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Biodegradable metallic alloys made of magnesium, iron and zinc constitute today a recognized alternative to
corrosion-resistant alloys, especially for clinical application where temporary support is required. Pure Fe pre-
sents interesting mechanical properties, but also a low degradation rate. For this reason, the addition of alloying

E‘;Szo formin elements could be effective to improve the corrosion rate of Fe-based alloys. In this work, electroformed Co-
Degradation & containing Fe-based alloys were produced, and their properties investigated. Optical microscopy and X-ray

diffraction were used to assess the microstructure, while scanning electron microscopy, atomic force microscopy
and contact profilometry were used for the evaluation of the surface topography. Chemical composition was
assessed through energy dispersive spectrometry. Potentiodynamic polarization and electrochemical impedance
spectroscopy tests assessed the corrosion behavior of the materials. Results showed a complex influence of Co on
surface topography and degradation properties of the samples. The electroformed alloys showed an o-Fe
microstructure, while the addition of Co led to the modification of some microstructural parameters. Fe-Co alloys
also showed a decrease in wettability compared to pure Fe; this was attributed to the formation of a passive layer.
For most of the samples, Co addition resulted in superior corrosion resistance. Nevertheless, for sample Fe-5.0Co,
a synergy between an unstable passive layer and high nano-scale rugosity (27.6 nm) resulted in increase in the
corrosion rate from 0.17 mm-y~! (for pure Fe) to 0.29 mm-y '. Finally, cell viability showed a unique
concentration-dependent cytotoxicity of the Fe-Co alloys for fibroblasts, and all samples presented a direct kill
mechanism for E. coli.

serve also as metabolites to the organism, has been investigated and
confirmed [1,2]. Pure iron, zinc and magnesium, as well as their alloys,

1. Introduction

Bioabsorbable metals have been attracting wide attention from
biomedical researchers and medical device engineers, especially
regarding their degradation features justifying their use as temporary
support medical devices. Their advantage, when compared to the
properties of “corrosion-resistant” alloys (AISI316L, CoCr-based alloys,
Ti-based, etc.) is that they can be completely degrade, their ions
absorbed and finally eliminated through physiological pathways; the
functionality of the device must however be guaranteed until the full
recovery of the damaged tissue. Their biological performances (in vitro,
in vivo and clinically), and the one of the corrosion products, which may
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have been investigated — and magnesium and its alloys has led to im-
plants and devices in clinics [3]. In general, biodegradable metals
require to modulate corrosion resistance. For example, Mg-based alloys
usually present a high degradation rate, poor ductility and the risk to
produce hydrogen [3-5], while Zn-based alloys often show an accept-
able degradation rate (between Mg and Fe), but poor mechanical
properties and brittleness are still limiting factors [2,6,7].

Recently, increasing attention has been given to iron and its alloys.
Despite their high mechanical resistance and ductility, and regardless of
their general cytocompatibility, studies have shown that the in vivo
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Table 1
Bath composition and deposition parameters used in the electroforming process.
Sample  Bath Deposition
Chemical Concentration Parameter Condition
L
e-Fe FeCly-4H,0 400 j (A-dm™2) 2
CaCly 80 Time (h) 2
Sodium 1.0 Temperature 90
saccharine 0.25 [{O)
Na™ dodecyl pH 1.0
sulfate Stirring No
Fe-xCo  FeCly-4H,0 227 j (A-dm™2) 2
CoCl,-6H,0 X Time (h) 2
Boric acid 24.7 Temperature 90
(9]
Ascorbic acid 8.8 pH 1.0
Stirring No

corrosion rate (CR) of iron is rather lower than the in vitro one [8-10],
and in any case too low for this class of biomedical applications, making
essential its improvement to envisage their use as resorbable metals in
temporary devices. Alloying iron with other elements constitutes a
recognized alternative to increase its degradability [11,12]. Huang,
Zheng and Han [13] implanted Zn into pure Fe and observed a roughly
three-fold CR increase in Hanks' solution, from 0.027 mm y ™' to 0.093
mm-y~!. The authors attributed the inferior corrosion resistance to the
lower standard potential of Zn together with the high distortion energy
caused by the implantation, and to the galvanic coupling between Zn-
and Fe-rich phases. Huang, Cheng and Zheng [14] produced Fe-Pd and
Fe-Pt composites from spark plasma sintering and evaluated the elec-
trochemical properties in Hanks’ solution. The results showed a jeorr
increase compared to pure Fe (0.871 pA-cm’z), that is 1.550 pA-cm’2
for Fe-Pd and 6.698 pA-cm™2 for Fe-Pt; this was considered as a conse-
quence of microgalvanic corrosion. Kupkova et al. [15] produced a series
of Fe-Cu alloys from powder metallurgy; they verified a j.o increase for
increasing amounts of Cu, from 48 pA-cm™2 (pure Fe) to 57 pA-cm ™2
(3.2 wt.% Cu) and 100 pA~cm’2 (8.0 wt.% Cu), mainly due to the
presence of a nobler phase inducing, even in this case, galvanic
corrosion.

Another candidate to be considered is cobalt, a less conventional
alloying element in biomedical applications. Despite the controversies in
its use in biological media due to a low toxicity limit [16], this metal is
essential for life in the human body, composing the biologically needed
vitamin B12, helping on the prevention of chronic diseases, impacting
the correct functioning of the immune system, and others [17]. Studies
point out that the bioaccumulation of cobalt in the organism could be
considered low, since its excretion largely occurs via intestines and
kidneys [18,19]. Cobalt is also well-explored due to its antibacterial
activity, an interesting appeal for biomedical applications [20]. For
instance, Abass et al. [21] explored the effect of cobalt-nanoparticles
against multidrug-resistant pathogens and observed a strong antibacte-
rial effect for the concentration of 100 pg-mL™'. Kiani et al. [22] syn-
thetized cobalt-doped ferrite nanoparticles targeting gram-positive and
gram-negative pathogens and observed a potent antibacterial activity.
Furthermore, cobalt was also explored as doping agent for bioactive
glasses, showing promising therapeutic use thanks to its pro-angiogenic
effect [23].

