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Magnesium alloys are emerging as promising materials for biodegradable orthopedic implants due to
their mechanical strength and biocompatibility. However, their clinical use is hindered by rapid
degradation and hydrogen gas evolution, which can compromise implant stability and bone healing. This
study investigates the biocompatibility, genotoxicity, and osteointegration of magnesium implants (AZ31)
produced via Superplastic Forming and enhanced through Hydrothermal and Sol-Gel surface treat-
ments. Both techniques produced uniform Mg(OH),-based coatings, but only alloy with hydrothermal
treatment exhibited a markedly slower in vitro degradation. Cytotoxicity and Ames mutagenicity assays
confirmed the biocompatibility and non-mutagenic nature of all implant types. /n vivo evaluation in a rat
femoral defect model revealed successful bone formation around all implant types, with comparable
trabecular bone area. However, surface-treated implants showed a significantly lower bone-to-implant
contact compared to the control AZ31 alloy, with solgel-treated alloys exhibiting an accelerated
degradation rate and higher hydrogen release, which may influence tissue integration. These results
highlight the
characteristics, with solgel-treated alloys resorbing faster. The combination of superplastic forming
processing with strategic surface treatments offers a promising approach to achieving controlled
biodegradation, although further optimization is needed to improve bone-implant integration. This work
supports the further development of surface-engineered Mg implants for safe and functional orthopedic
applications.

role of surface modification in tuning degradation behavior and bone interface

1. Introduction
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been demonstrated to promote bone formation, and are parti-
cularly appreciated for their mechanical resilience and ability
to degrade in situ, representing a paradigm shift in bone
biomaterials." Indeed, the use of Mg alloys allows the utiliza-
tion of temporary implants for the fixation of fractured bone,
without the need for further surgical interventions that are
often required to remove the corresponding permanent fixation
systems, thereby reducing patient morbidity and healthcare
costs.” Furthermore, the Mg released by degradation appears to
stimulate osteoblastic differentiation and inhibit osteoclastic
differentiation, limiting degradation and promoting the synth-
esis of new bone, as indicated by various studies, highlighting
its dual therapeutic mechanism.’ However, despite these

This journal is © The Royal Society of Chemistry 2025
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promising features, Mg implants are currently not widely used
for osteosynthesis, for several reasons, including the fact that
an initial uncontrolled degradation reaction is often observed,
which often results in unfavourable osteosynthesis in patients.*
More specifically, this fundamental challenge originates from
the accelerated degradation kinetics, which generates both
significant pH perturbations and hydrogen evolution, ulti-
mately compromising the structural integrity of the implant.
Moreover, it leads to the establishment of a strong inflamma-
tory state that affects both the neo-synthesis of bone, the
maturation of osteoclasts, and osteolysis.> To overcome these
limitations, many studies tried to limit this strong initial
degradation through the use of novel Mg alloys, and surface
modifications, such as through surface oxidation of the devices
or implementing specific coatings that can enhance the devi-
ce’s resistance to degradation.® Central to this optimization
process, the complexity of controlling the relationship between
crucial factors such as the processing parameters, the chemical
composition, or the mechanical and biological properties, plays
a crucial role in developing biomedical devices.

Building upon this foundational understanding, in the pursuit
of advanced manufacturing solutions, Superplastic Forming (SPF)
has emerged as a particularly promising approach, offering unpre-
cedented control over microstructural evolution during Mg alloy
processing while enabling the fabrication of complex, customized
geometries.®® During SPF, a metal blank is deformed by the
combined effect of elevated temperature (greater than half of the
melting temperature), low strain rates, and pressurised gas, which
forces the blank to copy the geometry of the die. In this way,
customized parts even characterized by complex shapes can be
produced with a high shape accuracy.” Supporting this innovative
approach, the feasibility and effectiveness of SPF in biomedical
applications have been recently demonstrated in our comprehen-
sive study comparing SPF and Single Point Incremental Forming
(SPIF) techniques for manufacturing titanium cranial prostheses.’
Significantly, the in vivo validation in an ovine model demon-
strated that SPF-manufactured prostheses effectively supported
bone regeneration while maintaining structural integrity. These
findings establish SPF as a promising manufacturing technique
for complex medical implants where precise geometrical accuracy
is an essential requirement.’ Recently, this group has demon-
strated that Mg alloys (AZ31) manufactured through SPF (Mg_SPF)
retain significant osteoinductive and antibacterial properties.'®'"
Specifically, the behavior of these Mg-based devices manufactured
via the SPF process and functionalized with different coatings was
evaluated in different in vitro experiments. These included cyto-
toxicity assessments in both direct and indirect contact, gene
expression analyses to assess the differentiation of mesenchymal
stem cells into osteoblasts, and antibacterial activity tests, demon-
strating their potential to prevent implantrelated infections and
promote osteogenesis. In particular, Mg SPF devices promote
cellular adhesion while inducing the expression of osteogenesis-
related genes such as BMP2 and RUNX-2. Furthermore, these
materials have demonstrated significant antimicrobial activity
against relevant pathogenic strains, suggesting potential applica-
tions in infection-resistant implants.***
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In this study, the biological performance of AZ31 Mg alloy
devices manufactured through the SPF process and subse-
quently modified via Hydrothermal and Sol-Gel treatments
was investigated. We hypothesized that the combination of
SPF with these surface modification techniques could enhance
the biocompatibility and osteointegration ability of Mg-based
implants. To address the limitations of Mg alloys in biomedical
applications, a framework was developed to study the effects of
surface treatments on biocompatibility, genotoxicity, and
in vivo osteointegration. As part of this approach, a preliminary
characterization of the modified surfaces was performed to
assess their structural, chemical, and functional properties, to
elucidate their possible role in biological response modulation.
This strategy combined in vitro assessments of cellular responses
and genotoxicity with in vivo studies of tissue-material interac-
tions and bone integration patterns. The approach aimed to
evaluate the safety and osteointegration of modified implants,
with a focus on the bone-implant interface. This investigation
provides insights into how surface modification influences
biological responses, offering new perspectives on Mg implants
in biomedical applications where controlled tissue integration is
crucial.

2. Results and discussion

2.1. Characterization of coatings

This study investigated the biological performance of Mg
implants (AZ31) manufactured via Superplastic Forming
(Mg_SPF) and subsequently modified through hydrothermal
(HT_Mg_SPF) and Sol-gel (Solgel_Mg SPF) surface treatments.
The surface morphology of the coated Mg SPF samples is
reported in Fig. 1A, highlighting how the application of the
solgel coating results in a smooth, continuous appearance with
no noticeable cracks (Solgel Mg SPF, left image), while the
hydrothermal treatment leads to a regular acicular structure
(HT_Mg_SPF, right image). Both surface types show an overall
homogeneous structure, although small defects resulting from
the coating process are present in the form of micrometric
build-ups and clusters, as well as needle-like areas of different
sizing in the case of hydrothermal coatings. Nevertheless, both
techniques achieve complete surface coverage.

The surface modification of Mg alloys is crucial for improving
their degradation behavior. It is generally accepted that rapid
degradation is the primary critical issue with Mg alloys, leading
to hydrogen production in peri-implant tissues, which hinders
bone regeneration and limits the osseointegration process. Pre-
vious studies have proposed various alloy modifications to
improve uniform and controlled degradation rates.'>”** Among
these, inorganic or organic coatings have proven effective in
regulating degradation by enhancing the corrosion resistance of
the material."®> Also surface modification strategies or coating
techniques such as hydrothermal treatments or sol-gel pro-
cesses can be aimed at enhancing corrosion resistance and thus
controlling the degradation of the material."® Our results sup-
port these findings, as both coating techniques resulted in
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Fig. 1 Morphological, chemical, and functional characterization of Sol-
gel_Mg_SPF and HT_Mg_SPF surfaces. (A) SEM images of the coated
samples’ surfaces. (B) X-ray diffractograms of the coatings, elucidating
their chemical structure. M = magnesium (Mg, ICSD 98-016-8829 and 98-
018-1728); O = magnesium oxide (MgO, ICSD 01-075-1525 and 98-024-
8386); B = brucite (Mg(OH),, ICSD 98-008-9823 and 98-024-8985).
(C) Representative potentiodynamic polarization curves of the samples
compared to the uncoated control (Mg_SPF).

coating that maintained high homogeneity and continuity,
which is promising for slowing down corrosion reactions and
limiting hydrogen evolution during the initial stages of the
degradation process.

