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Abstract

Background: Biodegradable iron scaffolds are potential biomaterials which can be used for the needs of modern cardiology. The primary
criterion for biodegradable implants is corrosion time, and pure iron has a relatively low corrosion rate in the physiological environment,
which can be a limitation for materials that require faster biodegradation. The introduction of manganese (Mn) and copper (Cu) as
alloying elements into iron could increase the corrosion rate through changes in the microstructure and electrochemical potentials of
the material. Methods: The materials investigated in this study were pure iron scaffolds ferrite (Fe) and scaffolds with the addition of
manganese (35 % w/w) and copper (1 % w/w): Fe35Mn, Fe1Cu, and Fe35Mn1Cu, subsequently referred to as Fe, FeMn, FeCu, and
FeMnCu, respectively. They were obtained by applying the template method and sintering procedure, using the polyurethane (PU) and
melamine (Mel) polymeric templates. Samples have been characterized in terms of their structure andmorphology. Their electrochemical
corrosion has been carried out with the use of potentiodynamic polarization. The biological in vitro studies were conducted using four
cell lines: human aortic smooth muscle cells (HASMC), human umbilical vein endothelial cells (HUVEC), murine fibroblasts (L929),
and murine macrophages (RAW 264.7). Results: Depending on the template used, we obtained iron scaffolds with larger pores and
higher porosity for the PU template (0.7–1.6 mm, porosity 97 %) and smaller pores with lower porosity for the Mel template (0.1–0.35
mm, porosity 21 %). Additives of manganese (35 wt %) and copper (1 wt %) in the samples result in differences in orphology and
composition. Analysis of the polarisation curves clearly indicates that the type of alloy used significantly determines the degradation of
the scaffold, while the type of scaffold used (PU-based or Mel-based) has less influence. FeMn-Mel scaffolds exhibited Ecorr = −475.5
mV and Icorr = 11.5 µA, FeMnCu-Mel Ecorr = −443.5 mV and Icorr = 8.67 µA, while FeCu-Mel showed Ecorr = −369.4 mV and
Icorr = 8.11 µA. Among PU-based samples, FeMn-PU showed Ecorr = −576.6 mV and Icorr = 9.44 µA, FeMnCu-PU Ecorr = −526.8
mV and Icorr = 7.56 µA, whereas FeCu-PU reached Ecorr = −479.2 mV and Icorr = 19.61 µA. When comparing the toxic effects of
scaffolds based on polyurethane and melamine, all materials made based on a melamine template are less toxic to HASMC, HUVEC,
and L929 cells than their polyurethane-based counterparts. Conclusions: Considering the impact on the viability of key cells essential
for the proper implantation of cardiovascular devices, such as endothelial cells, aortic smooth muscle cells, and fibroblasts, as well as
the assessment of potential inflammatory induction, melamine-based scaffolds containing Mn or Cu demonstrate the greatest application
potential. Additionally, these materials also show significant anti-inflammatory effects, further supporting their suitability for use in
cardiovascular implants.
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Introduction
Biodegradable materials used in biomedical engineer-

ing, such as stents and implants, represent a new devel-
opment in the treatment of cardiovascular disease. Their
use aims to eliminate durable materials that, once they
have served their purpose, can cause complications such as
chronic inflammation or restenosis. Magnesium and its al-
loys are the most commonly used medical devices in cardi-
ology today [1,2]. They were by far the most widely studied
metals for these applications, but studies have shown that
in some applications, the corrosion rate of selected mag-
nesium alloys is higher than optimal [3]. Iron and its al-
loys are materials with great potential in this field due to
their biocompatibility, mechanical properties, and ability to
degrade in the body environment; however, they are char-
acterized by a low corrosion rate, and thus slow biodegra-
dation. According to the literature, in the case of cardio-
vascular stents, complete degradation should proceed after
vessel remodeling, which should take approximately four
months [4]. In the case of cardiac stents, a key requirement
is the combination of high mechanical strength with suffi-
cient flexibility to allow their insertion through blood ves-
sels to the appropriate site [5]. The scaffolds we propose
still do not have optimal properties for use in stents, but
they can find applications in the field of cardiology that re-
quire new, innovative solutions. Cardiac implants, such as
those supporting heart valves, require mechanical support
for the repaired heart valves. Biodegradable implants could
temporarily support valve function during tissue regenera-
tion and then biodegrade, allowing natural heart function
to be restored. In the treatment of pediatric heart defects,
such as atrial septal defects (ASDs) or ventricular septal
defects (VSDs), metal occluders are used; biodegradable
versions of these could allow the defect to close and the
implant to biodegrade after tissue regeneration. An im-
portant criterion for selecting elements for iron alloys is to
consider the regeneration of operated areas and the process
of angiogenesis, which is essential for repairing damaged
tissues and regenerating blood vessels. Manganese (Mn)
and copper (Cu) both support this process by activating en-
zymes and signaling pathways involved in vascular forma-
tion. Studies have shown that manganese ions can regulate
growth factors such as vascular endothelial growth factor
(VEGF), which stimulates the proliferation and migration
of endothelial cells, which are key to new vessel forma-
tion. Manganese plays an important role in reducing ox-
idative stress in endothelial cells and promotes better pro-
tection of cells from damage, and supports regenerative pro-
cesses [6]. Furthermore, manganese can influence the stabi-
lization of the hypoxia-inducible factor (HIF)-1α pathway,
which is crucial in the induction of angiogenesis under hy-
poxic conditions, making it particularly important in repair
processes after vascular surgery. In addition, manganese
ions promote macrophage recruitment towards the M2 phe-
notype, which promotes tissue regeneration and prompts a

balance in the inflammatory response, which is essential
for effective wound healing [7]. Copper-containing bio-
materials show potential in reducing thrombosis by mod-
ulating vascular smooth muscle cell activity and improving
endothelial function, contributing to their better biological
adaptation. In addition to reducing thrombosis and promot-
ing endothelial regeneration, copper has shown the ability
to increase collagen synthesis, which promotes structural
strengthening of blood vessels and tissue regeneration [8].
Copper ions also modulate the immune response by stim-
ulating macrophage differentiation towards the M2 pheno-
type, which promotes repair processes and reduces inflam-
mation in surrounding tissues [8]. In addition, copper can
act as a cofactor for many enzymes involved in antioxidant
processes, which minimizes oxidative stress and protects
cells from damage during regeneration [6,9].