For intravascular medical devices, such vascular stents, which
require to be so tiny (1 to 2 mm in diameter and less than 100 pm in
thickness) but so resistant (to radially support the artery when deployed)
to allow its crimping around a balloon, then mounting on a catheter,
inserted under X-ray observation in the diseased tissue or organ, and
deployed at the delivery site, electroforming might constitute the pro-
cess of choice [10,24]. In fact, electroforming is a process in which a
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metal or alloy is fabricated via its deposition onto a mandrel using an
electrolytic solution containing metal ions and further detached [25]. In
fact, electroforming is a bottom-up process, much more adapted to the
production of tiny structures and complex shapes than other metallur-
gical processes such as casting or even additive manufacturing processes
[24,26]. Finally, from an electrochemical point of view, cobalt is also an
interesting alloying element, since it presents close standard electrode
potential in comparison to iron (—0.28 Vgyg and —0.44 Vgyg, respec-
tively). Altogether, one can expect that the co-deposition of these metals
using the electroforming process would be facilitated. Nevertheless,
although cobalt appears to be a promising alloying element to iron from
both biocompatibility and electrochemical perspectives, studies on
electroformed Fe-Co alloys for biomedical applications remain scarce in
the literature.

The aim of the study was to report on the properties of electroformed
Fe-Co alloys for potential biomedical device applications. Four different
cobalt concentrations were investigated, between 8 and 23 wt% Co.
Specimens were investigated by optical microscopy (OM), and scanning
electron microscopy (SEM) coupled with an energy-dispersive X-ray
spectrometer (EDS), electron probe microanalysis (EPMA), contact
profilometry, atomic force microscopy (AFM), water contact angle
(WCA) and X-ray diffraction (XRD). The corrosion behavior of the alloys
was evaluated by potentiodynamic polarization (PDP) and electro-
chemical impedance spectroscopy (EIS). Cell viability and antibacterial
activity were also assessed. Finally, AI technology was used to study the
cell death mechanism induced by the degradation products of the alloys.

2. Materials and methods
2.1. Chemicals

For the electroforming process, the following reagents were used:
iron(II) chloride tetrahydrate 98 % (Thermo Scientific), cobalt(Il)
chloride hexahydrate 99.9 % (Alfa Aesar), boric acid 99.8 % (Fischer),
ascorbic acid 99.8 % (Fischer), calcium chloride 96 % (Fisher),
saccharine sodium salt 99 % (Alfa Aesar) and sodium dodecyl sulfate 98
% (Acros). A modified Hanks’ balanced salt solution (MHBSS) was used
as medium for all the electrochemical analyses; its composition is
described in Table S1 (Supplementary Materials) and was based in a
previous study [27]. The pH of the solution was adjusted between 7.35
and 7.45 using whether NaOH or HCI 1.0 mol-L 1. All chemicals were
used as received.

2.2. Electroforming process

Electroformed samples were produced in constant current density
using a BioLogic SP-300 potentiostat. For this, previously mechanically
polished 4.4 cm? square substrates of cp-Ti were used as working elec-
trode (cathode), a graphite rod as counter-electrode, and a wire of pure
silver as reference electrode. The composition of the electrolytic baths,
as well as the parameters of the deposition process, are described in
Table 1. After deposition, the samples were manually detached from the
working electrode, rinsed with running water, and consecutively with
methanol and stocked into a desiccator until further use.

Conditions were named according to the amount of CoCly-6H20 salt
in the electrolytic bath with the following labels: Fe-1.0Co (1.0 g-L 1),
Fe-2.5Co (2.5 g-L 1), Fe-5.0Co (5.0 g-L 1) and Fe-10Co (10 gL71). A
condition composed only of electroformed Fe (e-Fe) had no cobalt in the
composition and was considered as the reference material in the anal-
ysis. The composition of the Fe-Co solutions differed from that used for
e-Fe because the addition of cobalt salts altered the deposition mecha-
nism compared to pure iron, requiring modifications to obtain optimized
alloy deposition.
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Table 2

List of compounds used for phenotype characterization.
Phenotype Compound Dose
Apoptosis [30] Staurosporine 500 nM
Ferroptosis [31] Erastin 500 nM
Necrosis [32] Hydrogen peroxyde (H205) 200 uM
ER stress [33] Thapsigargin 200 nM
Autophagy [34] Rapamycin 100 nM

Table 3
Excitation and emission wavelengths for ChromaLIVE™ imaging.

Channel Excitation wavelength Emission wavelength
ChromaLIVE-488_Yellow 488 nm 550-630 nm
ChromaLIVE-488_Red 488 nm 630-750 nm
ChromaLIVE-561 561 nm 575-630 nm

2.3. Characterization

The microstructure of the surface and cross-section of the samples
were evaluated by means of OM using a Nikon microscope model Epi-
phot. The samples were cold mounted in acrylic resin, then polished
until a mirror surface was obtained. Afterwards, etching was performed
by immersing the polished specimen in a 2 % Nital solution for ~15 s
and rinsing it in running tap water. SEM surface micrographs were taken
with a FEI Quanta 250 electron microscope, using a tungsten filament
with a tension voltage of 10 kV. For EDS analysis, an Upj,s = 12.5 kV
tension was used. For both SEM and EDS analysis, at least three
randomly selected regions of each sample were evaluated. The iron,
cobalt and oxygen distributions of the investigated conditions were
evaluated by means of EPMA of the cross-sections, using a CAMECA SX-
100 electron probe micro-analyzer, with an acceleration voltage of 15
kV and a probe current of 20 nA.

The topography and roughness values of the samples were evaluated
using a Bruker Dektak XT contact profilometer. A force F = 0.5 mg was
applied to the 5-pm-radius stylus tip of the profilometer, on areas of
1000 pm x 1000 pm; the measurement was carried out five times, on
several randomly selected areas for each sample condition. AFM ana-
lyses were conducted in a Veeco Dimension TM3100 platform, used in
tapping mode and operated with an etched silicon tip (radius <10 nm).
The roughness values of R, and Ry were measured both for 50 pm x 50
pm and 1 pm x 1 pm areas randomly selected in the sample. The
wettability of the surface was assessed through a sessile drop water
contact angle system, using an AST goniometer model VCA Optima;
drop of approximately 1 pL of distilled water was used. The measure-
ment was conducted five times for each sample. XRD was performed
using a Bruker D8 Advance diffractometer (Bregg-Brentano geometry)
equipped with a Cu tube (Cugq A = 1.54056 A), a graphite mono-
chromator, and operating at V = 40 kV and I = 40 mA, in the angular
range 20°-80°. Pattern analysis was performed by the DIFFRAC.EVA
software package, and peak indexing was carried out by the search/
match facility using the PDF 2 database of the International Center for
Diffraction Data (ICDD).