In terms of chemical structure, the XRD spectra of both
coatings (Fig. 1B) show a predominant Mg phase, mostly
ascribable to the underlying substrate contribution given the
relatively low thickness of the coatings (<1 pum) and the
penetration depth of the technique in such materials. Notably,
the Solgel_Mg_SPF coating (left image) featured mixed magne-
sium oxide and hydroxide peaks, while HT_Mg SPF coating
(right image) appears to be mostly composed of crystalline
magnesium hydroxide (brucite) as a result of the conversion
process performed in an aqueous environment. These chemical
compositions were specifically chosen to ensure that the coat-
ings were ultimately degradable, while also potentially being
well-tolerated by the body as they fulfill their protective role.
Looking at the degradation behavior of the coatings, the poten-
tiodynamic polarization curves obtained from electrochemical
corrosion tests (Fig. 1C) indicate a significant ennoblement of
both Solgel Mg SPF and HT Mg SPF surfaces compared to
uncoated Mg _SPF, with a free corrosion potential (E.,) shift
toward more positive values for the two coatings (—1.20 £ 0.01 V
and —1.35 £ 0.02 V, respectively, vs. —1.48 £ 0.03 V of Mg_SPF).
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Moreover, although the corrosion current density (ico;) of the
devices shows no significant differences with the introduction of
the solgel coating (181 + 64 pA cm™ > and 135 + 41 pA cm™ > for
Mg SPF and Solgel_Mg_SPF, respectively), it markedly drops
when the hydrothermal process is applied (down to 0.03 +
0.02 pA ecm?), indicating a greater barrier action of the latter
against the corrosive medium. Overall, these data suggest a
marked protective action of HT Mg SPF surfaces, being the
most effective in slowing down the degradative process of
magnesium in physiological-like conditions, while the solgel
coating’s effect remains uncertain. The ICP-OES analysis
revealed that the average copper content in the Solgel Mg SPF
coatings was 0.012 £ 0.001 wt%. This relatively low incorpora-
tion of copper is consistent with its intended function as a
functional dopant, specifically designed to endow the sol-gel
matrix with bioactive properties, without compromising its
structural integrity. Trace amounts of copper in the range of
0.01-0.1 wt% have been widely reported as effective in achieving
antimicrobial activity through the release of Cu®" ions, which
generate reactive oxygen species (ROS), disrupt bacterial cell
membranes, and inhibit microbial replication."” In addition to
its antimicrobial function, copper also plays a pivotal role in
stimulating bone regeneration. As a trace element essential for
skeletal development, copper contributes to angiogenesis and
osteogenesis by upregulating vascular endothelial growth factor
(VEGF) and promoting osteoblastic differentiation.'® The Cu>*
ions released from the coating interact with surrounding tissues
to support new bone formation, matrix mineralization, and
vascular infiltration, key processes in effective bone repair. For
example, Liu et al. demonstrated that magnesium-copper alloys
release biologically active Cu®>" at concentrations that signifi-
cantly enhance both osteogenic and angiogenic responses
in vitro, while simultaneously maintaining long-term antibacter-
ial performance." Therefore, the measured copper content
(~0.012 wt%) in Solgel Mg SPF coatings appears to be an
optimal compromise sufficient to confer dual-function bioactiv-
ity (antibacterial and osteoinductive), yet low enough to avoid
cytotoxic effects or structural degradation of the sol-gel network.
These findings highlight the strategic use of copper as a multi-
functional dopant in advanced biomaterial design.

2.2. Cytotoxic activity of Mg-SPF implants

Fig. 2A shows the viability of murine fibroblast 1-929 cells,
expressed as a percentage relative to cells cultured in extraction
mediums derived from Mg SPF, Solgel_Mg_SPF, and HT_Mg SPF
devices, compared to the negative control over 1, 3, and 7-day
periods. The red line at 75% cellular viability demarcates the
threshold between cytotoxic materials (below the line) and non-
cytotoxic materials (above the line). Mg SPF were cytotoxic at day 1
(19.65 £ 5.4%) and day 3 (69.2 £+ 6.6%) but not at day 7 (91.37 +
7%). Conversely, extracts from Solgel Mg SPF and HT Mg SPF
devices exhibit no cytotoxicity towards L-929 cells throughout the
entire duration. Consequently, Solgel Mg SPF and HT Mg SPF
devices demonstrate highly significant cytocompatibility.
Fluorescence-based viability assessment demonstrated differential
cellular responses across the Mg substrate variants. Time-course

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Indirect cytotoxicity and live/dead assay of Mg_SPF, Sol-
gel_Mg_SPF, and HT_Mg_SPF Implants. (A) Proliferation of L929 cells (%
of control) in extract media from Solgel_Mg_SPF and HT_Mg_SPF over 1,
3, and 7 days. 10% dimethyl sulfoxide (DMSO) was used as a positive
control, whereas culture medium was used as a negative control. Cell
viability values are expressed as percentages normalized to the negative
control, set at 100% for each time point. Statistical significance is indicated
by *** p < 0.001 compared to the negative control. (B) Representative
Live/dead assays of DPSCs seeded on Mg_SPF, Solgel_Mg_SPF, and
HT_Mg_SPF implants after 1, 3, and 7 days; green represents live cells;
scale bar: 100 pm.

analysis revealed that Solgel Mg SPF and HT Mg SPF surfaces
supported progressive Dental pulp stem cell colonization from day
1 to day 7 (Fig. 2B), with cells exhibiting spindle morphology
(see SI)

These modified Mg alloy implants facilitated both initial cell
attachment and subsequent population expansion, suggesting
optimization of the cell-substrate interface. The temporal
increase in viable cell density indicates sustained biocompat-
ibility of the modified surfaces throughout the experimental
period. Notably, assessment of cellular behavior on unmodified
Mg SPF was precluded by extensive hydrogen gas evolution, a
characteristic consequence of rapid magnesium degradation
kinetics. The cumulative evidence from both direct contact
studies and extract-based cytotoxicity analyses establishes that
hydrothermal and sol-gel modifications effectively enhance the
biological properties of magnesium substrates, supporting
their potential therapeutic use. In vitro analyses demonstrated
significant enhancement of implant biocompatibility following
surface modifications of Mg alloys, attributed to the formation of
stratified protective interface layers that effectively modulated
degradation kinetics, acting as a physical barrier against the
penetration of degradative media towards the substrate, and
facilitated cellular attachment. This enhanced biocompatibility
was evidenced by sustained cellular viability and characteristic
spindle morphology of dental pulp stem cells cultured on the
surface-treated Mg_SPF alloys, with both hydrothermal and sol-
gel treatments demonstrating superior cell-material interactions
partly thanks to the higher cytocompatibility and stability of
magnesium oxide and hydroxide species. In contrast, untreated
Mg Alloys (Mg_SPF) exhibited extensive hydrogen evolution and
accelerated degradation, which inhibited cellular adhesion and
proliferation. This accelerated degradation phenomenon, pre-
viously documented by Castro and Duran, represents a funda-
mental challenge in Mg alloy applications, arising from the
inherently high reactivity of these materials in physiological

