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Abstract

Biodegradable implants constitute a new generation of biomedical
materials that are being developed to assist in tissue healing processes and
gradually degrade in vivo after their function is fulfilled. In recent years,
Fe-Mn alloys have been studied as potential candidates for biodegradable
implant materials because of their excellent mechanical properties and
improved corrosion rate. In addition, the incorporation of antimicrobial
elements, such as Ag and ZnQO, is being studied to develop a material
with antibiofilm properties that will lead to a decreased risk of implant-
associated infections.

In this thesis, porous equiatomic Fe-Mn alloys disks were fabricated via
powder metallurgy by ball-milling and vacuum sintering. The first field of
study covered the incorporation of antibacterial Ag into the FesoMnsg base
alloy by the mechanical alloying of metallic powders to form uniformly
dispersed Ag-rich precipitates within the FeMn matrix. The second field
of study covered the deposition of a ZnO coating onto the porous FeMn
disk by the dip-coating method. The addition of Ag and ZnO was aimed
at accelerating the degradation rate and simultaneously decreasing the
biofilm formation. A variety of methods were employed to characterize
the properties of the synthesized materials, including scanning electron
microscopy, transmission electron microscopy and X-ray diffraction for
microstructural characterization, while nanoindentation and compression
tests were used to assess the mechanical properties. Biodegradability was
investigated by immersing the specimens in Hank’s Balanced Salt Solution
(HBSS). The release of Fe, Mn and Ag/Zn ions was quantified to assess the
degradation rate. The magnetic properties were studied using vibrating
sample magnetometry before and after immersion in HBSS. Studies on
cytocompatibility towards Saos-2 cells, inflammatory cytokine responses,
and biofilm formation of Staphylococcus aureus have also been conducted.

The results revealed that porous, non-cytotoxic, FeMn-based biomate-
rials can be fabricated by powder metallurgy. The phase composition of
porous FeMn(-xAg) alloys changes with increasing Ag content from fully
austenitic to a dual phase comprising austenite and martensite, which
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also leads to a higher mechanical strength of the Ag-containing alloys.
The immersion tests, conducted up to 84 days for FeMn(-xAg) samples
revealed that Mn release is higher than that of Fe. Formation of degrada-
tion products enriched in O, Ca, P and Cl was observed.

The deposition of ZnO coatings significantly improved the degradation
rate of the FeMn alloys, with a significant increase in ion release up to 28
days of immersion. The formation of secondary phases during the fabrica-
tion process was observed, which contributed to accelerating degradation.
Both groups of materials showed good cytocompatibility towards Saos-2
cells. Moreover, the addition of both Ag and ZnO leads to a reduction in
S. aureus biofilm formation when compared to the base FeMn alloy.
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Resumen

Els implants biodegradables constitueixen una nova generacié de materi-
als biomedics 1'objectiu dels quals és ajudar en els processos de cicatritzacié
dels teixits i degradar-se gradualment in vivo una vegada complerta la
seva funci6. En els darrers anys, els aliatges de Fe-Mn s’han postulat com
a candidats per a implants biodegradables gracies a les seves excel - lents
propietats mecaniques i una velocitat de corrosié adequada. A més, la
incorporacié d’elements antimicrobians, com ara Ag i ZnO, s’esta avaluant
per tal de desenvolupar un material amb propietats anti biofilm que faci

disminuir el risc d’infeccions associades a implants.

En aquesta tesi, es van fabricar aliatges porosos equiatomics de Fe-Mn
en forma de disc mitjancant pulvimetal - lirgia per molta en un moli de
boles i posterior sinteritzacié al buit. En el primer estudi es va abordar
la incorporacié de Ag amb capacitat anti bactericida a I'aliatge FesoMng
mitjancant aliat mecanic de pols metal - liques per formar precipitats
rics en Ag uniformement dispersos dins de la matriu de FeMn. El segon
estudi es va enfocar en la deposicié d’un recobriment de ZnO sobre el
disc pords de FeMn mitjancant el metode de recobriment per immersio
(dip-coating). La introducci6 d’Ag i ZnO tenia com a objectiu accelerar
la velocitat de degradacié del material i, simultaniament, dificultar la
formacio de biopel - licules. Es van emprar diverses tecniques per caracter-
itzar les propietats dels materials sintetitzats, incloent-hi la microscopia
electronica de rastreig, la microscopia electronica de transmissio, i la
difraccié de raigs X per a la caracteritzacié de la microestructura, men-
tre que es van dur a terme assajos de nanoindentacié i compressié per
avaluar-ne les propietats mecaniques. La biodegradabilitat es va investigar
tot submergint les mostres en una solucié de Hank’s (HBSS). Aixi, es va
quantificar I'alliberament d’ions de Fe, Mn i Ag/Zn per avaluar la velocitat
de degradaci6. Les propietats magnetiques es van estudiar per magnetome-
tria de mostra vibrant abans i després de la immersi6 en HBSS. També es
van dur a terme estudis de citocompatibilitat en cel - lules Saos-2, de les
respostes inflamatories de les citocines, i de la formacié de biopel - licules

de Staphylococcus aureus.




Els resultats van revelar que és factible fabricar biomaterials porosos,
no citotoxics, de base FeMn mitjangant pulvimetal - ldrgia. Es va observar
que la microestructura dels aliatges porosos de FeMn(-xAg) canvia amb
I’augment del contingut de Ag, des duna tnica fase austenitica fins a la
coexistencia de fases austenita i martensita, cosa que també condueix
a una major resisténcia mecanica dels aliatges que contenen Ag. Les
proves d'immersi6é de FeMn(-xAg), realitzades fins a 84 dies, van revelar
que l'alliberament de Mn és més gran que el de Fe. Es va observar la
formacio de productes de degradacié enriquits en O, Ca, P i Cl. D’altra
banda, el recobriment dels discs de FeM amb ZnO va permetre millorar
significativament la velocitat de degradacié del material, observant-se un
augment significatiu de I’alliberament d’ions fins als 28 dies d’immersié. Es
va observar la formacié de fases secundaries durant el procés de fabricacid
de les mostres, fet que podia explicar 'increment observat en la velocitat
de degradacié. Tots dos grups de materials van mostrar bona citocompat-
ibilitat en cel - lules Saos-2. A més, I'addicié d’Ag i ZnO conduia a una
reducci6 en la formacié de biopel - licules de S. aureus en comparacié amb
I’aliatge de base FeMn.
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Glossary

AM Additive manufacturing

bce Body-centred cubic

BMs Biodegradable metals

CR Corrosion rate

CFU Colony forming units

EDS Energy dispersive X-ray spectroscopy
EPS Extracellular polymeric substances

E,. Reduced Young’s modulus

FBR Foreign body reaction

fcc Face-centred cubic

GIXRD Grazing incidence X-ray diffraction

H Hardness

HBSS Hank’s balanced salt solution

hcp Hexagonal close-packed

HUVEC Human umbilical vein endothelial cells
IAI Implant-associated infections

ICP Inductively coupled plasma (spectroscopy)
MEA monoethanolamine

MRI Magnetic resonance imaging

NDE Negative difference effect

PBS Phosphate-buffered saline
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PEEK Polyetheretherketone

PGA Polyglycolic acid

PLLA Poly(L-lactic acid)

PM Powder metallurgy

PVA Polyvinyl alcohol

RMA Relative metabolic activity

SBF Simulated body fluid

SHE Standard hydrogen electrode

SLM Selective laser melting

SAED Selective area electron diffraction
SEM Scanning electron microscopy
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
TWIP Twinning-induced plasticity (steel)
VSM Vibrating sample magnetometer

XRD X-ray diffraction
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Preface

This thesis is structured into the following chapters:

1 Introduction

2 Objectives

3 Experimental

4 Results

5 General discussion

6 Conclusions and
future work

An overview of biodegradable Fe-based alloys
is presented, exploring the underlying reasons
for pursuing this research. The fundamen-
tals of biodegradable alloys, methods to en-
hance their performance, and the evaluation of
their biocompatibility are all discussed. Fur-
thermore, this chapter addresses the issue of
biofilm-associated infections and presents po-

tential solutions for addressing this concern.
The main objectives and aims of this work.

A detailed description of the experimental
techniques employed to fabricate and char-
acterize FeMn-based biodegradable materials
performed within this work.

Main findings obtained as a part of this work
presented in the form of a compilation of arti-
cles.

Broader discussion of the aspects not fully

addressed in the articles.

Main conclusions derived from the thesis and
aspects that can be tackled as a continuation
of this work.
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1 Introduction

Nowadays, we face increasing life expectancy and, at the same time,
people wish to maintain the highest quality of life during ageing. As a
perfect machine, the human body can self-heal when injured. However,
as the expected life span increases, the human body may reach a state
when it can no longer repair the injuries naturally. Fortunately, this
naturally irreparable damage can be rebuilt by the surgical implantation of
biomaterials, which will assist in tissue regeneration and healing. Implants
are materials made of various metals, polymers, and ceramics, and interest
in developing new and better materials for implants is increasing every
year. When load-bearing applications are significant, metals are the
most suitable group due to their high mechanical strength and fracture
toughness [1].

In most cases, ordinary implants made of titanium and stainless steel
must be removed after a certain period posterior to implantation, which
involves a secondary implant removal operation, and thus increases the
cost of medical treatment and the risk of infection. Moreover, they cause
undesirable phenomena such as stress shielding and the release of toxic
metallic ions, which can negatively influence patients’ health.

Fortunately, in the last two decades, the concept of biodegradable
materials has been conceived to avoid implant removal surgery. This
class of biodegradable implants performs its function for a limited period,
promoting the healing process, and then gradually dissolves in vivo until it
is completely degraded. The first comprehensively studied biodegradable
implant materials were polymers, as their biodegradability could be well
adjusted, and the degradation products could be predicted. Polymers
such as polyetheretherketone (PEEK) [2]-[4], poly(L-lactic acid) (PLLA)
[5]-[7], polyglycolic acid (PGA) were tested and commercially applied.
However, owing to their poor mechanical properties, they cause several
problems, such as large implant sizes needed to achieve the necessary
mechanical stability and load-bearing capacity, thrombosis, inflammation,
or delayed arterial healing.




1. Introduction

Taking into account the superior mechanical properties of metals com-
pared to polymers, researchers have proposed a new idea, i.e. to apply
metallic materials as biodegradable materials. Table 1.1 compares the me-
chanical properties of the most commonly studied biodegradable polymer
(PLLA) and degradable metals. Mg- and Fe-based materials are the most
intensively studied groups of degradable metals. In the last few years,
another group of Zn-based alloys has been extensively investigated. Pure
Mg possesses the lowest mechanical strength (with a tensile strength of 86
MPa) and elongation, while pure Fe - the highest, with a tensile strength
of 200 MPa. The mechanical strength of Zn lies between Mg and Fe, with
a value of tensile strength of 150 MPa. For comparison, PLLA has a

tensile strength of 70 MPa, which is lower than all mentioned metals.

Table 1.1: Comparision of mechanical properties of the most commonly
studied biodegradable materials

Material Young’s Yield Tensile Elongation Ref.
modulus  strength  strength (%)
(GPa) (MPa) (MPa)
Pure Mg 41 20 86 13 8]
Pure Zn 94 150 150 20.5 [9]
Armco Fe 200 150 200 40 8]
PLLA 3.1 - 70 6 [10]

1.1 Biodegradable metals

Even though the common trend in the field of metallic biomaterials
is to improve their corrosion resistance, recently a new group emerged —
biodegradable metals, where the paradigm is turned around and faster
corrosion becomes an advantage. The definition of biodegradable metals,
proposed by Zheng et al. [11] is as follows: Biodegradable metals (BMs)
are metals expected to corrode gradually in vivo, with an appropriate host
response elicited by released corrosion products, then dissolve completely
upon fulfilling the mission to assist with tissue healing with no implant
residues. The main component of BMs should be a metallic element essen-
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tial to human body, that has the ability to be metabolized or assimilated
by cells and tissues [11].

Biodegradable metals, compared to inert implants, are considered
bioactive, i.e. they evoke a biological response at the biomaterial/tissue
interface, which results in bond formation [12]. Degradable metals have
found increasing interest in the last two decades when the vast majority
of scientific papers were published. The paradigm of degradable implant
materials is that they gradually degrade in vivo until their role is fulfilled,
without the need for a revision surgery. Three main groups of alloys
emerged, namely Mg-, Zn- and Fe-based alloys. All those elements are es-
sential for the human body and are considered promising as biodegradable
metals.

Fig. 1.1 shows schematically the degradation process and changes in
the mechanical integrity of biodegradable metals during the bone fracture
healing process, which involves inflammation, repair and remodelling
phases. Soft callus forms during the first 2-3 weeks post-fracture. Then,
the mineralization progresses to transform a soft callus into a hard callus,
possessing enough strength and rigidity to withstand low-impact exercise.
The period of healing depends on the location of the fracture, the patient’s
age and health, and the condition of adjacent soft tissues. It is generally
thought that mechanical support should be kept within 12-24 weeks,
depending on the factors mentioned earlier. In the case of Mg alloys, the
loss of mechanical integrity occurs earlier, thus their degradation should
be slowed down to extend their functionality. For Fe-based alloys, the
good mechanical integrity is kept for an exceedingly large period, thus the
degradation should be accelerated [11].

The widespread use of biodegradable metals in clinical applications still
requires further investigation. Many factors should be taken into account,
e.g. age and condition of the patient, type of fracture, risk of infection,
etc. One of the steps to allow the broad use of biodegradable implants is
to adjust their mechanical properties and carefully study the degradation
process, both in vitro and in vivo.
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Complete degradation

Mechanical
integrity

/ /
7d 3-6m 4 / yrs

Inflammation; hematoma formation with a typical inflammatory response lasting 1-7d

Repair; hematoma — granulation tissue — connective tissue — cartilage —
mineralization — woven bone; continues for 3-6 months depending on the fracture
position and type

Remodelling; woven bone is replaced by cortical bone and the medullary cavity is
restored, which persists for several years

Figure 1.1: Schematic mechanism of the degradation process and changes
in the mechanical integrity of biodegradable metals during bone healing
process. Reproduced from [11]. Copyrights Elsevier 2014.

1.1.1 Degradation mechanism of biodegradable metals

Biodegradable metals should degrade in the physiological environment
of the human body and the degradation rate should match the healing
period. The generalized mechanism of degradation occurs by an electro-
chemical reaction with electrolyte (physiological solutions or body fluids).
Oxides, hydroxides, phosphates, hydrogen gas and other compounds can
be produced as a result of the degradation. Fig. 1.2 shows the schematic
process of degradation in body fluids. When the degradation process
occurs in a nearly neutral environment, the reactions comprise the anodic
dissolution of the metal (Eq. 1.1) and varying cathodic reaction (Eq. 1.2
or Eq. 1.3). As soon as the metal is in contact with body fluids, it is
oxidized into metallic cations, according to Eq. 1.1 and Fig. 1.2a. Then
the electrons generated by anodic reactions are consumed in cathodic
reactions, which for Mg alloys corresponds to water reduction (Eq. 1.2)
and for Fe and Zn alloys - dissolved oxygen reaction (Eq. 1.3). According
to Fig. 1.2a,b the cathodic and anodic reactions will be accompanied

by adsorption of organic molecules, such as proteins, amino acids and
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lipids. A layer of degradation products will form on the surface, according
to Eq. 1.4 and Fig. 1.2b, which then can be broken down by the pres-
ence of chlorides on its surface, leading to pitting corrosion (Fig. 1.2c¢).
Further degradation is followed by the deposition of calcium phosphates
(i.e., apatite-like precipitates) on the surface, as well as cell adhesion.
As implantation time increases, the cells will proliferate to form tissues.
Meanwhile, the degraded metal will disintegrate in the form of particles,
which will be discharged into the surrounding media (Fig. 1.2d).

M — M" + +ne” (1.1)
2H,0 4 2¢~ — Hy +20H~ (1.2)
2H,0 + Oy + 4e~ — 40H~ (1.3)
M" +nOH~ — M(OH), (1.4)

Biodegradability testing

Biodegradability testing in vitro is aimed to simulate the in vivo degra-
dation process and is usually performed in physiological solutions such
as the well-known Hank “s balanced salt solution (HBSS), the simulated
body fluid (SBF) and the phosphate-buffered saline (PBS). Table 1.2
lists the ion concentration in blood plasma and the most commonly used
physiological solutions. Biodegradability tests are typically performed at
a body temperature of around 37°C. Methods such as static and dynamic
immersion, potentiodynamic corrosion testing and others are usually ap-
plied. The static immersion test is based on the ASTM-G31-72 standard,
where the specimens are simply immersed in a physiological solution with
a given surface-to-solution ratio for a desired period of time (usually up
to one month). Then the samples can be analyzed for weight loss and the
media can be used to examine the concentrations of released ions. Both of
those values can be later used to estimate the corrosion rates, according
to Eq. 1.5 [13] and Eq. 1.6 [14]. Removing corrosion products in the

5
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Figure 1.2: Schematic mechanism of the degradation process of biodegrad-

able metals in body fluids. Reproduced with permission [11]. Copyright
2014, Elsevier.

mass-loss measurements is crucial, otherwise, it can lead to a negative
corrosion rate (mass gain) [14], [15]. This removal of corrosion products
might be difficult for porous materials due to the accumulation of products
inside the pores. Hence, for porous materials other methods, such as ion
release determination might be more appropriate.

CR=8.76 x 10* x W/(Axt % p) (1.5)

Where CR is the corrosion rate in milimetres per year (mm year™), W is
the weight loss (g), A is the specimen area (cm?), ¢ is the exposure time
(h) and p is the density (g cm™). Another way to express the corrosion
rate is by using the released ion concentration, as expressed by Eq. 1.6:

CR=cV/St (1.6)

Where CR is the corrosion rate given in g/m?/day, c is the ion release
concentration (g/L), V' is the volume of solution used in the immersion

6
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test (L), S is the initial surface area exposed to the corrosive solution (m?)
and t is the exposure time (days).

Moravej et al. [16] proposed a dynamic degradation test with a test
bench designed for this purpose. In a dynamic test, the samples are
exposed to the circulation of the testing solution. The dynamic solution
flow can partially remove the degradation products and the calculated
degradation rate obtained through a dynamic test is generally higher than
in the static one, as the passive layer of corrosion products forms later.

Another method used to estimate the corrosion rate is the potentio-
dynamic polarization test. The corrosion rate in that test is calculated
according to the Eq. 1.7. It is a very efficient way of studying the corrosion
behaviour of biodegradable alloys. However, these tests are performed in
a short testing time, with an accelerated corrosion process, which does
not directly simulate the real corrosion process in vivo.

CR = (3.27 x 1072 % ior, EW) /p (1.7)

Where CR is the corrosion rate in millimeters per year (mm year™),
icorr 18 the corrosion current density (nAcm), EW is the equivalent weight

of the material and p is its density (gem™).

Table 1.2: Compositions of blood plasma and most commonly used pseudo-
physiological solutions [17]

Ions (mg/L) Blood plasma 0.9M NaCl HBSS SBF PBS

Na* 3000-3400 5425 3258 3265 3519
K+ 130-210 - 227 195 162
Cr 3400-3750 3518 5043 5275 4947
HCOj5 1100-2400 - 254 256 -
HPO,* 270-450 - 75 96 920
Ca?t 84-110 - - 100 -
Mg?+ 15-30 - - 36 -
SO,* 5-15 - - - -
D-glucose 600-1100 - 1000 - -

Albumin 35000-50000 - - - .
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1.1.2 Mg-based biodegradable metals

Magnesium is one of the essential elements in the human body, be-
ing naturally found in bone tissue. It is involved in the activation of
enzymes and numerous physiological processes, such as bone formation,
neuromuscular stability and muscle contractility [1], [18].

Mg-based alloys have been widely studied as structural materials thanks
to their low density (1.738 g/cm?) and adjustable mechanical properties.
These alloys are of particular interest for industries where low density
is an important factor, such as the automotive [19]-[22] and aerospace
industries [23]-[26]. Regarding their application as implant material, Mg
alloys are also attractive due to their low weight, relatively high fracture
toughness, and elastic modulus and compressive strength close to that
of human bone [27]-[29]. The low elastic modulus (15-30 GPa) of Mg
is favourable as it can reduce the so-called stress shielding effect during
the load transfer at the bone-implant interface [27]. Moreover, Mg is one
of the least noble metals in the electrochemical series, with a corrosion
potential of -2.372 V vs. the standard hydrogen electrode (SHE) [30].

Mg and its alloys have been used for over 100 years in numerous clinical
applications, such as cardiovascular, musculoskeletal and general surgeries
[11] due to their good biocompatibility and mechanical properties close
to that of human bone. Various Mg implants have been used, includ-
ing fixation pins, wires, nails, screws, plates, sheets and others. Due to
several factors, such as uncontrollable corrosion rates and accumulation
of hydrogen gas bubbles as well as simultaneous developments in stain-
less steel-based implants, the research on Mg implants was abandoned
and it was resumed again only two decades ago [31], when the idea of
biodegradable metallic stents emerged.

One of the biggest challenges in using Mg and its alloys is their high
degradation rate and abnormal hydrogen release upon degradation in
physiological pH (7.4-7.6) [1], which is referred to as the Negative Difference
Effect (NDE). In a standard atmosphere, unprotected magnesium corrodes
with developing magnesium hydroxide Mg(OH)s,, slightly soluble in water.
However, when the corrosion takes place in an aqueous physiological

solution containing chloride ions (CI7), the degradation process is severe,
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as the Mg(OH), reacts with (CI') to create soluble magnesium chloride
and hydrogen gas, as shown in the Eqgs. 1.8, 1.9, 1.10,:

Mg(s) +2C1 (aq) — MgCly (1.9)
Mg(OH)y(s) +2C1" — MgCl, (1.10)

Premature degradation of the implant does not provide long enough
mechanical support, as the implant corrodes before the new tissues can
develop enough to withstand the applied mechanical load. Moreover, the
generation of hydrogen gas, forming as bubbles on the surface of Mg, can
cause undesirable effects, such as the penetration of the bloodstream with
H, gas [31] and inflammation around the implant.

Other limitations of Mg, possessing a hexagonal close-packed (hcp)
structure, are its poor mechanical properties and low ductility. To date,
researchers have published numerous reports on changes and improvements
in the chemical composition, microstructure and fabrication processes to
produce new alloys with more suitable degradation rates. Alloying can
furnish a material with a chemical composition able to provide increased
corrosion resistance and appropriate mechanical properties and at the
same time, improve the formability of the material. There are two main
groups of Mg-based alloys, namely those containing 2-10% of Al with
trace additions of Zn and Mn, providing controlled degradation rate and
improved mechanical properties, and those involving rare earth elements
combined with Zn, Y, Ag and small additions of Zr, that provides refined
structure and better mechanical properties [1]. The most important
condition regarding alloying is that the alloying element is not causing
toxicity.