The samples were electrochemically analyzed by the techniques of
PDP and EIS to evaluate corrosion behavior, using an Ametek Versa-
STAT potentiostat model 3. The system was composed of a saturated
calomel electrode (SCE) as reference electrode, a graphite rod as
counter-electrode, and the samples as working electrode. All the mea-
surements were conducted in MHBSS at room temperature (T = 25 +
1 °C), on four specimens for each condition. Open circuit potential
(OCP) was carried out during 30 min, and then EIS was performed be-
tween 10 kHz and 10 mHz, with an amplitude of +10 mV versus OCP.
The fitting process was conducted with the aid of NOVA software. OCP
curves can be found in Fig. S1 of the Supplementary Materials. PDP
analyses took place right after the EIS measurement, with a scanning
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rate of 0.5 mV-s’l, at & 500 mV versus OCP. The corrosion current
density (jcorr) Was obtained using the Tafel method, and the corrosion
rate (CR) using Equation (1) [28]:
~3.72%x 1073 X jeorr X EW

p

CR

Eq. (1)

Where EW (equivalent weight in g-eq™!) and p (material density in
g-cm ™) values differ between each sample due to their composition, and
were theoretically calculated using Equations (2) and (3):

1
EW = Moo Eq. (2)
Wre Weo
p =frePre + feoPco Eq. (3)

Where n is the valence, W the atomic weight (amu) and f the mass
fraction of the alloy's elements. Only iron and cobalt were taken into
consideration in the calculation.

The indirect cytotoxicity test was performed following the ISO
10993-5:2009 procedure [29]. Before the test, all samples had been
sterilized by UV irradiation. Briefly, each side of the samples underwent
two 15-min cycles of UV irradiation (254 nm). After that, samples were
stored in a sterile 24 multi-well plate until use. Human dermal fibro-
blasts (HDFs) were used in the following experiments. HDFs were
cultured in Dulbecco's modified Eagle's medium (D-MEM) with 10 %
fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100
U/mL). Cells were maintained at 37 °C in a saturated atmosphere at 5 %
COs. Media was changed every two days until a 90 %-95 % confluence
was reached. At this point, cells were detached from the plate using
trypsin and then re-plated at a ratio of 1:5 used for the experiments. Cells
at passage five have been used for the presented tests. For the test, 1 cm?
samples were immersed in 660 pL of D-MEM culture medium, supple-
mented with 1 % penicillin-streptomycin for 1 day. After the incubation,
the medium has been collected from the samples and subsequently used
for the viability tests. These ones have been performed using different
concentrations of the extracted media: respectively 100 %, 10 % and 1 %
dilutions. Before putting them in contact with cells, extracted media
have been supplemented with 10 % fetal bovine serum (FBS). For the 10
% and 1 % dilutions, extracted media were diluted with complete
D-MEM medium. One day prior to contact with the extract, HDFs were
seeded in the well of a 96 multi-well plate at a density of 20000
cells/cm? and incubated at 37 °C and 5 % CO, for 24 h in 100 pL/well of
complete D-MEM. Cell cultivated in complete D-MEM medium were
used as a control (CTRL Plast). The day after, the medium was removed
and 100 pL of the 100 %, 10 % and 1 % extracts dilutions were added to
the well containing cells and incubated for 24 h. The extracts were then
removed and 100 pL of 1 % solution of resazurin sodium salt in complete
D-MEM medium were added to the cells and incubated for 4 h at 37 °C
and 5 % CO,. After the incubation, the solutions containing the now
reduced resorufin product were collected and fluorescence intensity at a
545 nmex/590 nmey, wavelength was measured with a SpectraMax i3x
Multi-Mode Plate Reader. Fluorescence intensity is proportional to cell
viability. Statistical significance has been calculated using ANOVA
non-parametric Kruskal-Wallis method with Dunn post-test through the
software InStat™. Values of p < 0.05 or less have been considered
significant.

For the Live-Cell Painting assay, HDFs were grown on culture flasks
in DMEM medium containing 10 % FBS. Prior to the test, cells were
seeded in the wells of 96 multi-well plate at a density of 20000 cell/cm?
(3 wells per condition). After 24 h of incubation, the medium was
replaced by growth containing 0.1 % ChromaLIVE™ dye (1:1000 dilu-
tion). ChromaLIVE™ is a non-toxic multichromatic dye with three
excitation/emission wavelength pairs. Cells were than put back in cul-
ture for 24 h. After this incubation period, cells were exposed to different
treatments: extracts obtained from the e-Fe condition (e-Fe); extracts
obtained from the Fe-5.0Co (Fe-5.0Co). Both extracts were used at a 100
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Fe-2.5Co = S
: O Growing direction

P

=y

Fe-5.0Co

Growing direction

Fig. 1. OM images of the surface (left column) and cross-section (right column) of the samples after etching in 2 % Nital. For all samples, scale bars represent 20 pm.
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100 pm 20 pm

100 pm

Fe5.0Co 7 + oo Fe-5.0Co

#

Fig. 2. SEM images of the surface of the samples in different magnifications. Scale bars: 100 pm (first column) and 20 pm (second column).
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Fig. 3. EPMA line scans for Fe, O and Co in the cross-section of the samples.
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Table 4
Roughness and contact angle values of the samples.
Sample Roughness WCA (°)
Profilometry AFM
Ra (pm) Rq (pm) Ra (nm) Rq (nm)
50 x 50 pm? 1x1 50 x 50 pm? 1x1
pm? pm?
e-Fe 1.9+0.2 25+0.4 915.5 20.6 1118.0 27.8 61 +4
Fe-1.0Co 0.4 +0.1 1.1 +£0.5 243.2 19.0 303.6 25.0 98 + 2
Fe-2.5Co 0.7 £0.1 1.0+ 0.1 360.9 16.2 443.4 24.3 101 +£3
Fe-5.0Co 1.1+0.2 1.5+0.3 414.0 27.6 511.6 31.3 96 + 3
Fe-10Co 39+13 4.6 +1.7 639.1 19.5 791.6 26.3 103 +1

% dilution. In parallel, HDFs were treated with a panel of reference
compounds, each known to induce distinct cell phenotypes related to
cell death and stress responses. These well-characterized compounds
served as mechanistic benchmark, enabling the exploration of potential
modes of action through which the tested extracts affect the biological
response of HDFs. The compounds and their corresponding working
concentrations are listed in Table 2.