This journal is © The Royal Society of Chemistry 2025
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environments.”® Recent investigations have indeed demon-
strated that strategic implementation of Mg alloys with sol-gel
and hydrothermal surface modifications, similar to those opti-
mized in the present study, establishes effective barriers between
the Mg substrate and physiological medium, thereby modulating
degradation kinetics to more favorable rates for biological
applications.>"*

2.3. Genotoxicity of Mg-SPF implants

The Ames assay was performed to evaluate the genotoxicity of
substances released from the surface of the studied implants
after the incubation period. The extracts from Mg_SPF, Sol-
gel_Mg SPF, and HT_Mg_SPF implant alloys did not exhibit
mutagenic effects in Salmonella typhimurium strains TA1535
and TA1537 at any of the tested concentrations (100%, 75%,
50%, 25%, 12.5%, and 6.25%) either with or without meta-
bolic activation (Fig. 3 and 4). The results indicated no
concentration-dependent increase in the mean number of
revertant wells. Additionally, none of the extracts produced
multiple positive responses with a fold increase (FI) in revertant
numbers over the baseline >2. The positive and negative
control values, as well as baseline values, were within accep-
table limits, ensuring the validity of the experiment. Therefore,
based on the Ames MPF™ Test results, none of the Mg alloy
implants (Mg_SPF, Solgel Mg SPF, and HT Mg SPF) demon-
strated mutagenic properties (Fig. 3 and 4). Such a comprehen-
sive genotoxicity assessment demonstrated the absence of
mutagenic potential across all SPF-manufactured Mg alloy
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Fig. 3 Ames test of Mg_SPF, HT_Mg_SPF, and Solgel_Mg_SPF implants
without metabolic activation. The negative control utilized cell culture
medium (0), while positive controls included N4-aminocytidine (N4-ACT)
for TA1535 and 9-aminoacridine (9-AAC) for TA1537 without S9 (metabolic
activation). The number of revertant bacterial colonies corresponds to the
mutagenic potential of the analyzed Mg implants. None of the Mg implants
demonstrated genotoxic potential in any of the bacteria strains in this
assay. 0.0625, 0.125, 0.25, 0.5, 0.75, and 1 correspond to the tested
concentrations of 6.25%, 12.5%, 25%, 50%, 75%, and 100%, respectively.
BL; baseline.
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Fig. 4 Ames test of Mg_SPF, HT_Mg_SPF, and Solgel_Mg_SPF implants
with metabolic activation. The negative control utilized cell culture med-
ium (0), while positive controls included 2-aminoanthracene (2-AA) for
both TA1535 and TA1537 with S9 (metabolic activation). The number of
revertant bacterial colonies corresponds to the mutagenic potential of the
analyzed Mg implants. None of the Mg implants demonstrated genotoxic
potential in any of the bacteria strains in this assay. 0.0625, 0.125, 0.25, 0.5,
0.75, and 1 correspond to the tested concentrations of 6.25%, 12.5%, 25%,
50%. 75%, and 100%, respectively. BL; baseline.

variants, both surface-treated and untreated, corroborating
previous findings on similar Mg-based devices.*>** This non-
mutagenic profile, combined with the enhanced biocompat-
ibility of the surface-modified SPF Mg alloys, provides compel-
ling evidence supporting the potential clinical translation of
these SPF-manufactured Mg alloys as biodegradable implant
materials.

2.4. Invivo study

All animals successfully reached the experimental endpoint
without any adverse events, allowing for the inclusion of all
subjects in the analysis. Throughout the experimental period,
the animals were monitored weekly, with particular attention
given to changes in body weight. The average weekly weight
gain was 9.98 £ 0.43 g, suggesting no negative health effects
from the healing process, implant degradation, or osteointe-
gration. No signs of inflammation or necrosis were observed in
the peri-implant tissues, and in most cases, the implant site was
still visible with partial regeneration of the epiphyseal cortex.

2.4.1. Histology and histomorphometry. Histological ana-
lysis showed that all implants were well integrated with the
surrounding bone tissue. The epiphyseal trabecular architec-
ture appeared normal, with no inflammatory, necrotic, or
fibrous reactions around the implants. Stevenel’s Blue staining
highlighted that the new bone, distinguished by its darker blue
colour and rounder osteocyte lacunae compared to the pre-
existing bone, consisted of trabeculae with varying degrees of
lamellar organization according to maturation level, resem-
bling mature trabecular bone (Fig. 5).
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Fig. 5 Representative histological images of AZ31 magnesium alloy
implants. Magnification, 20x; scale bar 100 um; dM = degraded material;
NB = new bone; staining: Stevenel's blue and fast green.

Upon closer examination, the newly formed bone was found
to be in direct contact with most of the AZ31 and Mg-SPF
implant perimeters, seamlessly merging with the surrounding
native bone (Fig. 5). In contrast, a thin layer of immature bone-
like matrix was detected between the implant and peri-implant
bone around the Solgel Mg SPF (Fig. 6A) and HT Mg SPF
(Fig. 6B) perimeters, reducing the contact surface.

At higher magnification, this tissue appeared to be a bone
matrix in an early developmental stage, distinctly separated
from the implant border by medullary cavities containing
identifiable cells (Fig. 7). Most of the contact between the bone
and material occurred at the implant’s corners.

B == - = ¥
Fig. 6 Representative images of Solgel_Mg_SPF (A) and HT_Mg_SPF (B)
implants. The presence of an amorphous bone-like matrix between the
implant perimeter (dotted red line) and the new bone (NB) is indicated by
the asterisk (*); degradation of the material is also evidenced by the dotted
red line (dM = degraded material). The black arrows highlight areas of the
implant that appear broken. Magnification, 40 x; scale bar 50 um; staining:
Stevenel's blue and fast green.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Representative histological image showing the immature bone-like
matrix (yellow asterix) at the implant interface. Embedded cells (future
osteocytes; red arrows) are visible within the matrix, and continuous
cellular layers (osteoblasts; black arrows) are observed along the margins;
dM= degraded material; magnification 20x; scale bar: 100 pm.

Additionally, the degradation of the Mg implants was evi-
dent from the irregular shape of the implant perimeters and
the shadow of the original implant (Fig. 5 and 6; indicated by
dotted red lines). Some parts of the degraded implants
appeared broken (Fig. 6, black arrows), which could be attrib-
uted to the concurrent material degradation and bone growth
processes that may have contributed to the detachment of
small debris.

Additionally, the formation of gas bubbles (Fig. 8)—a hall-
mark of Mg degradation—was observed in the Solgel Mg SPF
implants, characterized by the circular growth of the surround-
ing new bone (Fig. 8C).

Regarding histomorphometric analysis, the native epiphy-
seal trabecular bone showed the following values (n = 24):
trabecular bone area (B.Ar/T.Ar) was 40 + 8%, trabecular
thickness (Tb.Th) was 0.25 + 0.06 mm, trabecular number
(Tb.N) was 1.70 £ 0.51 mm, and trabecular bone separation

Fig. 8 Representative images of _Mg implants. (A) AZ31; (B) Mg_SPF; (C)
Solgel_Mg_SPF; (D) HT_Mg_SPF. The presence of gas bubbles is visible
around the Solgel_Mg_SPF implant (C, red *) as well as a circular growth
pattern of the surrounding bone tissue. Magnification, 3x; scale bar
700 pm; Staining: Stevenel's Blue and Fast Green.
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Fig. 9 B.Ar/T.Ar, % and BIC, % results. Histograms on the results of peri-
implant trabecular bone tissue (B.Ar/T.Ar, %) and bone surface contact
(BIC, %) present around the Mg alloy devices. Mean + SD, n = 12. Dunnett
test versus control (AZ31): *** p < 0.001.

