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Abstract: Metal particle-reinforced polymer resin scaffolds
are becoming increasingly prominent in biomedical appli-
cations due to their potential to support tissue regeneration
and healing. These scaffolds are designed to serve as temporary
frameworks that support affected tissues and gradually degrade
during healing. The primary focus of these research efforts has
been on determining the optimal materials and methods for
creating these scaffolds, ensuring that they are biocompatible,
capable of withstanding structural strains, and can support cel-
Iular proliferation, tissue growth, and vascularization. Despite
the growing interest in polymers and their metal composites,
a notable gap exists in leveraging the benefits of fabricating
these composites through additive manufacturing techniques,
particularly stereolithography (SLA). Magnesium (Mg), in parti-
cular, is a biocompatible and osteoconductive material known
for its remarkable mechanical properties and biodegradability,
making it highly suitable for bone implants. Additionally, Mg can
potentially regenerate skin tissues and inhibit bacterial infec-
tions. Mg ions are crucial for wound healing because they repair
the skin barrier and facilitate blood coagulation. This research
focuses on finding optimal conditions for manufacturing mag-
nesium-induced poly(methyl methacrylate) (PMMA) resin scaf-
folds using SLA. To evaluate their printability and the effect of
different material compositions on the 3D-printed structures,
PMMA resin was mixed with high-weight percentages (wt%)
of Mg alloy WE43. This mixture was then used to 3D-print test
coupons and scaffolds via SLA. The impact of Mg incorporation
on the scaffold’s structural integrity, thermal degradation, and
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biological response was assessed through physicochemical and
thermal characterization and biocompatibility experiments.
Notably, pure PMMA exhibited the highest tensile strength,
26.23 + 0.14 MPa and an elastic modulus of 707.81 MPa, while
PMMA resinfl% Mg showed the lowest strength (1946 +
0.25MPa) and modulus (392.88 MPa), indicating a decrease in
mechanical integrity with higher Mg content. However, the
thermal stability was enhanced with the addition of Mg as
the thermal degradation onset improved from ~310 to 335°C.
The challenges encountered in manufacturing PMMA resin/Mg
composites and their potential applications were discussed,
highlighting the future directions and promising avenues for
further research and development.

Keywords: stereolithography, magnesium-reinforced PMMA,
3D-printed scaffolds, bone tissue engineering, magnesium hio-
composites, biocompatibility, additive manufacturing, porous
biomaterials

1 Introduction

The fast-evolving field of biomedical engineering demands
innovative materials and manufacturing techniques to
tackle growing challenges. Biomaterials, including cera-
mics, polymers, metals, and composites, are instrumental
in diagnosis, therapy, tissue repair and replacement, and
enhancing the function of biological systems [1]. They are
crucial for orthoedic and dental implants, bone plates,
prosthetic joints, screws, rods, load-bearing components,
and cardiovascular stents. These materials offer a unique
blend of strength, energy absorption, flexibility, biocom-
patibility, and biodegradability [2,3]. Additionally, they
are cost-effective and customizable and can be designed
on demand [4,5]. One of the critical aspects of tissue engi-
neering is creating scaffolds that closely resemble the
extracellular matrix of natural tissues in terms of their
intricate architecture and design [6]. The scaffolds must
enhance structural stability, promote cell adhesion and
proliferation, and degrade at a rate consistent with natural
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tissue regeneration [7,8]. Notably, integrating mechanical
optimization [9], structural tunability [10], and piezoelec-
tric functionality [11] into the scaffold enables it to provide
mechanical support, adapt to bone defects, and generate
electrical signals to stimulate healing, making it highly
effective for complex tissue repair.

For tissue engineering applications, metals and metallic
alloys, including titanium, stainless steel, and Co-Cr alloys,
are widely accessible implants due to their exceptional mechan-
ical strength, biocompatibility, and corrosion resistance proper-
ties [12-14]. However, the disparity in elastic moduli between
bone and metal results in stress shielding, impeding the healing
process. These materials do not degrade over time, necessitating
a subsequent surgical procedure to remove the implants [15].
Alternatively, biodegradable metals gradually dissolve within
the human body and have emerged as promising replacements
for traditional permanent implants [16]. Biodegradable mate-
rials can be categorized into pure metals, alloys, and metal
matrix composites. Their properties, such as tensile strength,
yield strength, Young’s modulus, and corrosion resistance,
can be customized by incorporating reinforcements [17,18].
To harness these properties, various fabrication techniques —
including casting, powder metallurgy, and additive manufac-
turing (AM) — are being developed to produce structures with
tailored structural and biological performance [19,20]. Iron,
zinc, and magnesium (Mg), and their respective alloys, are the
key reinforcements for biomedical applications [21-23]. Iron
alloys exhibit high strength but have a slow degradation rate
that can lead to stress concentrations [21]. Zinc alloys, while
having an acceptable degradation rate, suffer from inade-
quate mechanical properties [22]. In contrast, Mg, the fourth
most abundant element in the human body [17], stands out as
a superior candidate due to its being a biocompatible mate-
rial [16,24] with osteoconductive [3] and antimicrobial proper-
ties, making it ideal for bone implants and wound healing
applications [25,26].