Different approaches to improve the properties of Mg-based alloys
involve studying coatings to control the degradation rate and improve the
biocompatibility or bioactivity of implants [32]-[34]. Coatings such as
calcium phosphate [35]-[37] can help to control the degradation process
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by simply delaying the initiation of corrosion. Biodegradable polymers
used as coatings are also a suitable approach to slow down the corrosion
process [38]-[40].

To sum up, Mg-based alloys constitute promising materials for biodegrad-
able implant applications. The main strategy to improve their properties is
to increase their corrosion resistance in physiological conditions by altering

their composition and coating deposition.

1.1.3 Zn-based biodegradable metals

The fabrication of Zn-based biodegradable metals emerged recently as
a new research interest in the field of biomaterials. Zn, similar to Mg
and Fe, is an important nutrient element in the human body, regulating
gene expressions, being a catalyst for over 50 enzymes and stimulating
bone formation [41]. The daily intake of Zn is between 6-10 mg [9]. Zinc
has been one of the most studied alloying elements for biodegradable Mg-
based alloys and it is currently studied as the main element in Zn-based
biodegradable alloys. It possesses a suitable degradation rate, between
that of Mg (-2.372 V vs. SHE) and Fe (-0.447 V vs. SHE), with a standard
electrode reduction potential of -0.762 V vs. SHE [30], making it a very
attractive candidate for biodegradable implant applications. Moreover,
Zn is susceptible to corrosion in neutral pH in aqueous environments [42].
The anodic reaction for Zn in aqueous solutions is:

Zn(s) = Zn*" + 2e” (1.11)
The cathodic reaction comprises the formation of hydroxide ions:
2H,0(aq) + O2(g) +4e~ — 40OH ™ (1.12)

The hydroxide ions react with the Zn** cations to yield Zn(OH),, which
later evolves to ZnO and water:

Zn**(aq) + 20H (aq) — Zn(OH)y(aq) — ZnO(aq) + H,O(1) (1.13)

The main limitation of pure Zn results from its poor mechanical properties,
as in the case of Mg. Zn is a metal with a hep crystalline structure and low

melting point, which provides a high driving force for dynamic recovery [43].
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As a result, the dislocation density does not increase significantly during
plastic deformation, contributing to its limited strength and plasticity [44].
Moreover, Zn undergoes strain softening, i.e. its strength decreases with
plastic deformation [44]-[46]. While biomedical devices should have stable
mechanical properties, strain softening could deprive the materials of their
sufficient mechanical characteristics [41].

Efforts have been made to improve the mechanical properties of Zn-
based alloys and limit the strain-softening effect. One of the most popular
approaches is by alloying with soluble elements, such as Mg [47], [48], Al
[49], Cu [50], Li [51], Ca [52], Sr [52]. Alloying with Mg led to an improved
cytocompatibility [48] and strength, however, the ductility remained low,
reaching the highest value of 15% for Zn-0.15Mg alloy [47] and the strain
softening effect remained. Similar results were obtained for Zn-Al alloy
[49]. Alloying with other elements also did not limit the strain-softening
effect. Recently, relevant results have been achieved upon alloying Zn
with Ag [53], [54], which helped to limit the strain softening and improved
the strength and ductility. Furthermore, the Zn-Ag alloy showed good
cytocompatibility [54].

Overall, Zn is a new, promising "rising star" of biodegradable metals.
Several challenges are currently being solved to apply the material as
an implant, the most challenging being its poor mechanical properties.
Unfortunately, due to its low mechanical strength, the application of
Zn-based alloys as implant materials might be only limited to coronary

arteries.

1.1.4 Fe-based biodegradable metals

The earth is rich in iron ore, as it forms around 5% of Earth’s crust. Fe
as a pure metal or a main element of steels has found countless applications
in construction materials [55], [56], in the automotive industry [57]-[59]
and many others. The most common group of alloys using iron as the
major alloying element are steels.

Fe is a key element in the human body, as it is an essential compo-
nent of hemoglobin and myoglobin. Hemoglobin is responsible for the
transportation of oxygen from the lungs to the rest of the body, while

11
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myoglobin provides oxygen to the muscles, supporting muscle metabolism.
Moreover, Fe is crucial for physical growth, hormone synthesis, cellular
functions and neurological development. The daily intake of Fe for adults
is between 10-20 mg, but it depends on the age, sex, and type of diet. The
upper limit of Fe intake is around 45 mg for adults.

The application of Fe-based metals as an implant material is not new,
as stainless steels have been already widely applied as load-bearing perma-
nent implants in clinical applications. Iron has high mechanical strength,
ductility, and formability and shows good biocompatibility. The combina-
tion of good mechanical parameters and formability has unique benefits
such as the possibility of fabricating thinner and smaller products and
producing complicated shapes such as foils, struts and foams. Moreover,
the advantage of Fe over Mg is that it does not show any hydrogen gas
evolution upon corrosion. However, Fe has the highest corrosion potential
among the standard biodegradable metals (Mg, Zn and Fe), namely -0.447
V vs. SHE [30], which makes it less prone to corrosion. The main challenge
in its application as a biodegradable metal is the need to accelerate its
slow degradation rate. According to the Pourbaix diagram for Fe [60], it
is susceptible to corrosion in neutral pH in aqueous environments, which
can be described by the following anodic and cathodic reactions:

Fe — Fe*t + 2¢” (1.14)

2H,0(aq) + O2(g) + 4e~ — 40H ™ (aq) (1.15)
The general corrosion reaction can be described as:

Fe**(aq) + 20H (aq) — Fe(OH)y(s) (1.16)

Fe can also oxidize to the III oxidation state, as described by the
following anodic and cathodic reactions:

Fe(s) — Fe**(aq) + 3e~ (1.17)

2H,0(aq) + Oy(g) +4e” — 40H (aq) (1.18)

12
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The general corrosion reaction, in this case, can be described as follows:

Fe*(aq) + 30H (aq) — Fe(OH)3(s) (1.19)

The oxidation state of Fe can affect the long-term cytocompatibility
of the implant. It was observed that when Fe is oxidized to Fe3* rather
than Fe®", the degradation products induce higher cytotoxicity [61]-[64].

Physiological fluids are composed of water, metallic and non-metallic
ions and proteins that are not described by the above corrosion reactions.
Because of the complex composition of physiological solutions, apart from
oxides and hydroxides, several different degradation products can form
as Fe reacts with the ions present in physiological solutions. As a result,
degradation products such as iron phosphates (FePO,) and carbonates
(FeCO3) can form. Moreover, Fe-free species such as calcium carbonates
(CaCOs3), phosphates and proteins can be adsorbed on the surface.

The mechanical properties of Fe such as ultimate strength, ductility
and yield strength are much higher than those of Mg and Zn. Contrary to
Mg and Zn, which possess the hcp structure, Fe possesses a body-centred
cubic (bee) structure. The bee structure is characterized by a higher
number of slip systems, which can be activated to accommodate plastic

deformation.

The main limitations of Fe result from its low corrosion rate and
ferromagnetism of pure Fe. Ferromagnetism can lead to misplacement
of the stent during implantation and limit the post-implantation checks
by magnetic resonance imaging (MRI). The corrosion rate of Fe-based
biodegradable alloys has been improved through alloying with various
elements such as Mn [65]-[67], Ga [68], through the creation of porous
structures [69], surface grain refinement [70], ion implantation with Zn
[71], Ta [72], Pt [73] and Au [74], etc.

An antiferromagnetic Fe-based alloy can be formed by alloying with high
amounts of Mn, as established in the breakthrough study by Hermawan
[65], [75]. The high content of Mn is also used to stabilize austenite
(v-Fe) at room temperature, reduce the corrosion potential of the system

to increase the degradation rate, and promote higher ductility. Thus,
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Fe-Mn alloys constitute a very promising biomaterial of choice and will be
discussed in detail in the next section.

1.2 Fe-Mn biodegradable alloys

Manganese is currently the most studied alloying element for biodegrad-
able Fe-based alloys. As mentioned above, it provides a number of advan-
tages such as stabilization of austenitic v-Fe, eliminating or significantly
decreasing strong ferromagnetism of pure Fe, and improving mechanical
properties due to solid solution strengthening, which allows for higher
ultimate tensile strength and elongation to failure. Moreover, Fe-Mn alloys
possess a higher corrosion rate than pure Fe and show good biocompati-
bility.

Fe-Mn alloys as biodegradable implant materials were first proposed by
Hermawan et al. in a study from 2007 [75]. The Fe-35Mn (wt.%) alloy was
proposed due to its low magnetic susceptibility, good mechanical properties
and satisfactory corrosion behaviour. Securing the non-magnetic behaviour

of Fe-Mn alloys is of utmost importance, as it makes the alloy compatible
with MRI.

Fig. 1.3a shows the phase diagram for the Fe-Mn system, in which
many different phases can form, depending on the temperature and Mn
content [66]. The Fe-Mn phase diagram consists typically of three main
phases: « ferrite of bee structure, v austenite with face-centred cubic (fec)
structure and o phase with tetragonal structure. The two most common
phases are bee-a and fee-y. The o (ferrite) phase is a solid solution of
Mn in Fe, with a bcc structure, formed at low temperatures with low Mn
content. It is a strongly ferromagnetic phase. The ~ austenite phase has
an fcc structure, it is stable at higher temperatures and contains more
Mn. The presence of a sufficient amount of Mn stabilizes the austenitic
structure of the system at room temperature.

Fig. 1.3b shows constituent phases forming in cast Fe-Mn alloys.
Apart from the phases shown on the phase diagram in panel (a), the
hexagonal € and o' phases can also form. The e-martensite formation can
occur under specific conditions by transformation from austenitic phase
[77], [78]. Austenite has low stacking fault energy, hence during plastic
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Figure 1.3: (a) Phase diagram of Fe-Mn system and (b) volume fraction
of phases depending on Mn content in Fe-Mn alloys obtained through
casting. Reproduced with permission [76].

deformation and rapid cooling, it can undergo phase transformation to
form e martensite [79]. By applying stacking faults on the alternate close
pack (111) planes of austenite, the hexagonal € martensite phase can form
and the transformation takes place via dislocation glide [79], [80]. The ¢
phase, similarly to austenite, has antiferromagnetic properties. This phase
is known for its exceptional mechanical properties, and alloys exhibiting the
phase transformation have been widely applied where superior mechanical
properties are of need.

Owing to their exceptional mechanical properties and excellent forma-
bility, the Fe-Mn alloys gained great interest in the field of biodegradable
metals [65], [66], [81]. Among this group, those comprising more than 20
wt.% Mn have garnered significant attention due to their non-magnetic
character, and favourable balance between strength and degradability [75],
[82]. While in witro studies demonstrated that the corrosion of Fe-Mn
alloys surpasses that of pure Fe, in vivo investigations have revealed that
their corrosion rate remains inadequately slow [83]. Consequently, novel
strategies and solutions are currently under development to accelerate the
corrosion rate of Fe-Mn alloys [84]-[86]. In the next subsections, various
strategies implemented so far to improve the properties of Fe-Mn-based
implant materials are discussed.
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1.2.1 Degradation mechanism

Manganese is less noble than Fe in the electrochemical series, having a
standard reduction potential of -1.185V vs. SHE [30], for the reduction
of Mn?*. As it is fully soluble in Fe, a decreased corrosion potential of
the alloy is expected, as confirmed by various investigations. Manganese,
similarly as Fe, can interact with other species present in the physiological

fluids to form various degradation products, such as carbonates (MnCO3)
[87].

Hydroxide layer

Fe” " Mn" _ 20H

"

H,0; 0, Ca/P layer

.

c d

Figure 1.4: Schematic of generalized degradation mechanism of Fe-Mn
alloys. Reproduced with permission [65]. Copyright 2010, Elsevier.

Fig. 1.4 illustrates the corrosion mechanism of Fe-Mn alloys. According
to Hermawan et al. [65], four steps can be distinguished:

1. Initial corrosion reaction (Fig. 1.4a): As soon as the alloy is
immersed in the test physiological solution, it is oxidized to metallic
ions, as described by reactions 1.20 and 1.21. The electrons produced

in the anodic reaction are consumed in a cathodic reaction, according
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to reaction equation 1.22. These anodic and cathodic reactions occur
over the entire surface, at grain and phase boundaries, in places

where there is a difference in corrosion potential.

Fe(s) — Fe*' + 2¢~ (1.20)
Mn(s) = Mn*" + 2~ (1.21)
2H,0(aq) + O2(g) + 4e~ — 40H (aq) (1.22)

. Formation of hydroxide layers (Fig. 1.4b): The released metallic
ions and the hydroxyl ion (OH") react to produce insoluble hydrox-
ides, as described by Eqgs. 1.23 and 1.24.

2Fe*t +40H~ — 2Fe(OH), (1.23)

. Formation of pits (Fig. 1.4c): The hydroxide layers do not com-
pletely cover or protect the surface, hence the CI" ions present in
physiological solutions are able to penetrate beneath the hydroxide
layer and form a metal chloride, followed by its hydrolization by
water to the corresponding hydroxide and free acid, as established
by Eq. 1.25. As a result, the local pH value inside the as-formed
pits is lowered, while the global solution remains neutral. The pits

can then grow to become wider and deeper.

Fe*™ +2C1" — FeCly + HyO — Fe(OH)y + HCI (1.25)

. Formation of calcium/phosphorus layer (Fig. 1.4d): The last step in
the degradation mechanism consists of the formation of a new layer
of degradation products containing Ca and P, with a mineral-like
morphology. The presence of those precipitates can eventually lead
to the formation of hydroxyapatite, a biocompatible and bioactive
compound, with a chemical composition similar to that of the bone.
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1.2.2 Alloying

Alloying relies upon introducing additional elements into a primary
metal to adjust their properties through compositional changes. This
process has the capability to transform the microstructure, chemical, and
phase composition of metals, leading to adjustments in mechanical proper-
ties, corrosion behaviour, and biocompatibility. Furthermore, alloying has
the potential to impact the corrosion kinetics of biodegradable metals by
influencing their electrochemical behaviour and degradation rate. In the
realm of improving the properties of biodegradable Fe-Mn-based alloys,
alloying stands out as the primary solution [81], [84].

The most studied alloys so far are standard Fe-Mn with varying
amounts of Mn, Fe-Mn-Si and Fe-Mn-C alloys. Twinning-induced plasticity
steels (TWIP), consisting of Fe, Mn and C, provide suitable degradation
combined with high strength, which makes them perfect candidates for
biodegradable stents [88]. The standard TWIP steels contain Fe as the
base element, C, high amounts of Mn (18-30 wt.%), and sometimes traces
of Al and N [89]. Biodegradable TWIP steels are of interest as they
combine attractive mechanical properties, good formability and biocom-
patibility [88], [90], [91]. Fe-Mn-C alloys have a better corrosion rate than
pure Fe [91]-[93]. Additions of Si to form Fe-Mn-Si constitute also a very
interesting approach, as a shape memory alloy can be formed [94], [95].

Recently, alloying FeMn with noble metals such as Ag, Pt and Pd was
proposed to induce the formation of well-dispersed particles that can act
as a cathode against the Fe-Mn matrix. The resulting micro-galvanic
corrosion sites can lead to an improved degradation rate of the alloys [84].
Specifically, Fe-Mn-Pd alloy was proposed by Schinhammer et al. [96]
and proved to significantly increase the corrosion rate of FeMn in SBF.
Further studies have demonstrated that this ternary alloy is a promising
candidate for biodegradable implant applications [89], [97], [98]. On the
other hand, Fe-Mn-Cu alloys were reported by Mandal et al. [99], [100]
and showed a 6 times higher corrosion rate than Fe-Mn alloy. Fe-Mn-Ag
alloys significantly improved the corrosion rate when compared to Fe-Mn
and pure Fe [101], [102]. Moreover, additions of Cu and Ag not only
improve the properties of the alloys but also inhibit bacterial growth [101].
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1.2.3 Processing methods

Well-chosen processing methods can change the properties of Fe-Mn
alloys by modifying their microstructure, grain size, crystallographic ori-
entation, defect density and even phase composition. The processing
methods used in the fabrication of Fe-Mn alloys can have a direct impact
on their mechanical properties, corrosion behavior, degradation rate, and
biocompatibility. Pathways such as powder metallurgy (PM), casting,
plastic deformation and additive manufacturing (AM) have been used.

Powder metallurgy is a processing method that involves the fabrication
of biodegradable metal implants from powders. PM techniques, such as
simple pressing and sintering, can alter the microstructure and properties
of biodegradable metals. For example, powder compaction parameters,
such as compaction pressure and temperature, can influence the poros-
ity, density, and mechanical properties of the final implant [103], [104].
Additive manufacturing, one of the branches of PM, is getting increas-
ing attention for the processing of metallic biodegradable alloys thanks
to its ability to create complex shapes for a wide range of applications.
Technologies used in the AM of metals include selective laser melting
(SLM) and laser powder-bed fusion (LPBF), which allowed for successful
fabrication of Fe-Mn [105], [106] and Fe-Mn-Ag [105], [107], [108] alloys.
These works proved the AM to be an effective method to fabricate both

porous and dense materials with reduced corrosion resistance.

Needless to say, two alloys of the same composition can have different
properties due to the processing route chosen, for example, cast and
wrought FeMnSi alloys possess different phase compositions and corrosion
rates [109]. The annealing and aging treatments can also change the
microstructure of the material, by affecting the phase composition and
precipitation growth [89], [110].

1.2.4 Porous structures

Designing porous structures is a successful approach to improve the
corrosion rate of Fe-Mn alloys. Basically, increasing the effective surface
area of the material leads to enhanced degradation. One of the explanations
is that the high surface area obtained by creating pores and voids provides
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a substantial number of corrosion sites allowing for the oxidation reaction
[111], [112].

Apart from increasing the corrosion rate, porous structures might be
useful as artificial scaffolds for bone tissues, as the porosity can enhance
tissue integration and vascularization [113]. Moreover, porous structures
provide space necessary for cell growth, adhesion and proliferation, thus
assisting tissue-oriented endogenous growth [114]. Also, the porous struc-
tures can decrease the risks associated with stress shielding and create a
durable bone-implant interface, as the mechanical properties of porous
implants will be closer to that of bone.

To date, several studies have reported on the fabrication of porous
Fe-Mn structures with varying levels of porosity [115], [116]. One of the
most effective methods is AM, which allows for complex shapes fabrication.
For instance, a porous Fe-Mn bone scaffold was fabricated by SLM and
proved to have higher corrosion rate than pure Fe fabricated using the
same approach. Fig. 1.5 presents Fe-Mn foams obtained through the
polymeric sponge replication method, i.e. by dipping the polymeric sponge
(template) into the powder slurry followed by drying, template removal
and sintering to obtain porous foams which replicate the initial shape of
a template [115]. This method is a very effective way to obtain porous
structures with desired shapes, high porosity and similar pore shape to
that of cancellous bone. Besides Fe-Mn, it has been already applied to
other materials for implant applications such as Ti [117]-[120], Mg [114]
and hydroxyapatite [121], [122].

1.2.5 Surface modifications

Surface modifications, as opposed to other approaches, can alter the
properties of biodegradable metals by acting on the surface of the mate-
rial instead of the bulk. Due to surface modifications, properties of the
materials such as degradation behaviour, mechanical properties, biocom-
patibility, and corrosion resistance can be changed. Changing the surface
roughness, and deposition of coatings onto the material or creating surface
patterns can allow controlling the corrosion rate of Fe-Mn alloys, both by
increasing and decreasing it [85], [123]. For instance, surface texturing and

roughening can accelerate the degradation rate of biodegradable metals
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S

Figure 1.5: Fe-Mn foams fabricated by replica method. Reproduced with
permission from [115]. Copyright 2020, Elsevier.

by increasing the surface area and promoting faster corrosion. Donik et al.
[85] proposed a laser-texturing method to modify the surface topography
of Fe-Mn alloy. Thanks to the resulting tooth comb profile at the surface,
the laser-textured Fe-Mn alloy exhibits a 10 times higher degradation rate
than the Fe-Mn alloy. Fig. 1.6 shows the as-prepared laser textured sample
and sample after immersion for 3 days. Very clear signs of degradation
can be observed just after 3 days of immersion.

Surface modifications can also influence the mechanical properties of
biodegradable metals, such as their strength, ductility, and toughness. For
example, the deposition of hard and wear-resistant coating can improve
the wear resistance of a biodegradable metal implant in load-bearing
applications. Reports on the deposition of hydroxyapatite coating by elec-
trodeposition on Fe-Mn substrate revealed suitable mechanical properties,
good adhesion to the underlying metallic material and tunable degradation
behaviour [124], [125].
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Figure 1.6: SEM images of surface topography of laser-textured Fe-Mn
samples (a) after 3 days of immersion (b) and (c). Reproduced with
permission from [85]. Copyright 2018, Elsevier

Another advantage of surface modifications is the possibility of enhanc-
ing the biocompatibility of Fe-Mn alloys by creating a surface that is more
prone to cell adhesion, proliferation, and tissue integration. Coatings made
of biocompatible materials, such as hydroxyapatite [125] and collagen [123]
can be applied onto the surface of biodegradable metals to improve their
biocompatibility and promote tissue healing. On the other hand, dealloy-
ing of Fe-Mn and Fe-Mn-Zn alloys was designed to enhance the initial cell
attachment and improve the tissue/implant interface adhesion by creating
nano topographies on the surface [126].

In summary, surface modifications play a critical role in altering the
properties of biodegradable metals, allowing for the customization of their
degradation behaviour, mechanical properties, biocompatibility, and corro-
sion resistance to meet specific application requirements. When combined
with a suitable processing route and composition, a new, improved Fe-Mn
alloy can be obtained.

1.3 Biocompatibility of Fe-based biodegradable metals

Biocompatibility is the capability of an implant material to fulfil its
supportive function without evoking any harmful effects in the tissues.
Fe-based biodegradable alloys have been investigated for their potential
use as biodegradable implants due to their unique combination of good
mechanical properties, formability and biodegradability. Fe-Mn alloys
have been studied for potential applications as orthopaedic implants, car-
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diovascular stents, and tissue scaffolds, with promising results in terms of
tissue integration and healing. When considering the biocompatibility of
Fe-based biodegradable metals, key aspects such as cytotoxicity, cell pro-
liferation, biodegradability kinetics, non-toxicity of the corrosion products,
and inflammatory response should be taken into account.