(Tb.Sp) was 0.10 &+ 0.03 mm. Fig. 9 presents the B.Ar/T.Ar and
BIC results. Statistical analysis revealed no significant differ-
ences in the B.Ar/T.Ar parameter across implant types, showing
values very similar to those of healthy trabecular epiphyseal
bone. However, a significant reduction in the BIC values (F =
24.1, p < 0.001) was observed for the Solgel Mg SPF and
HT_Mg SPF implants compared to the control AZ31, at 28%
and 25%, respectively.

The BIC results suggest that both Solgel Mg SPF and
HT_Mg_SPF alloys obtained similar osseointegration, lower
than that of AZ31 implants, for the healing time investigated.
It is important to be cautious when comparing BIC among
different studies, as there is considerable variability among
experiments. This includes factors such as the shape of the
implant, the implantation site, or the thickness of the histolo-
gical sections. The observed values are likely attributable to the
presence of the thin biomimicking bone-like matrix separating
the material from the newly formed bone that resembles imma-
ture trabecular bone. Unfortunately, the limited experimental
time did not allow for an investigation into whether this tissue
could eventually be replaced by more mineralized bone tissue.
Current histological observations of this tissue are similar to
those reported by Lee et al.>®> They observed that conventional
histological methods (Von Kossa, toluidine blue, and Goldner’s
trichrome staining) do not reveal an acellular matrix, whereas
Villanueva staining and fluorescence microscopy highlight the
reactive Mg alloy interface. Lee et al. identified three regions at
the Mg alloy-implant interface: region I, with an amorphous
structure rich in magnesium and oxygen; region II and region I’,
which differ because region II' has a crystalline structure,
specifically a calcium phosphate phase, suggesting a more
complex process than in regions I and II; and region III, which
has a bone-like microstructure. Given the findings of Lee et al, it
is plausible that the tissue observed in this work corresponds to
regions II'-TII, where a crystallization process of calcium- and
phosphorus-rich compounds occurs prior to the formation of
mature bone tissue. Furthermore, the production of gas bubbles,
especially in the Solgel Mg SPF implants, may interfere with the
direct apposition of newly formed bone.

Gas formation during the degradation of Mg and its alloys is
one of the main issues limiting the use of these materials,
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especially in the biomedical field. The hydrogen produced does
not readily dissolve in the tissue, resulting in the formation of
gas bubbles around the material, which may accumulate in a
localised manner. The formation of gas bubbles can result in
elevated localised pressure, which may impede the normal
healing process of the tissue.”® This can lead to several com-
plications, including inflammation, alterations in bone micro-
structure, the formation of cavities in surrounding tissues, and,
at worst, a decrease in the animal survival rate.'* Nevertheless,
all animals reached the experimental endpoint, and the histo-
logical analysis did not reveal obvious adverse tissue reactions
around the alloys. Subsequently, upon the onset of degrada-
tion, a state of simultaneous bone resorption and formation
was observed. Chang et al. evaluated bone microstructural,
histomorphometric, and biomechanical properties of high-
purity Mg screws (HP-Mg) in epiphyseal trabecular bone of
rabbits at various time points (4, 8, and 16 weeks).”” They
observed the formation of cavities/bubbles without bone
growth at all three time points, even though they stated that
their amount and size appeared to decrease at 8- and 16-week
post-implantation. Furthermore, similar to our findings, an
amorphous matrix layer was also observed accompanied by
Mg degradation. Thus, according to our results, Mg implants
appeared to enhance peri-implant bone remodelling accompa-
nied by the formation of peri-implant cavities.

Additionally, a significant increase in the implant degrada-
tion area (IDAr) for Solgel Mg SPF implants (38.8%; F = 185,
p < 0.001) was noted, along with a variation in implant surface
area (dISAr) parameters (137%; F = 165, p < 0.001) (Fig. 10)
compared to the control material. The above in vivo results
showed a significantly higher degradation of Solgel Mg SPF
implants with respect to the AZ31 control and the other types of
implants. The observed trend aligns with the electrochemical
corrosion tests, as well as with the expectedly low thickness of
the applied solgel coatings (<1 pm), suggesting a potentially
higher performance of the hydrothermal treatment in preventing
corrosion. Interestingly, 38.8% of the initial volume of Sol-
gel_Mg SPF implants was degraded after 12 weeks of implanta-
tion. This value is close to that of 34% highlighted by Lee et al.,
although at 16 weeks.”® Such a tendency of Solgel Mg SPF
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Fig. 10 IDAr, % and dISAr, % results. Histograms on the results of implant

degradation area (IDAr, %) and implant surface area variation (dISAr, %).
Mean + SD, n = 12. Dunnett test versus control (AZ31): *** p < 0.001.
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implants may be due to different causes. Firstly, the degradation
of Mg, which is common to all materials tested, typically increases
the pH, creating a more basic environment in the surrounding
tissues. The corrosion reaction of magnesium results in the
formation of hydroxyl ions, which raise the pH. Nevertheless, an
elevated pH level tends to impede the degradation of magnesium
even further as the environment becomes less conducive to the
continued degradation of the material. The medullary cavities,
being highly vascularized, have a superior ability to remove
magnesium degradation products, thus neutralizing the pH
increase more rapidly through blood buffering and the removal
of degradation byproducts. This buffering capacity helps maintain
a more neutral pH, which prevents the corrosion from being
slowed down as much as it would be in other areas with less
vascularization. Consequently, the degradation of magnesium in
the bone marrow can occur at a faster rate than in other areas.”®
Therefore, the degradation process is faster in the bone marrow
than in areas with less vascularization or pH-neutralizing
capacity.”® However, the accelerated degradation observed in
Solgel_Mg SPF implants is likely due to the unique combination
of copper ion incorporation in the sol-gel treatment and the
implantation site in highly vascularized areas. Copper ions, which
are present only in the sol-gel treated samples, are known to
promote localized electrochemical reactions, further accelerating
the corrosion process. As a result, while the basic mechanism of
magnesium corrosion is common across all materials tested, the
presence of copper in the Solgel Mg SPF implants leads to faster
degradation rates in these specific conditions, particularly in
highly vascularized environments.

Several studies have shown that elements such as Cu can
increase intergranular corrosion (IGC) in some metal alloys,
altering the chemical stability of the coating and reducing its
protective effectiveness over time. Furthermore, in humid or
corrosive environments, Cu ions can migrate through the coat-
ing and interact with magnesium, worsening corrosion resis-
tance and promoting localized corrosion phenomena. The
presence of Cu can alter the electrochemical potential of the
surface, making the underlying Mg more susceptible to corrosive
attack.’** From the material perspective, Cu alloying tends to
accelerate magnesium degradation and reduce its mechanical
properties. However, it is important to note that in our Sol-
gel_Mg_SPF implants, Cu was present exclusively in the surface
coating and not alloyed with the magnesium substrate. EDS
analyses (Fig. 10) performed confirmed the absence of Cu in the
residual material. Therefore, we hypothesize that the higher
degradation observed in the Solgel Mg SPF group is due to
the combined effect of both the implantation site and the
surface treatment. While the Cu in the surface coating may have
a role in the early post-implantation phase, the more pro-
nounced degradation in the Solgel Mg SPF implants is likely
driven by the overall effect of both factors working together.
However, in orthopaedic applications such as the repair of bone
defects or the treatment of osteomyelitis, the natural degrada-
tion of these materials may prove advantageous.