The primary criterion for biodegradable implants is
corrosion time. Pure iron has a relatively low corrosion rate
in the physiological environment, which can be a limitation
for materials that require faster biodegradation. Studies in-
dicate that the time for full degradation of pure iron in the
body can range from a few months to several years, which
depends on the physiological conditions and the geometry
of the implant [10]. The introduction of manganese as an al-
loying element into iron allows an increase in the corrosion
rate through changes in themicrostructure and electrochem-
ical potentials of the material [11]. Manganese, due to its
chemical properties, decreases the potential of iron, which
accelerates its degradation in the physiological environ-
ment. For example, ferrite (Fe)-Mn alloys such as Fe21Mn
can present significantly higher corrosion rates compared
to pure iron, making them more suitable for applications
requiring biodegradation throughout 6 to 24 months [10].

The novelty of this work, which we would like to ar-
ticulate, is the optimization of the porosity and composition
of iron-based scaffolds, leading to the production of three-
dimensional systems with a defined corrosion rate and high
biointegration activity, while lacking cytotoxicity and in-
flammatory effects. Such systems can constitute a founda-
tion for prototype medical devices for cardiology purposes.

Materials and Methods
Samples

The materials investigated in this study were pure iron
scaffolds Fe and scaffolds with addition of manganese (35
% w/w) and copper (1 % w/w): Fe, FeMn, FeCu and FeM-
nCu, respectively. The samples were produced using raw
elemental powders: Fe (particle size <10 µm, 99 % purity,
Batch No.: Q06H065; Alfa Aesar, Kandel, Germany), Mn
(particle size <10 µm, 99.6 % purity, Batch No.: S2H037;
Thermo Fisher Scientific, Kandel, Germany) and Cu (par-
ticle size 10 µm, 99.9 % purity, Batch No.: M14H017;
Thermo Fisher Scientific, Kandel, Germany) and two types
of polymer foams. A polyurethane (PU PPI15 Rekupera-
tor, Wejherowo, Poland) with large pores and a melamine
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(Mel) sponge (10× 6.2× 2.8 cm, Polor Sp. z o.o, Szczecin,
Poland) with significantly smaller pores were used as a
polymer template. The layout prepared on the template
made of polyurethane foam is referred to in this manuscript
as PU, while the layout produced based on melamine foam
is called Mel. The powders were placed in a 50 mL cen-
trifuge tube in the proportions given above and mixed by
vibration to homogenize the powder mixture.

Preparation of the Iron Scaffolds
The polymeric sponges were suitably moulded and

then soaked in a solution of 5 % polyvinyl alcohol (weight-
average molecular weight (Mw) 89,000–98,000, 99+% hy-
drolyzed, Batch No.: W14G024; Sigma Aldrich, Darm-
stadt, Germany) previously mixed with the prepared metal
powders (mass ratio 1:2). The foams were then dried
in a laboratory dryer for 35 minutes at 95 °C, placed
in a tube furnace (Batch No.: PRW-S 70X616/110M
(KW009/2018); Czylok, Jastrzębie-Zdrój, Poland) and sin-
tered; both technological processes were adapted to the
properties of the polymer used as a template as described
in [12]. After synthesis, all samples were sterilized in an
autoclave.

Characterization
The morphology of the produced scaffolds was stud-

ied using a Quanta scanning electron microscope with field
emission (SEM, Batch No.: D9678; Quanta 3D FEG,
Houston, TX, USA). Elemental analysis was illustrated
using energy-dispersive X-ray spectroscopy (EDS, Batch
No.: 1430-04-73; Quantax 200 XFlash 4010, Bruker AXS,
Karlsruhe, Germany). Phase analysis was carried out us-
ing X-ray diffraction (XRD, Batch No.: DY1553; Philips
X’Pert with X’Celerator Scientific detector; PANalytical
B.V., Almelo, The Netherlands) with CuKα radiation and
an incident angle of 2°.

Potentiodynamic Polarization Tests
Electrochemical degradation was studied via potentio-

dynamic polarization (PDP) using a potentiostat (BioLogic
SP-200, Seyssinet-Pariset, France). The tests were carried
out in 300 mL of Hanks’ balanced salt solution (HBSS)
electrolytes (Batch No.: RNBL 1223; Sigma Aldrich, St.
Louis, MO, USA), open to air. Tests were carried out at
37 ± 2 °C from −250 mV to +250 mV vs. open circuit
potential (OCP), after the system was allowed to stabilize
considerably for 120 minutes. The scanning rate was set to
0.5 mV/s to prevent significant shifting of the OCP due to
a slower scanning rate. The study was carried out in a stan-
dard three-electrode system consisting of a working elec-
trode, a counter-electrode (platinum wire), and a reference
electrode (silver/silver chloride electrode). Corrosion cur-
rent densities were calculated using Tafel extrapolation.

Cell Culture
The in vitro studies were conducted using four cell

lines: human aortic smooth muscle cells (HASMC; Cat
#C-007-5C), human umbilical vein endothelial cells (HU-
VEC; Cat #C-015-10C), murine fibroblasts (L929; Cat
#85011425), and murine macrophages (RAW 264.7; Cat
#91062702). HASMC and HUVEC cells, along with their
culture media components, were purchased from Thermo
Fisher Scientific (Waltham, MA, USA), while L929 fibrob-
lasts and RAW 264.7 macrophages were sourced from the
European Collection of Authenticated Cell Cultures (Salis-
bury, UK).

HASMC cells were cultured in Medium 231 supple-
mented with Smooth Muscle Growth Supplement (SMGS).
HUVEC cells were maintained in Medium 200 supple-
mented with Low Serum Growth Supplement (LSGS).
To promote cell attachment and growth, culture flasks
were pre-coated with Attachment Factor Protein (a gelatin-
containing solution from Thermo Fisher Scientific; Cat #S-
006-100), which is specifically recommended for HUVEC
culture. This coating was also applied to culture plates be-
fore cell seeding for assays. L929 fibroblasts were cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium
(Cat #R8758) supplemented with 10 % heat-inactivated fe-
tal bovine serum (FBS; Cat #F9665), whereas RAW 264.7
macrophages were maintained in Dulbecco’s Modified Ea-
gle’s Medium (DMEM, 4.5 g/L glucose; Cat # D6429) sup-
plemented with 10 % FBS. Throughout the culture process,
antibiotics (100 µg/mL streptomycin and 100 IU/mL peni-
cillin; Cat #P4333) were added to each culture medium to
maintain sterility. All cell culture reagents were obtained
from Merck KGaA (Darmstadt, Germany).