Despite these advantages, conventional manufacturing
of composites often falls short of producing intricate and
precise magnesium-based implants that perfectly mimic
the complex structures of the human body [7,8,15]. Hence,
there has been an increasing interest in developing 3D-
printable Mg-polymer composites through AM, as they
are promising alternatives for biomedical or pharmaceutical
products [18]. AM, or three-dimensional printing (3DP), is a
rapid prototyping technique that has revolutionized the man-
ufacturing industry [27] by enabling precise control over
material properties, including porosity, functional groups,
roughness, degradability, and drug release profile [28]. Incor-
porating AM technologies into the pharmaceutical industry
and tissue engineering allows for the production of high-
quality, personalized, and intricate structures, decreases
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production costs, and enhances patient adherence [29-31]. It
also advances transdermal and topical drug delivery systems
like microneedles and patches, offering non-invasive, user-
friendly alternatives to oral administration [32-37]. Among
AM techniques, stereolithography (SLA) stands out for its
high resolution and surface quality [38,39]. Based on the prin-
ciple of photopolymerization, SLA uses a UV laser to cure
photosensitive resin layer by layer [40]. The photopolymer
resin consists of precursors (monomers or oligomers), photo-
initiators, binders, chain transfer agents, absorbers, and addi-
tives [41-43]. SLA enables the fabrication of intricate struc-
tures with resolutions up to 10 um [44,45], across a broad size
range, from submicron to decimeter scales [42,46]. Its preci-
sion and surface quality surpass other low-cost 3DP methods,
making it especially valuable in biomedical applications such
as patient-specific implants, surgical tools, hearing aids, and
innovative drug delivery systems [47,48].

Studies have shown that Mg-polymer composites pro-
mote attachment, proliferation, and differentiation of var-
ious cells [49] while also stimulating bone regeneration in
animal models [18,23,50]. Their magnesium content influ-
ences biocompatibility, mechanical properties, and degra-
dation. With controlled porosity and strength, these compo-
sites enable the fabrication of customized bone scaffolds
ideal for tissue regeneration [51-53]. Tsai et al. [54] produced
3D-printed porous bioactive scaffolds by incorporating mag-
nesium-calcium silicate (Mg-CS) powder with poly-e-capro-
lactone (PCL). The Mg-CS content strongly enhanced the
bone development in simulated body fluid. The biocompat-
ibility of scaffolds was verified through in vitro experiments
utilizing human mesenchymal stem cells (hMSCs). Dong
et al. [55] introduced a room-temperature extrusion-based
AM method to create porous Mg scaffolds. Rheological and
thermal analyses were performed for the samples with 54,
58, and 62% Mg powder. The printed scaffolds featured
interconnected hierarchical pores and showed high por-
osity. Another study by Lin et al. [56] utilized 3D gel printing
(3DGP) technology to fabricate porous Mg scaffolds. They
mixed Mg powder with a premixed epoxy resin and ethanol
solution to form a printable slurry. After printing, the sam-
ples underwent debinding and sintering processes. The scaf-
folds were implanted into the femoral condyles of rats and
monitored for five weeks. The greatest compressive strength
of the Mg scaffolds was attained at 64.4% porosity after
sintering at 610°C. The study found that Mg scaffolds coated
with oxide exhibited good degradability and biocompat-
ibility. Kalva et al. [15] incorporated Mg into polylactic
acid (PLA) composites to produce filaments for the fused
deposition modelling (FDM) 3DP process. They assessed
how incorporating Mg influenced the thermal, physico-
chemical, and printability properties of PLA. The 5 and



DE GRUYTER
e

Table 1: A comparative analysis of 3D-printed Mg-polymer scaffolds

Disadvantages

Advantages

Manufacturing technique

Materials

Limited control over microstructure; relatively low resolution

Enhanced bone regeneration; biocompatible with

hMSCs

Extrusion-based AM

Mg-CS/PCL

[55]

No polymer matrix; thermal/mechanical properties not optimized

Porous Mg scaffold with hierarchical pores and high
porosity

Room-temp extrusion

Mg powder

Lower resolution, rough surface finish typical of FDM [15]

Printable filaments; Improved thermal and mechanical

properties

FDM

Mg/PLA composites

[53]

Limited control over gelatin content and its potential impact on structural

homogeneity and long-term stability

Optimized printing temperature (25°C) for sol-gel

transition

Gelatin/MgP scaffold  Paste extruding deposition

<6 wt% gelatin enhanced compressive strength about

16.7 £ 1.9 MPa

Improved cell affinity and drug (lysozyme) release

control
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10 wt% Mg filaments were printable and showed potential
as biomaterials for 3D-printed bone implants. Similarly, He
et al [57] investigated the potential of magnesium oxide
(MgO) as a pH-neutralizing agent for glass fibers, whose
acidic degradation can impair cell viability and osteogen-
esis. The findings indicate that MgO serves as a neutralizing
agent that effectively prevents the degradation of PGF in
acidic environments. As a result, the composite scaffold of
(MgO + PGF)/PLA shows considerable promise for applica-
tions in bone tissue engineering (BTE). Table 1 shows a com-
parative analysis of 3D-printed Mg-polymer scaffolds.