Furthermore, it is possible to regulate the rate of degrada-
tion by modulating the copper content to meet clinical needs.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01282a

Open Access Article. Published on 09 October 2025. Downloaded on 2/28/2026 8:36:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Consequently, Mg—Cu alloys may offer a suitable solution. Even
though there has been very little research on Cu-containing
magnesium alloys and their related biological performance, the
incorporation of copper into stainless steel, titanium alloys,
and cobalt-based alloys has been observed to enhance the
resistance against bacteria.>** Additionally, Cu is a vital trace
element that plays a pivotal role in the immune system,*® the
restoration of normal bone resorption rates,>” and the enhance-
ment of collagen fibre deposition.*® For these reasons, it is an
attractive candidate for use in concomitant bone regeneration
and antibacterial applications. Liu et al. investigated a series of
biodegradable Mg-Cu alloys, designed to induce osteogenesis,
stimulate angiogenesis, and provide long-lasting antibacterial
performance at the same time.'® The immersion tests reported
in Fig. 1 demonstrated that the corrosion resistance of the
materials declined in direct proportion to the quantity of Cu
present. This is due to the presence of an increased number of
Mg,Cu precipitates within the Mg matrix, which induces a
more severe form of galvanic corrosion. In light of these
considerations, we believe that the observed trend in the
histomorphometric IDAr and dISAr parameters of the Solgel-
Mg_SPF materials depended on a combination of two factors:
primarily the implant site, and secondarily the presence of Cu
during the early post-implantation phase. The above dual
mechanism may also provide initial protection against infec-
tion, which is particularly beneficial in orthopaedic applica-
tions, creating a stable environment conducive to bone healing
following surgical procedures."®*® However, due to possible
cytotoxicity effects, the presence of Cu should be investigated.
Thus, elemental analysis in the Solgel Mg SPF sample was
performed.

2.5. SEM-EDS characterization

The Solgel_Mg_SPF sample alone was investigated by SEM-EDS.
The analysis showed the absence of Cu in the degraded area of
the implant, as seen in the representative image of Fig. 11.
Representative SEM micrographs of the four different types of
implants described in the study are reported (Fig. 12). The left
column (images a-d) shows low-magnification views (500x),
while the right column (images e-h) presents higher magnifi-
cation images (2000x) of the regions highlighted by red rec-
tangles in the corresponding left-column images. Images were
acquired using backscattered electron detectors to enhance
contrast and highlight compositional differences within the

Fig. 11 (A) Representative SEM micrograph (Z contrast) and (B) X-ray
spectrum acquired from a point at the interface of the sample Sol-
gel_Mg_SPF. The spectrum is collected from the location marked by the
yellow star.
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Fig. 12 Representative SEM micrographs of the four different types of
implants described in the study. (A)-(D) Low-magnification views (500 x)
of the AZ31, Mg_SPF, Solgel_Mg_SPF, and HT_Mg_SPF samples respec-
tively and (E)-(H) their zoomed-in images (2000x); in correspondence
with the regions highlighted by red rectangles. Im = Impant; B = bone;
dM = degraded material; * = organic soft matrix.

samples. In the micrographs, the light grey areas represent the
implant material, which is surrounded by a darker grey region
corresponding to the degraded implant. A dark grey zone,
attributed to organic soft matter, is also visible. Newly formed
bone appears in white, where trabecular bone structures can be
distinguished.

2.6. Atomic force microscopy nanoindentation

To test the mechanical response of the bone surface in corre-
spondence to the various treatments, two regions of interest
were first identified for each sample: the first (regenerated
region, reg) corresponds to regenerated trabecular bone in
the portion immediately close to the implant surface; in order
to capture a possible influence of the treatment on the regen-
erative process, region reg was limited to a maximum distance
of 50 pm from the implant, and the corresponding elastic
modulus E,., evaluated by nanoindentation onto 50 non-
overlapping positions (Fig. 13). Then, averaged values obtained
were compared with their counterparts (E,,;) obtained within
region nat located at a macroscopic distance from the implant,
where native trabecular tissue is present. The results in terms of
relative percentage variation are shown in Table 1.

The measurement of the elastic modulus in zones regener-
ated (Eyeg) and native (Epa) using AFM nanoindentation yielded
values in the about 1 to 2 GPa range, with detectable
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Fig. 13 AFM nanoindentation. (a) Selection of the region for AFM nanoin-
dentation. (b) Detail of the cantilever-tip system when operating near to
implant and specification of the regenerated region (reg).

fluctuations below 10% within each region, highlighting pos-
sible dependence on intrinsic characteristics of the sample
such as its local morphology and composition; however, aver-
aged values were consistent with previous results in the
literature.*” In this respect, it is noteworthy that all treatments,
as evidenced in Table 1, resulted in a slight to robust increase
of E in the regenerated tissue. In particular, in AZ31, this
increase could be determined by a diffusion of Mg within the
newly formed bone tissue, which causes the observed stiffness
increase. This hypothesis appears to be supported by the fact
that SPF or Solgel treatment could hinder the diffusion of the
metal. In this sense, the relative increase observed in the
HT_Mg SPF implant may arise from a structural change due
to the treatment and not be related to diffusion phenomena.

3. Experimental

3.1. Mg-device manufacturing by SPF process

A device having a benchmark geometry (Fig. 14) characterized
by a hexagonal contour and a flat bottom was manufactured by
SPF. The geometry of the part thus produced was chosen to
highlight the capabilities of the process in creating compo-
nents with a quite complex shape, but a flat bottom part was
chosen to easily obtain the samples to be tested. As a starting
blank, an AZ31 disk (D = 75 mm) 1 mm thick was used. The
above-described component was created using a properly
equipped OMCN P30/W 30 tons hydraulic press:*' the AZ31
disk was clamped between two tools (the blankholder and the
die), both surrounded by the coil of an induction heater, able to
guarantee a uniform temperature (450 °C) in the forming
chamber. Then, pressurized argon gas was inflated according
to a profile calculated using finite element simulations, thus
forcing the disk to copy the geometry of the die. After the
manufacturing, 10 mm diameter circular and rectangular
(5 mm x 2 mm) samples (Mg-SPF) were obtained from the flat
part of the device by laser cutting for the subsequent in vitro

Table 1 Relative percentage variation of the elastic moduli from regen-
erated to native regions in correspondence with the different treatments

Sample (Ereg - Enat)/Enat
AZ31 +15.6%

Mg-SPF +4.9%
Solgel_Mg SPF +9.0%
HT_Mg_SPF +43.9%
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(a) (b) (c)

Fig. 14 Fabrication of material samples for the in vivo and in vitro tests. (a)
3D overview of the benchmark geometry manufactured via SPF process;
(b) 3D overview of the formed blank after the samples’ extraction via laser
cutting for the subsequent in vitro (circles) and in vivo (rectangles) tests. (c)
extracted samples for in vitro (circles) and in vivo (rectangles) tests.

and in vivo tests, respectively. A schematic representation of the
component produced by SPF and of the extracted samples is
shown in Fig. 14.

After production, Mg-SPF samples were degreased by washing
in acetone, acid pickled in a solution of 4 M acetic acid and 1 M
nitric acid (Sigma-Aldrich, Merck) for 10 s to remove surface
contaminants,” and then thoroughly rinsed in Milli-Q water for
5 min using an ultrasonic bath (Elmasonic $60, Elma Ultrasonic,
DE). Sol-gel specimens doped with copper ions (Cu®") (Sol-
gel_Mg SPF) were obtained by dipping untreated Mg-SPF samples
into a solution containing: the nanoparticles of Mg(OH),, the (3-
glycidoxypropyl)-trimethoxysilane (GLYMO), and copper nitrate
(Cu(NO;),)."° A 2.2 M NH,OH solution was added drop by drop
to a 0.4 M MgCl, solution to obtain Mg(OH), nanoparticles. The
silane solution was prepared by mixing GLYMO, 2-propanol, and
distilled water with a volume ratio of 8:8:1. The Cu(NO3), was
dissolved in the silane solution with a concentration of 0.04 M.
Then, Mg(OH), solution and GLYMO solution were mixed and
kept under magnetic stirring for 2 h. Dip-coated samples were
thermally treated in the oven at 160 °C for 2 hours to allow the
densification and crystallization of the Mg(OH),-silane network. As
for hydrothermal treatments (HT_Mg_SPF), they were performed
by immersing the specimens in a Teflon-lined stainless steel
hydrothermal synthesis reactor (Huanyu, Hangzhou Songhai Elec-
tronic Technology, CN) filled up to 70% with Milli-Q water. The
reactor was then sealed and placed in a thermostatic oven at
160 °C for 4:30 hours (effective holding time of 4 hours). After a
final ultrasound cleaning in Milli-Q water, the implants were
individually placed in PA/PE double pouches, thermo-sealed, and
then gamma-sterilized at 25.0 kGy.