All cell lines were incubated at 37 °C in a humidified
atmosphere with 5 % CO2. Cells were passaged using a
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) so-
lution (Merck KGaA; Cat #T4049; Darmstadt, Germany)
or cell scrapers (RAW 264.7 cells) upon reaching 70–80
% confluence. All cell lines used in the experiments were
maintained between passages 5 and 10. To confirm the
quality of the cell cultures, we performed mycoplasma con-
tamination testing using the Mycoplasma polymerase chain
reaction (PCR) Detection Kit (GE Healthcare, Franken-
burg am Hausruck, Oberösterreich, Austria; Cat #Q050-
020) which confirmed the absence of contamination. The
authenticity of the human cell lines (HUVEC and HASMC
cells) was confirmed by short tandem repeat (STR) pro-
filing (Malopolska Centre of Biotechnology, Jagiellonian
University, Cracow, Poland), while the murine cell lines
(L929 and RAW 264.7 cells) were verified based on
their morphology and time-dependent growth characteris-
tics (Supplementary Figs. 1,2,3 and Supplementary Ta-
ble 1).
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Fig. 1. SEM images showing the surface morphology of porous FeCu, FeMn and FeMnCu alloy samples obtained usingmelamine
and polyurethane templates. Scale bar: 1mm and 200µm. SEM, scanning electronmicroscope; Fe, ferrite; Cu, copper; Mel, melamine;
Mn, manganese; PU, polyurethane.

Preparation of Samples for In Vitro Studies

Prior to experimentation, the scaffolds were sterilized
by autoclaving. The indirect cytotoxicity of the tested sam-
ples was assessed using the extraction method, which eval-
uates the potential cytotoxic effects of leachable compo-
nents. This procedure was adapted from the International
Organization for Standardization (ISO) guidelines, specifi-
cally ISO 10993-5:2009 [13] and ISO 10993-12:2021 [14].

The samples were placed in Petri dishes at a scaffold-to-
extraction vehicle ratio of 0.2 g/mL. Extraction was car-
ried out by incubating the samples in culture media sup-
plemented with 10 % FBS at 37 °C with 5 % CO2 for 72
hours. The media used for extraction corresponded to the
specific cell lines: Medium 231 for HASMC cells, Medium
200 for HUVEC cells, RPMI 1640 for L929 fibroblasts, and
DMEM for RAW 264.7 macrophages. Culture media with-
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out samples were incubated under the same conditions and
served as non-cytotoxic controls.

After incubation, the supernatants were collected, cen-
trifuged at 2000 × g for 10 minutes, and sterilized us-
ing a 0.22 µm filter. The resulting extraction media were
stored at 4 °C for no longer than 48 hours before use
in cell stimulation experiments. Thus, the prepared me-
dia were used for assessing cell viability and evaluating
cytokine/chemokine production by the HUVEC cells and
RAW 264.7 macrophages.

Cell Viability Assessment via MTT Assay

To evaluate the potential cytotoxicity of the tested
scaffolds, HASMC, HUVEC, L929 fibroblasts, and RAW
264.7 macrophages were seeded into 96-well plates at den-
sities of 3 × 103, 5 × 103, 5 × 103, and 1 × 104 cells
per well, respectively. The cells were then incubated at
37 °C in a humidified atmosphere with 5 % CO2 for 24
hours to allow for proper attachment and acclimatization.
For cell stimulation, the scaffold-derived extracts were di-
luted in the appropriate culture medium at four dilution ra-
tios: 1:10, 1:6, 1:3, and 1:1 (100 % extraction medium).
The cells were then exposed to these extracts for 24, and
48 hours, except for RAW 264.7 macrophages, which were
treated for 24 hours only. Control cells were cultured in the
corresponding dilutions of control media, which underwent
the same preparation process as the extracts.

Cell viability was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Merck KGaA, Darmstadt, Germany; Cat #M5655)
assay. Following cell stimulation, the extracts were
removed, and the cells were washed once with phosphate-
buffered saline (PBS; Merck KGaA; Cat #P4474).
Subsequently, 100 µL of MTT solution (0.5 mg/mL)
prepared in phenol red-free culture medium was added to
each well. The cells were then incubated at 37 °C for 3
hours. After incubation, formazan crystals were solubilized
by adding 100 µL of dimethyl sulfoxide (DMSO; Merck
KGaA; Cat #472301) per well, followed by horizontal
mixing for 10 minutes using a microplate shaker. Optical
density (OD) was measured at 570 nm (with a reference
wavelength of 630 nm) using a Synergy HT Multi-Mode
Microplate Reader (serial no: 264040, BioTek Instruments,
Winooski, VT, USA). Results were expressed as a percent-
age relative to the control cells, which were cultured in the
corresponding dilution of control media and set as 100 %
viability. Blank wells contained extracts or control media
at the respective dilutions, but without cells.

Assessment of Pro-Inflammatory Cytokine and Chemokine
Production by ELISA assays

RAW 264.7 macrophages and HUVEC cells were
seeded in triplicate into 24-well tissue culture plates at den-
sities of 0.5 × 106 and 2.5 × 105 cells per well, respec-
tively. The cells were pre-incubated for 24 hours before

being stimulated with extraction media for an additional 24
hours. For treatment, the highest extraction media dilution
(1:6) was selected, as it did not reduce HUVEC and RAW
264.7 cell viability below 70 % after 24 hours of stimula-
tion, which is the ISO-defined threshold for cytotoxicity.
Control cells were cultured in appropriately diluted control
media.

In separate experiments, the effect of the tested spec-
imens on pro-inflammatory cytokine/chemokine produc-
tion was evaluated in a pro-inflammatory microenviron-
ment induced by adding 100 ng/mL of lipopolysaccha-
ride (LPS) (Escherichia coli O111:B4; Merck KGaA; Cat
#L4391) to the culture medium. The cells were stimu-
lated simultaneously with extraction media (dilution ra-
tio: 1:6) and LPS for 24 hours. Control cells were stim-
ulated with LPS and cultured in appropriately diluted con-
trol media. After treatment, culture plates were centrifuged
at 800 × g for 5 minutes, and the supernatants were col-
lected and stored at –80 °C for further analysis. To nor-
malize cytokine/chemokine concentrations to cell number,
the remaining adherent cells were stained with crystal vi-
olet (Merck KGaA; Cat #C0775). Following supernatant
collection, cells were washed once with PBS, then 300 µL
of 0.5 % crystal violet in 20 % methanol was added to each
well and incubated at room temperature for 10 minutes.
The plates were then centrifuged at 500 × g for 5 minutes,
washed with water, and left to dry. After drying, 500 µL
of 100 % methanol was added to each well to extract the
bound crystal violet. Absorbance was measured at 595 nm,
with the highest absorbance reading set as 1, and this value
was used to calculate normalization coefficients for the re-
maining samples.