As for any other biodegradable material, Fe-based alloys should have
low cytotoxicity. Cytotoxicity is considered as the ability of a substance or
agent to cause cell death or damage. Cytotoxic substances cover chemicals,
toxins, radiation, drugs, etc. Exposure of cells to cytotoxic agents can
result in DNA damage, membrane damage, mitochondrial dysfunction and
others that can lead to cell death. The toxicity can be described through a
relationship between the concentration of a cytotoxic substance in a living
organism and the resulting biological response, i.e. cell growth or death
[127]. The toxicity of a given element or substance can be characterized
by the upper intake level, which is the maximum daily amount that can
be taken without causing any risk of adverse health problems [128], [129],
which is strongly connected with the concentration of ions released by
corroding metal. To point out, small concentrations of poisonous elements
can have no toxic effect and at the same time, excessive amounts of
nutritious substances can result in an adverse response. Fe and its main
alloying elements such as Mn and C are crucial elements for the human
body, but elevated concentrations can cause toxicity. Moreover, different
cell types are affected differently by the same ion concentration. Fe-based
alloys have been studied using a variety of cell types, such as fibroblasts,
osteoblasts and endothelial cells without causing significant cytotoxicity.
The toxicity of biodegradable Fe-based alloys is determined mainly by the
toxicity of the alloying elements and that of the degradation products [16].

The corrosion behaviour and released degradation products should not
be harmful or cause undesired effects. On the one hand, the degradation
products can be internalized by cells and also affect their viability. On
the other hand, pH changes associated with the corrosion of Fe can be
expected at the biomaterial/tissue interface. Schinhammer et al. [91]
showed that the oxidation state of Fe, which was related to the pH of
the ions-containing solution, can also affect cytocompatibility. Namely,

human umbilical vein endothelial cells (HUVEC) were more sensitive to

23



1. Introduction

Fe3* ions than to Fe?*, which was attributed to a lower pH found in the
Fe3* jons solutions. Cells are pH-sensitive, and a more acidic pH can
affect their viability. Recall that degradation is a complex process that
yields both metallic ions and insoluble products. The ion release level has
to be controlled to minimize its potentially harmful effect on surrounding
tissues. The released degradation products have to be biocompatible and
should be safely released or absorbed and metabolized by the human body.

1.3.1 In vitro cytotoxicity assessment

Prior to discussing the methods employed for assessing in vitro bio-
compatibility, it is essential to provide an explanation of several key

parameters:

e Cell proliferation is an action of cell division and multiplication,
which results in an increasing number of cells or tissues over time. It
involves several stages such as DNA replication, formation of new cell
membranes and organelles and separation of the duplicated DNA into
two daughter cells by mitosis. Cell proliferation should be regulated
to maintain tissue homeostasis and prevent the uncontrolled growth

of cells, which can result in the development of tumours and cancer.

o Cell adhesion to the implant is important, as it enables the attach-
ment of cells to its surface. It can be divided into (i) cell attachment,
(ii) spreading and (iii) focal adhesion formation, i.e. powerful inter-
action between cells and biomaterial surface [130]. Cell adhesion
depends on the surface state and it prefers surfaces with more hy-
drophilic properties. Specifically modified surfaces can allow for
better cell attachment, for example by introducing roughness or

porosity.

o The inflammatory response happens when the immune system of
the human body is activated as a response to an infection or injury.
However, the implantation of a foreign body is also one of the factors
triggering the inflammatory response, known as foreign body reaction
(FBR). FBR can be divided into five phases: (i) protein absorption,
(ii) acute and (iii) chronic inflammation, (iv) foreign body giant cell
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1.3 Biocompatibility of Fe-based biodegradable metals

formation and (v) fibrosis [131]. Macrophages are the main character
in all of these phases, apart from protein absorption, as they are
one of the first cells to arrive at the implant site. Macrophages can
engulf and digest degradation products through a process known
as phagocytosis. Regarding the long-term response to implant,
macrophages can form a layer of cells around the implant surface,
called foreign body giant cell, which isolates the material from
surrounding tissues. Inflammatory cell response is an important
component of the immune system to fight against infection and
injury, however, prolonged inflammation can cause tissue damage
and chronic diseases.

In vitro cytotoxicity is studied as a first step to evaluate the biocom-
patibility of a newly synthesized material. Those tests are aimed to mimic
the in vivo conditions. The cell line used in the evaluation of cytocom-
patibility should be chosen according to the aimed implant application,
i.e. materials for bone implants should be tested with osteoblastic cells,
while materials for stents should be evaluated for their compatibility with
endothelial cells as well as blood cells. The in vitro tests can be divided
into direct and indirect studies [132]. Through the cytotoxicity evaluation,
factors such as cell damage, cell growth and specific aspects of cellular
metabolism can be addressed. The cytotoxicity can be determined both
qualitatively and quantitatively. Qualitative tests consist of microscopical
examination of cells, using staining if desired. From this analysis, different
grades of cytotoxicity can be obtained, from none, where no reduction
of cell growth is observed through mild, where not more than 50% of
growth inhibition is noticed up to severe toxicity, where nearly complete or
complete destruction of cells is detected. Quantitative tests measure cell
death, inhibition of cell growth and cell proliferation. Reduction of cell
viability by more than 30% is considered a cytotoxic effect, as described
by ISO 10993-5:2009. In the interpretation of the quantitative results, a
statistical analysis should be performed to correctly compare the samples.

The direct in vitro tests consist of direct cell exposure to the tested
material and allow for both qualitative and quantitative assessment of
cytotoxicity. Direct methods are usually used to examine the potentially

harmful effects of the material on living cells. Cells are seeded on the
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surface of the tested material and cultured for the desired period, usually
between 24h to 7 days. Control samples should be always used to compare
and validate the results. The control refers to a group/condition that
serves as a reference point for comparison and is essential for the correct
experimental design. It helps to evaluate the effects of different variables
under study. The most common direct testing methods are cell viability
and proliferation assays. The cell viability assays assess the ability of cells

to preserve their capacity to remain alive (i.e. viability).

Indirect tests involve cells’ exposure to conditioned media or extracts
obtained from the tested material. The extracting conditions should exag-
gerate the clinical use conditions so that the potential toxicological hazard
can be identified. Prior to the extraction sample should be sterilized and
the extraction itself should be performed in sterile conditions, following the
ISO 10993-12:2007 standard. The first step in indirect testing consists of
extract preparation, where the tested material is exposed to an extraction
vehicle for a desired period of preparation (usually 24h at 37°C). The
extraction vehicle can be culture media with serum, physiological saline
solution or another suitable vehicle. The preferable extraction vehicle
is the culture media with serum, due to its ability to support cellular
growth. The culture media used for conditioning should be sterile. After
the desired period of conditioning, the sample is withdrawn from the
media and the conditioned media is used to culture the cells for further
studies. Additional experiments can be conducted utilizing either the
original extract alone or a series of diluted extracts, where the original
extract serves as the diluent. This indirect testing approach is useful in
examining the cytotoxicity of biodegradable metals, as it can identify if
the material releases toxic substances, corrosion products or ions in the
surrounding biological environment. Through indirect testing, inflamma-
tory cytokine response can be also examined. However, the experiment
should be well-designed, taking into account the extraction conditions,

duration of conditioning and the appropriate controls.

1.3.2 In vitro biocompatibility of Fe-Mn alloys

Several studies have reported that Fe-based BMs show good biocom-
patibility in vitro. Fe is an essential element for the human body and high
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concentrations are needed to induce toxicity i.e. between 350-500 pg/dl
in serum [65]. Transferrin bounds the extracellular Fe, which keeps iron
soluble and non-toxic [133]. The excess of Fe is detoxified by sequestration
to iron-storing protein, ferritin [133]. As noted by Hermawan et al. [65],
those two properties lead to a low inhibition of the metabolic activity of
3T3 mouse fibroblast cell line exposed to iron at ranges of concentrations
(up to 16 mg/ml).

On the other hand, although manganese is also an essential trace element
for the human body, it exhibits potential toxicity, as the concentration
of 3-5.6 pg/dl can result in neurologic symptoms. The toxic effect of Mn
relies upon targeting mitochondria and increasing the level of lactic acid
[134]. Overdosage of Mn could lead to neurotoxicity and intoxication [135].

When Fe is alloyed with Mn to form a solid solution with austenitic
fce crystal structure, the alloy has different properties than the forming
elements, i.e. bce Fe and bee Mn. Therefore, the biocompatibility of the
resulting alloy is expected to be different to that of the constituents, i.e.
to be less toxic than pure Mn [65].

The initial assessment of the biocompatibility of Fe-Mn alloys for stent
application was first published in the pioneering work by Hermawan et
al. [65], [66], [75], [81], where the Fe-Mn alloys were fabricated by powder
metallurgy. The authors showed that alloying Fe with Mn allowed for
accelerating the corrosion rate and improved the MRI compatibility due to
the formation of a fully austenitic structure when Mn content was over 29
wt.%. Cell viability studies were performed using a 3T3 mouse fibroblast
cell line (3T3) on alloys containing 20-35 wt.% Mn. When alloyed, variation
in manganese content in the Fe-Mn alloys did not show any significant
differences in the relative metabolic activity (RMA). However, when a
simple, non-alloyed mixture of Fe and Mn powders was analyzed, the
results showed a decrease in the RMA, which was attributed to Mn toxicity.
Thus, alloying to form a solid solution seems to be important to obtain a

non-toxic material.

The effect of additions of noble elements, aimed at increasing the
degradation rate by creating micro galvanic cells was also addressed. The
biocompatibility of Fe-Mn alloy with additions of Cu was studied by
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Mandal et al. [99], [100]. Thanks to the addition of Cu, a cytocompatible,
austenitic alloy with antibacterial properties and increased degradation
rate was obtained. Moreover, addition of 10 wt.% of Cu improved the
proliferation of MG-63 cells. Studies conducted on TWIP steels with
additions of noble Pd showed good cytocompatibility as long as the ion
release was below the cytotoxicity threshold [136]. Fe-Mn-Cu alloy Fe-Mn-
Ag alloys also showed an increased degradation rate, good biocompatibility
and a potential antibacterial effect [99], [100], [137]. In further studies on
Fe-Mn-Ag alloys, their good hemocompatibility (i.e. compatibility with
blood cells) and cytocompatibility were confirmed [138]. In witro tests
show that no chronic toxicity was observed in Fe-35Mn and Fe-35Mn-
1Ag alloy [139], with the higher inflammatory response obtained for the
Ag-containing alloys.

The in vitro biocompatibility of highly porous Fe-Mn foams fabricated
through the replica method revealed improved cell proliferation after direct
culture for 7 days with osteoblastic MC3T3-E1 cells [115]. The cytotoxicity
studies on porous Fe-Mn-Si-Pd alloys showed that a high level of porosity
can decrease cell viability, which was attributed to higher ion release from
the highly porous alloys [97]. Similar results were obtained on Fe30Mn
alloys with 0, 5, 10 and 60 % volume porosity [140]. The results showed
that although the alloy with the highest level of porosity shows the highest
degradation, it also experiences the lowest cell viability, as the cells do not
adhere well to the surface. Thus, it is important to control the porosity
levels to avoid too high degradation rates.

To summarize, the biocompatibility of Fe-Mn alloys can be affected by
various factors such as alloy composition, microstructure, surface state,
porosity levels and implant design. The cytocompatibility of Fe-based
alloys depends on the released ion concentration level, which should
be kept within tolerable limits [136]. Although in vitro methods are
valuable in the initial assessment of biocompatibility, further in vivo
studies should be conducted to correctly assess both the degradation rate
and biocompatibility. Moreover, the potential application of the studied
material should be considered before designing the experiments in order to
choose the correct cell line. In the case of Fe-Mn alloys, the most common

potential application is either as a stent or orthopaedic material.
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1.4 Antibacterial and antibiofilm materials

The National Institutes of Health reported that as much as 80% of
human bacterial infections are caused by hard-to-cure bacterial biofilms
[141], [142]. Biofilm-associated infections are a type of infection that
originated from the formation of biofilms. Biofilms are complex communi-
ties of microorganisms embedded in a matrix of extracellular polymeric
substances (EPS), that can adhere to various surfaces, such as those of
medical devices as well as natural surfaces, for example, teeth and mu-
cosal membranes. Biofilms can form on the surfaces of implanted medical
devices, such as orthopaedic implants and cardiovascular devices. Biofilms
are resilient and problematic to eradicate, which makes them an enormous
threat causing severe infections. Biofilm-associated infections can include
catheter-associated urinary tract infections [143]-[145], dental biofilm-
associated infections [146]-[148], respiratory biofilm-associated infections
[149], [150] and implant-associated infections (TAI) [151]-[153].

The IAI occur on both permanent and temporary medical implantable
devices that are aimed to support or restore human functions. They
became one of the most severe complications in orthopaedic surgeries.
When the infection occurs, it requires secondary operation and antibac-
terial therapy, which not only has a stressful effect on the patient but
also significantly increases the cost of medical treatment. IAI are pre-
dominantly caused by bacteria coming from surgical procedures or occur
through bloodstream and open wounds [154]. The implant surface is
a substrate for bacterial adhesion and biofilm formation. Without an
implant, considered as a foreign body, the contamination by pathogens is
usually cleaned by host immune defences. However, when considering TAI,
the foreign body (implant) provokes a local tissue response (comprising
acute and chronic inflammation, granulation tissue formation and fibrous
encapsulation) and induces bacterial colonization and infection. The stan-
dard treatment for bacterial infections is antibiotics and antimicrobial
agents. However, the bacteria growing in a biofilm are between 100 and
1000 times less sensitive to antimicrobials than planktonic bacteria [155].
Post-operative infections and insufficient osteogenesis are the two most
common reasons for implant failure. The expression race for the surface
was proposed by Gristina et al.[156], which describes the 'fight” between

29



1. Introduction

cell integration and bacterial adhesion on the implant’s surface. The hope
is that host tissue cells will win this contest. Therefore, new solutions
must be established to design materials resistant to biofilm formation and
at the same time, when needed, allow for tissue integration.

Fig. 1.7 shows the possible effects taking place after a technically
correct implant surgery [152]. Almost immediately after the surgery,
infection resulting from early postoperative contamination can be observed.
However, the clinical signs of infections may be delayed and not appear
for many years. The IAI can occur as a result of contamination coming
from routine dental treatment or wounds. In this case, the implant is
protected only when integrated into host tisues and a when a standard
host tissue response is obtained at the implant site.

Successful
Peri/early postoperative implantation

Bacteria . 7 ) . . 4 &
. contamination Time after implantation (no infection)

Late postoperative contamination
Surgical replacement haematogenous spreading
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Figure 1.7: Risk factors of patients undergoing implant surgery regarding

biomaterial-associated infections. From [152]. Reprinted with permission
from AAAS.
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1.4.1 Biofilm formation

The formation of biofilms consists of five stages, as shown in Fig.
1.8. The initiation of biofilm formation, 7.e. the reversible attachment
occurs due to contact of the surface with single planktonic cells. During
the reversible attachment, the biofilm matrix components are produced.
The bacterial adhesion depends on several factors, such as the type of
pathogen and physiological fluids, the surface topography and the physio-
chemical properties of the material [157]-[159]. During the maturation of
biofilm, the bacteria clusters of several bacteria thicknesses appear that
are embedded in the EPS matrix (Maturation I), which then fully mature
into microcolonies (Maturation II stage). The last step, namely dispersion,
consists of the reduction and degradation of biofilm matrix components
[160]. In this stage, the cells are mobile, protecting them from shear stress,
antimicrobial agents or host immune responses. Moreover, the EPS matrix
promotes communication among the microorganisms, which allows them
to function as a community with collective behaviours, such as enhanced

resistance to antibiotics and host immune responses.
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Figure 1.8: The schematic representation of biofilm formation and devel-
opment. Reproduced from [160]. Copyright 2022, Springer Nature.

Biofilm-associated infections pose significant challenges in clinical prac-
tice, as they can be resistant to conventional antimicrobial treatments,
including antibiotics and antiseptics. The protective nature of the biofilm

matrix and the cooperative behavior of microorganisms within the biofilm
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can confer increased tolerance to antimicrobial agents, as well as hinder
immune responses. Additionally, biofilms can undergo structural changes
that can further enhance their resistance to treatments. Therefore, effec-
tive strategies for preventing and managing biofilm-associated infections
often require a multidisciplinary approach, involving a combination of
antimicrobial therapies, biofilm prevention measures, and strategies to

disrupt or remove biofilms from infected surfaces.

1.4.2 Design strategies of antibacterial and antibiofilm materials

There is a growing body of literature that recognises the importance of
developing biofilm-resistant implant materials, as practically all bioma-
terials can be affected by microbial contamination during implantation.
Several solutions have been proposed to limit biofilm-associated infections,
such as the fabrication of antibacterial metallic alloys, containing Ag, Cu
or Zn; photosensitive or UV-activable antibacterial surfaces such as TiOs,
drug-loaded surfaces containing antibiotics, etc. Fig. 1.9 proposes an
overview of surfaces for antibacterial materials. The left side includes
the factors preventing bacterial adhesion such as surface charge, stiffness,
adhesion points, wettability and mechanical interactions. On the right, fac-
tors preventing biofilm formation are present: nanostructures, roughness,
geometry, cations and antimicrobial peptides. The upper part proposes
complex antibacterial systems for clinical applications such as triggered
killing, capturing, long-term antifouling, self-cleaning and targeting [161].
The most popular design strategies are tackling the process of biofilm
development and include [157]:

1. Anti-adhesion surfaces, inhibiting bacterial adhesion,
2. Anti-colonization surfaces, inhibiting bacterial colonization,
3. Anti-biofilm surfaces, inhibiting the formation of biofilm,

4. Anti-proliferation surfaces, inhibiting the proliferation of bacteria.

The chosen type of surface should depend on the device application, i.e.
temporary implants such as urinary and vascular catheters or feeding tubes
do not require tissue integration, hence in these devices, anti-adhesive,
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antibiotic-releasing, silver-impregnated and contact-killing coatings would
solve the problem of potential implant infection [152]. In the case of
materials for internal implants, which are aimed to favour the host tissue
integration, the race for the surface has to be considered. Surfaces aimed
to enhance cell adhesion, proliferation and growth are also attracting
microorganisms. Contrarily, surfaces and coating preventing bacterial
adhesion might not adequately integrate with host cells and tissues. Thus,
the perfect surface would repel and kill bacteria, while simultaneously
promoting tissue-cell adhesion [152].

:I!ﬂ llrr

Figure 1.9: Proposed strategies for surface design of antibacterial materials.
Reproduced from [161].

The most studied antibacterial alloying elements include Ag [162]-
[164], Cu [165], [166], Zn [167]-[169] and Ga [170]-[172]. The exact
antibacterial activity of these materials is often unclear but can include
several mechanisms such as the generation of reactive oxygen species,
actions of metallic ions released by the materials in physiological solutions
and interaction between bacteria and the material, especially in the form of

33



1. Introduction

nanoparticles. Metal ions are able to provide strong antibacterial activity,
but it is important to consider their potential cytotoxicity.

1.4.3 Degradable versus non-degradable biomaterials - infection
resistance

Degradable materials have been identified as an effective strategy to
reduce infection risk when applicable [173]. The exact mechanism for
decreased risk of infection is not yet clear, but a number of hypotheses
emerged, such as (i) increased vascularization, (ii) reduction of the lo-
cal immunological deficit and (iii) influence of degradation on bacterial
adhesion, as shown in Fig. 1.10. The last one is of special interest, as
it directly translates to the degradation mechanism of biomaterial. The
degradation of implant material leads to a reduced area available for
bacterial colonization and biofilm formation. As the surface of degradable
materials erodes, and thus is unstable, the adhering bacteria are constantly
shed from the surface, thus the biofilm can not form as effectively as in
the non-degradable material. On the other hand, this also limits the
adhesion of desired cells on the surface, which for some applications can
be undesired. This is one of the potential challenges tackled in studying
antibiofilm degradable alloys.

1.5 Antibacterial and antibiofilm Fe-based biodegradable
alloys

Fabricating antibacterial or antibiofilm Fe-based alloys is a relatively
new concept. Just a few reports examined the effect of antibacterial
additions of Cu and Ag in the Fe and Fe-Mn alloys [174]. Ag and Cu, are
strong antibacterial agents, with proven action against F.coli and S.aureus.
Up to date, the main approach is to alloy Fe or Fe-Mn with Cu and
Ag, which creates precipitates uniformly distributed in the matrix. This
approach is not only efficient for the fabrication of Fe-based bacteria-killing
materials but also leads to an acceleration of degradation rate due to the
formation of microgalvanic cells.

Recently, investigators have examined the effects of Ag and Cu additions

on the antibacterial performance of Fe-based alloys. Ma et al. [175] showed
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Figure 1.10: Mechanisms responsible for an increased infection resistance
of biodegradable versus non-biodegradable materials. Reproduced with
permission [173]. Copyright 2013, Elsevier.

that the addition of 0.8 wt.% of Cu in the Fe-Mn-C alloy for urinary implant
application makes the material antibacterial. Moreover, the prevention of
both S.aureus biofilm and stone formation was observed. The phenomena
were attributed to the continuous release of Cu?* ions. The authors,
however, have not shown results on cell viability upon the addition of Cu.
In studies by Mandal et al. [99], [100], the addition of up to 10 wt.% of Cu
to Fe-Mn-Cu alloy proved to inhibit the bacterial growth and enhance the
degradation rate without compromising the cytocompatibility. However,
smaller additions (0.9 wt.%) of Cu did not evoke the antibacterial effect.
Guo et al. [176] showed that Fe; ,Cu, (x=0, 1.5, 2.3, 7.8, and 10.1 wt%)
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alloys fabricated by SLM showed antibacterial properties, with a growth
inhibition rate of approximately 96.5 % for the addition of 2 wt.% Cu and
higher than 99.9 % for higher Cu content. As in the previously mentioned
study, additions of Cu also enhanced the degradation rate of Fe, while cell
viability of all tested alloys was more than 90% for all compositions.