Untreated cells culture media were used as a control (CTRL). After 1,
4, 8 and 24 h of incubation the cells were imaged, using ZEISS LSM800
confocal laser scanning microscope, equipped with Zen Blue software
(Zeiss, Germany) and a 20X objective. Table 3 provides the imaging
settings used to acquire fluorescent images of ChromaLIVE-stained
HDFs. Nuclei were counterstained using Hoechst 33342 (100 ng/mL).
For each replicate well, four fields of view were captured, resulting in a
total of 12 images per condition per time point.

Acquired images of HDFs stained with ChromaLIVE™ were pro-
cessed using an open-source software CellProfiler for automated image
analysis and high-content feature extraction. An analysis pipeline was
developed to segment individual cells by identifying both nuclear and
cytoplasmic compartments, followed by quantification of single-cell
morphological features, including shape, size, texture, granularity and
intensity across multiple channels. A total of 817 features were extracted
per cell across all treatment conditions. The resulting data were stored in
an SQLite database for downstream analysis using CellProfiler Analyst.
Subsequently, the extracted features were aggregated at the well level
and subjected to dimensionality reduction using t-Distributed Stochastic
Neighbor Embedding (t-SNE). Briefly, t-SNE condenses high-
dimensional data into a two-dimensional space, where similar data
points are placed close together and dissimilar points are positioned
farther apart. This enables the visualization of treatment-specific and
temporally dynamic clustering patterns based on cell morphological
profiles.

For the antibacterial activity test, Escherichia coli, E. coli, (ATCC
8937) was seeded on fresh sterile Mueller-Hinton agar in Petri dishes
and incubated overnight at 37 °C in an inverted position. Then, a single
colony was picked and incubated in 20 mL of fresh sterile Muel-
ler-Hinton broth overnight at 37 °C under shaking at 150 rpm. After the
bacterial growth, sterile glycerol at 15 % v/v was added for cryo-
protection and the bacteria suspension aliquots were frozen at —20 °C.
The CFU/mL of the stocks after thawing was determined using the log
dilution method. The method used was based on ASTM E2922-23 [35].
E. coli was diluted to a concentration of 10° CFU/mL in Mueller-Hinton
broth (1:500 v/v). Then, square 1 cm? samples were incubated in 2 mL
of the inoculated medium. The samples were incubated 24 h at 37 °C and
150 rpm. After this period, the inoculated medium was transferred to a
sterile centrifuge tube (Eppendorf). Serial dilutions (10x) were per-
formed from inoculated bacteria that were in contact with the samples,
following a logarithmic scale. 100 pL of bacteria with 900 pL of diluted
medium. 100 pL of each dilution was plated on Muller Hinton agar in 90
mm petri dishes. The plates were incubated in an inverted position at
37 °C overnight. The positive control was the inoculum in a sterile tube

1889

without any antibacterial compound. The number of colonies was
counted and recorded in colony-forming units per milliliter (CFU/mL).
The experiments were performed in triplicate, and the results are
expressed as the average in logarithmic scale (log CFU/mL) and stan-
dard deviation.

3. Results and discussion

Fig. 1 shows the microstructure of the surface and cross-section of all
samples after etching in 2 % Nital. It was spotted a predominant pres-
ence of one single phase, expected to be ferrite (a-Fe), based on the Fe-
Co equilibrium diagram [36]. From the surface of the Fe-Co alloys, no
significant differences were noticed in terms of microstructure, but
sample Fe-10Co appeared to exhibit somewhat coarser grains relative to
the other samples. At low quantities, cobalt is described to cause grain
refinement, which was already observed in ductile iron [37] and
tin-based alloy [38] containing <1 % Co. However, at high cobalt
concentration, coarser grains could be related to the crystallinity of the
alloy. Anjum et al. [39] observed that the addition of cobalt in iron oxide
nanoparticles resulted in materials with higher crystallinity. In addition,
Rozlin and Alfantazi [40] observed that increasing the amount of iron in
Co-Fe alloys was responsible for the refinement of the structure.

Regarding the cross-section of the samples, all samples presented a
columnar morphology, typical of electrodeposited samples, and it is a
result of a growth competition between adjacent grains [41]. No
remarkable differences were evidenced between the microstructures of
the sample Fe-1.0Co, Fe-2.5Co and Fe-5.0Co, but for sample Fe-10Co,
coarser grains could be checked in comparison to the other ones.

SEM results of the surface of all samples are presented in Fig. 2. The
morphology of surface in the e-Fe sample was very similar to that ob-
tained by Mostavan et al. [42], composed of homogeneously distributed
faceted peaks with similar sizes. Such morphology is related to the
nucleation and coalescence of the crystallites, that strongly depends on
the bath composition and deposition parameters. Remarkable changes
in morphology were obtained by the addition of cobalt on the compo-
sition of the alloys. For samples containing low cobalt addition, Fe-1.0Co
and Fe-2.5Co, smooth surfaces can be seen, as well as a decrease in the
dimensions of the surface features observed in the e-Fe. This can be
related to the refinement in the microstructure [43] caused by the
addition of cobalt, as also suggested in the OM results.

Increasing the cobalt amount to higher values (Fe-5.0Co and Fe-
10Co) led to the appearance of well-defined structures on the samples.
These structures were like those observed in other Co-containing alloys
[44,45]. It is worth pointing out that the surface of the sample Fe-10Co
presented more regular-sized features than the sample Fe-5.0Co, which
seemed to have the most irregular topography between the Fe-Co alloys.
Finally, from the EDS results, the composition found for the samples
were: Fe-1.0Co (wt.% Fe: 92 and wt.% Co: 8), Fe-2.5Co (wt.% Fe: 90 and
wt.% Co: 10), Fe-5.0Co (wt.% Fe: 83 and wt.% Co: 17) and Fe-10Co (wt.
% Fe: 77 and wt.% Co: 23).

