic activity. SEM images of cells on the
surface of A7I3—Cu-sil showed well-spread cells, but according to the
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Fig. 10. Image of a) Crystal of HAp formed after 7 days, b) crystallized structure of HAp formed after 28 days, ¢) magnification of crystallized structure of HAp
formed after 28 days. d) XRD of a A7I3-Cu sample not immersed in SBF (reference) and another sample immersed in SBF for 28 days. It is evident that the sample
immersed in SBF for 28 days (orange line) contains the HAp peaks, evidenced with dotted ovals in the graph.

resazurine-based alamar blue assay, their metabolic activities were low.
The results obtained from contact angle measurements did not show
significant differences in the wettability of the surfaces, and even after
silanization, the contact angle measurements remained within the hy-
drophilic category.

3.6. In vitro antibacterial evaluation

To evaluate the impact of the samples with binary modifications,
doping with Cu and silanization, against bacterial pathogens, MRSA
S. aureus was chosen as a representative of Gram-positive pathogens that
can cause bone infections. According to the ISO 22196 protocol, the
bacteria were directly infected on the sample surfaces and incubated for
24 h at 37 °C. Similar to previous experiments, A713-ref was considered
the control sample, and the obtained results were compared with it.
After the incubation period, the metabolic activity, viability, and
morphology of the bacterial cells and aggregations were analyzed using
the resazurin-based alamar blue assay, CFU, and SEM images (as
explained in section 2.4.11.2). The results are presented in Fig. 12. The
metabolic activity of the surface-adhered bacterial cells showed statis-
tically significant differences between A713-ref (control) and A713-S4-
sil, as well as between A713-S4 and A713-S4-sil, A713-Cu-sil (p < 0.05
indicated by *, Fig. 12a). Additionally, bacterial cells adhered to the
surface of A7I3-Cu demonstrated a reduction in metabolic activity
compared to A7I3-ref and A7I3-S4, although the difference was not
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statistically significant (p > 0.05, Fig. 12a). As shown in Fig. 12b, the
number of viable bacterial cells adhered to the surface of A7I3-sil,
A713-Cu, and A7I3-Cu-sil was approximately 57 % less than those on
the surfaces of the control sample and A7I3-S4. Additionally, visuali-
zation of bacterial cells by SEM (Fig. 12c) and analyses performed on the
3D-reconstructed SEM images using two software programs, SMILE
VIEW™ (MAP8.2.9621) and ImageJ (Fig. 13a and b), are explained in
Section of 2.4.11.2, demonstrated that bacterial aggregations on the
surfaces of A7I3-ref and A713-S4 occupied 13 % and 13.7 %, respec-
tively, of the total surface area, with a maximum height (Z-maximum) of
approximately 4.5 pm. This corresponds to 3-4 layers of bacteria,
considering the dimension of S. aureus, which range between 0.5 and
1.5 pm. In contrast, on the samples treated with Cu-doping, silanization,
and binary combination, sporadic and single bacterial cells were
observed on their surfaces and the occupied surface area decreased from
13-14 % to 8-9%, with Z-maximum of approximately 2.5 pm. The
eradication of the biofilm layer and having single bacterial colonies in
medical device applications can be promising due to the increased
sensitivity of single bacterial cells to even slight antimicrobial agents.
As expected from the previous analyses (mentioned above), the
surface characteristics of A7I3-S4-sil shifted to hydrophobic after sila-
nization, with a contact angle measurement of 94° + 2°. The low
metabolic activity and reduced bacterial adhesion on the surfaces of
A713-Cu and A7I3-Cu-sil can be attributed to the presence of Cu ions on
the sample surfaces. When bacterial cells irreversibly attach to the
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Fig. 11. Invitro cytocompatibility evaluation of samples (A713-ref, A7I13-S4, A713-S4sil, A713—Cu, and A713—Cu-sil) with hbMSC cells for 24 h at 37 °C. a) Metabolic
activity of the surface-attached cells; b) SEM images, with yellow arrows indicating spread cells on the surface and red arrows showing non-attached cells; ** in-
dicates p < 0.01; Scale bar = 50 pm.

Fig. 12. In vitro antibacterial evaluation of samples (A713-ref, A713-S4, A713-S4sil, A713-Cu, and A7I3-Cus-sil) against S. aureus after 24 h of incubation at 37 °C,
following the ISO 22196 protocol. a) Metabolic activity of the surface-adhered bacterial cells; b) CFU counting indicating the number of viable surface-adhered
bacterial cells, p < 0.05 showed by *; ¢) SEM images; scale bar = 5 pm.

12



M. Bergoglio et al.

Materials Today Chemistry 44 (2025) 102559

Fig. 13. Evaluation of bacterial aggregations thickness and occupied surface area (%) by bacterial cells. a) 3D-reconstructed SEM images using SMILE VIEW™
(MAP8.2.9621) software; b) Calculation of occupied area (%) and Z-maximum height using SMILE VIEW and ImageJ software, respectively.

surfaces, Cu ions can interfere with their metabolism, disturbing the
bacterial cell wall, producing reactive oxygen species (ROS), and dis-
turbing enzyme activity, leading to toxicity [103]. As reported in pre-
vious literature, Cu-doped BGs (Cu-SBA3) have demonstrated
antibacterial activity against S. aureus Multi-drug resistance after 24 h
[104].

The biological evaluation of the treated samples-using silanization
(A713-S4-sil), Cu doping(A7I3-Cu), and a binary combination
(A713-Cu-sil)-showed a promising reduction in the formation of bac-
terial aggregations on their surfaces. However, the cytocompatibility of
these surfaces revealed a low tendency for cell attachment, probably due
to changes in surface wettability, specially after silanization process.
Improving surface characteristics to enhance cell compatibility can be
considered as the next step of this project.

4. Conclusions

This study successfully demonstrated the development and charac-
terisation of photo-curable, biobased resin reinforced with bioactive
glasses (BGs) for potential tissue engineering applications. The BGs were
modified by adding Cu ions to enhance antibacterial properties and
subjected to silanization to improve mechanical strength. The silaniza-
tion process successfully enhanced the compatibility of BGs with the
photo-curable matrix, resulting in an enhanced elastic modulus and a 35
% increase in stress at break for both types of BGs tested while main-
taining unvaried elongation at break.

The bioactivity of the scaffolds was validated through immersion in
simulated body fluid (SBF), which demonstrated hydroxyapatite (HAp)
formation, particularly in the samples containing Cu-doped BGs. This
confirms the potential of these materials to support bone regeneration.
The biological evaluation of the samples, including cytocompatibility
and antibacterial assessment, demonstrated reduced metabolic activity
and approximately 57 % fewer surface-adhered bacterial cells for the
functionalized samples with silanization, Cu, and a combination of Cu
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and silanization, compared to the control sample (A7I3-ref) and
A713-S4. These results were confirmed by SEM images, which showed a
reduction in occupied surface area by bacteria and Z-maximum on the
surfaces of A713-sil, A7I3—Cu, and A7I3—Cu-sil. However, the treated
samples did not exhibit highly cell-friendly surfaces, likely due to
changes in wettability following silanization. Improving their surface
characteristics to enhance cell attachment can be considered for further
experimental steps.

Overall, this study highlights the potential of these biobased and
photo-curable resins reinforced with silanized BGs as optimal materials
for 3D-printed bone scaffolds. The combination of mechanical strength,
bioactivity and sustainability suggests that the materials could play a
crucial role in the future of tissue engineering, providing a green alter-
native to fossil-based scaffolds while maintaining biocompatibility and
promoting effective bone regeneration.
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