SLA, being a more sophisticated process than FDM, has
been utilized relatively infrequently for manufacturing
polymer composite scaffolds because of the instability of
the resin-particle formulation, sedimentation of particles,
and post-processing steps [46]. However, the higher resolu-
tion of the SLA process can contribute significantly toward
more robust and patient-specific implants with higher
resolution. One limitation of the SLA process is the range
of materials that can be used, as it relies on photopolymer-
ization, which limits the types of polymers that can
undergo the required curing process [41]. Additionally,
for biomedical applications, material biocompatibility is
a critical factor. Poly(methyl methacrylate) (PMMA) has
emerged as an ideal candidate due to its proven biocom-
patibility [58,59], exceptional optical properties, long-term
mechanical stability, and ease of processing [60]. PMMA is
widely utilized in applications such as bone cement, intrao-
cular lenses, artificial corneal implants, and bone substitutes
[59,61]. Its compatibility with SLA for scaffold fabrication
allows precise control over structure and mechanical proper-
ties, which is essential for optimizing bone substitute effec-
tiveness. These attributes, combined with PMMA’s ability to
be customized for specific biomedical needs, make it an
invaluable material for orthopedic tissue engineering,
offering a well-rounded balance of ease of fabrication, per-
formance, and cost-effectiveness [62,63].

Therefore, this study aims to synthesize Mg-incorpo-
rated PMMA resin composites with high Mg content for
SLA 3DP, specifically targeting biomedical applications
such as tissue engineering and drug delivery systems.
The photocurable PMMA resin was mixed with high con-
centrations (wt%) of Mg alloy and then subjected to 3DP
and photocuring to evaluate their printability and optimi-
zation effects on resulting structures. Physicochemical ana-
lysis and biocompatibility tests were performed to assess
how the incorporation of Mg affected structural integrity,
thermal degradation rate, and biological response in
implants. Additionally, obstacles were identified in devel-
oping Mg-polymer composites and prospects for these
materials.
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2 Materials and methods

2.1 Materials

Photocurable PMMA Resin (Bio-Med) was purchased from
FromLabs (USA). Magnesium alloy (WE45) particles, with
an average diameter ranging from 15 to 53 um, were sup-
plied by Nanografi Nanotechnology (Turkey). Dimethyl
sulfoxide (DMSO) with 99.5% purity and 90% purity iso-
propyl alcohol were purchased from Sigma-Aldrich.

2.2 Synthesis of magnesium scaffolds

PMMA resin/Mg solutions were prepared by mixing
varying amounts (0.5 and 1% by wt) of Mg powder into
10 g of the surfactant DMSO and magnetically stirred for
30 min at 550 rpm. DMSO was used to maintain a uniform
distribution of the Mg particles within the PMMA resin
matrix, stabilizing the suspension for up to 4 h, sufficient
for the SLA printing process. The prepared Mg-DMSO solu-
tion was then added to the PMMA resin to formulate com-
posite solutions with 0.5 and 1.0% magnesium concentra-
tions, corresponding to 0.5g of Mg in 99.5¢g of resin and
1.0 g of Mg in 99 g of resin. To achieve the homogeneous
solution of PMMA resin/Mg, the mixtures were then
mechanically stirred for 12 h at 27°C and 650 rpm. Table 2
reports the composition of the PMMA resin/Mg composite
solutions.

2.3 Stability of magnesium-incorporated
PMMA resin

To assess the stability of the PMMA resin/Mg composites,
samples were stored in the dark at room temperature, and
their physical characteristics were observed at intervals of
0, 2, 4, and 8 h post-stirring. The sedimentation of Mg par-
ticles over time served as an indicator of the stability of
PMMA resin/Mg suspensions.