The concentrations of murine and human interleukin-
6 (IL-6; Cat #M6000B and D6050B), tumor necrosis fac-
tor α (TNF-α; Cat #MTA00B and DTA00D), and mono-
cyte chemoattractant protein-1 (MCP-1; Cat #MJE00B and
DCP00) in the culture media were determined using stan-
dard ELISA kits (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Colorimetric
changeswere detected using a SynergyHTMulti-ModeMi-
croplate Reader (BioTek Instruments). The total amounts of
pro-inflammatory factors were normalized to the cell num-
ber, as estimated by crystal violet staining.

Statistical Analysis
All values are expressed as means ± standard devia-

tion of the mean. Statistical analysis was conducted using
a nonparametric one-way ANOVA with Tukey’s post hoc
test, with significance set at p< 0.05. The normality of the
data was assessed using the Shapiro-Wilk test. Data anal-
ysis was performed using GraphPad Prism 7.0 (GraphPad
Software Inc, La Jolla, CA, USA).
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Fig. 2. EDS spectra for the analysed alloy samples: FeMn-PU, FeMn-Mel, FeMnCu-PU and FeCu-Mel, showing the detailed
elemental composition of the surfaces of the samples along with the quantitative percentage of each element (Mn, Fe, Cu, O, Al).
EDS, energy-dispersive X-ray spectroscopy; C, carbon; O, oxide; Al, aluminium.

Table 1. The corrosion potential (Ecorr) and corrosion
current density (Icorr) values for biodegradable iron-based
scaffolds with manganese and copper, fabricated using

melamine and polyurethane templates.
Type of sample Ecorr (mV) Icorr (µA)

FeMn-Mel –475.5 11.5
FeMnCu-Mel –443.5 8.67
FeCu-Mel –369.4 8.11
FeMn-PU –576.6 9.44
FeMnCu-PU –526.8 7.56
FeCu-PU –479.2 19.61

Fe, ferrite; Cu, copper; Mel, melamine; Mn, manganese;
PU, polyurethane.

Results
Morphology and Composition Analysis

Analysis of the SEM images (Fig. 1), which show
the microarchitecture of the FeCu, FeMn, and FeMnCu
scaffolds made from the polyurethane and melamine tem-
plates, highlights the differences due to the presence of
the different alloying elements. The microarchitecture of
FeCu-doped scaffolds exhibits distinct differences depend-
ing on the type of template employed. Samples produced

using the melamine template present a pore size of 0.1–0.35
mm. The average pore size of scaffolds produced using the
polyurethane template is 0.7–1.6 mm. Materials made us-
ing a melamine sponge template have a porosity of approx-
imately 21 %, while the template used to manufacture the
scaffolds has a large number of small pores, but a signifi-
cant number of pores are melted during the thermal process.
The use of polyurethane foam, which has a large diame-
ter and number of pores, results in a significantly higher
porosity of 97 %. The FeCu-Mel foam is characterized by
a porous structure with varying pore sizes, with the pres-
ence of both large, irregular pores and smaller pores in the
walls of larger cells. The pore walls in FeCu-Mel are rel-
atively smooth, but corrugated and irregular in areas, and
appear dense and compact on a microstructural scale. In
contrast, the FeCu-PU scaffold, on a polyurethane template,
presents a more regular pore morphology, larger and ho-
mogeneous, with a near-circular shape. The FeCu-PU pore
walls are noticeably smoother and thinner than in FeCu-
Mel, and their microstructure is smoother and more open-
worked, with visible connections between the pores. In the
FeMn-doped scaffold series, the influence of template type
was also noticed. The FeMn-Mel foam, like FeCu-Mel,
shows a porous architecture, which is less regular than in the
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Fig. 3. X-ray diffractograms of the analyzed samples. (a) Registered diffraction peaks of the FeMn sample with the ICDD database
reference peaks for austenite (Fe, C) and manganese oxide (MnO). (b) Registered diffraction peaks of the FeMn sample with the ICDD
database reference peaks for ferrite (Fe α) and copper (Cu). ICDD, International Center for Diffraction Data.

Fig. 4. Potentiodynamic polarization curves for the investigated iron-based scaffolds: FeMn-Mel, FeMn-PU, FeMnCu-Mel,
FeMnCu-PU, FeCu-Mel and FeCu-PU, showing the electrochemical characteristics and corrosion degradation tendencies in
HBSS solution. The curves illustrate the influence of scaffold type (Mel/PU) and alloy composition (FeMn, FeMnCu, FeCu) on the
corrosion current density and corrosion potential, indicating the varying degradation rates under in vitro conditions. HBSS, Hanks’
balanced salt solution.

FeCu series, with a higher proportion of irregular pores and
varying pore sizes. It is characterised by thicker, rough, and
porous walls, with more defects and irregularities compared
to FeCu-Mel. FeMn-PU foam, analogous to FeCu-PU, is
characterised by a more regular pore structure, larger, uni-
formly shaped pores, and thinner and smoother walls than
FeMn-Mel. The FeMn-PUwall architecture is compact, but
less dense than in FeCu-PU, with interconnectivity between

pores. Double-doped FeMnCu foams show a pore structure
with intermediate features. FeMnCu-Mel foam has a pore
structure less regular than in the PU series, but more regu-
lar than FeMn-Mel. The pore size is varied, with a lower
degree of variation than in FeMn-Mel. The pore walls of
FeMnCu-Mel are thicker than in the PU series, smoother
than in FeMn-Mel, and the microstructure is compact, al-
though with some irregularities. The FeMnCu-PU foam
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Fig. 5. Viability of cells stimulated with extraction media from the tested scaffolds. Human aortic smooth muscle cells (HASMC;
a,e), human umbilical vein endothelial cells (HUVEC; b,f), murine fibroblast cell line L929 (c,g) and murine RAW 264.7 macrophages
(d,h) were stimulated with extracts derived from the tested scaffolds. Cells were stimulated for 24 and 48 hours (only 24 hours in the case
of RAW 264.9 cells) with extracts diluted in an appropriate culture medium at four dilution factors: 1:10, 1:6, 1:3, and 1. Cell viability,
assessed using the MTT assay, was expressed as a percentage (± S.D.) relative to control cells cultured in corresponding control media.
Asterisks indicate statistically significant differences between control cells (set at 100 %; solid line) and extract-treated cells (*p< 0.05;
**p< 0.01; ***p< 0.001). According to ISO standards, the dashed line represents potential cytotoxicity, defined by a cell viability drop
below 70 %. ISO, International Organization for Standardization.

stands out as having the most regular pore structure of all
the samples, with large, homogeneous pores of regular cir-
cular shape and the thinnest and smoothest walls. The mi-
crostructure of the FeMnCu-PU walls is smooth and perfo-
rated, with clear connections between the pores.