From EPMA analysis, shown in Fig. 3, it is possible to observe that the
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Fe-1.0Co

Fe-2.5Co

-

Fe-5.0Co
5

Fe-5.0Co

200 nm

Fig. 4. AFM images of the surface of the samples. Left: 50 pm x 50 pm and
right: 1 pm x 1 pm.

distribution of iron and cobalt was mostly homogeneous through the
cross-section of the samples. Regarding the oxygen distribution, it
remained approximately constant at around 0.5 at.% for all samples,
with exception of sample Fe-10Co. In this case, the surface presented
around 3 at.% oxygen, which can be related to adsorbed oxygen, or
sample oxidation. Finally, a slightly higher concentration of cobalt was
generally observed in the base of the samples followed by a slight
decrease in its concentration, except in the case of the sample Fe-1.0Co.
This might indicate that in the initial steps of the deposition cobalt had a
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higher tendency to reduce than iron. Such a preferential deposition of
cobalt in the initial steps is not necessarily due to its nobler character-
istic than iron, but rather a result of a complex mechanism involving
molar ratios, deposition preferences and electron depletions near the
cathode [46].

In Table 4 the values of roughness and WCA for the different con-
ditions are presented. Samples e-Fe and Fe-10Co presented the highest
average roughness, R, 1.9 pm and 3.9 pm, respectively. On the hand, the
samples Fe-1.0Co and Fe-2.5Co presented the lowest values, 0.4 pm and
0.7 pm, respectively, probably due to grain refinement [47]. These re-
sults are compatible with what was observed in SEM and OM tests,
where the samples Fe-1.0Co and Fe-2.5Co presented similar morphology
and microstructure between them, as well as between the samples e-Fe
and Fe-10Co. For sample Fe-5.0Co, it was possible to observe that be-
sides the fact that it presented a lower R, in the contact profilometry test
than samples e-Fe and Fe-10Co, it presented the highest roughness at
small scales (1 x 1 um, obtained by means of AFM), which means that at
small scales it presented an irregular topography. From the AFM ana-
lyses shown in Fig. 4, it is possible to observe that sample Fe-5.0 Co is the
one that showed more pronounced hills (lighter color areas) and valleys
(darker areas) among all the samples.

From the WCA results, one can observe that the sample e-Fe pre-
sented the lowest value among all the samples, around 62°. For the Fe-
Co electroformed alloys, no significative differences in hydrophobicity
were observed for the different conditions, but an increase in hydro-
phobicity was noticed in comparison to the e-Fe sample. This is probably
due to the formation of a more hydrophobic layer on the surface of the
alloys caused by the addition of cobalt, since the wettability of a solid is
the result of the synergy of surface topography and chemical composi-
tion [48]. In fact, Bazhan, Ghodsi and Mazloom [49] observed a
decrease in wettability in their Cox-Fes4-O4 thin films with the
increasing amount of cobalt, result of a change in the morphology of the
material. Changes in the morphology of the Fe-Co alloys were also
observed in the present study, as observed in the SEM analysis.

XRD analysis of the samples is presented in Fig. 5. Patterns showed a
prevalence of ferrite phase (a-Fe) with a preferential (110) orientation.
The results also indicated that an increase of the cobalt amount
increased the crystallinity of the sample (see analysis with Rietveld
refinement, Fig. S2 in the Supplementary Materials) as well as the in-
tensity of the preferential (110) orientation. This means that as cobalt
amount increased, an increased number of (110) planes parallel to the
surface was obtained, increasing the reflection for this orientation. For
all the conditions, no visible peak related to other phases were observed,
possibly due to the low amount of cobalt in the alloys. According to the
Fe-Co equilibrium diagram, only o-Fe would be expected for all the
investigated conditions. Even if other authors [50,51] report the pres-
ence of different microstructures and phases in electrodeposited mate-
rials, a metallurgical process that normally occurs out of equilibrium, in
the alloys analyzed in the present work, no other phase was found.

Fig. 6 shows representative PDP curves for the electroformed alloys.
Table 5 shows the obtained parameters for each curve of the conditions
studied in the present work. It was possible to observe that the increase
of cobalt in the alloys displaced the E. towards nobler values, indi-
cating that from a thermodynamic point of view increasing the cobalt
content made the alloy more resistant to corrosion. Regarding the
anodic branches on the curves, significant differences in the f, values
were not observed, but passivation was found for all the conditions, as a
result of the formation of a surface passive layer; this phenomenon was
also observed for other iron-based electrodeposited alloys [52-54], and
confirmed by the WCA results. Finally, regarding the cathodic branches,
a trend towards lower values of B for the Fe-Co alloys comparing to the
pure iron could be found. This suggested that the addition of cobalt to
iron could enhance the hydrogen evolution rate of the system by
modifying the electronic state and increasing the presence of active sites
on the surface of the alloys [55].

From the jeorr, Rp and CR values, different effects were observed by
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Fig. 6. Representative PDP curves of the studied conditions.

the addition of cobalt. First, the obtained CR for pure iron was 0.17
mm-y L. This value was like the one obtained by Moravej et al. [10] for
cast-thermally-treated (CTT) iron foils (CR¢rr.pe = 0.16 £ 0.04 mm~y’1,
obtained with MHBSS as electrolyte). This value was considered
generally low [56,57] by the authors, based on other works, which
pointed out that the in vivo CR of CTT pure Fe could be even lower than
the in vitro one.