Table 2: Composition of PMMA resin/Mg solutions

Composition Magnesium (g)  Surfactant  Resin (g)
PMMA resin 109 100
PMMA resin/0.5% Mg 0.5 99.5
PMMA resin/1% Mg 1 99
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2.4 3D-printing, optimization, and post-
processing

SLA printers employ a standard resin cured within the
printer’s laser beam wavelength range. However, introdu-
cing metal reinforcements into the resin can affect the
printer’s curing performance, necessitating compatibility
with the operational wavelength. This study used an
Elegoo Mars 3 printer with a 405 nm wavelength laser.
The PMMA resin/Mg solutions were directly transferred
to the printer’s vat, and various samples were printed.
However, adjusting printing parameters for PMMA resin
infused with metals is crucial for compatibility. To deter-
mine the optimal and stable printing parameters for
PMMA resin/Mg scaffolds, tensile testing samples with
dimensions of 9.5mm x 1.6 mm x 57.50 mm were printed
using varying exposure times (2.5, 5, 10, and 20 s) and layer
heights (0.05, 0.10, 0.15. and 0.2 mm). A total of 16 combina-
tions were tested, and dimensional accuracy was evaluated
for each. Based on these results, the optimal printing para-
meters for the PMMA resin/Mg composites were identified.
Following optimization, the composites were then 3D-
printed, and then, the samples were washed with 90% iso-
propyl alcohol and cured with UV light to eliminate resi-
dual resin. Refer to Table 3 for the printing parameters
employed in sample fabrication.

2.5 Characterization and analysis

The 3D-printed PMMA resin/Mg samples were analyzed for
mechanical, thermal, and biomedical characteristics. The
morphology of the 3D-printed PMMA resin/Mg composites
was examined with a field emission scanning electron
microscope (FEI Quanta650FEG) operating at 0.9cm
working distance and 20 kV acceleration voltage. Fourier
transform infrared spectroscopy (FTIR) was utilized to
examine the chemical structure of the resin solutions.
FTIR analysis was conducted with a Nicolet iS50 FT-IR spec-
trometer (Thermo Scientific, United States) equipped with

Table 3: Printing parameters for SLA AM process

Printing parameters Value

Exposure time (s) 2.5, 5,10, 20

Layer height (mm) 0.05, 0.10, 0.15, 0.2
Bottom exposure time (s) 50

Lifting speed (mm/min) 60

Bottom layer count 50
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an attenuated total reflectance sampling accessory fea-
turing a diamond crystal plate. Each sample had 32 scans in
the FTIR analysis, which had a high spectral resolution of
4cm™ and covered the spectrum range of 400-4,000 cm™.
The thermal stability of the PMMA resin/Mg composites was
evaluated via thermogravimetric analysis (TGA) using the
Thermal Analyzer (SDT 650, TA Instruments, United States).
Samples were heated in a ceramic crucible from room tem-
perature to 500°C at 10°C/min under a nitrogen atmosphere.
Differential scanning calorimetry (DSC) was employed to
determine cold crystallization, melting point, and decomposi-
tion temperature. Tensile stress and Young modulus were
measured for each sample using a Mark-10 tensile testing
machine (Mark-10 Corporation, USA) and then plotted to deter-
mine the mechanical properties. A gauge length of 30 mm and
a crosshead speed of 2.1 mm/min were used for the experi-
ments. The tensile strength was ascertained by applying a
uniaxial force until the sample fractured. Meanwhile, the
Young’s modulus was determined from the stress—strain curve
obtained during the tensile test, reflecting the material’s stiff-
ness and resistance to deformation under load.

2.6 Cell culture

The cytotoxicity of the polymer-magnesium scaffolds was
evaluated using mouse embryonic fibroblasts (MEFs). The
cells were cultured in DMEM GlutaMAX™ (Gibco), supple-
mented with 10% fetal bovine serum, 1% antibiotic—antimy-
cotic solution, and one non-essential amino acid. A total of
2,500 cells were seeded into 48-well plates and incubated for 5
days at 37°C in an atmosphere of 5% CO, and 20% O,. After 5
days, the media was replaced with media containing 10 mm x
10 mm PMMA resin/Mg scaffolds. These scaffolds were pre-
incubated in 3ml of media for at least 5 days before being
introduced to the MEFs. The PMMA resin/Mg scaffolds were
UV sterilized for 45 min before use.

2.7 Cytotoxicity analysis and quantification

After 72h of incubation of the MEFs in media containing
PMMA resin/Mg scaffolds, cell viability was assessed using a
0.2% crystal violet assay. The wells were washed with 1x phos-
phate-buffered solution (PBS) and treated with 0.2% crystal
violet for 30 min, followed by 45-min 1x PBS washes. After
allowing the plate to air dry, the iBright1500 imaging system
(Invitrogen) was used to image the plates the next day. FIJI-
Image] software was used to analyze the images. Threshold
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images were generated from TIFF files, and the ROI manager
was utilized to quantify stain intensity within the wells.
Statistical analysis was conducted using GraphPad Prism soft-
ware, with P-values calculated using an unpaired t-test.