In a study by Sotoudehbagha et al. [137], the effect of Ag addition
(1-3 wt.%) to the Fe-35Mn (wt.%) alloy on the bactericidal properties
towards F.coli and S.aureus was examined. The results showed that the
addition of 3 wt.% Ag into Fe-35Mn alloy show a significant decrease in
the bacterial viability of both E.coli and S.aureus. The antibacterial effect
was attributed to the Ag™ ions release, which can penetrate the bacterial
membrane and inhibit the bacterial replication ability. A contradictory
effect was reported by Liu et al. [177], where additions of Ag did not cause
any antibacterial effect in Fe70.3-28.9Mn-0.8Ag (wt.%) alloys. However, in
both investigations addition of Ag led to an increased degradation rate due
to the precipitation of Ag particles in the Fe-Mn matrix, which enabled

microgalvanic corrosion.

Additions of Ag and Cu to Fe-based alloys were not only reported
to endow the material with antibacterial effect but also to improve the
mechanical properties of the alloys, thanks to either solid-state or pre-
cipitation strengthening. As Ag and Cu are not fully soluble in the Fe
matrix, they will form second-phase precipitates, distributed along grain
boundaries, which will increase the hardness of the alloys. Huang et al.
[178] reported that Fe; (Ag, alloys, where x = 2, 5, 10 wt.%, fabricated
through powder metallurgy using spark plasma sintering showed increased
mechanical properties upon the addition of Ag. Moreover, the corrosion
rate of Ag-containing alloys was faster than that of pure Fe and the
alloys showed good cytocompatibility, with more than 90% viability for
all tested compositions. Additions of Cu have also proved to increase
the hardness [176]. Fe-30Mn-3Ag alloys reported by Sotoudehbagha et
al. [137] also showed improved shear strength with respect to Fe-30Mn
alloy. Importantly, as Ag and Cu posses lower mechanical strength than
Fe, their content should not be too high, as the strength of Fe-Cu/Ag
might finally decrease [174].
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Early reports on biodegradable Fe-based alloys with antibacterial and
antibiofilm properties show promising results. However, the knowledge is
still very limited, as shown in Fig. 1.11. Antibacterial degradable metals
are much less studied than permanent implant materials. Moreover,
among degradable metals, Fe and Zn are investigated much less than Mg-
based alloys. Hence, the knowledge gap gives possibilities to develop new,
antibiofilm Fe-based alloys with suitable properties to be used as implants.
Moreover, the antibacterial and antibiofilm tests should be accompanied
by cytocompatibility tests, as the release level of antimicrobial agents such
as Ag, Cu or other elements should be always lower than the cytotoxic
level to not affect the cell viability. Up to date, additions of antibacterial
elements were conducted through metallurgical approach. Deposition of
antibacterial or antibiofilm coatings seems like an interesting approach to
be investigated.
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Figure 1.11: Publications on antibacterial materials searched by PubMed.
(a) key words used for the search: antibacterial metals, antibacterial
titanium, antibacterial steel, (b) keywords used for the search: antibacterial
degradable alloy, antibacterial degradable Mg/Zn/Fe alloy. (Updated on
24-04-2023). Publications from 2023 are not included.
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2 Objectives

The study aims to produce biodegradable equiatomic FeMn alloys with
small additions of antibacterial materials 7.e. Ag and ZnO to obtain
a suitable material with antibacterial and/or antibiofilm properties, in-
creased degradation rate and good cytocompatibility. This work is focused
mainly on the fabrication of porous FeMn-based alloys with additions of
Ag (by alloying) and ZnO (by coating) and shall furthermore highlight
their potential use as biodegradable implant materials resistant to the
formation of biofilm. Therefore, the work focuses on two main groups of
materials, i.e. porous FeMn(-xAg) alloys and ZnO-coated FeMn alloys.

The objectives regarding the fabrication and characterization of FeMn(-
xAg) porous alloys can be summarised as follows:

o Successful fabrication of porous equiatomic FeMn alloys with addi-
tions of homogeneously distributed 1,3, and 5 wt.% Ag by powder

metallurgy techniques, 7.e. ball milling and vacuum sintering;

» Characterisation of the fabricated alloys to reveal their physical char-
acteristics that can affect their properties, 7.e. phase composition,
porosity levels, magnetic and mechanical properties;

o Assessment of their biodegradability rates as a function of alloy

composition and microstructure by in vitro immersion tests in HBSS;

o Demonstration of good cytocompatibility with Saos-2 cells of the
fabricated alloys;

o Determination of the effect of Ag addition on bacterial interactions
with S. aureus.

The objectives for ZnO-coated porous FeMn alloys can be presented in

the following way:

o Establishing the parameters for ZnO deposition by sol-gel methods
and coating of FeMn porous alloys with ZnO;
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Characterisation of the deposited coating by SEM and XRD;

Evaluation of the ZnO coating effect on the biodegradability of FeMn
alloys;

Assessment of the effect of ZnO coating on FeMn on cytocompatibil-
ity with Saos-2 cells and bacterial interactions with S. aureus.
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3 Experimental techniques

This chapter provides an overview of the experimental techniques used
to fabricate and characterize the materials covered in this thesis. The
fabrication techniques used to prepare the materials, that is, powder met-
allurgy and dip coating, are briefly described, with a focus on the specific
approach used in this thesis. The evaluation of the physical properties is
explained by providing an overview of the techniques used. Moreover, the
biodegradability, cytocompatibility and microbial interactions testing are
described.

This chapter aims to introduce the reader to the process of sample
fabrication and characterization, rather than describing the theoretical
principles of the techniques used, as these are widely available in the
literature. The specific details of the parameters used in each study are
given in the Results section.
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3.1 Processing techniques

3.1.1 Powder metallurgy

Porous FeMn(-xAg) alloys, where x = 0, 1, 3 and 5 wt,% Ag, were
fabricated using powder metallurgy. Figure 3.1 shows the schematic of
the synthesis process. The first step in the process was the ball milling of
commercial Fe; Mn (and Ag) powders. The powders were weighed and
placed in a sealed vial in a glove box operating under Ar atmosphere
with HyO, Oy < 0.1 ppm. Subsequently, ball milling was performed with
stainless steel balls, with a ball-to-powder weight ratio of 10:1 at 300 rpm
for 10h to promote mechanical alloying. Then, polyvinyl alcohol (PVA)
powder was added to the metallic powder to act as a binder. The powder
mixture was uniaxially pressed at 100 MPa to obtain green pellets with a
diameter of 9 mm. The final stage of the synthesis comprised sintering
in a vacuum furnace at 900°C at 5x107° mbar for 4h, at a heating rate of
1°C/min and cooling to room temperature at a cooling rate of 3°C/min.
Due to the low compressive pressure, the produced alloys were inherently
porous. The synthesised materials had a diameter of approximately 9 mm
and a thickness of 2-3 mm.

Initially, the FeMn powders were milled for 5,10 and 15h and analyzed
by X-ray diffraction (XRD) to determine the time required to obtain the
fully austenitic structure. Regarding the FeMn-xAg powders, we first
attempted to add Ag powder to the previously milled FeMn mixture and
then performed further milling. However, we found out that this way the
Ag-rich precipitates are not homogenously distributed in the matrix, thus
we decided to mill initial Fe, Mn and Ag powders for 10h.

In addition, we attempted to fabricate FeMn alloys with additions of
Zn and ZnO micro- and nanoparticles using an analogous method, i.e.
by ball milling and sintering of the powders. However, because of the
low melting point of Zn, this approach was unsuccessful. Moreover, as
the sintering system used relies on vacuum sintering, we found that ZnO
micro/nanoparticles tend to evaporate during the sintering process because
of the low partial pressure. Thus, we decided to incorporate ZnO in a

different manner, namely by coating deposition.
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Figure 3.1: Diagram showing the powder metallurgy process leading to
synthesis of porous FeMn(-xAg) alloys. Created with BioRender.com

3.1.2 Surface modification of FeMn alloy by dip-coating of ZnO

The equiatomic FeMn alloy was coated with ZnO using the dip-coating
method. The coating process is schematically illustrated in Fig. 3.2. The
first step involved the preparation of a precursor solution by mixing zinc
acetate dihydrate (a precursor of ZnO) with ethanol (a solvent). The
solution contained 0.5M zinc acetate and was stirred for 30 min at 60°C.
After that monoethanolamine (MEA) which acted as a stabilizer was
added to the solution in a zinc acetate dihydrate: MEA 1:1 ratio, and
further stirred for 2h. The resulting solution was then kept in the dark for
24 h for aging. Dip coating was then performed using a Coater 5 AC (id
Lab) with a withdrawal rate of 300 mm/min. Two layers were deposited
on the polished FeMn discs. The solvent was evaporated by drying on a
hotplate at 120°C. Subsequently, the coated samples were annealed in a
furnace at 500°C to calcinate the aged film.

Varying ZnO precursor concentrations were screened before choosing
the final 0.5M concentration, namely 0.1, 0.3 and 1M. However, the 0.5M
provided the most homogenous coating, thus we decided to perform further
studies using this concentration. Moreover, a mixture of distilled water
and ethanol was first tested as a solvent and stabilizer mixture, but it did
not led to a homogenous solution and sedimentation was observed even
after prolonged mixing. For this reason, we decided to use MEA, which
proved to be an efficient stabilizer.
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\
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at 500°C
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Figure 3.2: Diagram showing the deposition of ZnO coating by dip coating
on FeMn polished discs. Created with BioRender.com
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3.2 Characterization techniques

Various techniques have been used throughout the Thesis to characterize
the physical properties of fabricated materials and their biodegradation,
cytotoxicity and antibacterial /antibiofilm properties, as shown in Fig. 3.3.

[ Fabricated samples

~
~ Sao0s-2 & THP-1
—L P \ a S. aureus
: Immersion in /—\ i —
S - B HBSS ¥ N —
¢ v ‘ v

!

Structural, mechanical and Cytotoxicity and proliferation
magnetic characterization I | assays, antibacterial and
(0GRS antibiofilm properties
concentration
. ™ Cytocompatibility &
i i Biodegradabili ] . . A
Rhysical properties ] [ g 137 antibacterial testing |

Figure 3.3: Overview on the methodological approach for characterization
of fabricated samples. Created with BioRender.com

3.2.1 Biodegradability

Biodegradability tests were performed in vitro to simulate in vivo body
conditions, according to the ASTM G31-72 standard, as shown in Fig.
3.4. Before testing, the samples were cleaned and sterilized in ethanol.
The surface areas of the samples were measured to determine the required
amount of liquid for immersion. Sintered FeMn(-xAg) alloys and ZnO-
coated FeMn (FeMn/ZnO) samples with a surface area of approximately
1.25 em? were immersed in plastic containers containing 30 mL of HBSS
solution. The containers were then placed in a water bath at a constant
temperature of 37.5°C. At least three replicas per sample were prepared.
The solution was withdrawn and replaced with fresh HBSS after every 1,
3, 7, 14 and 28 days. For the FeMn(-xAg) samples, an extended immersion
period of up to 84 days was applied. The withdrawn conditioned solution
was subjected to inductively coupled plasma (ICP) analysis to evaluate
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the concentration of released ions. Based on this release, the estimated
corrosion rate was obtained, according to Eq. 3.1:

_cV

OR_§

(3.1)

where c is the ion release concentration, V' is the volume of the solution
used in the immersion test, S is the initial surface area exposed to the
corrosive solution, and ¢ is the exposure time. Additional samples were
prepared for scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) analysis of the degradation products formed on
the surface of the samples. This analysis was performed for both in-plane
and cross-section observations to analyze the degradation layer as well
as the bulk area of the material that was not directly exposed to HBSS.
Before SEM/EDS analysis, the samples were coated with an Au/Pt layer
to enhance their conductivity.

FeMn(-xAg)
and
FeMn/ZnO

Figure 3.4: Diagram showing the biodegradability testing procedure.
Created with BioRender.com
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3.2.2 Physical properties
Scanning electron microscopy

A Zeiss Merlin field-emission SEM (FE-SEM) equipped with an EDS
detector was used for the structural and compositional analysis of the
studied materials. A voltage of 1-20 kV was used for imaging purposes,
and a voltage of 10-20 kV was used for EDS analysis. Both the secondary
electron (SE) and In-lens detectors were used to characterize the morphol-
ogy and topography. In contrast, a backscattered electron (BSE) detector
was used to study the different phases present in the samples. Prior to the
analysis, the sintered FeMn(-xAg) discs were embedded in the conductive
resin and polished, with a final step of 1 pm diamond particle solution.
The FeMn/ZnO samples were observed right after synthesis without any
additional preparation.

X-ray diffraction

X-ray diffraction was carried out to study the phase composition of
powders, sintered alloys, and selected samples after biodegradability testing
on a Philips X'Pert diffractometer using Cu Ka radiation (A = 0.154178
nm). The measurements were performed in the angular 20 range between
20-100°with a step size of 0.026°.

Grazing-incidence XRD (GIXRD) was performed to structurally char-
acterize the ZnO coating deposited on the FeMn substrate, as it is a
more surface-sensitive technique that limits the penetration of X-rays
into the bulk. The angular 20 range was between 25-75° with a step
size of 0.01°. The results were then treated using X’Pert HighScore and
MAUD softwares, to analyze the phase composition and perform Rietveld
refinement.

Nanoindentation

Nanoindentation tests were performed using an Anton Paar NHT?
nanoindenter. Prior to the tests, the discs were polished to a mirror-like
surface, with the final polishing step using a 1 pm diamond particles
paste. Maximum applied loads of 100 and 500 mN were used to assess

the behaviour of the material during deformation. A series of at least
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50 measurements were performed to obtain statistically relevant data.
Typical load-displacement curves are shown in Fig. 3.5 together with

cominon parameters.

{
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{ |
|
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! I >
———— hf ——n-l l
a hmax

DISPLACEMENT, h

Figure 3.5: Schematic load-displacement curves for nanoindentation experi-
ment. P, is the maximum applied load, h,,,. is the indenter displacement
at maximum applied load, hy is the final depth of the contact impression
after unloading and S is the initial unloading stiffness. Reproduced with
permission[179]. Copyright 1992, Springer.

The hardness (H) and reduced elastic modulus (E,) were calculated
from the load-displacement curves at the beginning of the unloading
segments, according to the procedure described by Oliver and Pharr [179].
First, the contact stiffness (S) was derived from the initial unloading slope,
as described by Eq. 3.2:

dP
== 2
S 7 (3.2)

where P is the applied load and A is the penetration depth during nanoin-

dentation. Based on the relation between contact area (A) and stiffness,
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the reduced elastic modulus (F,) was obtained:

S— B;EMZ (3.3)

where f3 is a correction factor correlated with the indenter geometry (1.034
for the Berkovich indenter). The reduced elastic modulus (F,) can be

expressed as:

1 1— 12 142
— = G 3.4
E, FE + E; ( )

where FE is the elastic modulus of the tested material, v is the Poisson’s

ratio of the tested material, F; is the elastic modulus of the indenter and
v; Poisson’s ratio of the indenter. Hardness value was expressed as:

Prnaa

A
where P,,.. is the peak indentation load, and A is the projected area
of the indent. Apart from that, the elastic (Wes) and plastic (Wpiast)
energies of deformation were obtained from the load-displacement curves

H= (3.5)

by assessing the areas between the unloading curve and displacement axis
(Weiast) and between the loading and unloading curves (W5 ). Finally,
the elastic recovery was calculated as the ratio between elastic (Wepst)
and total (Wepast + Wyiast) energies during nanoindentation.

Compression tests

Compression tests were performed during the PhD candidate second-
ments at the IFW Dresden, Germany. Cylindrical samples with a diameter
of 2 mm and a height of 4 mm were cut using electrical discharge ma-
chining. Prior to the tests, the loading surfaces were ground with silicon
carbide paper to become plane-parallel. Uniaxial compression tests were
performed at room temperature using an Instron 8562 device at a constant
strain rate of 1x1073 s! and at least three specimens per composition were
tested. The tests were halted when the sample fractured. The engineering
stress-strain compression curves allowed the determination of the following
mechanical properties: compressive yield strength (proof offset of 0.2%,
Ry 2) and ultimate compressive strength R,, according to Eq. 3.6 and 3.7,
respectively:

Rys = —== (3.6)
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where Fjy, is the force applied at 0.2% of deformation (in N) and Sy is
the initial sample area (in m?). The ultimate compressive strength is

expressed by:
F,

= Sio
where £}, is the ultimate force causing the sample’s fracture and .Sy is the

R, (3.7)

initial sample area.

Magnetic measurements

The magnetic properties of the synthesized FeMn(-xAg) alloys were
investigated to confirm the non-ferromagnetic or weakly ferromagnetic
response of the materials. Magnetic measurements were performed on a
vibrating sample magnetometer (VSM) from MicroSense, by recording
hysteresis loops at room temperature, using a maximum applied field of
20 kOe. The magnetization was normalized over the sample weight to
obtain the specific saturation magnetization (M in emu/g). To assess
the changes in the magnetic properties upon biodegradation, additional
measurements were performed on the FeMn(-xAg) alloys after immersion
in HBSS.

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to get further in-
sights into the microstructure of the FeMn and FeMn-5Ag alloys. Lamellae
for TEM observations were obtained using focused ion beam (FIB). Ob-
servations were carried out on JEOL JEM-2011 TEM operating at 200 kV.
Bright-field images and selected-area electron diffraction (SAED) patterns
were obtained from the areas of interest. A scanning transmission electron
microscope (STEM, Teknai FEI) operating at 200 kV was used to obtain
high-resolution TEM images. The SAED patterns and high-resolution
STEM images were used to identify the interplanar distances using the
Gatan DigitalMicrograph software.

3.2.3 Cytotoxicity tests and cell proliferation assays

Saos-2 cells (ATCC HTB-85) used in this study were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) with the addition of 10% Fetal
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Bovine Serum (FBS) under standard culture conditions (37°C, 5% CO,).
Cytotoxicity and proliferation assays were performed through indirect
tests, as shown in Fig. 3.6. Prior to testing, samples were sterilized
using UV light or ethanol and then immersed in DMEM supplemented
with FBS. Samples were incubated under standard culture conditions for
the desired period. Subsequently, the samples were withdrawn and the
conditioned media was used for further study. Two main types of tests
were performed: cell viability to assess the cytotoxicity of the material
and metabolic activity to observe changes in cell proliferation.

The cell viability study was performed by first culturing Saos-2 cells in
fresh media for 24h to allow cells to attach to the wells. The media was
then removed and replaced with conditioned media, and cells were cultured
for up to 3 days. Afterwards, the media was removed and cells were stained
with a Live/Dead Viability /Cytotoxicity kit (Invitrogen), according to the
manufacturer’s protocol. As a next step, the cells were imaged using the
inverted microscope equipped with epifluorescence. At least 10 images per
sample were obtained from different randomized regions. After the tests,
the images were analyzed using ImageJ to calculate the percentage of
Live/Dead cells and a statistical analysis was performed using GraphPad

Prism software.

The proliferation assay was performed by seeding cells in standard media
for 24h to allow cell adhesion, then replacing it with conditioned media
and incubating for 1 and 3 days, as described previously. After 24h, the
conditioned media was removed and replaced with fresh media containing
10% Alamar Blue (Invitrogen), and then the cells were incubated for 4h
under standard conditions. Afterwards, the supernatant was collected,
and fluorescence was analysed at a wavelength of 585 nm after excitation
at 560 nm using a Spark multimode microplate reader (Tecan). The
cells were then incubated with conditioned media and the procedure was
repeated as previously described (day 3).

3.2.4 Assesment of bacterial adhesion and viability

The bacterial interaction study was partially performed during the PhD
candidate secondment at the University of Gothenburg, Sweden. The

adhesion and viability of Staphylococcus aureus were examined to evaluate
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Figure 3.6: Diagram showing the indirect cell viability and proliferation
assays experiments. Created with BioRender.com

the potential antimicrobial and/or antibiofilm properties of the tested
samples. Prior to the tests, the samples were sterilized, placed in the wells
of a 48-well plate, and inoculated with 1 mL of 10° CFU/mL of a bacterial
suspension containing S.aureus. Then, the well plate with the samples
and the bacterial suspension was incubated at 37°C for 4 and 24h. After
4 and 24h of incubation, the discs were carefully removed from the well
plate and rinsed 3 times in sterile saline (0.9% NaCl) solution. The exact
details regarding the preparation of bacterial suspension will be described
in the Results chapter.

For the adhesion study, after rinsing with saline, the samples were
transferred to Falcon Tubes containing saline, then sonicated for 30 seconds
and vortexed for 60 seconds at 10000 rpm. Disaggregated biofilm bacterial
cells were serially diluted in a mixture of sterile saline and Triton-X. These
dilutions were plated on 5 % Horse Blood Agar (HBA) and incubated
for 4 and 24h at 37°C. Then, colony-forming unit (CFU) counting was
performed.
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To analyze the S. aureus adhered to the disc surface, a confocal laser-
scanning microscope Nikon C2+ was used, as shown in Fig. 3.7. To
prepare the discs after cleaning with saline solution, the biofilm was
stained with a LIVE/DEAD stain, rinsed once more in saline solution to
remove the unbound stain and transferred to a petri dish containing saline
solution. Then, images were taken using a 100x water-dipping objective,
with Z-slices of 3 pm through the adhered S.aureus biofilm. The images
were analyzed using Biofilm(Q software [180] and the total biovolume, and
biofilm thickness in both live and dead conditions were examined.

i i

LIVE/ 1 LIVE/

DEAD | ¢.DEAD
/Z:h\‘ /2—4h\‘
e g
FeMn FeMn - ZnO

Figure 3.7: Diagram showing the analysis of biofilm on FeMn and
FeMn/ZnO samples. Created with BioRender.com. Courtesy of Adam
Benedict Turner, University of Gothenburg, Sweden

Selected samples were analyzed using SEM to examine whether the
S. aureus biofilm adhered to the surface. The procedure was similar
to previous cases, where the samples were incubated with the bacterial
suspension at 37°C for 24h, and then rinsed with saline solution. The
biofilm was then fixed in formaldehyde for 1h and dehydrated in graded
ethanol series. Before SEM observations, the samples were gold-sputtered
for better conductivity and examined using an SE detector at 5 kV.
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4 Results as a compilation of articles

In this chapter, the results obtained in the thesis are structured as a
compendium of three peer-reviewed articles. Prior to each publication, a
concise overview of its contents is provided. The in-depth analysis and
discussion of the achieved results are contained within the individual
articles.
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4. Results as a compilation of articles

4.1 Paper 1: Biodegradable porous FeMn (-xAg) alloys:
Assessment of cytocompatibility, mechanical, magnetic
and antibiofilm properties

The first published and initial article focuses on the fabrication of
porous FeMn(-xAg) alloys using powder metallurgy techniques. The re-
search investigates the impact of porosity and the silver addition on the
alloys” microstructure, biodegradability, as well as on magnetic and me-
chanical properties. Furthermore, the study delves into cytocompatibility,
the inflammatory cytokine response, and the antibacterial/antibiofilm

properties.