For low cobalt additions, such as in Fe-1.0Co conditions, it was not
observed a significant CR variation compared to pure iron. CR and jeorr
tended to decrease with the addition of cobalt, as seen in samples Fe-
2.5Co and Fe-10Co. These samples also presented the highest values
of Rp, around 2.1 kQ and 3.7 kQ, respectively. In fact, the addition of
cobalt was reported to improve the corrosion resistance of different al-
loys, due to the retardance in the anodic reactions and formation of a
corrosion-resistant oxide layer [58,59]. In addition, these conditions
also showed a more regular topography, as seen from the SEM and
profilometry tests. Such a characteristic was well-described in the
literature to increase the resistance against corrosion in metals [60-62],

and could be one of the reasons for the j.or reduction and CR increase.
The increase in crystallinity, as discussed in XRD, could be responsible
for superior corrosion resistance. In general, crystalline alloys are ex-
pected to present lower corrosion resistance than their amorphous an-
alogues because of the presence of defects, heterogeneity and low
reactivity to form corrosion products that can induce an improved
corrosion resistance [63]. Nevertheless, the compositions of the alloys
play a very important role in this case, which can lead to the formation
of a stable passive layer that can increase the corrosion resistance, such
as discussed by Berger et al. [64] and Guo et al. [65].

An out-of-the-trend behavior was observed for sample Fe-5.0Co,
which presented the highest CR among all the conditions, that is 0.29
mm~y’1, as well as a low R;, value, around 0.7 kQ. This condition pre-
sented the highest roughness at nanoscale and the most irregular
topography, as discussed in the SEM and AFM tests. This could result in
superior geometric area and active sites on the surface, inducing the
corrosion occurrence [61,66]. A factor potentially contributing to this
behavior could be the change in nucleation mechanisms induced by
varying cobalt contents. Sahari et al. [67] reported that the electro-
nucleation mechanism of CoFe depositions depends on the Co/Fe ratio,
where an instantaneous mechanism was found at 10:1 (nuclei form
quickly at available sites before significant growth occurs) and a pro-
gressive at 1:1 (nuclei form gradually over time while earlier clusters
continue to grow). Such variations in nucleation can lead to grains with
different sizes and distributions, resulting in heterogeneous morphol-
ogies of the surface. For sample Fe-5.0Co, the composition may corre-
spond to a transitional regime between different nucleation
mechanisms.

Complementary to the PDP tests, EIS was performed (Fig. 7). In
general, two semi-circles were observed in the Nyquist diagram, indi-
cating two different time-constants. The time-constant at high-middle
frequency is related to the interface layer/solution, and the one at low
frequency to the interface metal/solution. For Fe-5.0Co and Fe-10Co,
the two time-constants presence was clearly visible, indicating that the
passive layer formed on the surface of these conditions had a pro-
nounced effect on their corrosion behavior. Additionally, Fe-10Co pre-
sented the development of predominant capacitive behavior, as seen in
the Bode plot, which indicated the formation of a surface layer that
prevented the solution penetration toward the bulk. For samples e-Fe,
Fe-1.0Co and Fe-2.5Co, the two time-constants seemed to converge into

Table 5

Data obtained from the potentiodynamic polarization test.
Sample Ecorr (mV vs. SCE) Jeorr (um-cm™2) pe (mV-dec™ 1) |Ba| (mV-dec™ ) R, (kQ) CR (mm-y 1)
e-Fe —702 + 48 144 +1.6 116 £8 69 + 14 1.30 £ 0.13 0.17 £ 0.02
Fe-1.0Co —520 + 95 159 + 0.7 76 + 8 68 + 3 0.74 £+ 0.05 0.18 £ 0.01
Fe-2.5Co —438 + 49 82+1.9 81 +£13 70+ 8 2.06 = 0.59 0.09 + 0.02
Fe-5.0Co —590 £ 17 255+ 1.4 107 £2 66 £ 3 0.69 £+ 0.04 0.29 £+ 0.02
Fe-10Co —358 £ 58 51+14 97 £ 9 74+9 3.7 £0.92 0.06 + 0.02
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shown in (d).

Table 6

Data obtained from the fitting process.
Sample Rsol () Riager (Q) Rer (kQ) CPEjayer X 107% (Fs™ 1) Niayer CPEx 107* (Fs" 1) n
e-Fe 22 4+ 0.5 34+4 1.05 + 0.06 8.4 +27 0.84 + 0.04 30.0 + 2.6 0.11 £ 0.01
Fe-1.0Co 24+ 0.2 147 +£5 1.22 +0.04 34=+1.6 0.77 + 0.04 8.1+0.6 0.12 +£0.01
Fe-2.5Co 24 +£0.3 238 + 69 1.52 + 0.03 2.7 £ 0.8 0.80 £ 0.03 16.0 £ 1.9 0.76 £+ 0.33
Fe-5.0Co 24 + 0.7 711 £ 74 1.94 +0.21 3.0+1.2 0.61 &+ 0.06 229+ 5.2 0.75 + 0.09
Fe-10Co 22+23 1128 + 51 42.13 £ 0.82 0.6 £ 0.5 0.76 + 0.07 21+09 0.97 + 0.02

Note: Nigyer and n are dimensionless parameters.

one single one at middle-low frequency, suggesting the predominat ef-
fect of the metal/solution interface, and indicating lower effectiveness of
the passive layer in preventing corrosion phenomena. Nevertheless, it
could be observed that as the amount of cobalt increased, a higher |Z|max
was obtained, indicating a general increase in the corrosion resistance of
the alloys. This result was aligned with the increasing E o value ob-
tained in the polarization test, indicating that the addition of cobalt
induced the obtention of alloys more resistant to oxidation.

To investigate the contribution of each feature of the electrolyte-
alloy in the corrosion phenomenon, a fitting process was performed;
the data is shown in Table 6. From the results of charge transfer resis-
tance (R¢) and resistance of the passive layer (Rjayer), it was possible to
confirm that the addition of cobalt resulted in superior corrosion resis-
tance, as also shown in the polarization test. However, these results
seemed controversial when compared to the ones obtained in the po-
larization test for sample Fe-5.0Co, which showed a superior CR and an
inferior Ry, than the other alloys. These differences between the two
techniques can occur, as they are due to their different nature: in a PDP
analysis, the samples are submitted to a high perturbation, whereas for
EIS, a steady-state one is performed. The finding that sample Fe-5.0Co
presented the highest CR in PDP, but an increasing |Z|max and a Ret
few affected might indicate the existence of a layer of low stability at this
specific condition, which breaks at strong anodic overpotentials. It is
important to note that this condition was the one presenting the most
heterogeneous surface among all the conditions.