2.8 Cell adhesion

The scaffolds with different concentrations of Mg were UV
sterilized for 45 min. The scaffolds were then placed into
12-well plates, and media droplets containing 30,000 cells
were seeded onto each scaffold. The plates were incubated
for 1h to allow for cell adhesion. After 1h, the media
volume was increased to 1mlL. A media change was per-
formed every 2 days. The scaffolds were examined after 8
days of incubation using the live cell nuclear probe
NucBlue™ (Hoechst 33342) from Invitrogen™ (catalogue
No. R37605). The scaffolds were then imaged using an
Evos fluorescence imaging microscope.

3 Results and discussion

3.1 Stability of PMMA resin/Mg suspension

PMMA resin solutions containing Mg were stored in the
dark and examined for physical changes at 0, 2, 4, and
8h post-stirring. The PMMA resin/0.5% Mg and PMMA
resin/1% Mg remained stable for up to 4h. However, the
sedimentation of the particles was easily observable after
3h, and after around 7 and 8 h, the particles had comple-
tely settled at the bottom. The PMMA resin solutions
remained stable for up to four hours when left undisturbed
in the dark. However, after this duration, the particles
began to settle, and by the eighth hour, sedimentation of
particles at the bottom was noticeable. Figure 1 shows the
stability of the 1% concentration resin solution.

3.2 Optimization of magnesium-
incorporated PMMA resin

The optimal printing parameters for the PMMA resin/Mg
composites were identified through a systematic evalua-
tion of 16 combinations of exposure times and layer height.
The results revealed that samples printed with a 0.05 mm
layer height and 10 s exposure time (OP3) exhibited high
dimensional precision with a length of 58.26 mm, a width
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(b)

Figure 1: PMMA resin/1% Mag: (a) after stirring, (b) after 2 h, (c) after 4 h, and (d) after 8 h.

of 10.02 + 0.04 mm, and a thickness of 1.58 + 0.02mm,
closely matching the intended design. While other combi-
nations, such as OP6 and OP7 (0.1 mm layer height with 10
and 20 s exposure), also showed good dimensional accu-
racy, they slightly deviated in consistency and over-cured
at higher exposure times, which affects feature resolution
and mechanical performance. Table 4 illustrates the
dimensional assessment data for the optimization study
of PMMA resin/Mg scaffolds.

3.3 3D printing and post-processing

The PMMA resin/Mg composite samples were 3D-printed
after optimizing the UV light exposure time and the layer
height during printing. Various shapes were printed for
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each sample depending on the type of characterization
tests to be performed. Dumbbell-shaped specimens used
for tensile testing are shown in Figure 2. After printing,
the samples were placed in isopropyl alcohol for 10 min
and then exposed to UV light for another 10 min to remove
any uncured resin.

3.4 Scanning electron microscope (SEM)

A cross-sectional SEM study was conducted to examine the
distribution of Mg particles within the PMMA resin in the
composites, designated as PMMA resin/0.5% Mg and PMMA
resin/1% Mg. The examination aimed to determine Mg’s
spatial arrangement and dispersion in the PMMA resin
after 3DP. As shown in Figure 3, the cross-sectional image

Table 4: The dimensional data for the optimization study of PMMA resin/Mg composites

Sample Layer height (mm) Exposure time (s) Length (mm) Width (mm) Thickness (mm)
OP1 0.05 2.5 57.45 9.73 + 0.04 0.65 + 0.03
0oP2 0.05 5 58.32 9.92 + 0.05 1.41 +0.04
0oP3 0.05 10 58.26 10.02 £ 0.04 1.58 + 0.02
OP4 0.05 20 58.60 9.82 +0.03 1.52 + 0.05
OP5 0.1 2.5 58.68 10.20 + 0.02 1.49 + 0.02
OP6 0.1 5 58.44 10.03 £ 0.02 1.58 + 0.03
OP7 0.1 10 58.57 10.06 + 0.07 1.71 £ 0.04
OP8 0.1 20 58.63 10.24 + 0.05 1.71 £ 0.04
0oP9 0.15 2.5 58.04 9.95 + 0.05 1.73 £ 0.08
OP10 0.15 5 58.27 9.95 + 0.05 1.79 £ 0.03
oPN 0.15 10 58.12 9.88 + 0.02 1.67 £ 0.04
OP12 0.15 20 58.83 9.99 + 0.03 1.60 £ 0.01
OoP13 0.2 2.5 58.15 9.72 + 0.08 1.53 + 0.07
OP14 0.2 5 58.23 9.84 + 0.06 1.39 + 0.09
OP15 0.2 10 58.38 9.87 + 0.03 1.47 + 0.04
OP16 0.2 20 58.05 10.15 + 0.05 1.53 + 0.05
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Figure 2: Dumbbell-shaped scaffold: (a) PMMA resin, (b) PMMA resin/
0.5% Mg, and (c) PMMA resin/1% Mg.

of the PMMA resin/0.5% Mg sample reveals that the Mg
particles are evenly dispersed within the polymer matrix,
with no air gaps or cracks present. This uniform distribu-
tion is essential for 3DP and significantly impacts the
mechanical properties of the scaffold, making it well-suited
for creating complex structures.