The resulting alloys exhibit macro- and nanoporous structures with
evenly dispersed Ag particles in the FeMn matrix. The fabricated alloys
have either a fully austenitic structure or consist of a mixture of austenite
and martensite upon addition of 3 and 5 wt.% Ag. In terms of magnetic
properties, the as-sintered alloys exhibit consistently low saturation mag-
netization values, unaffected by the immersion time, which is profitable
for MRI imaging. The immersion tests, conducted up to 84 days in HBSS,
revealed that the release of Mn is higher than that of Fe. The changes
in the structure upon immersion were also observed and showed that the
degradation layer forms on the surface, enriched in O, Ca, P and CL.

Regarding biocompatibility, the alloys were proven to be non-cytotoxic.
Moreover, the ions released by the FeMn(—xAg) alloys do not trigger
inflammatory responses in macrophages. However, the incorporation of
Ag slightly decreases cell proliferation, when compared to FeMn.

This study also investigated the interactions of fabricated alloys with
S.aureus bacteria. Although no substantial differences in the bactericidal
performance are observed between FeMn and FeMn—5Ag alloys, a con-
siderable reduction in total biofilm biomass, encompassing both live and
dead bacteria, is noted on the surfaces containing Ag.
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1 Introduction

In recent years, the application of biodegradable metals (BMs)
and polymers as potential candidates for temporary medical
implants has been of growing interest." ® This class of materials
is expected to corrode gradually in vivo once they have fulfilled
their role.>” Their main advantage is the possibility of avoiding
the implant removal surgery, hence limiting the cost of medical
treatment and decreasing the risk of infections, which is
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cells grown on wells cultured with media conditioned. See DOI: https://doi.org/

10.1039/d2ma00867j
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observed after 24 h in Ag containing FeMn—-5Ag surfaces.

increased during the revision surgery.® It has been shown that
biodegradable materials are in general less prone to biomaterial-
associated infections than non-degradable materials, most
probably due to the degradation processes that reduce the area
available for bacterial colonization and, therefore, the formation
of biofilm.” Among various tested alloys, Mg-based and
Fe-based alloys are especially attractive due to their very good
biocompatibility.” Mg-based alloys show very low toxicity and
their Young’s modulus is close to that of the human bone.
However, their degradation rate is too rapid for some applications,
resulting in H, gas evolution and bubbling upon immersion. In
addition, they are hard to process, and their strength and ductility
are not satisfactory.

Over the past few years, increasing attention has been paid
to Fe-based alloys as they show good processability, mechanical
strength and low toxicity,"®™® however, the degradation rate is
too slow to be applied as biodegradable implants.”** Moreover,
Fe-based alloys tend to be ferromagnetic, which is undesirable
for magnetic resonance imaging (MRI) purposes. Thus, several
approaches to improve the degradation rate of Fe-based alloys
are being explored, such as alloying with different elements
(e.g., Mn),"">'5 using new fabrication methods to tune the
microstructure such as selective laser melting (SLM),"*"”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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introducing porosity,'”” ' adding small amounts of noble
elements,”** or adding C to promote twinning-induced plas-
ticity (TWIP),”?*>® amongst others. The addition of elements
such as Cu and Ag, which are more noble than Fe or Mn, is
being investigated as a way of not only improving corrosion
rates (through galvanic pairs) but also because they bring
antimicrobial properties to the resulting alloys.”>** Powder
metallurgy is especially appealing to introduce insoluble ele-
ments like Ag to the Fe-Mn matrix in a homogenous manner.
However, the effect of adding Ag in terms of its role in the
degradation rate remains still controversial: while most authors
agree that Ag causes increased degradation rates of Fe-based
alloys,”®*? some studies report that Ag additions promote
galvanic coupling only in the first stages of degradation and,
after formation of the degradation layer, the Ag role is not being
fulfilled anymore.*” Similarly, one can find dissimilar conclu-
sions on the effect of silver on antibacterial activity. In the
report by Liu*® no antimicrobial properties were confirmed in
Fe70.3-Mn28.9-Ag0.8 alloy, while in the research published by
Sotoudehbagha®® antibacterial activity in the alloys containing
1 and 3 wt% of Ag was observed.

The main aim of this study is to fabricate and characterize
porous Fe-Mn alloys with different additions of Ag in terms of
their microstructure, mechanical and magnetic properties,
degradation, biocompatibility and antibacterial activity. For this
purpose, four different compositions have been investigated:
equiatomic FeMn, and FeMn with 1, 3 and 5 wt% of silver. The
relatively high content of Mn is proposed to ensure the non-
magnetic character of the investigated alloys. Up to date, neither
a long-term biodegradability test nor a study of the evolution of
magnetic properties upon immersion has been performed in
terms of ion release and degradation surface analysis for porous,
Ag-containing equiatomic Fe-Mn alloys.

2 Materials and methods
2.1 Fabrication of alloys

Commercial powders of iron (97% purity, Merck, Germany),
manganese (>99% purity, Merck, Germany) and silver (>99.9%
purity, Merck, Germany) were used to prepare four types of
samples: FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-5Ag, where
the ratio of Fe: Mn was adjusted to 50: 50 (at%) and the additions
of silver are given in wt% (1, 3 and 5 wt%, respectively). Mixtures
of powders were alloyed using a planetary ball milling device
(Pulverisette 5, Fritsch, Germany) under an Ar atmosphere at a
rotation speed of 300 rpm, for 10 h and with a 10: 1 ball-to-powder
weight ratio. The procedure of weighing powders and sealing the
container was conducted in a glove box under Ar atmosphere
(H,O < 0.1 ppm, O, < 0.1 ppm) to prevent oxidation and
atmospheric contamination. The particle size of as-milled pow-
ders was measured using the Image] software (National Institutes
of Health, USA) from scanning electron microscopy (SEM) images.
After ball-milling, the powders were further refined in an agate
mortar, to avoid leaving large agglomerates. Subsequently, as-
prepared powders were uniaxially cold-pressed at 100 MPa to form

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cylindrical green pellets (discs) of 10 mm diameter and 2-3 mm in
thickness. The green pellets were then loaded in a vacuum
furnace and sintered at 900 °C at 5 x 10> mbar for 4 h at a
heating rate of 1 °C min~'. As Mn has a high vapor pressure,
higher sintering temperatures and longer dwelling times might
lead to significant losses of Mn content due to sublimation,'®?*
therefore the temperature was kept at 900 °C. Moreover, it has
been shown that the losses of Mn in ball-milled powders are lower
than in powders prepared using other methods.*

2.2 Structural characterization

The structural and compositional characterization of the fabri-
cated materials was conducted using an SEM microscope (Zeiss
Merlin, Zeiss, Germany) operated at 15 kV equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector. The phase
compositions of ball-milled powders, sintered alloys and alloys
after immersion in Hank’s balanced salt solution (HBSS) were
examined by X-ray diffraction (XRD, Panalytical X'Pert powder
diffractometer, Malvern Panalytical, UK) using Cu K, radiation.
The measurements were conducted in an angular range from 20°
to 100° with a step size of 0.026° in the Bragg-Brentano geometry.
The XRD results were analyzed using Rietveld refinement (MAUD
software),*” from which crystallite size and lattice parameters were
determined. Image]J software was used to assess the macroporosity
of sintered alloys by analyzing the SEM images. Archimedes’
method was used to determine the density of the specimens.
Then, the porosity values were estimated by comparing the
theoretical (i.e., for the fully dense materials) and experimental
densities, according to the formula (eqn (1)):

densit o
% porosity = (1 _ (M)) W

densnylheoretica]

2.3 Biodegradability tests

Biodegradability tests were conducted by immersing samples of
as-fabricated alloy pellets for various periods (7, 14, 28, 56, and
84 days) in HBSS at 37.5 + 1 °C. Each sample, with a surface
area of approximately 100 mm?, was immersed in a container
containing approximately 30 mL HBSS. The volume of the
solution adhered to the ASTM G31-72(2004) standard, using a
volume/surface area ratio of 0.3 mL mm > At least three
replicas were prepared at each time point. The HBSS (H8264,
Merck, Germany) is a popular physiological solution used to
reproduce the conditions in the human body, which contains
CaCl,, MgSO,, KCl, KH,PO,, NaHCO;, NaCl, Na,HPO, and
glucose. After each period, 2 mL of solution from at least three
replicas was taken for the ion release concentration analysis,
which was conducted using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7900, Agilent, USA). Before the
ICP-MS analysis, the aliquots were diluted with HNO;. Samples
immersed for 14, 28, 56, and 84 days were withdrawn from the
containers for structural analysis of corrosion products formed
both on the surface and the cross-section of the pellets. XRD
analysis was performed to identify the corrosion products
formed on the surface of FeMn and FeMn-5Ag alloys after 7
and 28 days of immersion.

Mater. Adv,, 2023, 4, 616-630 | 617
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2.4 Characterization of mechanical and magnetic properties

The mechanical properties were studied using nanoindentation
(Anton Paar NHT® nanoindenter, Anton Paar, Austria). Before
indentation, the discs were polished to a mirror-like surface,
with the final polishing step using 1 um diamond particles
paste. Maximum applied loads of 100 and 500 mN were used
to assess the behaviour of the material during deformation.
A series of at least 50 measurements were performed on each
sample to obtain statistically significant data. The load-
displacement curves were used to calculate the hardness (Hg)
and reduced Young’s modulus (E,), using the method of Oliver
and Pharr.®® Apart from that, the elastic (Weas) and plastic
(Wplast) energies of deformation were obtained from the load-
displacement curves by assessing the areas between the unloading
curve and displacement axis (Welas¢) and between the loading and
unloading curves (Wpas)- Finally, the elastic recovery was calculated
as the ratio between elastic (Weiase) and total (Wease + Wpias) €nergies
during nanoindentation.

A vibrating sample magnetometer (VSM, MicroSense, USA)
was used to analyze the magnetic properties of the samples
before (as-fabricated) and after incubation in HBSS, at room
temperature. The maximum applied magnetic field was 20 kOe.
The results were normalized over sample weight to obtain the
value of saturation magnetization (Ms).

2.5 Cell proliferation assays and cytotoxicity tests

For cell proliferation and cytotoxicity experiments, human
osteosarcoma Saos-2 cells (ATCC HTB-85) were used. Cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, ThermoFisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco), under
standard conditions (37 °C, 5% CO,).

Experiments were conducted in a medium conditioned in
the presence of the different FeMn(-xAg) alloys. To prepare the
conditioned media, the samples were sterilized with UV light
for 3 min and incubated in 15 mL of supplemented DMEM
under standard conditions for 7, 14, 28, and 56 days. Then, the
alloys were removed, and the conditioned media were kept at
4 °C protected from light until used. In parallel, control media
were also prepared following the same incubation times and
conditions but without the presence of any alloy (aged media).
Osteoblasts (Saos-2 cells) proliferation was determined using
Alamar Blue cell viability Reagent (Thermo Fisher Scientific)
before (day 0) and after (day 3) cells’ exposure to the conditioned
media. Briefly, 5 x 10* cells were seeded into each well of a 24-
well plate with fresh medium. Cells were cultured for 24 h to
allow cell attachment, and then the medium was replaced with
fresh medium with 10% Alamar Blue, and cells were incubated
for 4 h in standard conditions in the dark. Then, the supernatant
was collected (day 0), and the fluorescence was measured at
585 nm wavelength after excitation at 560 nm on a Spark
multimode microplate reader (Tecan, Mannedorf, Switzerland).
After supernatant collection, FeMn(-xAg) conditioned media for
different incubation times were added to each well. Cells were
cultured for 3 more days in a conditioned medium and the
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Alamar Blue assay was repeated according to the previously
described protocol (day 3). Aged and fresh media were used as
controls. Experiments were performed in triplicate.

Immediately after proliferation assays, cytotoxicity was
assessed in cells incubated with media conditioned for 7 and
56 days using the live/dead viability/cytotoxicity kit for mam-
malian cells (Invitrogen), according to the manufacturer’s pro-
tocol. Images from different regions of the well were captured
using an Olympus IX71 inverted microscope equipped with
epifluorescence.

2.6 Quantification of inflammatory cytokines secretion

THP-1 monocyte cells were used to analyze the potential
immunological response induced by the FeMn(-xAg) alloys.
Monocytes were grown in RPMI 1640 medium (Gibco) supple-
mented with 25% FBS (Gibco) under standard conditions.
To differentiate monocytes into macrophages, 4 x 10°> THP-1
cells were seeded into 24-well plates and treated with 0.16 pM
phorbol-12-myristate-13-acetate (Sigma-Aldrich, Saint Louis,
MO, USA) for 72 h. Then, cells were washed and incubated in
a fresh medium for 24 h before carrying out the experiments.
The fresh medium was replaced by a conditioned RPMI
medium (prepared as explained above) and macrophages were
incubated for 5 h and 24 h to allow the secretion of inflamma-
tory cytokines. As a positive control, 1 pg mL ™" of lipopolysac-
charide (LPS) (Sigma-Aldrich) was added to the macrophages
culture. As a negative control, macrophages were cultured in a
fresh medium. After 5 h and 24 h, supernatants were collected
and used to quantify cytokine secretion. Inflammatory cyto-
kines TNF-o, IL-1B and IL-6 were evaluated by flow cytometry
using cytometric bead array (CBA) (Becton-Dickinson, East
Rutherford, NJ, USA). Cytokine concentrations in the super-
natant were analyzed according to the manufacturer’s protocol.
Negative control was considered as basal secretion level and
used for statistical comparisons. Experiments were performed
in triplicate.

2.7 Assessment of S. aureus adhesion and viability

From a frozen stock, S. aureus ATCC 25923 was streaked onto a
5% horse blood agar (HBA) plate (Media Department, Clinical
Microbiology Laboratory, Sahlgrenska University Hospital, Sweden)
and incubated at 37 °C overnight. After incubation, colonies were
taken and inoculated into 4 mL tryptic soy broth (TSB) (Scharlau,
Barcelona, Spain) to achieve an ODs,4 of 0.13, equivalent to
10® CFU mL ™, which was diluted 1:1000 into 40 mL of TSB to
achieve a suspension of 10° CFU mL™~*. One mL of this suspension
was then added to each well of a 48-well plate (Nunclon Delta-
surface; Thermo Fisher Scientific, Waltham, USA) containing 9 mm
diameter discs with the test surface (FeMn-5Ag) and controls of
FeMn or Ti (Christers Finmekaniska AB, Skovde, Sweden). The
discs were then incubated statically at 37 °C for 4 or 24 h to assess
bacterial adhesion and biofilm formation as well as bacterial
viability.

After each incubation period, each disc was rinsed three
times in sterile 0.9% saline to remove non-adhered bacteria.
Discs were then stained using LIVE/DEAD™ BacLight™ Bacterial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Viability Kit, for microscopy & quantitative assays (Invitrogen,
Waltham, USA) following the manufacturer’s instructions. The
discs were rinsed three times to remove any unbound stain and
fluorescence was assessed in a plate reader (FluostarOmega,
BMG LABTECH, Ortenberg, Germany) and confocal laser-
scanning microscope (Nikon C2+, Nikon, Tokyo, Japan) with a
100x water dipping objective (CFI Plan 100XC W). Five z-stacks
were taken at randomly chosen fields of view on each sample and
images were taken at 3 pM intervals through the biofilm layers.
Biofilm thickness and biomass were analyzed in BiofilmQ.** From
the plate reader, the average fluorescence intensity of each well
scan was taken as the representative live/dead distribution for
each disc. Experiments were performed in triplicate with dupli-
cate material samples.

2.8 Statistical analysis

All quantitative data were analyzed with GraphPad Prism 9
(GraphPad Software Inc., San Diego, CA, USA) and presented as
the mean + standard error of the mean. Statistical differences
were assessed by one-way analysis of variance (ANOVA) with a
Bonferroni correction for cytocompatibility and inflammatory
response analyses and with Fisher’s least significant difference
post-test for microbiological analyses. A value of p < 0.05 was
considered significant.

3 Results and discussion
3.1 Microstructure and compositional analysis

3.1.1 Morphology and phase composition of as-sintered
alloys. The SEM images of the initial and ball-milled powders
are presented in Fig. S1 (ESIT). The initial particle size was less
than 50 um for the initial Fe, Mn, and Ag powders. The sizes of
the ball-milled powders were in the range of 1-40 pm. Fig. 1
shows the XRD patterns of the powders ball-milled for 10 h
(Fig. 1a) and the as-sintered FeMn, FeMn-1Ag, FeMn-3Ag and
FeMn-5Ag alloys (Fig. 1b). The ball-milled powders have an
austenitic structure, which is in accordance with the Fe-Mn
phase diagram for this Mn content.>® XRD patterns of ball-
milled powders show wide peaks and a crystallite size which
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decreases with increasing the Ag content. Crystallite sizes are
14, 14, 13 and 10 nm for the FeMn, FeMn-1Ag, FeMn-3Ag,
FeMn-5Ag, respectively. The lattice constant increases upon the
addition of Ag, showing values of 3.625 A for FeMn, 3.630 A
FeMn-1Ag, 3.633 A for FeMn-3Ag and 3.637 A for FeMn-5Ag.

The FeMn and FeMn-1Ag sintered alloys maintain the
austenitic structure, while FeMn-3Ag and FeMn-5Ag alloys
consist of a duplex structure, comprising y-austenite (fcc struc-
ture) and e-martensite phase (hep structure). The occurrence of
the martensite phase was not expected as alloys containing
above 27.3 at% of Mn are known to be mainly austenitic."® This
phase transition could be caused by the occurrence of discrete
inhomogeneities in the element distribution, forming regions
of lower Mn content and thus promoting the martensitic
transformation. This phenomenon was already observed before
by Zhang,>" but the explanation of martensitic transformation
under furnace cooling conditions was not given. In this case,
the martensitic transformation could be further enhanced by the
presence of Ag. Nevertheless, both y-austenite and e-martensite
phases are antiferromagnetic, therefore the occurrence of the
martensitic phase should not interfere with MRI. A shift in the
diffraction peaks towards higher 20 angles is observed in
the sintered alloys with higher Ag contents. The crystallite size
of the alloys subjected to sintering increases when compared to
as-milled powders, and values of 38, 39, 18 and 13 nm for FeMn,
FeMn-1Ag, FeMn-3Ag and FeMn-5Ag, respectively, are obtained.
Therefore, as in the case of powders, the addition of silver is
leading to a decrease in the crystallite size. A peak of low intensity
can be observed at 20 = 35°, which was attributed to Fe,O;. The
occurrence of the Fe,O; phase was observed in other studies*® and
it originates from the sintering method, which is always con-
nected with some level of oxidation. Nevertheless, Fe,O; is also
biocompatible,*”*® therefore its presence should not compromise
the biocompatibility of the tested alloys.

Fig. 2 shows SEM micrographs of the morphology of sin-
tered (a-c) FeMn, (d-f) FeMn-1Ag, (g-i) FeMn-3Ag and (j-1)
FeMn-5Ag alloys. The SEM images under various magnifications
were analyzed using Image] software and the % area of macro-
porosity and the size of pores were calculated. Manganese is
foreseen to diffuse into the iron matrix during sintering and

a) b)
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Fig. 1 XRD patterns of (a) ball-milled powders and (b) sintered FeMn(-xAg) alloys.
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Fig. 2 SEM micrographs of sintered and surface-polished samples of FeMn (a—c), FeMn-1Ag (d—f), FeMn-3Ag (g—i) and FeMn—-5Ag (j—1) samples. The %
area macroporosity was determined using ImageJ by analyzing SEM images of the regions of macroporosity. The unlabeled red arrows provide reference

for the Ag particles.

create a solid solution, while silver may form non-soluble
precipitates in the FeMn matrix, as the solubility of Ag in Fe is
very low.’>*° The morphologies of the green pellets, i.e. pressed
powders before sintering, are shown in Fig. S2 (ESIt). All tested
alloys show a similar initial porosity in the range of 19-26%, as
calculated using Image] based on SEM images. The process of
sintering typically creates some additional level of porosity
resulting from the rearranging of Fe and Mn, i.e., voids are left
behind by the metals upon diffusion. Another factor causing
porosity is the change in the crystalline structure from bcc-Fe
and bee-Mn to fee-y (FeMn) and hep-e (FeMn). This porosity is
expected to have a beneficial impact on the proliferation of cells
within the pores and, what is more, it can also improve the
degradation rate due to an increased surface area exposed to the
bodily environment."®*" In the tested materials, two different
levels of porosity can be distinguished — namely macroporosity with
an average pore size of around 10 pm - and nanoporosity with a
pore size of around 100 nm, as presented in Fig. 2(c, f, i and 1). The
calculated levels of total porosity are presented in Table 1, which
shows that porosity increases with Ag content. While the addition
of only 1 wt% of Ag does not cause a significant decrease in the
density, the addition of 3 and 5 wt% of Ag leads to a higher total
porosity (above 30%). This phenomenon is attributed mainly to the

decreased compressibility due to the presence of non-alloyed silver
particles in the ball-milled powder.**

Silver particles are uniformly distributed within the Fe-Mn
matrix, as indicated by red arrows in Fig. 2. To further analyze
the distribution of Ag precipitates in the Fe-Mn matrix, EDS
compositional maps, presented in Fig. S3 and S4 (ESIT), show
that Ag precipitates exhibit a polydisperse distribution within a
size range of 0.5-3 pm. Larger agglomerates of Ag were
observed, particularly in the FeMn-5Ag sintered alloy, as shown
in Fig. S4b (ESIT). The presence of Ag-rich precipitates could in
principle enhance the micro galvanic corrosion, hence indu-
cing faster degradation rate of tested alloys.**™**

EDS compositional analysis of the samples furnished the
weight percentage of individual elements, as listed in Table 1.
The amounts of Ag are close to the nominal values (1, 3 and 5 wt%),
while the weight percentages of Fe and Mn are slightly different
from the nominal equiatomic composition (50.5 wt% Fe and
49.6 wt% Mn), with a lower amount of Mn than the initial
value. Manganese is an element very prone to sublimation
under high temperatures;*® therefore it may be assumed that
partial sublimation of Mn occurred, lowering its final amount.