3.2. Coatings characterization and SEM/EDS analysis

To investigate the general features of the applied solgel and
hydrothermal coatings, the surface morphology of both sample
groups (Solgel Mg SPF, and HT Mg SPF) was observed by
scanning electron microscopy in secondary electrons (SE) mode
using an EVO 50 SEM (Carl Zeiss, DE); such visual investigation
allowed a first assessment of the coatings’ quality and con-
tinuity. The crystalline phase composition of the coated sam-
ples was then assessed using an Empyrean X-ray diffractometer
(Malvern Panalytical, UK), with excitation by a Cu Kol emitting

This journal is © The Royal Society of Chemistry 2025
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X-ray source operated at 40 kV voltage and 40 mA current
intensity. The XRD spectra were collected in a 15°-70° 20 range
and phase matching was performed through the Panalytical
Highscore Plus software. The SEM images reported in Fig. 12
were acquired using a Cambridge Stereoscan 200 electron
microscope equipped with a Backscattered Electron (BSE)
detector. Prior to imaging, a thin conductive layer of gold
(thickness of ~4 nm) was applied to the surface of the samples
via sputter-coating with an Edwards S150B apparatus. The
microscope was operated at an accelerating voltage of 20 kv,
with a beam current of 50 pA. The magnification range for the
SEM images was set between 500x and 2000x. The detector’s
working distance was adjusted to 8.5 mm to optimize the
imaging condition. Elemental analysis was performed using
an energy dispersive X-ray spectroscopy (EDS) system integrated
within the SEM microscope. The EDS spectra were acquired
using the same parameters used for imaging, ensuring optimal
excitation of the elements present in the sample. X-ray spectra
were analyzed with Oxford INCA Energy 200 system. Lastly,
electrochemical potentiodynamic polarization experiments
were conducted to collect corrosion data of coated specimens
through accelerated testing. Samples (n = 3) were masked with
polyimide and insulation tape to leave an exposed area of 1 cm”
and electrically connected as the working electrode to an
Autolab PGSTAT30 potentiostat (Metrohm, NL), with a plati-
num counter electrode and an Ag/AgCl/saturated KCI reference
electrode, both placed frontally to the exposed sample area at a
5 mm distance. Each test was carried out in 500 mL of fresh
simulated body fluid (SBF, pH 7.4), prepared according to
Kokubo’s method,*® at 37 + 0.5 °C and in accordance with
the ASTM G3 standard. During each test, the samples were left
to corrode freely to let the system reach equilibrium at the
material-specific open circuit potential (Vocp) for 20 min. Next,
the voltage applied to the system was varied around equili-
brium, in a range between —0.5 Vocp and +1.0 Vocp, With a scan
rate of 1 mV s, and the corresponding current was measured
at every point. A log(current)-voltage diagram was then gener-
ated for each test, and the free corrosion potential (E.o,) and
corrosion current density (i.o;) values were extrapolated using
the Tafel method** by the Metrohm NOVA software. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was
employed to determine the concentration of copper in the
Solgel Mg SPF coatings, expressed as weight percentages
(wt%). Samples were subjected to mineralization in an acidic
medium, followed by appropriate dilution. Analyte calibration
was performed using certified standard solutions. Each
measurement was conducted in triplicate, and the reported
values represent the mean. Analyses were carried out using a
PerkinElmer Optima 8300 ICP-OES spectrometer.

3.3. Cytotoxicity

The cytotoxicity of Mg-based devices (Mg_SPF, Solgel Mg_SPF,
and HT_Mg_SPF) was evaluated in accordance with ISO 10993-
12 and ISO 10993-5 guidelines. Briefly, murine fibroblast cells
(L929) were cultured until reaching confluency. Post-confluency,
the cells were treated with trypsin and seeded into 96-well plates

This journal is © The Royal Society of Chemistry 2025
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at a density of 2.5 x 10° cells per 150 uL, then incubated at 37 °C
with 5% CO,. To prepare the conditioned media, samples were
cleaned, sterilized, and incubated in DMEM complete medium
for 72 hours, using a ratio of 0.2 g of Mg devices per 10 mL of
DMEM. The supernatant was filtered using a 0.2 um filter before
initiating the cytotoxicity tests. After 24 hours, the culture media
was replaced with 100 pL of the extract media. The same extract
medium was maintained throughout the entire testing period
without replacement, in order to evaluate the cumulative effects
of degradation products. Positive and negative controls included
10% dimethyl sulfoxide (DMSO, 100 uL per well) and DMEM
medium alone (100 pL per well), respectively. Cytotoxicity was
assessed using the PrestoBlue™ assay (Thermo Fisher) at inter-
vals of 1, 3, and 7 days. A 1x PrestoBlue solution was added at
100 pL per well and incubated for 4 hours. Absorbance was
measured at wavelengths of 570 nm and 600 nm using a
Multiskan GO Microplate Spectrophotometer (Thermo Scienti-
fic). The Mg-based samples used for the indirect cytotoxicity
assay were square-shaped with dimensions of 10 x 10 mm.

Cell viability and colonization patterns on Mg SPF, Sol-
gel Mg SPF, and HT Mg_SPF were evaluated using fluorescent
microscopy. Human dental pulp stem cells (DPSCs) were
seeded at a density of 2 x 10* cells per implant surface and
cultured in standard growth conditions (aMEM supplemented
with 10% FBS, 37 °C, 5% CO,) for periods of 1, 3, and 7 days.
Cell viability was assessed using a dual-fluorescence assay
combining Calcein-AM (live cell indicator) and Ethidium
Homodimer-III (dead cell marker). Briefly, after the designated
culture periods, samples were gently washed with PBS and
incubated with the fluorescent probes for 30 min at 37 °C in
the dark. Live cell distribution and morphology were visualized
using confocal laser scanning microscopy (Leica SP8, Germany).
Cell attachment patterns and spatial organization were analyzed
across multiple fields of view. For standardization purposes, the
magnesium specimens used in these assays were fabricated as
square plates measuring 10 x 10 mm. Each experimental con-
dition was tested in octuplicate (n = 8) and the experiment was
independently repeated three times to ensure reproducibility.
Human DPSCs were isolated from healthy donors following
informed consent and in accordance with institutional ethical
guidelines. Murine fibroblasts (L929 cell line) were obtained
from the American Type Culture Collection (ATCC, Manassas,
VA, USA).

3.4. Genotoxicity

The genotoxicity of Mg_SPF, Solgel_Mg_SPF, and HT_Mg_SPF
was evaluated using the bacterial reverse mutation test follow-
ing OECD guideline 471 for chemical testing [https://www.oecd.
org| and with ISO 10993-12:2007 standards.