3.5 Fourier transform infrared

FTIR spectroscopy uses infrared radiation to detect and
analyze the chemical functional groups within a material.
By analyzing the intensity and position of peaks in the FTIR
spectrum, one can determine the abundance of each com-
ponent, assess interactions between materials, and eval-
uate the substance’s purity. In Figure 4, Mg-containing
samples show an increase in the peak, which is related
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to C-O stretching and is seen between 900 and
1,100 cm™. However, in PMMA resin, this peak is not dis-
cernible. The interaction between the Mg ion and the
methoxy group is responsible for this rise [64]. The 1,300
and 1,500 cm™ peaks correspond to C-H, bending vibra-
tions. These peaks decrease in samples with 0.5 and 1% Mg
concentration, whereas the peak intensity is higher in the
pure PMMA resin sample. This suggests that Mg reacts with
the polymer, leading to a reduction in these specific vibra-
tional peaks. The peak represents the carboxyl group (C=0) at
1,716 cm™ for the ester group. As the amount of Mg increases,
its intensity decreases, suggesting possible breakdown or
interaction with other components [65,66]. Peaks ranging
from approximately 1,850 to 2,600 cm™ may signify alkyl
groups (C=0 stretching), aromatic groups, CO,, or carbonyl
groups. These peaks exhibit reduced intensity with the addi-
tion of Mg reinforcement. A peak from 2,800 to 3,100 cm ™" is
observed, which indicates C-H stretching, and its intensity
increases with increasing Mg concentration [64,67]. Peaks at
3,651cm™ correspond to O-H stretching vibration due to
moisture absorption, likely caused by uncured resin presence
in the 3D-printed parts [68,69].

3.6 Thermogravimetric analysis

TGA was utilized to assess the material’s thermal stability,
decomposition temperature, and weight loss characteris-
tics under controlled conditions, either over time or at
specific temperatures. As illustrated in Figure 5(a), TGA
helps identify the temperature at which decomposition
starts and evaluates the degradation range of the PMMA
resin/Mg composite across various temperatures. This ana-
lysis provides insight into how Mg incorporation affects the

\

™
(b)

Figure 3: (a) Cross-section of PMMA resin/0.5% Mg sample and (b) Mg-ions in PMMA resin/0.5% Mg sample.
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Figure 4: FTIR for samples: (a) PMMA resin, (b) PMMA resin/0.5% Mg, and (c) PMMA resin/1% Mg.

PMMA resin’s thermal stability. Initially, the samples show
weight loss starting around 50-60°C, likely due to solvent
evaporation. It is recommended that a post-treatment
involving a heat treatment at 40°C be performed to ensure

the elimination of any remaining solvent within the scaf-
folds. Thermal degradation of the PMMA resin occurs
between 320°C and approximately 460°C [70-72]. In con-
trast, at both concentrations, the PMMA resin/Mg
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Figure 5: (a) TGA for PMMA resin, PMMA resin/0.5% Mg, and PMMA resin/1% Mg and (b) DSC for PMMA, PMMA resin/0.5% Mg, and PMMA resin/

1% Mg.
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composite begins degradation around 330°C for the PMMA
resin/0.5% Mg sample, whereas 335°C for the PMMA resin/
1% Mg sample. This indicates that adding Mg to the PMMA
resin shifts the onset of thermal degradation to higher
temperatures, suggesting an enhancement in the PMMA
resin’s thermal stability [73].

Additionally, the TGA results reveal that the incorpora-
tion of Mg leads to changes in the degradation profile of the
composite, which could imply altered thermal behavior
and improved resistance to thermal stress. PMMA resin/
Mg composite shows a more gradual weight loss pattern
than pure PMMA resin, highlighting its enhanced thermal
stability. This information is crucial for applications where
high thermal stability is required, as the presence of Mg
appears to improve the PMMA resin’s performance under
elevated temperature conditions.

3.7 Differential scanning calorimetry

DSC is conducted to observe the thermal characteristics of
pure PMMA resin and PMMA resin/Mg composite by mea-
suring the difference between the heat flow of the material
and the reference. Data on changes in heat capacity, crys-
tallization, phase transitions, melting, glass transitions,
and chemical reactions can be obtained from the heat
flow differential. The graph and data analysis showed
that adding Mg lowers the onset temperature of thermal
decomposition, shifting it from approximately 200°C in the
pure resin to around 180°C in the resin/1% Mg sample. Mg
also reduces the time required for crystallization because it
functions as a nucleation agent. Nonetheless, the degree of
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crystallinity is comparatively stable for polymers incorpor-
ating Mg. Figure 5(b) illustrates the DSC for pure PMMA
resin, 0.5 and 1% PMMA resin/Mg composite.