Nevertheless, a higher value of constant-phase element of the passive
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layer (CPEjayer) was observed in this sample. Increased CPE can be due to
penetration of solution into the passive layer, e.g. through existing
pores, which increase the permittivity of the capacitor and its capaci-
tance [68,69]. Since the impedance of a capacitor is inversely propor-
tional to its capacitance, increasing the capacity of the passive layer
reduces its impedance. The fact that the CPE exponent of the passive
layer (njayer) value was also the lowest one also suggested a more pro-
nounced resistor behavior [70], which could indicate presence of solu-
tion into the passive layer.

No indications of pitting corrosion were observed in the electro-
chemical measurements, e.g., inductive loop in the Nyquist plots and/or
decrease in |Z| at low frequencies. Most samples, apart from e-Fe and Fe-
1.0Co, exhibited predominantly capacitive behavior in the Bode plots,
which is not expected for samples undergoing pitting corrosion.

Cytotoxicity was evaluated at one day through Alamar Blue essay
and the results are shown in Fig. 8a—c. Three different extracts were
evaluated (100 %, 10 % and 1 %). The use of different extracts could
better mimic the in vivo environment, creating an environment more like
the one found in in vivo conditions, and eliminating side effects caused
by an excessive ions local concentration from the alloy degradation,
such as pH changes [71-73].

From the pure extract (Fig. 8a), the e-Fe (**p < 0.01), Fe-5.0Co (***p
< 0.001) and Fe-10Co (*p < 0.05) samples were able to significantly
decrease the cell viability compared to the CTRL Plast (**p < 0.01)
condition. For the 10 % diluted extraction (Fig. 8b), both the e-Fe and
Fe-1.0Co were able to significantly reduce the viability of the treated
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HDFs compared to the CTRL Plast condition (**p < 0.01), and no other
significant differences were noted among the experimental conditions.
Finally, for the 1 % dilution (Fig. 8c), only the e-Fe condition signifi-
cantly lowered the viability of the treated cells compared to the CTRL
Plast condition (*p < 0.05). Once again, no other significant differences
were noted in between the tested conditions. From these preliminary
cell viability results, it could be observed that electroformed Fe-Co al-
loys induce a cytotoxic effect towards fibroblasts when used at 100 %
concentration. This effect could be caused by the increased and un-
controlled metal ions release [74,75], leading to toxicity towards human
cells. However, it must be noted that the model used to perform these
tests was characterized by static conditions, which did not represent the
highly dynamic conditions found once the material is implanted in the
human body. In fact, in the physiological environment, body fluids, such
as blood, actively disperse and dilute the degradation products obtained
from the material, resulting in lower concentrations. For this reason,
tests have also been carried out using diluted extract (10 % and 1 %) to
better mimic concentrations that could be found after implantation. As
shown in Fig. 8b and c, the fibroblasts viability increased with dilution,
resulting being above 70 % for all the tested conditions at both con-
centrations. This clearly shows that the observed cytotoxicity at 100 % is
not due to an inherent toxicity of the extract but rather to their
concentration.

To further investigate the response of HDFs cells to the degradation
products released by the developed alloys, we utilized ChromaLIVE™, a
mix-and-read Live Cell Painting assay that has been shown to generate a
unique phenotypic signature across a wide range of cellular states. This
assay enables kinetic tracking of complex cell dynamics, associated with
both cell heath and death pathways, thus providing valuable mecha-
nistic insights into treatment-induced phenotypic responses [76].
Representative images of the treated HDFs are shown in Fig. S3 of the
Supplementary Materials.

The data analysis of image-based profiles revealed treatment-specific
and time-dependent cellular responses across the different treatment
conditions. As depicted in the t-SNE plots, at 1 h post-treatment, all the

tested conditions, apart from HyO5, were grouped within the same
cluster, demonstrating no significant morphological changes relative to
the CTRL condition (Fig. 9a). This suggested that the exposure time was
not sufficient to induce a pronounced alteration in the cell phenotype. At
4 h, the HyO, treatment remained in a separate phenotypic space
(Fig. 9b), as evidenced by a unique staining pattern (Fig. S2), high-
lighting its potency to induce a specific phenotype even with short
exposure times. As for the other conditions, despite displaying a broader
distribution compared to the 1 h time point, they still clustered together.
This suggested a more pronounced phenotypic heterogeneity among the
conditions evolving over time, yet not fully distinguishable from the
CTRL condition. At 8 h, most treatments, including the experimental
conditions, remained grouped with the CTRL condition (Fig. 9¢). How-
ever, the cluster became more compact, suggesting the emergence of a
dominant and potentially convergent phenotype shared across these
conditions. In addition, a further increase in the phenotypic distance was
observed between this main cluster and the H,O5 condition, with the
latter forming a well-defined cluster. Interestingly, a new cluster cor-
responding to staurosporine-treated cells clearly distinct from both the
main and the HyO» clusters emerged, which indicated the onset of a
phenotypic transition, uniquely driven by staurosporine's mode of ac-
tion. After 24 h, a more pronounced phenotypic divergence among
treatment conditions was observed (Fig. 9d). While erastin, thapsigargin
and rapamycin still belonged to the same cluster, likely due to an
insufficient exposure time to elicit compound-specific phenotypes, all
other conditions were spatially segregated, each forming a distinct
phenotypic cluster. Of interest, both experimental conditions, e-Fe and
Fe-5.0Co, are clustered together and completely separated from any
other conditions, suggesting a shared mechanism of action distinct from
the reference compounds.

These findings were consistent with cytotoxicity results showing a
significant decrease in cell metabolic activity following 24 h of treat-
ment with high-concentration extracts (Fig. 8). Together, the results not
only confirmed the cytotoxic effect of the extracts at high concentration
but also suggested that the observed extract-induced cytotoxicity was
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Fig. 9. t-SNE plots illustrating the temporal evolution of HDFs phenotypes: (a) 1 h, (b) 4 h, (c) 8 h and (d) 24 h. Image-based profiles extracted from ChromaLIVE™-
stained cells were projected into the t-SNE phenotypic space, with the first two t-SNE components as the axes of the plots. Each color represents a distinct treatment
condition, and each dot corresponds to a single replicate. The dynamic shifts in cluster distribution reveal treatment-specific and time-resolved changes in

cell phenotype.