3.1.2 Surface morphology and chemical composition upon
immersion. The changes in surface morphology of FeMn and

Table 1 Actual chemical composition, macroporosity, density, and total porosity of sintered alloys. Total porosity accounts for both macro- and
nanopores. Macroporosity was estimated from ImageJ software processing of SEM images, whereas the total porosity was determined by the

Archimedes method

Sample wt% Fe wt% Mn wt% Ag Macro-porosity (% area) Density (g cm ™) Total porosity (%)
FeMn 54.3 45.7 0 18.39 + 3.00 5.50 £ 0.16 282 +2.1
FeMn-1Ag 56.7 42.0 1.3 17.80 + 1.54 5.38 £ 0.11 30.1 1.4
FeMn-3Ag 54.9 42.5 2.6 20.61 £ 1.34 4.94 £ 0.04 36.3 = 0.5
FeMn-5Ag 54.5 41.1 4.4 22.02 £ 0.30 4.87 = 0.12 37.7 £ 0.6
620 | Mater. Adv., 2023, 4, 616-630 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Top-view SEM images of the degraded surface of FeMn (a—d) and FeMn—-5Ag (e—h) incubated for 14 (a and e), 28 (b and f), 56 (c and g) and 84
(d and h) days in HBSS. (EDS analysis on the highlighted areas and locations is presented in Table 2).

FeMn-5Ag alloy upon immersion are presented in Fig. 3. The
degradation process of the alloys led to the formation of a
degradation layer. The EDS analyses, performed on the areas
highlighted in Fig. 3 and summarized in Table 2, reveal that the
degradation layer consists not only of Fe, Mn, and O, but also
degradation products enriched in Cl, P and Ca, which are
elements present in the HBSS, show up. Silver was not detected
on the degradation surface, which suggests that it is not prone
to be released during incubation in HBSS. In the first stages of
degradation, namely after 14 days of immersion the corrosion
products formed on the surface are enriched in Ca-P clusters,
forming a flaky structure that could be identified as calcium
phosphate-based apatite. These clusters tend to disappear at
longer immersion periods, being replaced by different corro-
sion products.

The globular precipitates, shown in Fig. 3f and h mainly
consist of O, Mn, Ca and P. Increasing immersion period leads
to the formation of a relatively thick oxidation layer, as shown
in Fig. 3c and h. Even though the layer has the appearance of
compact and homogenous, more detailed analysis (Fig. 3c)
reveals a cracked structure caused most probably by dehydration
due to air-drying after removal from HBSS.**** The cracked
oxide layer is prone to detachment, as shown in Fig. 3h. After
detachment, the exposed area allowed HBSS to penetrate further
into the pores. As shown in Table 2, the degradation layer of
samples incubated for 84 days (Fig. 3d and h) contains high
levels of CI™, namely 12.89 and 15.4 wt% for FeMn and FeMn-
5Ag, respectively. The Cl™ ions are aggressive to the surface of

Table 2 Chemical composition of areas and points indicated in Fig. 3 as
measured by EDS

Elements (wt%)

Area/point Fe Mn o cl P Ca

FeMn 1 34.6 22.5 38.3 0.5 3.1 1.0
2 19.3 20.1 30.9 12.9 8.4 8.4

FeMn-5Ag 3 23.4 — 68.9 0.5 3.8 3.4
4 12.5 22.3 38.3 — 8.8 18.2
5 40.5 27.1 31.1 1.4 — —
6 27.9 21.1 42.2 0.8 5.8 2.2
7 6.3 42.9 25.1 15.4 — 10.4

© 2023 The Author(s). Published by the Royal Society of Chemistry

the alloy and they can break the passive oxidation layer, there-
fore leading to the formation of the pits.>***® As can be seen in
Fig. 3d, Cl-rich precipitates have formed on the exposed surface
of FeMn alloys, most probably after CI” ions have broken the
oxide layer.

To gain further insight into the degradation products
formed on the surfaces upon immersion, XRD analysis was
performed on the FeMn and FeMn-5Ag samples after 7 and 28 days
of immersion, as presented in Fig. S5 (ESIT). The XRD patterns
obtained after 7 days did not demonstrate any additional
features compared with the as-prepared samples (Fig. 1b). This
can be explained by the thin nature of the oxide layer as well
as the less abundant presence of other corrosion products.
However, after 28 days of immersion, an increase in the intensity
of some of the peaks was observed. Corrosion products such as
MnPO,, MnCO;, Fe,O; and MnO were identified. It is worth
noting that some of the oxide peaks can overlap, therefore we
might expect more corrosion products on the surface.

To unveil the degradation mechanism, cross-sections of all
tested alloys immersed for 14, 28, 56 and 84 days in HBSS were
examined (Fig. 4). One can observe the formation of a degrada-
tion layer at the utmost sample surface, which is particularly
visible in the samples immersed for 14 and 28 days, with a
thickness of around 30 um. This layer was presumably cracked
due to dehydration upon air drying or during the curing of the
mounting resin, as mentioned before.'”” Remarkably, this
layer becomes thinner or even disappear for longer immersion
periods.

At the same time, an increase of the incubation period favors
higher penetration of the HBSS towards the bulk of the material
since the HBSS is able to permeate through the open-pore
structure of the pellets. As a result, corrosion products formed
inside the pores, mainly consisting of iron and manganese oxides,
as shown in Fig. S6 (ESIT). Brighter contrast (due to charging) is
associated with low-conducting corrosion products made of O, Ca,
P and Cl. When comparing individual alloys, the degradation
layer of Ag-containing alloys seems to be thinner after 56 and
84 days of immersion than that of FeMn. Nevertheless, at the
same time, the corrosion products consist mainly of metal
hydroxides and carbonates, accompanied by calcium, phosphorus

Mater. Adv,, 2023, 4, 616-630 | 621
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and chlorine elements, as mentioned before.'****” The amount
of Cl is notably higher in the Ag-containing alloys which can be
attributed to localized pitting. Since porosity increases with Ag
content, the Clrich corrosion products are accumulated inside
the pores to a larger extent in samples with higher Ag wt%.

The EDS compositional maps of the cross-sections of the
alloys immersed for 84 days, presented in Fig. S6 (ESIt), show
the distribution of Fe and Mn alloying elements as well as of
foreign elements that have accumulated inside the pores. Fe
and Mn are uniformly distributed in the matrix, but the upper
degradation layer shows a lower concentration of those ele-
ments than the bulk. The abundant presence of oxygen was
observed, both in the degradation layer and the sample, mostly
inside the pores. Other elements, such as Ca, Cl and P, were
also present, mostly in the degradation layer. The EDS analyses
performed in the degradation layer show that its Mn content is
lower than that of Fe. For example, in the case of FeMn-5Ag,
the content of Fe was around 4-5 times higher than the content
of Mn (33.3 wt% of Fe and 8.5 wt% of Mn after 14 days of
immersion, and 51.7 wt% of Fe and 11.1 wt% of Mn after
84 days of immersion). This suggests that the release of Mn
ions to the HBSS occurs easier than the release of Fe ions.

3.1.3 Released ion concentration. It has been shown before
that addition of noble elements, such as Pt and Pd,"***" to the

622 | Mater. Adv, 2023, 4, 616-630

Fig. 4 Cross-section SEM images of FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-5Ag specimens after 14, 28, 56 and 84 days of immersion in HBSS. 'S’
stands for sample and ‘DL’ to the degradation layer formed on top of the sample.

50w |

Fe-Mn matrix can lead to the formation of micro galvanic cells
that can cause an accelerated corrosion rate. Additions of Ag
particles into the Fe-based alloys have also been tested, but so
far mixed results have been reported in the literature. Most of
the studies have shown an enhanced corrosion rate*** but a
neutral effect has also been observed,*®*” as well as a decrease
in corrosion rate in Fe-Ag alloys.*® Silver has a more positive
standard corrosion potential compared to Fe and Mn, hence it
can be assumed that during corrosion the Fe-Mn matrix acts as
an anode, and it is therefore oxidized, while the Ag particles act
as a cathode and thus accept electrons.”*° Another possible
mechanism to explain the role of Ag in the acceleration of the
corrosion rate is that during corrosion of the Fe-Mn matrix, the
Ag particles will form a separate phase, which has the ability to
break the Fe oxide layers.”>*

The concentration of Fe and Mn ions released from the
materials into the HBSS after 7, 14, 28, 56 and 84 days of
immersion is presented in Fig. 5a and b. It can be observed that
Mn release is higher than Fe release for all tested alloys and
that the ion concentration increases with the immersion time,
which is in agreement with the previously shown EDS results.
Mn is more prone to be released due to a lower standard
corrosion potential when compared with Fe (i.e., Mn*" ions are
more susceptible to be released to the HBSS than Fe®" or Fe*").

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Concentration of (a) Mn and (b) Fe ions released into the HBSS at
different immersion periods as measured with ICP-MS. Please note the
different Y-axis scale in panels of Mn (a) and Fe (b) release.

In the first stage, up to 28 days of immersion, a sharp increase in
the release is observed, especially in the case of Mn for all tested
specimens and it tends to slow down upon further immersion.
Nevertheless, an increase in both Mn and Fe release after 84 days
of immersion is observed in the case of FeMn and FeMn-5Ag, as
well as an increase of Fe release of the FeMn-1Ag sample.

However, no significant differences in the amounts of released
ions were observed between the tested alloys. The silver-
containing alloys did not show an increase in the ion release of
either Fe or Mn when compared to the alloy without Ag. Similar
behavior has already been observed in literature with Fe-Mn-C-
xAg alloy.>**” Apparently, Ag had a negligible influence on the
biodegradability of the material. Although Ag could in principle
induce microgalvanic corrosion in contact with the less noble
FeMn environment, the amounts of leached Fe and Mn ions in
FeMn and FeMn-5Ag, as determined by ICP, were similar. This
suggests that other effects, likely the porosity, play a major role.

The trend in the curve’s shape of the ion concentration
indicated a linear dependence up to 28 days and then a more
stable increase during a longer immersion period. It can be
mainly attributed to the degradation products formed on the
surface that are partially blocking the dissolution of Fe and
Mn at longer immersion periods. Due to the same reason, the
corrosion rate does not increase with the immersion time for the
Ag-containing alloys, as the release of silver is being blocked by
corrosion products formed on the surface and inside the pores.
Nevertheless, the release of silver was also measured, and it was 3
orders-of-magnitude lower than the release of Fe and Mn. Namely,
the highest Ag release was observed for the FeMn-5Ag and was
1.23 4 0.21 ug L™ " after 14 days of immersion, then it decreased to
0.88 + 0.22 pg L™ after 56 days of immersion and again increased
up to 6.35 + 3.65 pug L~ " after 84 days in HBSS. In the FeMn-1Ag
and FeMn-3Ag, the highest concentration of Ag was also observed
after 84 days of immersion and was 1.65 + 0.55 ug L™ " and 1.3 +
0.34 pg L7, respectively. Thus, as could be suspected, the release
of Ag ions increases with the initial Ag content. The increased
amount of Ag released after 84 days of immersion, when com-
pared with the amount released after 56 days, can be connected
with the increased amounts of Cl-rich precipitates on the degra-
dation surface that can contribute to breaking the degradation
layer and, hence, enabling further degradation.

A previous study reported that Fe-Mn alloys (Fe35Mn and
Fe25Mn), obtained through powder sintering and cold rolling

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and resintering cycles, released around 1.5 ppm and 2 ppm
for Mn and Fe ions after 84 days of immersion, respectively.'*
In another report, FeMnSiPd alloys obtained through arc
melting,"” released around 1.5 ppm for both elements up to
120 days of immersion. The release of ions in our tested alloys
was higher, presumably due to the higher level of porosity,
which enhances the degradation.

3.2 Magnetic properties

The magnetic behavior of as-sintered and immersed alloys is
presented in Fig. 6a-d. The as-sintered alloys (Fig. 6a) show very
low saturation magnetization, with values of 0.019, 0.199, 0.626
and 1.077 emu g ' for FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-
5Ag, respectively. For comparison, the value of saturation
magnetization (Ms) of the 304 austenitic stainless steel SS304,
commonly used as implant material is 1.25 emu g '.***°
On the other hand, the Mg value of pure iron is as high as
221.7 emu g~ .°° This means that the FeMn-5Ag alloy, which
has the highest value of Mg among the tested alloys, has only
0.49% the magnetization of Fe. In fact, the Fe-based alloys with
manganese content above 30 wt% have been reported to be
antiferromagnetic as they consist mainly of antiferromagnetic
y-austenite and e-martensite phases.”"*> therefore enhancing
the materials’ compatibility with MRI imaging. In our case, the
M; value increased with higher Ag content, which might be
attributed to slightly higher porosity of those alloys (which in
turn could lead to higher amount of Fe,O; after sintering).>*"*

Following immersion in HBSS, the magnetization of FeMn
progressively increased with the immersion time, as shown in
Fig. 6¢c. The alloys incubated for 84 days (Fig. 6b) showed a M
value of 2.301, 1.249, 0.0367 and 0.396 emu g ' for FeMn,
FeMn-1Ag, FeMn-3Ag and FeMn-5Ag, respectively. When com-
paring the gradual differences in the magnetic properties upon
increasing immersion time, a similar trend was noticed in the
FeMn alloy - the lowest value of magnetization is shown by
the as-sintered material and it increased gradually - after 14
and 28 days the value was similar, around 0.690 emu g, with
an increase up to 2.290 emu g~ ' after 3 months of immersion.
This observation can be ascribed to a higher release of Mn than
Fe ions, which leads to a higher level of Fe-enriched regions in
the material than before immersion. On the contrary, in the
case of the FeMn-5Ag, an increase of the incubation time led to
a small decrease in the Mg values, starting from 1.077 emu g~ *
for as-sintered alloy and then decreasing, firstly to around
0.550 emu g ' after 14 days of immersion and then to a
minimum value of 0.393 emu g™ after 3 months of immersion.
In any case, even though the Mg values change upon degrada-
tion, the level of Mg is sufficiently low to assure good compat-
ibility of the alloys with MRI.

3.3 Mechanical properties

Nanoindentation was used to analyze the micro/nano-mechanical
properties of the tested alloys. The tests were conducted under
two different maximum loads, namely 100 and 500 mN. The lower
load was used to extract information from the nanoporous regions
of the material, while the higher loads may be able to assess the
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Fig. 6 Magnetization curves (a—d) for (a) as-sintered samples, (b) alloys after immersion in HBSS for 84 days, and detailed changes of magnetization
upon immersion for different periods for (c) FeMn and (d) FeMn-5Ag. Load-displacement curves (e) of the FeMn(-xAg) alloys under 100 and 500 mN
(insert) maximum applied loads, and (f) corresponding reduced Young's modulus (E,) under 100 mN (blue) and 500 mN (green) of maximum applied
loads, together with hardness (Hg) (red). Please note the different Y-axis scales between the panels.

influence of both levels of porosity (macro and nano) on the
reduced Young’s modulus (E,) and hardness (Hg). Representative
load-displacement curves of tested alloys, together with calculated
values of E, and Hg are presented in Fig. 6e, f and Table 3,
respectively. The load-displacement curves (Fig. 6e) show higher
variability under higher load, which is mainly due to different
levels of macroporosity among the tested alloys. On the other

hand, the curves obtained under 100 mN of maximum load
almost overlap and the resulting values of E, are more similar
among the various samples, as shown in Fig. 6f. The nanoinden-
tation tests conducted under a maximum applied load of 500 mN
show that the alloys have a comparable value of E,, around
50 GPa, which is relatively close to that of a human bone (cortical
bone has Young’s modulus value of around 20 GPa).*® The

Table 3 Values of Young's modulus (E,), hardness (Hg), Hg/E, ratio and energies of deformation (Weiast/ Wiotal and Woiast/ Wiota) for FeMn, FeMn-1Ag,
FeMn-3Ag and FeMn-5Ag alloys

Sample E, (500 mN) GPa E, (100 mN) GPa Hp (GPa) Hp/E, (wear resistance) Welast/ Weotal Wolast/ Weotal
FeMn 50.39 + 14.16 121.24 + 12.84 4.66 £ 0.17 0.038 &+ 0.003 0.22 £+ 0.03 0.78 £ 0.03
FeMn-1Ag 47.24 + 16.86 106.60 + 16.82 4.86 + 0.27 0.046 + 0.008 0.26 £ 0.04 0.74 £ 0.03
FeMn-3Ag 56.09 + 15.36 124.65 + 15.13 4.40 £ 0.53 0.035 + 0.006 0.20 £+ 0.03 0.80 £+ 0.10
FeMn-5Ag 51.81 + 17.13 137.67 £+ 14.58 4.16 £ 0.19 0.030 & 0.003 0.18 £+ 0.02 0.82 £+ 0.04
624 | Mater. Adv., 2023, 4, 616-630 © 2023 The Author(s). Published by the Royal Society of Chemistry
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average value of hardness performed under 500 mN was 1.48 GPa
for FeMn, 1.2 GPa for FeMn-3Ag and 1.14 GPa for FeMn-5Ag.

To understand the mechanical properties of the alloys, the
results obtained under lower load (100 mN) were used to
further calculate Hg, E,, Hy/E, ratio and energies of deforma-
tion, as presented in Table 3. The FeMn-1Ag alloy had the
highest hardness and the lowest Young’s modulus among all
tested alloys, while the FeMn-5Ag had the lowest Hy and the
highest E,. The hardness values of all tested alloys are above
4 GPa, which is similar to that of fully dense Fe30Mn6Si1Pd."
The values of hardness increase upon small additions of Ag and
decrease at higher Ag amounts. As silver does not form an alloy
with the Fe-Mn system and stays in a form of precipitates
whose hardness is lower than the Fe-Mn matrix, the overall
hardness of the material might be lower. The other factor
influencing hardness values is the level of porosity (which
increases with the Ag content), tending to reduce Hg.

The Hg/E, ratio is an indirect estimation of wear resistance.
It has been shown that wear resistance is dependent on the
hardness (Hg) and the reciprocal value of elastic modulus
(E),°* thus the highest Hy/E, ratio of FeMn-1Ag alloys
indicates the highest wear resistance for this composition. In
Table 3, the ratios of the elastic (Weias) and plastic (Wpjase)
energies versus the total (W) energy of deformation during
nanoindentation are presented. All tested alloys demonstrate a
higher contribution of plastic energy in the total energy of
deformation. It is shown that the contribution of elastic energy
is higher for the FeMn-1Ag alloy than for the other alloys,
meaning that it possesses a slightly higher elastic recovery,
which indicates the ability of the material to recover the initial
shape after deformation.

Contrarily, the FeMn-5Ag alloy shows higher contribution of
Whlast to the total energy of deformation. The so-called ‘plasti-
city index’ indicates higher plasticity of this alloy when com-
pared to FeMn, FeMn-1Ag and FeMn-3Ag counterparts.

3.4 Cytocompatibility of FeMn(-xAg) alloys

To assess the alloys’ cytocompatibility, two different analyses
were performed in vitro: cell proliferation and cytotoxicity.
Whilst cell proliferation analysis allows to assess whether cells
incubated with conditioned media can proliferate (i.e., increase
their number over time), cytotoxicity analysis can determine
whether the ions released by the alloys produce a toxic effect
(i.e., a decrease in the number of live cells over time).

First, we tried to perform direct cytocompatibility analyses,
by growing the cells directly on the surface of the alloys. We
observed that the cells did not adhere properly to the alloys
(data not shown), probably due to morphological changes
that the surface of the alloys experienced upon immersion
(see Fig. 3 and 4). It has been described that Fe-based alloys
show a relatively high corrosion and degradation rate that
preclude cell adhesion.'® Hence, in order to analyze the effect
of the alloys and of the ions released into the medium, we
proceeded with the indirect cytocompatibility analyses, by
culturing the cells in alloy-conditioned media.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In these experiments, two different control media were used:
fresh media prepared just prior the experiment and media that
were maintained in the incubator for the same time periods as
the conditioned ones (aged medium; see Section 2.5).

We decided to include this aged medium as a control
because we reasoned that the medium and serum components
could degrade over time during the conditioning of the media
with the alloys. Indeed, when comparing cell proliferation in
both types of control media, we observed a significant decrease
in Saos-2 cells proliferation when the cells were cultured in the
28 and 56 days aged media, the difference being higher in the
last timepoint (Fig. 7). It is known that growth factors and other
proteins degrade when stored at room temperature or 37 °C.
Each protein has a different degradation rate but, to our
knowledge, no research studies on serum degradation over
time and its effect on cell proliferation have been published.
However, the FBS information for users recommends to store
the product at —10 to —40 °C, and not to use FBS stored at 2 to
8 °C for more than 4 weeks (Freezing and Thawing FBS and
Other Sera). Because of the differences found in cell prolifera-
tion when using the two types of control media, the effect of the
different conditioned media on cell proliferation was only
compared with their corresponding aged medium.

At day 0 (after one day in culture in fresh medium), the
intensity of the signal obtained was similar among all samples of
the same conditioned time group, with no significant differences
(Fig. 7). After 3 days in culture in the conditioned media, cell
viability significantly increased in 7 and 14 days conditioned
media, regardless of the alloy composition (Fig. 7a and b), mean-
ing that cells were able to proliferate. Nevertheless, cells cultured
in the aged control medium showed a higher proliferation rate
than in any of the alloys conditioned media tested. Some signifi-
cant differences were found when comparing all conditioned
media: cells cultured in FeMn-3Ag conditioned medium showed
the highest proliferation rate among the 7 days conditioned
media, and cells cultured in FeMn-5Ag conditioned medium
showed the lowest proliferation rate among the 14 days condi-
tioned media (Fig. 7a and b).

After 28 and 56 days of medium conditioning or aging, cell
proliferation was similar between conditioned and aged media
and among conditioned media, except for a significant
decrease in the FeMn-5Ag conditioned medium compared with
FeMn-3Ag at 28 days and with FeMn at 56 days (Fig. 7c and d).

Next, the live/dead assay was used to determine the cyto-
toxicity of the alloy-conditioned media. As shown in Fig. S7
(ESIY), the number of cells grown on wells cultured with media
conditioned for 7 days with Fe-Mn, FeMn-1Ag, FeMn-3Ag and
FeMn-5Ag was similar (A-D), but lower than the number of
cells on wells cultured with the aged and the fresh control
media (E and F). However, the number of cells grown on wells
cultured with medium conditioned for 56 days was much lower.
Specifically, cell numbers seemed to decrease as the silver
percentage in the alloy increased (G-J). The number of cells
growing in culture with the 56 days aged medium was also low
(K), whereas cells cultured with fresh media appeared to be in
monolayer and in a higher number (L). The number of live cells
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Fig. 7 Cell proliferation of Saos-2 cells before (day 0) and after (day 3) culture with media conditioned for 7 (A), 14 (B), 28 (C) and 56 (D) days with FeMn,
FeMn-1Ag, FeMn-3Ag and FeMn-5Ag alloys, measured by Alamar Blue fluorescence. Aged medium, consisting of DMEM medium incubated for the
same incubation times and conditions but without any alloy, and fresh medium were used as controls. Bars with different alphabetical superscripts are
significantly different from each other (p < 0.05), whereas bars with the same alphabetical superscripts are not significantly different from each other.
(E) Logarithmic representation of cytokine release by macrophages exposed to 56 days FeMn(—Ag) conditioned media. Secretion was analyzed by the
CBA test at 5 and 24 h of culture. LPS: Lipopolysaccharide, positive control. Asterisks above the columns indicate significant differences compared with

the negative control.

was higher than 90% in all cases. These results are in agree-
ment with Alamar Blue results, and suggest that, while FeMn-
(-xAg) materials might interfere with cell proliferation, they are
not cytotoxic.