3.8 Tensile properties

Tensile strength measures the maximum tensile stress
(stretch) a material can withstand before breaking. This
mechanical property indicates the material’s ability to
resist deformation and breaking under tension. Figure 6
shows the mechanical testing machine and a 3D-printed
sample during and after the test. The stress-strain graph
of PMMA and PMMA resin/Mg helps us determine Young’s
modulus for each sample. The mechanical characteristics of
3D-printed PMMA resin/Mg composite are given in Table 5.
According to the stress-strain curve in Figure 7, Young’s mod-
ulus decreases as the Mg content in the PMMA resin
increases. Pure PMMA resin exhibited the highest ultimate
tensile strength (approximately 26 MPa) and stiffness (esti-
mated Young’s modulus around 707 MPa). With the addition
of Mg, both tensile strength and stiffness decreased, with the
1% Mg composite showing the lowest values (UTS ~19 MPa,
estimated Young’s modulus ~392 MPa). The PMMA resin/1%
Mg has the least surface area under the curve, indicating a
reduction in stiffness and making the material ductile com-
pared to the pure PMMA resin.

As illustrated in Figure 7c, the failure strain represents
the amount of deformation a material experiences before
breaking, offering valuable insight into its ductility or brit-
tleness. Among all the tested samples, pure PMMA resin
exhibited the lowest failure strain, indicating its inherently

Figure 6: (a) MARK 10 UTM with the sample for testing and (b) the sample breaks after it reaches the failure strain.
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Table 5: Tensile mechanical characteristics of PMMA resin/Mg samples

DE GRUYTER

Failure strain (%) Young’s modulus (MPa)

Samples Ultimate strength (MPa)
PMMA resin (0%) 26.23 +0.14

PMMA resin/0.5% Mg 22.87+03

PMMA resin/1% Mg 19.46 £ 0.25

0.095 + 0.01 707.81
0.12 + 0.02 419.37
0.115 £ 0.02 392.88

brittle nature. In contrast, incorporating Mg into the PMMA
matrix led to a noticeable increase in ductility. The 1%
PMMA resin/1% Mg composite reached the highest failure
strain of 0.13%, suggesting that Mg enhances the compo-
site’s ability to deform before failure. This observation
highlights a potential trade-off — as Mg content increases,
ductility improves while strength and stiffness may
decrease, reflecting a shift in the composite’s mechanical
performance profile.

3.9 Cell adhesion and cytotoxicity

To evaluate any cytotoxic release by the magnesium,
PMMA resin scaffold for biomedical applications and

Stress-Strain Graph

~——PMMA Resin
+~PMMA Resin0.5%
Mg
—-PMMA Resin']% Mg

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Strain

(a)

ensure the material’s biocompatibility, a 10 mm x 10 mm
PMMA resin/Mg scaffold was incubated in media for a
period of =5 days, allowing any leachable components to
diffuse into the media. This conditioned media was subse-
quently applied to MEFs, and the cytotoxic effects were
evaluated after 3 days of exposure. Cytotoxicity tests
revealed that the PMMA resin and PMMA resin/Mg compo-
sites are not toxic. Additionally, the incorporation of Mg
into the PMMA resin did not hinder cell proliferation.
Figure 8 shows the cell viability, indicating that the mate-
rial is safe to use for biomedical applications and has no
cytotoxic effect on cells. We next assessed whether these
scaffolds supported cell adhesion by seeding 30,000 cells
onto them and examining the scaffolds on day 8. After 8
days of incubation, the cells were labeled with a nuclear

Tensile Strength (MPa)
30

)
S

Tensile Strength (MPa)
3 b

PMMA Resin (0%) PMMA Resin/0.5% Mg

(b)

PMMA Resin/1% Mg

Failure Strain (%)

Failure Strain

PMMA Resin (0%)

PMMA Resin/0.5% Mg

PMMA Resin/1% Mg

(©)

Figure 7: (a) Stress-strain curves, (b) tensile strength, and (c) failure strain for PMMA resin, PMMA resin/0.5% Mg, and PMMA resin/1% Mg.
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Figure 8: (a) Crystal violet cytotoxicity analysis of MEFs incubated in media containing material released from different scaffolds: PMMA resin, PMMA
resin/0.5% Mg scaffold, and PMMA resin/1% Mg scaffold and control media (media not incubated with any scaffold). Crystal violet staining showed no
noticeable differences between groups, suggesting equivalent cell viability. (b) Quantification of cytotoxicity, showing the percentage of viable cells
after 72 h of incubation with the viability of media containing material released from PMMA resin, PMMA resin/0.5% Mg scaffold, and PMMA resin/1%
Mg scaffolds. Quantification of the crystal violet assay showed no significant differences in cell density between the groups. Data presented are of four
biological replicates, analyzed by unpaired t-tests with a 95% confidence level (ns = not significant). (c) Brightfield images of the PMMA resin with 0%
Mg scaffold after cell seeding and 8 days incubation. (d) Fluorescent images of the cells labeled with the live nuclear stain NucBlue™ show no nuclei on

the scaffold. Scale bar = 1,000 pm.