Table 7
Summary table of the key findings of the study.
Sample Raat1 x 1 pm? (nm) CR (mm-y 1) Ret (kQ) Relative cell viability at 1 % extract (%) Bacterial reduction (%)
e-Fe 20.6 0.17 + 0.02 1.05 + 0.06 0.90 + 0.05 99.75
Fe-1.0Co 19.0 0.18 + 0.01 1.22 4 0.04 0.95 + 0.05 99.91
Fe-2.5Co 16.2 0.09 = 0.02 1.52 + 0.03 0.92 + 0.08 99.63
Fe-5.0Co 27.6 0.29 + 0.02 1.94 +0.21 0.97 £ 0.09 99.86
Fe-10Co 19.5 0.06 + 0.02 4213 + 0.82 0.97 + 0.05 100.00
However, the fact that both experimental compounds appeared in a
Table 8 . different cluster reinforces the hypothesis of a particular phenotype. It
Value of CR reported for some biodegradable alloys. can be speculated that the use of high concentration extracts (100 %),
Alloy CR (mm-y ") Media Reference that were already shown to induce toxic effects in the treated HDFs
Pure Fe 0.17 Modified HBBS This study (Fig. 8), for this test could have resulted in an earlier appearance of a
Fe-5.0Co 0.29 Modified HBSS This study specific phenotype linked to ferroptosis compared to the reference
Mg-4Zn-4Ga ~0.20 HBSS [82] compound erastin. However, further investigations are needed in order
Zn-5La 0.29 HBSS [83] . . s .
FeMn.5Si 005 HBSS (84] to clearly identify the cellular z?nd mcflecglar mechamsr? 1nv?lved in the
70-0.4Fe 0.50 HBSS [85] observed phenotypes to effectively link it to ferroptosis or if, actually,

mediated by different mechanisms than those triggered by the tested
reference compound. Both Fe- [77] and Co-ions [78] and compounds
were known to induce ferroptosis, a specific type of programmed cell
death characterized by the accumulation of lipid peroxides [79].
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another cell death mechanism. This is particularly important in light of
the possible use of the proposed alloys for biomedical application, and in
particular for the development of medical devices.

In terms of antibacterial activity, the results are shown in Fig. 8d.
Supplementary data is presented in Table S2 of the Supplementary
Materials. The amount of viable bacteria in the control (bacteria without
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material contact) was approximately 10’ CFU/mL. For most samples,
bacterial viability decreased to 10* CGFU/mL after contact (reduction of
more than 99.5 % of the E. coli). No bacterial viability was observed for
the Fe-10Co condition. Interestingly, this condtion was also the one
presenting the lowest corrosion rate among all the samples, around 0.06
mm.y~ . This finding indicates that the antibacterial performance of the
system was determined not only by the overall corrosion rate, but also
by interfacial processes. The observed antibacterial effect could arise
from direct bacterial interaction with the alloy surface combined with
local release of Co®" ions, even when the bulk degradation was not
significant. In fact, one of the proposed mechanism for antibacterial
activity in the studied alloys says that the presence of intermetallic
phases can destroy the outer bacterial membrane by contact killing, and
also prevent bacterial adhesion and inhibit biofilm formation [80].

3.1. Summary

Table 7 summarizes the key results of this study, providing a clear
overview of the characteristics of each electroformed sample.

From Table 7, one can observe that low Co additions led to a slight
decrease in R, values (up to sample Fe-2.5Co). For intermediate Co
content, the roughness increased (Fe-5.0Co, 27.6 nm), and then dropped
again at higher Co concentrations (Fe-10Co). Regarding the CR values, a
general trend toward lower values was observed with increasing Co
content, except for sample Fe-5.0Co. The CR for this condition was
particularly noteworthy, falling within the ideal range for biodegradable
implants (0.2-0.5 rnm~y’1) [81]. For comparison, Table 8 shows CR
values of different studies reported in the literature for biodegradable
alloys. Meanwhile, R values remained on the order of 1 kQ for low and
intermediate Co concentrations but significantly increased at higher Co
amounts, suggesting the formation of a protective passive layer.

In terms of biological response, all samples exhibited high cell
viability (between 90 and 97 %) at a 1 % extract, indicating low cyto-
toxic effects for fibroblast after 24 h of incubation even for the condition
with the highest CR (Fe-5.0Co). Testing lower extract concentrations can
better mimic physiological conditions, reducing side effects caused by
the accelerated ion release during metal degradation. For the antibac-
terial activity, all alloys presented at least 99.6 % of bacterial reduction,
reaching 100 % reduction for sample Fe-10Co. Based on these pre-
liminary findings, it is suggested that Fe-Co alloys hold promise as po-
tential bioresorbable materials.

4. Conclusion

In this work, electroformed Fe-Co alloys were produced containing
different concentrations of cobalt. Results revealed a complex and non-
linear relationship between cobalt concentration, microstructural and
morphological properties, and degradation behavior. For all the sam-
ples, a-Fe phase was observed and the increase in cobalt resulted in al-
loys with higher crystallinity and rugosity, in addition to an
improvement in hydrophobicity of the surfaces. For low and high cobalt
additions, the surfaces and topographies appeared homogeneous,
whereas an intermediate concentration, as in the Fe-5.0Co sample,
produced a more irregular topography, as evidenced by SEM and AFM
analyses. This result was probably related to a transition between
different nucleation mechanisms, leading to surface with heterogeneous
features, high nano-scale roughness and an unstable passive layer.
Consequently, the corrosion rate for this condition was almost twice that
of pure electroformed Fe. Finally, cell viability tests and the use of Al
showed that the alloys presented a unique concentration-dependent
cytotoxicity to fibroblasts at one day of incubation. Furthermore, the
Fe-Co alloys presented antibacterial activity toward E. coli, with a direct
kill mechanism. The findings of the study open new directions for
exploring electroformed Fe-based alloys. As a first thing, to confirm the
increased corrosion rates for the studied condition, complementary
techniques such as transmission electron microscopy (TEM) and/or
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electron backscatter diffraction (EBSD) should be performed. Then,
future studies on clarifying the death mechanism of cells, the influence
of Co concentration on the nucleation and growth mechanisms, as well
as on assessing corrosion properties over longer immersion periods, are
encouraged.
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