The cytotoxicity of biodegradable metallic alloys is mainly
attributed to the released degradation particles®® and metallic
ions"® which can promote or inhibit both cell proliferation and
metabolic activities. In addition, the corrosion of porous alloys
can produce a general change in pH and osmolarity that can
contribute to a decrease in the cell viability. The results obtained
showed that media conditioned with the FeMn-5Ag alloy reduced
cell proliferation compared with the other alloys containing less
amount of Ag, indicating that certain amount of silver can alter
cell proliferation. In fact, the FeMn-5Ag alloy was the one with the
highest Ag release after 84 days in Hank’s solution (6.35 pg L™).

The effect of Ag on cell viability is controversial and depends
on the state of the Ag, i.e. whether Ag is present in the culture as

626 | Mater Adv, 2023, 4, 616-630

a salt, as nanoparticles, or as part of the alloy. In our case, Ag
was incorporated within the FeMn matrix in the form of
particles during the fabrication step.

It has been shown that the metal salt AgNO; produces a high
cytotoxic effect in mammalian cell cultures,***® with an IC50 of
AgNO; in the range of 2-11 uM (300-1900 pg L™ ') depending on
the cell type.®* On the other hand, studies using nanoparticles
concluded that 6 uM silver nanoparticles do not have a sig-
nificant impact on cytotoxicity of epithelial cells.®> Similar
results were observed specifically using osteoblasts, as the
presence of silver nanoparticles coating-alloys did not induce
any cytotoxic effect on MG63 osteoblasts.®***

Our results showed values at the 0.88-6.35 pg L' range of
Ag released from the alloys. The highest values observed for
FeMn-5Ag after 84 days were far from the concentrations
considered cytotoxic. In this regard, our cytotoxic results are
in agreement with those of previous studies (viability higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than 90%). However, the cell proliferation rate was reduced no secretion of IL-1B, IL-6 and TNF.®® It has been reported that
when osteoblasts were cultured in the presence of the alloy- the presence of metal debris and even low concentrations of
conditioned media. After culture with 7 and 14 days condi- metal ions can induce an inflammatory response.®® In this
tioned medium, a decrease in cell proliferation was observed regard, it has been observed that the release of Fe, Mn and Ag
regardless of the alloy, which indicates that not only Ag can could induce the secretion of inflammatory cytokines; Fe and
interfere with the cell cycle. The presence of Fe and Mn ions, or Mn are considered no allergenic elements, although Ag is.”®
the relatively high corrosion rate could be responsible for the However, the results obtained for cytokine release indicated
reduced proliferation rate. The high corrosion rate could that concentrations lower than 0.5 mg L™" of Fe, 2.3 mg L™ " of
increase the pH and osmolality, as previously observed.®®> The Mn and 0.9 pg L' of Ag did not induce the inflammatory
release of Ag from the FeMn-5Ag after 28 and 56 of media response in macrophages.

conditioning could also contribute to the lowest cell prolifera-

tion observed. . . . .
3.6 Microbial interactions with FeMn(-xAg)

In this investigation, the effect of FeMn and FeMn-5Ag
alloys on S. aureus viability and biofilm formation was tested.
To find out whether the ions released by alloys activate the The addition of silver was tested due to its widely known
secretion of inflammatory cytokines, 56 days conditioned medium  antimicrobial capacity.””? Biofilm biomass and thickness were
was added to macrophage cultures. We analyzed the pro- assessed using confocal laser-scanning microscopy (CLSM)
inflammatory cytokines IL-1, IL-6 and TNF, which are commonly (Fig. 8A-D) and fluorescence plate reading (Fig. 8E-H) after
produced by macrophages in response to bacterial endotoxin or 4 and 24 h of growth. Moreover, representative images of the
LPS.°® According to Chanput et al., stimulating THP-1 macro- biofilm formed on FeMn and FeMn-5Ag, obtained using CLSM
phages with LPS results in a dramatic increase in the secretion of are shown (Fig. 81 and J).
IL-1B, IL-6, and TNF, which reaches a plateau after 18 h of When comparing the FeMn-5Ag to the FeMn
stimulation.®” material, whilst no significant difference in biofilm viability
Results of the CBA showed that ions released by FeMn(-xAg) was observed at 4 h, a significant reduction in the total live and
alloys did not activate the secretion of IL-1, IL-6 or TNF in  dead biomass was observed at the 24 h time point (Fig. 8A and B).
macrophages when compared with a non-stimulated control. Importantly, the total biofilm thickness on FeMn-5Ag was directly
However, when macrophages were exposed to LPS (positive comparable to that of the titanium control (Fig. 8C and D), known
control), an increase in the concentration of the three cytokines for its biocompatibility in bone-implant applications, showing
was detected in the culture medium, even though IL-18 analogous performance of the FeMn-5Ag materials.
increase was not statistically significant (Fig. 7e). Ubanako According to the fluorescence plate reading data, at 4 h the
et al. also obtained the same results when using low amounts  total biofilm viability was unaffected by the alloying of 5% silver
of LPS to stimulate THP-1 derived macrophages, that is, little or  compared to FeMn (Fig. 8E and F). A reduction in biofilm

3.5 Inflammatory cytokine response
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Fig. 8 Staphylococcus aureus ATCC 25923 biofilm morphology on FeMn—-5Ag compared to FeMn and machined titanium (Ti) controls after 4 and 24 h
incubation, analysed using quantitative confocal laser-scanning microscopy (CLSM) to assess biofilm biomass (A and B) and thickness (C and D).
Fluorescence intensity of total live and dead cells in biofilms grown for 4 h (E and F) and 24 h (G and H) on FeMn—-5Ag, FeMn and Ti using fluorescence
plate reading. Bars with different alphabetical superscripts are significantly different from each other (p < 0.05), whereas values with the same
alphabetical superscripts are not significantly different from each other. CLSM images of the biofilm formed on the surface of FeMn (I) and FeMn-5Ag (J)
alloys (NIS-Elements Viewer, Nikon). Green: Live S. aureus cells; Red: Dead S. aureus cells.
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biomass on FeMn-5Ag compared to FeMn was also observed
through fluorescent plate reading at 24 h for live (Fig. 8G) but
not for dead (Fig. 8H) bacteria.

The current state of the literature regarding the addition of
silver into FeMn alloys as a potential antimicrobial agent is
disputed and dissimilar conclusions have been reported.*™**
The unchanged bacterial viability observed here by the addition
of silver to FeMn is in agreement with certain literature,*® in
which no reduction in S. aureus viability was observed after
incubation with similar silver containing materials. With the
concentrations of silver observed in the release assays under-
taken in this study, it is likely that the total level of released
silver into the culture medium was below the threshold for
achieving a significant bactericidal effect.

Therefore, rather than a direct bactericidal activity of Ag,
these results show that the FeMn-5Ag material may influence
biofilm formation in S. aureus. The observed reduction in total
biofilm biomass adhered to the FeMn-5Ag surface after 24 h is,
to our knowledge, a novel finding (Fig. 8A and B). The potential
mechanism for this is unknown but it could be related to the
degradability of the bulk material, as seen in Fig. 3 and 4. By
limiting the solid surface to which bacteria can adhere to, the
ability for biofilm to form may be reduced, a concept also
proposed by Daghighi et al.®

4 Conclusions

In this study, porous FeMn alloys with additions of Ag were
fabricated through a powder metallurgy route. An in-depth
study of the influence of porosity and Ag additions on the
microstructure, biodegradability, degradation surface, magnetic
and mechanical properties, has been undertaken. Furthermore,
studies on cytocompatibility, inflammatory cell response and bac-
terial interactions have been conducted. The results revealed that:

(a) FeMn and FeMn-1Ag sintered alloys consist mainly of a
y-austenite phase, while FeMn-3Ag and FeMn-5Ag alloys con-
sist of a duplex structure, comprising y-austenite (fcc structure)
and e-martensite phase (hcp structure).

(b) The alloys have a porous structure, consisting both of
macro- and nanoporosity, with the total level of porosity varying
from 28% for FeMn alloy up to 37% for FeMn-5Ag alloy.

(c) The biodegradability experiments, performed in HBSS up
to 84 days of immersion, reveal that the release of Mn is higher
than the release of Fe, which was attributed to a lower standard
corrosion potential of Mn when compared to Fe. The degrada-
tion surface changes over time, with corrosion products con-
sisting of Fe, Mn, O and enriched in Ca, P and ClI are present.

(d) The saturation magnetization value of FeMn alloys
slightly increases with immersion time, with the highest M; value
after 84 days of immersion. Nevertheless, the M value even after
84 days is sufficiently low not to interfere with MRI imaging.

(e) No significant differences in the mechanical properties of
the different alloys are observed, although the addition of 3%
and 5% Ag tends to increase the Young’s modulus and the
plasticity index.
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(f) The cytocompatibility experiments performed using
conditioned media revealed that the investigated alloys are
non-cytotoxic. Although Ag-containing alloys have shown to
be cytocompatible, their cell proliferation is lower than that
of FeMn.

(2) The inflammatory cell response experiment, conducted
using media conditioned for 56 days, shows that the ions
released by FeMn(-xAg) alloys do not induce an inflammatory
response in macrophages in vitro.

(h) The viability and biofilm formation of Staphylococcus
aureus with FeMn(-xAg) alloys were tested. The obtained results
reveal that whilst no significant increase in bacterial killing is
observed at 4 h between the FeMn and the FeMn-5Ag samples,
a significant reduction in biofilm biomass of both live and dead
cell populations is observed at 24 h.

(i) Overall, these results indicate a potential for a novel
material that achieves identical performance compared to the
current state of the art, whilst reducing early bacterial adhesion
and biofilm formation.
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Fig. S1 SEM images of initial powders of Fe (a), Mn (b) and Ag (c) and of ball-milled FeMn
(d), FeMn-1Ag (e), FeMn-3Ag (f) and FeMn-5Ag (g) powders.
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Fig. S2 SEM images depicting the morphology of cold-pressed pellets of FeMn (a), FeMn-1Ag
(b), FeMn-3Ag (c) and FeMn-5Ag (d).
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Fig. S3 EDS elemental maps taken on polished surface of FeMn, FeMn-1Ag, FeMn-3Ag and
FeMn-5Ag sintered alloys showing distribution of Fe, Mn and Ag.
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Fig. S4 EDS elemental maps taken on polished cross-sectional surface of FeMn (a) and FeMn-
5Ag (b) sintered alloys showing distribution of Fe, Mn and Ag.
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Fig. S5 X-ray diffraction patterns of the FeMn and FeMn-5Ag alloys after immersion in HBSS

for 7 and 28 days.
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Fig. S6 EDS maps taken on the cross-sections of FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-
5Ag alloys immersed for 84 days in HBSS. EDS maps corresponds to the Fe, Mn, O, Ca, Cl
and P distribution for the regions showed in micrographs.

Media conditioned for 7 days

FeMn FeMn-1Ag FeMn-3Ag FeMn-5Ag Aged medium Fresh medium

Media conditioned for 56 days

FeMn FeMn-1Ag FeMn-3Ag FeMn-5Ag Aged medium Fresh medium
Fig. S7 Cytotoxicity of medium conditioned during 7 (A-F) and 56 (G-L) days with FeMn (A,
G), FeMn-1Ag (B, H), FeMn-3Ag (C, I) and FeMn-5Ag (D, J), measured on Saos-2 cells by
live/dead fluorescence staining after 3 days culture. An aged medium consisting of medium
prepared following the same incubation times and conditions but without any alloy (E, K) and

a fresh medium (F, L) were used as controls. Live and dead cells appear in green and red,
respectively.
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4.2 Paper 2: Silver-induced v — ¢ martensitic
transformation in FeMn alloys: An experimental and

computational study

In this work, the v — € martensitic transformation triggered by the
addition of Ag in previously described FeMn(-xAg) alloys is studied using
experimental and computational techniques. The detailed characterization
of phase composition and lattice parameters is conducted using Rietveld
refinement on four alloys containing 0, 1, 3 and 5 wt.% Ag. Moreover,
detailed microstructural analysis is performed through TEM and STEM
on FeMn and FeMn-5Ag specimens. While equiatomic FeMn and FeMn-
1Ag alloys exhibited a completely austenitic structure, the introduction
of 3% and 5% wt.% Ag induced a phase transformation, resulting in a
coexistence of y-austenite and e-martensite phases. The compression tests
confirmed that this phase transformation prompted an increase in yield
stress.

The evolution of microstructure with varying Ag content can be com-
prehended through theoretical calculations, which indicate a preference of
Ag atoms for intrinsic stacking fault (ISF) sites, revealing a lower energy
level for the € atomic plane sequence. Consequently, this leads to a local
reduction in electronic charge, thereby attenuating interatomic bonds at
the ISF plane and facilitating the phase transition. Additionally, the
total energy discrepancy between the v and € phases diminishes with the
addition of Ag. This permits both phases to coexist within the FeMn-5Ag
sample. Both experimental and theoretical data align in confirming a
gradual increase in magnetization values following the addition of Ag.
This phenomenon arises from local stress introduced by Ag atoms, leading
to an expansion of the Ag-Fe and Ag-Mn first neighbour interatomic bonds
compared to FeMn. Consequently, this stress promotes electronic charge
transfer, inducing localized modifications in the atomic magnetic moments

of Fe and Mn.

These findings hold substantial promise for the development of FeMn-
based alloys that offer adjustable phase compositions and physical proper-
ties, catering to a range of technological applications.
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ARTICLE INFO ABSTRACT

Keywords: Porous FeMn alloys with additions of 0, 1, 3 and 5 wt% of Ag were fabricated using powder metallurgy and
I“’“'mf’“ganese alloys sintering. The microstructure of the fabricated alloys was characterized using X-ray diffraction, transmission
Austenite electron microscopy and selected area electron diffraction. While equiatomic FeMn and FeMn-1Ag alloys possess
glil{a‘::::nsue a fully austenitic structure, a change in the crystallographic structure is observed upon addition of 3 and 5 wt% of

Ag, where a mixture of y austenite and & martensite phases is observed. Compression tests reveal that such
structural transition causes an increase of the yield stress. The evolution of microstructure with the Ag content
can be understood from theoretical calculations which show that Ag atoms prefer the intrinsic stacking fault (ISF)
sites, revealing lower energy for the € atomic plane sequence. This causes local depletion of the electronic charge,
therefore weakening the interatomic bonds at the ISF plane and facilitating the phase transition. In addition, the
total energy difference between the y and € phases decreases upon Ag addition. This enables the coexistence of
both phases in the sample with 5 wt% Ag. Both experimental and theoretical data agree that the magnetization
value gradually increases upon Ag addition. This is due to the local stress that is introduced by Ag atoms, which
expand the Ag-Fe and Ag-Mn first neighbour interatomic bonds compared to FeMn. This stress results in elec-
tronic charge transfer that locally alters the Fe and Mn atomic magnetic moments. These results are appealing for
the design of FeMn-based alloys with tuneable phase composition and physical properties for several techno-
logical applications.

Magnetic properties
Phase transformation

1. Introduction associated with the stacking fault energy [8,9]. It has been shown that a

low stacking fault energy, below 20 mJ m~2 facilitates the trans-

Fe-Mn alloys have been studied as versatile materials in widespread
applications such as steels for automotive applications [1,2], antiferro-
magnetic layers in spin valves [3,4], or biodegradable metals for implant
applications [5-7], amongst others. The solid solution phases charac-
teristic of the Fe-Mn system are y-austenite, a-ferrite, 5-Fe, a-Mn, f-Mn
and 8-Mn. Moreover, a metastable hexagonally close-packed (hcp) &
phase can be formed by martensitic transformation in alloys with Mn
content above 10 wt%. This transformation can occur owing to prior
deformation, high applied pressure or fast cooling from the liquid state
by the movement of Shockley partial dislocations between Fe and Mn on
the (111), plane [8]. The y—e phase transformation is strongly

* Corresponding authors.

formation of fcc y-austenite into hcp e-martensite [10]. The stacking
fault energy can be affected by several factors, such as defects or the
addition of elements. For example, additions of Al strongly suppress the
phase transformation, as they increase the stacking fault energy of
y-austenite [11]. In contrast, the addition of Si lowers the stacking fault
energy, favoring the y—¢ phase transformation [12]. Several ab initio
calculations on Fe reveal that the presence of Mn or C causes a minimum
in the stacking fault energy (around —450 mJ m ™2 for Fe), thus favoring
the € phase [13-15].

Depending on the crystallographic phase, Fe-Mn alloys can find po-
tential use in different areas of materials science. For instance,
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y-FesoMnsg alloys are the basis of antiferromagnetic metallic pinning
layers used in spin valves or magnetic tunnel junction devices [16].
High-manganese steels, which show mostly austenitic fcc structure, are
known for their high strength and ductility, owing to their high strain
hardening capacity [17]. These steels, typically comprising high Mn
contents (> 20 wt%) and additions of C (< 1 wt%), Si (< 3 wt%) and Al
(< 10 wt%), exhibit various hardening mechanisms, such as
twinning-induced plasticity (TWIP) and transformation-induced plas-
ticity (TRIP). The TWIP effect is observed in steels with low stacking
fault energy, between 20 and 40 mJ m~2 [17] and it relies on the
transformation of retained austenite into martensite during plastic
deformation, which enhances both strength and ductility [2]. Further-
more, in recent years, Fe-based alloys (including Fe-Mn) have emerged
as potential candidates for biodegradable materials applications [5,6,
18]. Biodegradable alloys are a new class of implantable materials that
aim to gradually degrade in vivo until their role is fulfilled, without the
need for an implant removal operation. This is important to limit the
cost of medical treatment and to reduce patients’ morbidity. Owing to
the high mechanical strength of iron, these alloys surpass the mechan-
ical properties of other biodegradable biomaterials, such as polymers, or
Mg- and Zn-based alloys. In the last decade, manganese was established
as suitable alloying element in Fe-based biodegradable alloys, since a
high content of Mn stabilizes the austenite phase which exhibits anti-
ferromagnetic properties, thus making this material compatible with
magnetic resonance imaging (MRI) [7,18-23]. In addition, alloys with
various amounts of Mn demonstrate good mechanical properties, a
degradation rate higher than in pure Fe, and good cytocompatibility [18,
19,23,24].

Due to the extensive use of artificial implant materials, implant-
associated bacterial infections have become increasingly common
because of biofilm formation, adhesion, and colonization of bacteria on
the implant surface [25,26]. Therefore, there is a need to develop ma-
terials with antibiofilm and antibacterial properties. Among other stra-
tegies, addition of Ag has been extensively tested and proven efficient in
promoting antibacterial properties [27,28]. Besides preventing the
biofilm formation on the material surface [7], the addition of Ag to the
Fe-Mn system has several advantages such as accelerating short-term
corrosion [29] or increasing the strength [30]. In fact, the solubility of
Ag in y-austenite is below 0.4 at% [31], therefore the formation of
Ag-rich precipitates is expected. These precipitates can act as micro-
galvanic cells [29], which help increase the corrosion rate of Fe-based
alloys.

Interestingly, reports on FeMn-Ag alloys have shown that additions
of Ag favor the formation of the martensitic phase, although so far this
effect has not been understood or described in detail. For example, in the
Fe30Mn-Ag alloys reported by Liu et al. [32], the content of the & phase
increased upon the addition of Ag. In another study by Babacan et al.
[33], Ag-bearing alloys showed a higher content of martensite than al-
loys without Ag. Similar observations were described by
Dehghan-Manshadi et al. [34], where additions of Ag increased the in-
tensity of the e-martensite peaks in diffraction measurements. Hence,
besides providing antibacterial properties, addition of Ag to Fe-Mn can
lead to microstructural changes that improve the compressive yield
strength of the alloy. However, the effect of added Ag on the structure
and the mechanical and magnetic properties of Fe-Mn alloys has been
largely overlooked.

In this work, we investigate the phase transformation from austenite
to martensite induced in Fe-Mn alloys by the addition of 1 — 5 wt% Ag.
We also correlate the changes in microstructure with the mechanical and
magnetic properties of the resulting alloys. Moreover, a theoretical
study is conducted to understand the phase transformation and the al-
terations of the magnetic properties of FeMn due to the presence of Ag,
mainly associated to a charge transfer and alterations in the first
neighbor’s atomic magnetic moments.

Journal of Alloys and Compounds 966 (2023) 171640

2. Materials and methods
2.1. Sample preparation and characterization

Iron-manganese equiatomic alloys with varying content of Ag (0, 1, 3
and 5 wt%, denoted as FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-5Ag,
respectively) were fabricated using powder metallurgy techniques,
namely ball milling of commercial Fe (>99% purity), Mn (>99% purity)
and Ag (>99.9% purity) powders in a planetary ball mill for 10 h and
subsequent sintering under vacuum at 900 °C, as described in our pre-
vious report [7]. X-ray diffraction (XRD) was performed on polished
surfaces of all tested alloys to assess the phase composition. The ex-
periments were performed on a Panalytical X'Pert powder diffractom-
eter with Cu K, radiation, in the angular range between 20° and 100° and
a step size of 0.026° in the Bragg-Brentano geometry.

Thin lamellae of FeMn and FeMn-5Ag samples were prepared for
transmission electron microscopy (TEM) observations by focused ion
beam (FIB). The microstructure images and selected-area diffraction
(SAED) patterns were acquired using a Jeol 2011 TEM operating at 200
kV. High-resolution images were also obtained by scanning-
transmission electron microscopy (STEM) utilizing a Teknai Fei instru-
ment operating at 200 kV. The SAED patterns were indexed by the Gatan
Digital Micrograph software, which was also employed to analyze the
high-resolution images and the corresponding fast Fourier transform
(FFT) images. From the SAED patterns and the FFT, the interplanar
distances were obtained as well as the lattice constants.