stain to identify any adhered cells. No nuclear staining was
observed on the scaffold, indicating that no cells adhered
to the surface (Figure 8c). This observation was consistent
across all scaffolds with different concentrations of Mg
(data not shown). This suggests that these scaffolds do
not support cell adhesion and, therefore, require modifi-
cations to enhance this capability. Figure 8(a) and (b)
illustrate the cell viability of PMMA, indicating that the
material supports cell viability without being cytotoxic.
Figure 8(c) and (d) represent the Brightfield and Fluores-
cent images of the PMMA resin scaffold after cell seeding
and 8 days of incubation, which show no nuclei on the
scaffold.

4 Conclusions and future prospects

This study advances ongoing research on the AM of Mg-
incorporated composites by synthesizing and character-
izing PMMA resin/Mg composite using SLA. The findings
demonstrate the feasibility of using SLA to fabricate bio-
compatible and thermally stable scaffolds from these com-
posite resins, holding promise for applications like wound
healing, transdermal drug delivery, and potentially BTE.
The incorporation of Mg influences the physicochemical
and mechanical behavior of the resin, providing insight
into tailoring process parameters and properties for spe-
cific biomedical applications. Different concentrations of
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Mg were incorporated into the PMMA resin, and the
printed scaffolds were subjected to morphological and phy-
sicochemical analyses to evaluate the interaction between
Mg and the polymer, as well as the impact of Mg addition
on thermal degradation. The FTIR analysis has a maximum
intensity peak at 1,716 cm ™ for pure PMMA resin, while the
peak decreases with the addition of Mg, indicating possible
interaction within the scaffold. It also showed a high-inten-
sity peak at 3,651cm™, the OH component region, most
likely caused by the printed part’s uncured resin, as indi-
cated in different studies. Mechanical testing revealed that
increasing Mg content led to a measurable reduction in
tensile strength and stiffness. Pure PMMA resin exhibited
the highest ultimate tensile strength at 26.23 + 0.14 MPa and
an elastic modulus of 707.81 MPa. In contrast, PMMA resin/
1% Mg showed the lowest strength (19.46 + 0.25 MPa) and
modulus (392.88 MPa), indicating a decrease in mechanical
integrity with higher Mg content. However, a slight
increase in maximum elongation for the Mg-incorporated
samples suggests some improvement in ductility. In the
PMMA resin/Mg composite, the onset of thermal degrada-
tion occurred at higher temperatures — 320°C for 0.5% Mg
and 335°C for 1% Mg — compared to the broader degrada-
tion range of pure PMMA, indicating enhanced thermal
stability of the composites. However, the produced
PMMA resin/Mg suspension was successfully used for
3DP by SLA; challenges arose due to the instability of the
PMMA resin particle formulation when magnesium parti-
cles settled in the vat, obstructing the laser beam and inter-
fering with the polymerization process. To ensure even
distribution of Mg particles in the resin, DMSO was used
as a surfactant. It effectively stabilized the suspension for
up to 4 h, sufficient for printing samples. DMSO was
selected based on its superior performance with the
chosen resin formulation compared to other surfactants.
The larger Mg particle size, which was in the micrometer
range rather than the nanoscale scale, is the potential
cause of particle sedimentation. Future studies could inves-
tigate using nanosized Mg particles and a detailed sedi-
mentation analysis to enhance long-term stability.

The results of mechanical and cytotoxicity assessments
support the potential use of PMMA resin/Mg composite in
transdermal drug delivery and wound healing, owing to
their biocompatibility, degradability, and physicochemical
stability. These metal-reinforced composites are also
potential candidates for BTE. However, further studies
are required to enhance cell adhesion to the surface of
the 3D-printed scaffolds. In this study, we tested a UV-cur-
able gelatin-PMMA mixture to enhance cell adhesion;
however, it did not yield improved results, likely due to
gelatin leaching from unstable crosslinking. To improve
cell adhesion on the scaffold surface, future efforts will
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investigate several strategies, including chemical modifica-
tion of gelatin, incorporation of bioactive molecules such as
collagen or hydroxyapatite, and scaffold micro-patterning.
Furthermore, long-term cell viability, proliferation, and dif-
ferentiation are critical parameters for evaluating the scaf-
fold’s full potential in tissue engineering applications.
Although these aspects were beyond the scope of the current
study, we recognize them as important directions for future
work. In particular, we plan to investigate the scaffold’s
ability to support lineage-specific differentiation of
mesenchymal stem cells to better understand its biomedical
applicability. The findings of this study pave the way for
future research focused on optimizing particle size,
improving resin stability, and enhancing bioactivity to fully
realize the potential of these functional scaffolds.
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