The elemental composition was confirmed using EDS
spectroscopy (Fig. 2). The manganese content of 35 wt
% was used to prepare the systems. EDS analysis of
both FeMn-PU and FeMn-Mel samples showed that the
amount of manganese in the samples is much higher than
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Fig. 6. Production of pro-inflammatory cytokines by cells stimulated with extraction media from the tested scaffolds. Human
umbilical vein endothelial cells (HUVEC; a–c) and RAW 264.7 macrophages (d–f) were stimulated with extraction media at a 1:6
dilution for 24 hours. The concentrations of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant
protein-1 (MCP-1) in the culture media were assessed using ELISA assays. Cytokine levels were normalized to the total number of
viable cells, as determined by crystal violet staining. Data represent the mean ± S.D. from three independent experiments. Asterisks
indicate significant increases in cytokine levels compared to control (non-treated) cells (*p < 0.05; **p < 0.01; ***p < 0.001), while
hashes denote significant decreases relative to the control (###p < 0.001).

expected. EDS analysis revealed significant differences in
the elemental composition of the metal scaffolds, which
were directly related to the type of polymer template used,

polyurethane and melamine ones. The microstructural dis-
similarities of the two foams, i.e., pore size and surface
area in contact with the metal powders, had a key impact
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Fig. 7. Production of pro-inflammatory cytokines by cells co-stimulated with extraction media from the tested scaffolds and
lipopolysaccharide (LPS). Human umbilical vein endothelial cells (HUVEC; a–c) and RAW 264.7 macrophages (d–f) were simultane-
ously stimulated with extraction media (1:6 dilution) and LPS (100 ng/mL) for 24 hours. The concentrations of tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) in the culture media were quantified using ELISA as-
says. Cytokine levels were normalized to the total number of viable cells, as determined by crystal violet staining. Data are presented
as the mean± S.D. from three independent experiments. Asterisks indicate significant increases in cytokine levels compared to positive
control cells stimulated with LPS alone (*p< 0.05; **p< 0.01; ***p< 0.001), while hashes denote significant decreases relative to the
LPS-treated control (#p < 0.05; ##p < 0.01; ###p < 0.001).
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on elemental dispersion, phase boundary interactions, and
polymer removal efficiency during sintering. In scaffolds
prepared on the PU template, characterized by larger pores,
there is a tendency to form larger clusters ofmetallic phases,
leading to local fluctuations in elemental composition. EDS
spectra for Mel-based scaffolds characterize an increased
proportion of carbon (C) and oxygen.

Material Phase Characteristics

Phase analysis of the samples was carried out by X-
ray diffraction (XRD). As a result, diffractograms were
recorded for FeMn and FeCu alloys, the analysis of which
allowed the identification of crystalline phases. In Supple-
mentaryMaterials there are two XRD spectra of FeCu and
FeMn samples (Supplementary Figs. 4,5). The experi-
mental data were compared with reference standards con-
tained in International Center for Diffraction Data (ICDD)
databases. Diffractograms of the performed samples and
standards are shown in Fig. 3. The diffractogram of Fig.
3a identified the dominant presence of an austenitic (Fe,
C) phase, characterized by a regular lattice system of the
fcc type, with a space group of Fm-3m and a crystal lat-
tice parameter of a = 3.6000 Å. The characteristic diffrac-
tion reflection for austenite was observed at an angle of 2θ
of approximately 43.47°, which corresponds to the crystal
plane (111). The intensity and position of this peak clearly
indicate the presence of this phase in the analyzed mate-
rial. In addition, the presence of reflections at 2θ angles
50.67° and 74.68°, corresponding to crystal planes (200)
and (220), further confirms the presence of an austenitic
phase. The second major crystalline phase identified in the
sample is manganese oxide (MnO), characterized by a reg-
ular fcc-type lattice system with space group Fm-3m and
crystal lattice parameter a = 4.4150 Å. Reflections charac-
teristic of this phase were observed around 2θ angles equal
to about 35.18° (plane (111)) and 40.85° (plane (200)). The
intensity of these peaks allows us to confirm the presence
of MnO as an additional phase in the sample. Analysis of
the FeCu diffractogram (Fig. 3b) showed the predominant
presence of a ferritic phase (α-iron), characterized by a reg-
ular spatially centered arrangement (bcc) with space group
Im-3m and crystal lattice parameter a = 2.8664 Å. The char-
acteristic diffraction reflection for ferrite was observed at 2θ
angle 44.67°, which corresponds to the crystal plane (110).
In addition, the presence of reflections at 2θ angles of about
65.02° and 82.34°, corresponding to crystal planes (200)
and (211), confirms the presence of a ferritic phase. In ad-
dition, the presence of a copper (Cu) phase, characterized
by an fcc-type regular structure with space group Fm-3m
and crystal lattice parameter a = 3.6150 Å, was observed
in the sample. Diffraction reflections characteristic of Cu
were identified at 2θ angles of 43.30°, 50.43° and 74.13°,
corresponding to the (111), (200) and (220) planes. The in-
tensity of these reflections confirms the presence of copper
as an additional phase.

Degradation Test

Potentiodynamic polarization (PDP) tests were a key
step in assessing the degradation rate of scaffolds fabri-
cated using melamine and polyurethane templates made
from different alloys—FeMn, FeMnCu and FeCu—in an
environment mimicking physiological fluids. This research
was designed to provide preliminary data on the potential
biodegradation rate of these materials, which are being con-
sidered for use in biodegradable cardiac implants. The de-
termination in potentiodynamic tests of the Icorr value is
directly related to the corrosion rate of the investigated ma-
terial. Higher Icorr values mean that the material degrades
faster, which is significant regarding biodegradable materi-
als. The second parameter determined is the Ecorr, which
indicates the thermodynamic susceptibility of the material
to corrosion. Analysis of the polarisation curves (Fig. 4)
obtained clearly indicates that the type of alloy used signif-
icantly determines the degradation of the scaffold, while the
type of scaffold used has less influence.