For this assay, samples were incubated in phosphate-
buffered saline (PBS) at a ratio of 0.2 ¢ mL~* under conditions
of 37 °C and 5% CO, for 72 hours. Before incubation, the
samples were sterilized through one hour of UV irradiation,
and the resulting extracts were utilized in the genotoxicity tests.
Six different concentrations of Mg-SPF extracts (100%, 75%,
50%, 25%, 12.5%, and 6.25%) were tested for mutagenic
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activity using two strains of Salmonella Typhimurium (TA1535
and TA1537). These strains were incubated overnight at 37 °C
and 150 rpm, with and without the presence of the metabolic
activation system provided by the microsomal fraction of rat
liver (S9), employing the Ames MPF Penta 2 Format Mutageni-
city Assay (Xenometrix AG, Allschwil, Switzerland). Positive
control chemicals, including N4-aminocytidine (N4-ACT), and
9-aminoacridine (9-AAC) for S9-tests (without metabolic activa-
tion), and 2-aminoanthracene (2-AA) for S9+ tests (with metabolic
activation), were supplied with the kit. The rat liver S9 fraction,
along with the S9 100/1537 Booster solution, was also provided,
specific to each strain for tests with and without metabolic
activation (S9+/S9—), as per the supplier instructions. The growth
medium served as the negative control. Briefly, 10 mL of growth
medium was combined with 25 pL of the frozen stock culture of
the tested strains (TA1535 and TA1537) and 10 pL ampicillin
(Xenometrix). The cultures were incubated at 37 °C in a shaking
incubator at 250 rpm for 14-16 hours. Culture density was
assessed by measuring the optical density (OD) at 600 nm using
a Microplate Spectrophotometer (Thermoscientific). Suitable OD
values for testing were >2.0 for the cultures and <0.05 for the
negative control. For the assays, 10 pL aliquots of extract derived
from Mg alloy implants were added to S9—/S9+ plates with a final
S9 fraction concentration of 4.5%. Following this, 240 uL of the
suspension was transferred to 24-well plates, which were then
sealed with breathable tape and incubated at 37 °C for 90 minutes
with shaking at 250 rpm. After incubation, a reversion indicator
medium (Xenometrix) was added to each well. The medium was
gently mixed, and 50 uL per well was transferred to a 384-well
microtiter plate. Each column of the 24-well plate was divided
among 48 wells of the 384-well microtiter plate. Three plates were
used per strain for both S9+/S9— conditions. The 384-well micro-
titer plates were placed in plastic bags to minimize evaporation
and incubated at 37 °C for approximately 48 hours. The average
number of revertant-containing wells per culture/dose was calcu-
lated. The criteria for scoring positive results included a fold
increase (FI) over baseline >2 and a binomial B-value >0.99,
determined using the software provided by Xenometrix (Calcula-
tion Workbook in MS Excel, created by M. Kamber, Xenometrix
AG, 2012). Each extract concentration was tested in triplicate (n = 3)
in three independent experiments for both S9+ and S9— condi-
tions. We conducted the bacterial reverse mutation assay under
two conditions: without metabolic activation to test the intrinsic
mutagenicity of the parent compound, and with S9 mix to simulate
liver metabolism and detect any mutagenic metabolites. This
comprehensive strategy conforms to OECD 471 and ISO 10993 3
guidelines, covering both direct and metabolism-dependent geno-
toxic mechanisms and ensuring thorough evaluation.

3.5. In vivo experimental study

All animal procedures adhered to current Italian and European
regulations concerning animal experimentation, specifically
the European Directive 2010/63/EU and Italian Legislative
Decree 26/2014. The experimental protocol and surgical proce-
dures received approval from the Animal Welfare Body (OPBA)
of the University of Palermo and were subsequently authorized
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by the Italian Ministry of Health (Authorization No. 434/2022-
PR, dated July 19, 2022). This in vivo study was conducted and
reported in compliance with the ARRIVE (Animal Research:
Reporting of in vivo Experiments) guidelines to ensure trans-
parency and reproducibility.”> The sample size for the study
was determined based on robust statistical considerations,
ensuring compliance with the minimum requirements for
histological analysis as specified by the UNI EN ISO 10993-6
standard, which mandates at least 10 implants per biomaterial
evaluated. The calculation was performed using G*Power
v.3.1.9.6 software (Franz Faul, University of Kiel, Germany),
with the power level (1-f) set at 0.80 and the significance level a
at 0.05. A power analysis employed a one-way ANOVA model,
focusing on the type of biomaterial as a factor. Assuming an
effect size f > 0.45 for the histomorphometric score concerning
the percentage of bone-to-implant contact, it was established
that a minimum of n = 48 implant sites are required, equating
to n = 24 animals. Fig. 15 schematically illustrates the in vivo
experimental study, from surgery to sample preparation and
subsequent histological and nanomechanical analyses. Twenty-
four male Sprague Dawley (SD) outbred rats, aged 8 weeks and
weighing 225 + 25 g, were sourced from Charles River Labora-
tories Italia S.r.l., Calco-LC, Italy, and housed in specific
pathogen-free facilities equipped with surgical suites (ATeN
Center of the University of Palermo, Palermo, Italy; Authoriza-
tion No. 06/2017-UT dated March 30, 2017). The rats were kept
in pairs within individually ventilated cages (Tecniplast SpA,
Buguggiate/VA, Italy). The environmental conditions were
maintained at a temperature of 23 + 2 °C with a relative
humidity of 55 £ 10%. Lighting was provided on a 12-hour
light/dark cycle. Before surgery, the animals underwent a 10-
day acclimatization period, with unrestricted access to pelleted
maintenance feed (Standard diet 4RF18 Certificate - PF1611,
Mucedola S.r.l., Settimo Milanese-MI, Italy) and water.
Surgeries were conducted under aseptic conditions and
general anaesthesia, which was induced by intramuscular
administration of 50 mg kg™ ' ketamine (Lobotor 100 mg mL ™",
ACME Stl, Cavriago-RE, Italy) and 4 mg kg™ ' xylazine (Rompun,

PMMA
embedding

Histological

”5x2 mm
rectangular
shaped

[ o an, Atomic Force
= histomorphometric Microscopy (AFM)
A analyses nanoindentation
Infitration

Explant Dehydration

Fig. 15 Overview of the in vivo experimental workflow. PMMA =
polymethylmethacrylate.
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Bayer SpA, Milano, Italy). Anesthesia was sustained using 2%
isoflurane in a 40%/60% air-oxygen mixture under spontaneous
ventilation. Rats, weighing (415 + 29) g, were positioned in a
supine decubitus, and skin incisions were made on the lateral
surface of both knees. After incising the joint capsule, the surface of
the lateral femoral condyles of each knee was accessed. Bilateral
cylindrical cortico-trabecular bone defects (approximately 2 mm in
diameter and 6 mm in depth) were created using a sterile electric
drill/mill (E-PEN DRIVE, Johnson & Johnson Medical S.p.A, Milan,
Italy). Implants were press-fitted into the defects of each condyle in
the following quantities, using a random combination of the types
of biomaterials to be implanted: AZ31, serving as control (n = 12);
Mg_SPF (n = 12); Solgel_Mg_SPF (n = 12); and HT_Mg_SPF (n = 12).
Subsequently, the incisions were sutured layer by layer, and the rats
were gradually brought out of anaesthesia. Each surgical procedure
lasted approximately 30 minutes. Following implantation, the
animals were closely monitored, with daily clinical evaluations
conducted by the veterinary staff at the ATeN centre. Postoperative
care included the administration of local anaesthetic ropivacaine,
0.01 mL (Ropivacaine Kabi 7.5 mg mL ™~ '—Fresenius Kabi Italia Stl,
Isola della Scala VR, Italy) and a 1/3 controlled-release transdermal
fentanyl patch applied at the base of the tail for 72 hours
(MATRIFEN 25 pg hour™ "—Grunenthal Italia Srl, Milano, Italy).
In addition, analgesic treatment (Meloxicam 2 mg kg™ '/die po,
Metacam 0.5 mg mL~" - Boehringer Ingelheim Italia, Milano, Italy)
and antibiotic therapy (Enrofloxacin 5 mg kg ‘/die sc, Baytril
25 mg mL ™" - Bayer SpA, Milano, Italy) were provided for at least
5 days. Thereafter, the animals were checked weekly until the
experimental endpoint at 90 days, at which time they were eutha-
nized via intracardiac injection of 0.5 mL Tanax (Hoechst AG,
Frankfurt-am-Main, Germany) following deep premedication with a
combination of ketamine and xylazine, as previously described.
Subsequently, the femurs were collected, meticulously cleared of
adherent soft tissue, macroscopically assessed, and processed for
further histological and mechanical evaluations.