In Table 1 there are data about corrosion potential
(Ecorr) and corrosion current density (Icorr) values for
biodegradable iron-based scaffolds with manganese and
copper, fabricated using melamine and polyurethane tem-
plates. The scaffolds consisting of FeMn consistently
showed the highest values of corrosion current density
among the testedmaterials, which correlates with amore in-
tense corrosion process and thus suggests the fastest degra-
dation of the material in the tested environment. In con-
trast, at the other extreme, the FeCu scaffolds were char-
acterised by the lowest current densities. This in turn indi-
cates the slowest degradation of this alloy compared to the
others. The FeMnCu scaffolds, presented an intermediate
behaviour, occupying positions between FeMn and FeCu in
terms of degradation rate, as manifested by the average val-
ues of the corrosion current densities. The influence of the
type of scaffold used, on the degradation process, is notice-
able.

Evaluation of Cytotoxicity and Inflammatory Response in
Cells Stimulated with Scaffold-Derived Extracts

The cytotoxicity of the tested scaffolds was assessed
using four cell lines and an extraction method. This ap-
proach evaluates the impact of substances released from
the implant surface upon contact with surrounding flu-
ids, which is crucial for materials in blood-contacting im-
plants. The evaluation of cell viability revealed a dose-
and time-dependent decline in cell survival across most
tested scaffolds, but mainly at higher extract concentra-
tions. When comparing the toxic effects of scaffolds based
on polyurethane and melamine, it is clear that all materi-
als made from melamine are less toxic to HASMC, HU-
VEC, and L929 cells than their PU counterparts. For
the Mel-based scaffolds, toxic effects on HASMC cells
were observed only for undiluted extracts of FeCu-Mel and
FeMnCu-Mel samples (Fig. 5e). In contrast, for HUVEC
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cells, toxicity was evident only with the undiluted Fe-Mel
extract (Fig. 5f). Regarding L929 fibroblasts, toxic ef-
fects were seen with both the 1:3 diluted and undiluted ex-
tracts from the FeMnCu-Mel material (Fig. 5g). The eval-
uation of cell viability for three different cell types stim-
ulated with extracts made from PU showed that the toxic
effect was mainly observed with undiluted extracts (except
for the extract from the FeCu-PU sample, where no toxic
effect was seen on L929 fibroblasts; Fig. 5c), as well as
some of the 1:3 diluted extracts from the FeMn-PU and
FeMnCu-PU samples (Fig. 5a–c). In the case of RAW
264.7 macrophages, a toxic effect was observed for the
undiluted extracts from all the tested samples, as well as for
the 1:3 diluted extracts, except for FeMn-PU and FeMn-
Mel samples, which showed no toxic effect (Fig. 5d,h).

In the next experiments, we investigated the effects
of the tested extracts on the secretion of key inflammatory
mediators (IL-6, TNF-α, andMCP-1) by HUVEC endothe-
lial cells and RAW 264.7 macrophages. The results showed
that, in the case of HUVEC cells, extracts made from Mel
did not induce increased production of TNF-α (Fig. 6a) or
IL-6 (Fig. 6b) compared to control cells. However, an ele-
vated secretion ofMCP-1 was noticed, except for the FeCu-
Mel extract, where the level of this chemokine was lower
than in control cells (p < 0.001; Fig. 6c). On the other
hand, extracts from PU-based scaffolds did not induce in-
creased production of IL-6 (Fig. 6b), but some extracts led
to elevated secretion of TNF-α (FeCu-PU and FeMn-PU
samples; Fig. 6a) and MCP-1 (FeMn-PU and FeMnCu-PU
samples; Fig. 6c). The extracts’ impact on the secretion of
pro-inflammatory factors by RAW 264.7 macrophages re-
vealed that the studied scaffolds significantly influence the
cells’ ability to release these factors. Elevated production
of IL-6, TNF-α, andMCP-1 was observed in comparison to
control cells for all the tested samples (Fig. 6d–f), except
for the FeMn-Mel extract, which did not induce increased
secretion of MCP-1 (Fig. 6f).

In subsequent stages of the study, the potential anti-
inflammatory properties of the scaffolds were evaluated by
co-stimulating cells with LPS and material extracts. The
inflammatory response, based on IL-6, TNF-α, and MCP-1
levels, was compared to LPS-only controls. As shown in
Fig. 7, in a pro-inflammatory environment, extracts from
the FeMn-Mel and FeMnCu-Mel samples inhibited the pro-
duction of all the tested factors by HUVEC cells. Addition-
ally, it was observed that the secretion of IL-6 by these cells
is reduced by extracts from the FeMn-PU and FeMnCu-PU
samples (Fig. 7b). Regarding TNF-α levels, all tested ex-
tracts, except for those from the Fe-PU and FeMnCu-PU
samples, showed also inhibitory effects on the secretion of
this cytokine (Fig. 7a). Moreover, co-stimulation of RAW
264.7 macrophages revealed that the inhibitory effect on
the secretion of TNF-α and IL-6 occurred due to the pres-
ence of extracts from the FeMn-Mel and FeCu-Mel sam-
ples in the pro-inflammatory environment (Fig. 7d,e, re-

spectively). On the other hand, all PU-based samples in-
duced increased production of TNF-α and IL-6 compared
to cells stimulated with LPS alone. In the case of MCP-1
level secreted by macrophages, it was observed that the Fe-
PU and FeMnCu-Mel samples slightly enhanced the secre-
tion of this chemokine in the presence of LPS. At the same
time, all other extracts did not induce significant changes in
their level (Fig. 7f).

Discussion
Template-based processes with the use of metallic

powders (Fe, Mn, Cu) and polymeric templates gave dif-
ferent 3D-scaffolds, differing in composition, structure,
and morphology. When analyzing scanning electron mi-
croscopy images, it can be seen that the addition of man-
ganese in both templates (FeMn-PU, FeMn-Mel) results
in a significant increase in the roughness of the scaffold
surface. The pore walls become less smooth, and minor
microstructures appear on their surface. Increased irreg-
ularity of pore shape is also apparent; instead of uniform
and well-demarcated edges, more ragged structures appear.
The addition of manganese to iron increases the porosity
of the system [15,16]. The combination of manganese and
copper in both templates (FeMnCu-PU, FeMnCu-Mel) in-
creases the morphological complexity of the rock further.
The pores become even more irregular, and the pore walls
show numerous microstructural depressions and textural
variations. Compared to FeMn-PU, FeMnCu-PU is charac-
terised by a more developed microstructure, with the pres-
ence of smaller substructures within the walls. In addition,
the surface of the scaffold is more porous and the texture
less uniform. The important point is that the porosity of the
material increases the surface area available for degrada-
tion, which accelerates degradation. Implants with macro-
pores (150–300 µm) and interconnected pores have a larger
surface area for corrosion, which affects the rate of corro-
sion product formation [17]. Referring to the fact stated in
the Results chapter that EDS analysis of both FeMn-PU and
FeMn-Mel samples showed that the amount of manganese
in the sample is much higher than expected, it can be ex-
plained by the fact that during the powder metallurgy pro-
cess, the distribution of elements may not be completely
homogeneous. In particular, manganese and copper may
not show a uniform distribution in the iron matrix. This
could result in areas locally enriched in manganese or cop-
per and areas relatively poorer in these elements [18]. The
cause could be the sublimation of manganese during sinter-
ing. Manganese has a high vapour pressure, which causes
it to sublimate during sintering. This in turn leads to the
loss of manganese from some areas and its condensation
in other [19]. EDS spectra for scaffolds prepared on the
PU template tend to show a lower proportion of carbon
and oxygen, suggesting relatively more efficient removal of
the polymer template. Additionally, the oxygen present in
manganese alloys is, from a thermodynamic point of view,
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almost impossible to prevent oxidation of Mn vapour even
under such conditions [20]. An increased proportion of car-
bon and oxygen on the EDS spectra of scaffolds prepared
on the Mel template may indicate difficulties in remov-
ing residual polymer from inside the dense microstructure.
Furthermore, EDS analysis revealed differences in the in-
tensity of the peaks corresponding to individual elements
depending on the template. Samples obtained on the ba-
sis of the melamine template often showed stronger peaks
for oxygen, which may suggest increased oxidation of met-
als at the metal-polymer interface, resulting from a larger
contact area [12]. Considering the phase characteristics of
the studied materials, it is necessary to analyze the refer-
ences regarding the influence of metallic additives. Litera-
ture data reports that manganese is a stabilizing element of
fcc(γ). The addition ofmanganese to iron leads to austenitic
steel [21]. The presence of manganese (II) oxide instead
of pure manganese in the analyzed samples is due to man-
ganese’s high affinity to oxygen [16]. During the sintering
process, which takes place at high temperatures, the oxygen
present in the pores promotes the oxidation of manganese
to MnO. Moreover, these oxides show high stability at tem-
peratures above 800 °C [22], which hinders their reduction
[23]. When FeCu samples are analyzed, where copper is
present in only 1 %, signals characteristic of both the bcc
structure of iron and signals characteristic of the fcc struc-
ture of copper are visible. The small addition of copper to
iron results in the observation of bcc (110) and (200) and
fcc (111) and (220) reflections, and as the amount of cop-
per increases, the signals corresponding to the bcc struc-
ture of iron are completely suppressed [24,25]. The anal-
ysis of the polarisation curves and data in Table 1 shows
that polyurethane-based scaffolds have slightly lower Ecorr

values compared to melamine-based scaffolds, regardless
of the alloy used. The more negative the Ecorr potential,
the greater the tendency to oxidise in a given environment
[26]. The subtle difference suggests that melamine-based
scaffoldingmay slightly slow down the degradation process
compared to polyurethane-based scaffolding. The associa-
tion is related to surface morphology; the melamine scaf-
fold is more densely packed, while the polyurethane tem-
plate has lower packing and higher overall porosity [12]. In
the literature, the addition of copper to Fe-Mn alloys can
increase the corrosion rate, but these effects depend on the
copper content and microstructure of the alloy. Cu parti-
cles dispersed in the microstructure act as cathodic sites to-
wards the matrix, increasing the degradation rate through
a micro-galvanic corrosion mechanism [16]. Stents made
of pure iron implanted in the pig aorta did not induce any
local or systemic toxicity [27]. However, due to the very
low degradation rate of pure iron in the physiological en-
vironment, such implants show reactions similar to those
observed in solid applications [28]. To increase the degra-
dation rate of Fe-based materials, iron is doped with man-
ganese; the resulting alloy shows an increased degradation

rate compared to pure iron [29,30]. Manganese lowers the
standard electrode potential of iron, making the iron ma-
trix more susceptible to corrosion through the formation of
micro-cells [31]. On the other hand, the formation of oxide
and hydroxide layers can also occur during corrosion. Man-
ganese reacts with oxygen and water to form oxides and
hydroxides, which are deposited on the surface of the ma-
terial. The degradation products include metal hydroxides
and calcium and phosphorus layers. These layers can affect
the rate of corrosion by acting as a diffusion barrier, slowing
the exchange of ions between the substrate and the solution
[32]. The addition of several percent of copper indicates
an increase in corrosion potential; however, the presence
of free copper particles dispersed in the microstructure acts
as cathodes relative to the matrix, accelerating degradation
through a micro-galvanic corrosion mechanism [16].

The biocompatibility and toxicity of metallic materi-
als, including iron-based scaffolds, are primarily governed
by the type and concentration of released ions and degrada-
tion products [33]. These factors affect cellular behavior,
tissue compatibility, and overall implant safety. To bet-
ter reflect prolonged in vivo conditions, we extended the
extraction duration to 72 hours, beyond the ISO 10993-12
recommendation of 24 hours. This approach captures long-
term ion release expected after implantation.