3.6. Bone histology and histomorphometry

The explanted bone segments were initially fixed in 4% buf-
fered paraformaldehyde, thoroughly washed under running
water, and then dehydrated through a graded series of alco-
hol/water solutions for 24 hours each, beginning with 50% and
70% concentrations, followed by two passes in 95%. Complete
dehydration was achieved through two passes in absolute
alcohol, each lasting 24 hours. Next, the samples underwent
infiltration with two different acrylate-based solutions (metha-
crylate from Merck KGaA, Darmstadt, Germany) for 24 hours
each, before being embedded in a final polymethacrylate
solution until full polymerization. Once polymerized, the bone
segments were sectioned using a Leica 1600 diamond-bladed
microtome (Leica SpA, Milano, Italy) to obtain sections 100-
120 pm thick. These sections were further thinned to 40-60 pm
with the Saphir polishing system (Saphir 550, ATM GmbH,
Mammelzen, Germany). After polishing, the sections were
stained histologically with Stevenel’s Blue and counterstained
with Fast Green. Digital images were then captured using a
digital scanner (APERIO, Leica SpA, Milano, Italy).
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The histomorphometric analysis was conducted using the
high-throughput Bioquant Osteo histomorphometry system
(Bioquant Image Analysis Corporation, Tennessee, USA), which
employs standardized histomorphometry nomenclature.*® For
each implant, a rectangular region of interest (ROI) was
defined, extending 0.5 mm diagonally from the implant corners
(Fig. 16A). The bone histomorphometric parameters assessed
included (Fig. 16A and B):

- Bone-to-implant contact (BIC, %): the percentage of direct
contact between newly formed bone and the implant surface.

- Newly formed bone area (B.Ar/T.Ar, %): the percentage of
newly formed bone within the surgical defect area.

- Trabecular thickness (Tb.Th, mm): the mean thickness of
trabeculae, reflecting the trabecular structure.

- Trabecular separation (Tb.Sp, mm): the mean distance
between adjacent trabeculae.

- Trabecular number (Tb.N, mm™"): the number of trabecu-
lae that a line through a trabecular compartment would hit per
millimetre of its length (Fig. 16A and B).

Additionally, a square region of interest (ROI), measuring
1500 pm in both height and length, was evaluated to calculate
the same histomorphometric parameters in native bone unaf-
fected by the surgical intervention (Fig. 16C).

Finally, the implant-related histomorphometric parameters
assessed included (Fig. 17):

- Degradation area (IDAr, %): determined by comparing the
initial implant area and perimeter (outlined by the shadow remain-
ing in the histological section) to those of the residual material.

- Variation of implant surface area (dISAr, %): calculated as
the difference between the initial perimeter-to-area (BPm/BAr)
ratio and that of the residual material, where higher values
indicate increased surface irregularity and reduced compactness.

3.7. Atomic force microscopy nanoindentation

An atomic force microscope (NT-MDT, Moscow, Russia) was
used as an indenter to collect the elastic (Young’s) Modulus E of
bone within the rectangular RO, at distances <50 um from the
implant. AFM-based nanoindentation operates by a sharp tip
(curvature radius ~10 nm) placed on a side of an elastic
cantilever with stiffness k = 25 N m™*, which penetrates the surface

Fig. 16 Bioguant Image analysis. (A) ROI definition (blue rectangle); (B)
histomorphometric parameters evaluated in the defined ROI; (C) ROI defini-
tion (blue square) measuring 1500 um in height and 1500 pm in length utilized
for the assessment of the histomorphometric parameters of the native bone.
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Fig. 17 Representative image for the determination of the IDAr and dISAr
parameters. The red lines indicate the angles of the shadow left by the
initial material as it degraded; rM = residual material.

of a nanometric amount (20 + 5) nm. The penetration causes
mechanical deflection of the elastic cantilever. Such deflection is
measured and transformed into a Force-penetration depth curve by
an opportune calibration operation. The Young’s modulus (Y) of
the surface at the point of nanoindentation is then extracted by an
opportune fitting model for the experimental curve. In this work, 50
curves were acquired onto as many non-overlapped positions of the
surface; therefore, Y values extracted from each curve were obtained
as an average. The Y values were obtained by fitting the experi-
mental curves by a Hertzian model already used for evaluations of
bone.”” The nanoindentation zone is established with micrometric
accuracy combining histological and optical images. This prevents
possible biases such as PMMA deposits, bone lacks, etc.

3.8. Statistical analysis

Statistical analysis was conducted utilizing GraphPad Prism
Suite (v.8.0.2, GraphPad Software, La Jolla, CA). Data are reported
as Mean =+ SD, and statistical significance thresholds were fixed at
p < 0.05. Statistical evaluation of mutagenicity via the Ames test
incorporated two stringent acceptance criteria: (i) a fold increase
(FI) >2.0 over the baseline and (ii) a binomial B-value threshold of
>0.99. For each concentration, six replicate wells containing
revertants were analyzed, with quantitative assessment performed
using a standardized Excel-based computational template (Kam-
ber, Xenometrix AG, 2012). Histomorphometric results were ana-
lyzed with a one-way ANOVA test by considering implant type as a
fixed factor, followed by post hoc multiple comparisons of Mg SPF,
Solgel_Mg SPF, and HT_Mg SPF versus AZ31 using Dunnett’s test.

4. Conclusions

In summary, the comprehensive characterization of novel
Mg alloy implants provides significant insights into their
potential as biodegradable medical devices. In vitro analyses
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demonstrated exceptional biocompatibility for both hydrother-
mal and sol-gel-modified surfaces, exhibiting sustained cell
viability and no genotoxic effects. In vivo investigations revealed
complex tissue-material interactions, with all implant variants
supporting peri-implant bone formation, although surface-
treated implants exhibited reduced BIC compared to the con-
trol. Notably, despite the uniformity and seamlessness of the
applied coating, the Solgel_Mg SPF implants showed acceler-
ated degradation kinetics, primarily attributed to the combi-
nation of copper ion incorporation in the surface coating and
the implants’ placement in highly vascularized areas, both of
which contribute to a higher degradation rate. Although
modified surfaces exhibited lower bone-implant contact per-
centages compared to controls, and the formation of an inter-
mediary calcification matrix suggests an alternative integration
pathway warranting further investigation. Notably, both the
improvement of the elastic modulus of the regenerated tissue
in HT_Mg_SPF implants and the observed hydrogen gas evolu-
tion, particularly in Solgel_Mg SPF implants, require consid-
eration for clinical application. While not hindering overall
tissue integration, these results underscore the need to opti-
mize degradation rates for specific applications, as well as to
further refine the translation of in vitro corrosion data towards
in vivo scenarios. The differential response to surface treat-
ments offers valuable insights for tailoring implant properties
to specific medical uses. It should be noted that the present
study is not without limitations. Firstly, the lack of a different
experimental time point precludes an assessment of the bone
response to the implants in terms of bone maturation and
osseointegration, as well as the degradation rate of the implant
over time. Secondly, further investigations, including osteo-
genic gene response, microtomographic analysis, and other
histological staining specific to the mineralization process,
such as Alizarin Red, could be useful for comparing our
histological, histomorphometric, and AFM results. Such a
comparison would have been beneficial to ascertain the degree
of mineralization of the peri-implant bone.

These findings enhance our understanding of Mg-based
implant behavior in biological systems, establishing a founda-
tion for next-generation biodegradable implants. Future
research should focus on long-term studies to characterize
bone maturation processes and refine surface modifications
to optimize degradation kinetics. The promising results encou-
rage continued development while highlighting areas for
improvement to enhance therapeutic potential.
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