In this study, the potential cytotoxicity of the scaffolds
was evaluated using HASMC, HUVEC, and L929 fibrob-
lasts. These cell types are essential for assessing cardiovas-
cular implant biocompatibility, as stents interact first with
endothelial and smooth muscle cells during wound healing,
and later are mainly surrounded by smooth muscle cells
[34]. HASMCs maintain vascular structure and regulate
tone, ensuring implant stability [35]. HUVECs are widely
used as an endothelial model, regulating smooth muscle
behavior and preventing platelet activation [36,37]. The
L929 fibroblast line is a standard tool for biomaterial cy-
totoxicity testing [38]. As fibroblasts form the peri-implant
mucosal seal that prevents epithelial ingrowth, their inclu-
sion extends biocompatibility assessment beyond vascular
responses [39]. We also assessed the impact of scaffolds
on the macrophage viability since these cells, alongside en-
dothelial cells, are well-recognized as key regulators of the
inflammatory response, critically involved in infection con-
trol and the host reaction to implanted biomaterials [10].
The results showed that Mel-based scaffolds demonstrated
consistently lower cytotoxicity compared to PU-based ma-
terials across all tested cell types. For HASMC, HUVEC,
and L929 cells, toxic effects were mainly associated with
undiluted or 1:3 diluted extracts of selected Mel and PU
scaffolds. Notably, RAW 264.7 macrophages were the
most sensitive, exhibiting reduced viability even with some
diluted extracts, particularly fromPU-based samples. How-
ever, when analyzing these results, it is essential to consider
that, according to ISO standards, a material is deemed toxic
if it causes a reduction in cell viability below 70 %. More-
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over, in vivo, a cardiovascular implant in contact with sur-
rounding bodily fluids, primarily blood, is subjected to con-
tinuous interaction with these fluids. This results in the con-
centration of substances released from the implant’s surface
being consistently diluted due to the ongoing flow. There-
fore, the implant is not exposed to 100 % extract concentra-
tion under natural conditions, as would be the case in a con-
trolled in vitro environment [40]. The elevated cytotoxicity
of PU-based scaffolds may result from their higher porosity
and faster degradation, leading to more substantial iron ion
release. While iron ions are vital in small amounts, excess
concentrations generate reactive oxygen species (ROS) via
Fenton reactions, leading to oxidative stress, lipid peroxida-
tion, and ultimately cell death via ferroptosis and apoptosis
[41,42].

It is well established that cardiovascular implants typ-
ically undergo a process of wound healing. Moreover, fol-
lowing the initial interaction between blood and the mate-
rial, inflammatory responses are triggered around the im-
planted device [36]. Endothelial cells and macrophages
are believed to be the key cells involved in this response
by, among others, releasing cytokines (e.g., IL-6, TNF-α)
and chemokines (e.g., MCP-1), which orchestrate immune
cell recruitment and activation [43,44]. Our cytokine data
show that Mel-based extracts, particularly FeMn-Mel and
FeCu-Mel, did not stimulate IL-6 or TNF-α secretion in
HUVECs. MCP-1 levels were modestly elevated, except
for FeCu-Mel, where MCP-1 was reduced. In contrast, PU-
based extracts, such as FeMn-PU and FeMnCu-PU were
associated with significantly increased TNF-α and MCP-
1 production. Macrophages displayed elevated cytokine
levels (TNF-α, IL-6, MCP-1) for all tested extracts except
FeMn-Mel, which did not induce MCP-1. These findings
indicate that FeMn-Mel and FeCu-Mel scaffolds provoke
minimal inflammatory responses under native conditions
[42]. This can be attributed to their lower porosity and
slower degradation rates, which result in reduced ion re-
lease and oxidative stress [33].

After assessing the effects of the scaffolds on the
production of pro-inflammatory mediators, we further in-
vestigated whether these materials could modulate inflam-
mation triggered by bacterial infection. To simulate this
phenomenon, both cell types were co-stimulated with the
scaffold extracts and bacterial LPS, a well-known py-
rogenic factor used to induce an in vitro inflammatory
state [45]. Our findings indicate that scaffold composi-
tion and architecture jointly shape the inflammatory re-
sponse. In a pro-inflammatory environment, FeMn-Mel
and FeMnCu-Mel extracts reduced IL-6, TNF-α, andMCP-
1 secretion by HUVECs, whereas PU-based scaffolds,
such as Fe-PU and FeMnCu-PU, enhanced cytokine re-
lease, suggesting a stronger pro-inflammatory potential.
Similarly, FeMn-Mel and FeCu-Mel extracts suppressed
LPS-induced TNF-α and IL-6 production in RAW 264.7
macrophages, supporting their anti-inflammatory activity.

These observations are consistent with prior studies demon-
strating that manganese- and copper-containing bioma-
terials can promote macrophage polarization toward an
anti-inflammatory M2 phenotype, thereby attenuating pro-
inflammatory cytokine production [46]. Moreover, mech-
anistically, manganese-containing materials have been
shown to enhance endogenous antioxidant defenses, re-
ducing oxidative stress and inflammation [47], while cop-
per can modulate macrophage activity toward an anti-
inflammatory phenotype and support endothelial regener-
ation [48].

In contrast, PU-based extracts generally promoted
cytokine secretion, reinforcing the pro-inflammatory re-
sponse. This observation aligns with the concept that
scaffold architecture and porosity significantly influence
both degradation behavior and host response. Implants
with large, interconnected pores are more susceptible to
inflammatory activation, likely due to accelerated corro-
sion and uncontrolled ion release [49]. Interestingly, the
slight increase in MCP-1 observed for certain extracts (Fe-
PU and FeMnCu-Mel) may indicate a differential regula-
tion of chemokines vs. cytokines, a phenomenon previ-
ously reported for Fe-based biomaterials. This selective
modulation of chemokines could influence the recruitment
of immune cells and subsequent tissue remodeling. More-
over, the physical characteristics of biomaterials, includ-
ing surface properties, are known to affect chemokine se-
cretion, such as MCP-1 [50]. Overall, these comparisons
highlight that scaffold architecture and alloying elements
jointly determine the inflammatory outcome, with Mel-
based FeMn and FeCu scaffolds showing the most consis-
tent anti-inflammatory potential.

Among all the tested materials, the FeCu-Mel and
FeMn-Mel samples demonstrated the most pronounced
anti-inflammatory potential, as they consistently inhibited
key pro-inflammatory cytokines in both endothelial cells
and macrophages. These findings indicate that these two
Mel-based scaffolds, could serve as promising candidates
for modulating inflammation in tissue engineering applica-
tions, especially in inflammatory environments associated
with bacterial infections.

Conclusions
In conclusion, considering the impact on the viability

of key cells essential for the proper implantation of cardio-
vascular devices, such as endothelial cells, aortic smooth
muscle cells, and fibroblasts, as well as the assessment
of potential inflammatory induction, melamine-based scaf-
folds containingMn or Cu demonstrate the greatest applica-
tion potential. Additionally, these materials also show sig-
nificant anti-inflammatory effects, further supporting their
suitability for the use in cardiovascular implants.
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