The mechanical properties of the alloys were assessed through
compression testing. Specimens of cylindrical shape were prepared ac-
cording to DIN 50106:2016-11 with a height (4 mm) to diameter (2 mm)
ratio of 2. Loading surfaces were ground with silicon carbide papers to
become plane parallel. Uniaxial compression tests were performed at
room temperature using an Instron 8562 device at a constant strain rate
of 1 x 1073 s7! and at least three specimens per composition were
tested. The tests were halted at fracture. The following mechanical
properties were determined from the engineering stress-strain
compression curves: compressive yield strength (proof offset 0.2%,
Ry.2), compressive ultimate strength (R;,) and compressive strain (A).

To assess magnetic properties, hysteresis loops were recorded at
room temperature using a vibrating sample magnetometer (VSM,
MicroSense). The maximum applied magnetic field was 20 kOe. The
saturation magnetization values were determined from the hysteresis
loops. Additional magnetic force microscopy (MFM) measurements
were performed using Asylum Research Atomic Force Microscope to
map the magnetic field distribution of FeMn-3Ag and FeMn-5Ag sam-
ples. MFM measurements were performed in two pass mode; in the first
pass topography of the sample surface was obtained, while in the second
pass magnetic forces between previously magnetized tip and the sample
were sensed at the lift height of 30 nm. All the measurements were
performed at remanence state of the as-grown samples.

2.2. Computational details

In this work, the Vienna ab initio simulation package (VASP) density
functional theory (DFT) based on the projector augmented wave method
formulated to treat collinear and noncollinear magnetic structures is
applied [35-37]. The exchange correlation effect is tuned with the
generalized gradient approximation (GGA) by Perdew-Burke-Enzerhof
(PBE) [38]. A minimal basis set is adopted, which includes 3d, 4 s and
4p orbitals having a cutoff of 300 eV.

The ordered y-FeMn austenite is treated using the primitive CuAu-I-
unit cell [37,39] and a 2 x 2 x 2 supercell using (4 x 4 x 4) and (8 x 8 x
8) k-points meshed to sample the Brillouin zone. The antiferromagnetic
(AFM) spin configurations are notated by 1Q (collinear) and 2Q or 3Q
(non-collinear) including several Fe and Mn moments directions in line
with previous reports [35,39]. In particular, in 1Q there are several
combinations of the atomic moments’ alignment in the unit cell e.g,
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antiparallel Fe-Fe (1) and Mn-Mn (1]) moments or parallel Fe-Fe (11)
and Mn-Mn (J]) moments [35]. In 2Q the moments in the four-atom
CuAu-I unit cell can be along [100], [100], [010], [010] or along
[110], [110], [110], [110] etc. while in 3Q spins can point to the cell
center or have any directions in the three axes [35,39]. In addition, in ab
initio calculations the atomic percent is used, therefore y-FeMn repre-
sents the y-FesoMnso (at%) or y-FesgsoMnsg4; (wWt%) in atomic or
weight percent, respectively. The calculations started at the experi-
mental lattice constant of y-FeMn at zero temperature (a = 3.60 A)
choosing the same spin states with the available theoretical data [37,
39-41] for comparison reasons while cell and atomic relaxation were
also employed in several ordered, disordered and Fe- or Mn- rich first
neighborhood Ag environments having 16 or 32 atoms, offering in total
58 different configurations. In particular, in the 32 atoms supercell, 1 Fe
was replaced by Ag in order to mimic the different Fe-Mn neighborhoods
of Ag resulting in system of y-Fe4s g7sMnsoAgs. 125 (at%) or y-Fegs.g1M-
n4g.18A8s5.91 (Wt%) having 15 Fe, 16 Mn and 1 Ag atoms. When replacing
1 Mn, the y-FesoMnye.g75A83.125 (at%) or y-Fesg 015Mnass 14A85.091 (Wt%)
crystal have 16 Fe, 15 Mn and 1 Ag atoms. Moreover, the cases of
replacing 1 Fe and 1 Mn atoms by Ag atoms were considered, in order to
mimic the cases with Ag first neighbors, resulting in y-Fess g7sM-
N46.875A86.25 (at%) or y-Feqq.62Mn43.89A811.49 (Wt%). It should be noted
that although the theoretical atomic percentages are not exactly the ones
of the experimental weight percentages, they offer a good description of
the behaviour of y-FeMn upon Ag addition. The ab initio calculations
were performed at FeMn-6Ag (wt%) which is close to FeMn-5Ag (wt%),
where the experiments already revealed the appearance of the
martensite phase and a slight increase of magnetization. The higher Ag
content of y-Feqq.62Mnas goAg11.49 (Wt%), named FeMn-12Ag (wt%),
was also considered to study the cases of having two Ag as first neigh-
bors and to investigate the trends of the structural and magnetic prop-
erties upon further increase of the Ag percentage.

Similarly, the e-FeMn martensite primitive unit cell and 16 or 32
atoms’ supercells were used along with a (8 x 8 x 8) k-point mesh in the
suggested collinear AFM spin state having pure Fe or Mn atomic [0001]
layers (named herein pure[0001]) [42] and a system with mix Fe-Mn
[0001] layers, as expected due to the geometry of ordered y-FeMn
(111) austenite structure, resulting in 26 configurations (named herein
FeMn [0001]). In addition, e-FeMn represents the e-FesoMns (at%) and
e-Feq9 50Mns0.41 (Wt%) in atomic and weight percent, respectively. The
Ag substitution in e-FeMn was accounted in a similar way as for y-FeMn,
resulting in e-Fess.91Mnug 18A85.01 (Wt%) or e-Fesg 915Mnys 14A85.01 (Wt
%) for the different first neighbor environments (when replacing Fe or
Mn by Ag) named therefore e-FeMn-6Ag. The case of both Fe and Mn
atoms’ substitution results in e-Fe44 62Mny3 89Ag11.49 (Wt%) and named
e-FeMn-12Ag in wt% for an easier comparison with the experimental
data.

The atomic relaxations were continued until the Helmann-Feynman
forces acting on the atoms were less than 0.01 €V/A and the total energy
changes were less than 107% eV. All the calculations were carried out in
spin-polarized mode.

3. Results and discussion
3.1. Effect of Ag addition on microstructure of FeMn alloys

The SEM images of the synthesised porous alloys are shown in
Supplementary Fig. S1. The alloys show a similar porous microstructure,
with macropores of around 20 pm for all the investigated compositions.
The percentage of macroporosity, calculated from the SEM images, was
between 18% and 22% and increased slightly with Ag content. Fig. 1
shows the XRD patterns of the four studied alloys. Equiatomic FeMn and
FeMn-1Ag samples mainly possess the face-centered cubic (fcc)
y-austenite phase, which is in accordance with the Fe-Mn phase diagram
for this composition [43]. Meanwhile, the FeMn-3Ag and FeMn-5Ag
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Fig. 1. XRD patterns of FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-5Ag sintered
alloys. The symbol y corresponds to fcc austenite, while & denotes the peaks
from hcp martensite phase.

samples consist of a mixture of phases, namely fcc y-austenite and
hexagonal close-packed (hcp) e-martensite phases. This is a rather sur-
prising result given the small amount of added Ag. In fact, the
martensitic phase in FeMn alloys is typical for lower Mn contents, of 15
—30 wt% [18,44]. It has been reported that the driving force for the
e-martensite phase is the low stacking fault energy upon the addition of
manganese and other elements to Fe [8]. Our results reveal that the
addition of small amounts of Ag may significantly contribute to the y to e
phase transformation. Fig. 1 also reveals small amounts of
iron-manganese oxides formed during the sintering process. The weight
percentage of phases was calculated using X'Pert HighScore Plus soft-
ware and the results have shown that the percentage of martensite
content increases from O wt% in FeMn to 71.5% and 77 wt% in
FeMn-3Ag and FeMn-5Ag, respectively. Accordingly, the percentage of
austenite decreases from 100% in FeMn to 26.5% and 23 wt% for
FeMn-3Ag and FeMn-5Ag, respectively.

Figs. 2 and 3 show the bright-field TEM images of the FeMn and
FeMn-5Ag samples, respectively, together with their selected area
electron diffraction (SAED) patterns. The samples were cut from a dense
area to avoid the occurrence of pores. These figures clearly demonstrate
the distinct features of the two samples. In Fig. 2(a,b), the FeMn alloy
(with no Ag) shows the presence of elongated grains, with a thickness of
approximately 20 nm. The microstructure contains a large number of
defects, and it is difficult to clearly define the grain boundaries. The
SAED pattern, shown in Fig. 2(c), confirms the presence of y-austenite,
where (111), (200), (220) and (311) planes were identified, with a lat-
tice constant of 3.56 + 0.03 A. This value is in accordance with the
lattice constant of the y-austenite phase in Fe-40Mn alloy as described in
the literature [45]. In Fig. 2(a) we can observe some bright, rounded
particles, with a diameter of approximately 200 nm, which can be
attributed to iron-manganese oxide, as also detected in the corre-
sponding XRD pattern (Fig. 1).

In the FeMn-5Ag sample presented in Fig. 3, the grains are more
equiaxed and larger, with a size of approximately 400 nm. The grain
boundaries are very well defined. Apart from austenitic grains, the ¢
phase is also present, as shown in Fig. 3(a) (orange) and confirmed by
SAED (Fig. 3b). Specifically, the reflections from (111),, (200), and
(100), were identified in Fig. 3(b). Meanwhile, spots attributed to y
austenite are present in Fig. 3(c). The lattice constant of the y phase was
3.56 + 0.04 A. The a lattice constant of the ¢ martensite, calculated
based on the (100) interplanar distance, was 2.53 + 0.03 A, which
agrees with values reported in literature [46]. The high-resolution image
in Fig. 3d together with the FFT analysis performed in the region
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(200)
(111),

Fig. 2. TEM images of FeMn alloy: (a) low magnification image, (b) magnified detail of the area enclosed within the yellow square in panel a), (c) STEM image

together with SAED pattern.

10 1/nm

Fig. 3. TEM images of FeMn-5Ag alloy (a) low magnification image with red arrows pointing to Ag particles. The inset shows the corresponding, indexed SAED
pattern where blue lines correspond to & phase and yellow lines to y phase. (b) SAED pattern of the region enclosed in the orange circle in panel a) and (c) SAED
pattern of the region enclosed in the green circle in panel a), (d) high-resolution STEM image with the FFT performed on the highlighted area in red, indicating the

occurrence of € phase.

highlighted in red shows the presence of the e-martensite (101) plane.
Moreover, apart from the austenite and martensite phases, Ag-rich
particles were identified and highlighted in Fig. 3(a) with red arrows
and confirmed by high-angle annular dark field (HAADF) and EDS
analysis, presented in Supplementary Fig. S2. These particles had a
diameter of 150-300 nm. As expected, Ag is lowly soluble in the FeMn
matrix, and therefore Ag precipitates also form.

A similar morphology of the ¢ phase has been observed in the liter-
ature [47-49]. This platelet structure of ¢ martensite, as shown in Fig. 3
(a), subdivides y grains by moving from one-grain boundary to the other
on the opposite side, which was identified as Type II e-martensite [49].
The subdivision of y grains leads to a dynamic grain refinement, which
in turn may lead to an improvement in the mechanical properties of the
Ag-containing alloys. The type of martensite formed depends on the
initial size of the y grains and it has been shown that an extensive grain
refinement suppresses the y to e transformation [49]. This may be the
reason why the martensite phase is observed only in the big grains of the
y phase.

3.2. Effect of Ag on atomic structure and spin configurations

Aiming to understand the influence of Ag in the structural properties
of FeMn-Ag alloys, DFT calculations were performed for several atomic
rearrangements in y-FeMn and e-FeMn and spin states. The starting
points were the AFM collinear (1Q) and non-collinear (2Q or 3Q) spin
states for the y-FeMn primitive unit cell available in the literature [37,
39,42] along with the AFM collinear e-FeMn phases [42], as shown in
Fig. 4(a,b). These DFT studies on y-FeMn alloys with collinear or
non-collinear spin states found for the y-FesoMnsg an energy preference
towards the 2Q and 3Q states along with an underestimation of the
experimental lattice constant (3.54 A with GGA and 3.42 A with local
density approximation (LDA) [37,39,42]) except from the introduced
frozen core approximation in the exact muffin-tin orbital (EMTO-DFT)
method [39]. To this end, most of the previous theoretical studies on

-FesoMnso were performed at the experimental lattice constant
(3.63 A) or its extrapolation at zero temperature (3.60 A) [37,39] since
it was really interesting to understand the existence of different AFM
(1Q, 2Q, 3Q) spin states and verify the related lack of experimental
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Fig. 4. FeMn-Ag alloys’ selective atomic structures for (a) austenite and (b) martensite phases along with the main AFM collinear (1Q) and non-collinear (2Q and 3Q)
spin states. Fe, Mn and Ag atoms are depicted by gold, magenta and grey spheres. (c) Total energy difference AE of AFM collinear and non collinear spin states for
different atomic rearrangements and crystal structures. AE’s negative values denote alloy stability against their corresponding pure element phases. Open and filled
symbols represent the DFT results on the theoretical and the experimental lattice constants while y-Collinear (y-C in green circles), y-Non-Collinear (y-NC in blue
squares) and e-Collinear (¢ in red diamonds) stand for spin states. As a guide to the eye, dashed lines correspond to the average AE values of all under-study stable (AE
< 0) configurations for each structure y-C (green line), y-NC (blue line) and ¢ (red line) that might coexist in the experimental conditions. The difference between the
y and ¢ phases’ energetically favoured AE values is denoted by a black vertical arrow while the corresponding deviation between the average values is shown with
dashed vertical arrows. The compositions FeMn-6Ag (wt%) describe the y-Fe4s 91 Mg 18A8s 01 (Wt%) and y-Feyg 915Mnys 14A8s 91 (Wt%) cases while FeMn-12Ag (wt

%) refers to Feqs 75Mnae 51A811.49 (Wt%).

consensus concerning the favoured spin configurations. In line with
these previous calculations, the current DFT results also underestimate
the y-FeMn lattice constant (3.53 A and 3.54 A for the collinear and
non-collinear primitive unit cells) compared with the projected
augmented wave (PAW) method (3.53 A) and simple EMTO (3.54 A)
[39] and the experimental results of this work, presented in Fig. 1.
Therefore, in Fig. 4(c) the current DFT results are presented for both
cases: i) at the experimental lattice constant (filled symbols) and ii) for
the totally relaxed (unit cell and atomic positions) configurations (open
symbols). The total energy difference (AE) was estimated for all cases
using the Eremn.ag total energy corresponding to all studied spin states,
compositions and atomic environments in order to reveal the energeti-
cally favoured structure using the expression (Eq. 1):

AE = Epemnag — (NFeEre + NMnEmn + NagEag) [€D]

where Epe, Emy and Eag stand for the corresponding austenite or
martensite single elements’ structure and Nge, Nyn and Npg are the
related number of atoms. AE was calculated in order to be able to
compare different phases, Ag contents and cells’ sizes. It should be noted
that although several units and supercells (ordered or even disorder-
like) are chosen in this work, in total 84 configurations, they cannot
be directly compared to the experimentally observed solid solution
austenite and martensite phases, which sometimes even co-exist.
Nevertheless, they might provide an estimation of the FeMn behaviour
upon Ag addition.

Starting with the binary alloy, for the y-FeMn collinear states (1Q)
different AFM spin moment combinations on the 4-unit cell’s atoms (up
or down) have been considered following the spin configurations
depicted in [37] and presented in Fig. 4(c) with filled green spheres.
Although the energy difference between the several collinear AFM spin
states is small (up to 0.05 eV/atom) in line with [37], the results of this
work reveal the AFM collinear 1Q of Fig. 4(a) that has antiparallel Fe-Fe

(1)) and Mn-Mn(1|) moments as the most energetically favored [37,39].
Nevertheless, the non-collinear 2Q (having the spins pointing along the
[110], [110], [110], [110] as in [39]) and 3Q (with spins towards the
center of the unit cell, similar to [35,39]) are energetically favored
against all collinear configurations, in line with previous studies [37,
39]. It should be noted that the non-collinear energetically favored
y-FeMn of this work has the Fe moments parallel to each other and the
Mn moments creating a global anti-parallel magnetization as expected
from the approach we have used [37]. The y-FeMn disorder relaxed
supercell also shows a preference towards the non-collinear state
(—2.09 eV) compared to the collinear state (—0.96 eV) while the
collinear y-FeMn unit cell of the (111) face (—0.22 eV) has almost the
same energy with all collinear y-FeMn primitive unit cells (oriented
along (001)) as expected. Concerning the martensite e¢-FeMn, the
experimentally suggested structure having pure [0001] Fe or Mn atomic
layer sequence [42] was considered and found to be unfavored
(—0.88 eV) compared to mixed FeMn [0001] atomic layers which are
related to the y-FeMn (111) face geometry (—1.75 eV), both calculated
at the experimental lattice constants a = 2.53 A and ¢ =4.079 A of
e-FegoMnyg [50], Fig. 4(b). Similar e-FeMn mixed structure preference
was found when using the present work’s e-FesoMns lattice constants a
=247 Aandc=3.93A having only a AE underestimation (the FeMn
[0001] shows —0.66 eV against pure [0001] e-FeMn —0.07 eV). It
should be noted that the AFM collinear and non-collinear e-FeMn states
reveal equivalent AE (the difference might be 0.01 eV) and therefore are
presented in Fig. 4(c) with the same symbol (diamond).

Turning on the ternary FeMn-Ag system, the same austenite and
martensite binary supercells were used to reveal the effect of Ag sub-
stitution, as shown in Fig. 4(a,b). In the ordered y-FeMn-6Ag (wt%), the
two available cases of Fe (y-Fesp g75MnsoAgs 125 (at%) or y-Fegs.giM-
nN48.18A85.91 (Wt%)) or Mn (y-FesoMnye 875A83.125 (at%) or y-Fesg 915M-
Ny5.14A85.91 (Wt%)) substitution by Ag atoms were considered. In Fig. 4
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(a), the energetically favored y-FeMn-6Ag (y-Fesp 875MnspAgs 125 (at%)
or y-Fess.91Mnag 18Ag5.01 (Wt%)) atomic and spin configurations are
presented where Ag prefers to have as many as possible Mn atoms in the
first neighborhood. In particular, the collinear 1Q AFM y-Fess.91M-
nyg.18Ags5.091 (Wt%) (—2.06 eV) of Fig. 4(a) is favored against the
collinear 1Q AFM y-Feys 915Mnys 14A85.91 (Wt%) (—1.48 eV) with more
Fe atoms as seen in Fig. 4(b). Interestingly, all y-FeMn-6Ag (wt%) non-
collinear states are less preferred compared to the binary FeMn cases
while the average AE (dashed lines) shows equivalent values between
y-NC and y-C. Furthermore, Ag prefers the FeMn [0001] martensite
e-FeMn-6Ag (wt%) configuration by 1 eV against the pure [0001] as
well as the Fe atomic position (—1.53 eV in Fe site, e-Feys91M-
ny4g.18A85.91 (Wt%), and — 1.39 eV in Mn site, e-Fesg915Mnas 14A85.01
(Wt%). Fig. 4(c)). Similar preference was observed for the austenite
phase, revealing the Ag preference towards a ‘rich in Mn’ 1st neigh-
borhood environment.

Upon Ag enrichment, in Feys 75Mnye 51A811.49 (Wt%) or FeMn-12Ag
(Wt%), where two Ag atoms might become first neighbours, the
austenite collinear states are favored compared to the non-collinear ones
while including the martensite cases all AE values decrease, as shown in
Fig. 4(c). Moreover, at much higher Ag compositions, e.g. the FeMn-
39Ag (wt%) which describes the four atom primitive y and ¢ unit cells
with compositions y-Feso.16Mngo.41A83043 (Wt%) and y-Fegpo1M-
n40.69A839.30 (Wt%) (not included in this figure), the AE values become
positive revealing this system’s instability. Concerning the spin states,
the y-Fess75Mnyge 51A811.49 (Wt%) or y-FeMn-12Ag (wt%) AFM 1Q
(—1.51 eV) state and the &- Fe4s 75Mn4e.51A811.49 (Wt%) or e-FeMn-12Ag
(wt%) in the mix FeMn [0001] (—1.23 eV) configuration seem to be the
preferred ones (Fig. 4(b, ¢)).

Overall, the results shown in Fig. 4(c) indicate that the energy dif-
ference between the austenite and martensite phase progressively de-
creases with the increase of Ag content as denoted by continuous black
vertical arrows in Fig. 4(c) between the energetically favored structures
or with a dashed black vertical arrow between the average AE values of
all stable understudy (dashed blue, green and red lines stand for y-NC,
y-C and ¢ configurations). In particular, for FeMn the energy difference
between the favored y-NC (AE = —2.66 eV) and &€ (AE = —1.75 eV) is
0.9 eV, while for y-Fe4s.91Mnyg 18A85.91 (Wt%) or y-FeMn-6Ag (wt%) the
v-C (AE = —2.06 eV) becomes favored against y-NC and differs to € (AE
= —1.53 eV) by 0.5 eV and is further reduced to 0.3 eV at Feys75M-
N46.51A811.49 (Wt%) or FeMn-12Ag (wt%). Similarly, the difference be-
tween the average AE austenite and martensite values decreases from
0.9 eV (FeMn, y-NC and ¢) to 0.3 eV (Fess591Mnug 18A85.91 (Wt%) or
FeMn-6Ag(wt%), y-C and ¢€) and 0.2 eV (Fe4s 75Mngg 51A811.49 (Wt%) or
FeMn-12Ag(wt%), y-C and ¢). The small energy difference (0.3 eV on
average or 0.5eV in favoured cases) between these austenite and
martensite states in Fe4s91Mnyg 18A85.91 (Wt%) or FeMn-6Ag(wt%) ex-
plains the experimental results of this work, which found a co-existence
of both phases at FeMn-5 wt% Ag (Fig. 1).

3.3. Intrinsic stacking fault energy considerations

Aiming to further understand the influence of Ag addition on the
FeMn austenite-to-martensite phase transformation, the intrinsic stack-
ing fault energy was evaluated. The pure Fe and FeMn cases were
considered first due to the absence of FeMn-xAg stacking fault energy
calculations. Concerning the non-magnetic pure Fe at 0 K, previous ab
initio calculations revealed that the hexagonal close packed stacking is
energetically favored with respect to the fcc stacking [13-15]. There-
fore, the fcc(111) structure with an intrinsic stacking fault plane (...
ABCABCA|CABC...) that locally mimics the hep stacking plane is more
stable than the perfect fcc phase [13-15]. It should be noted that in the
fcc phase there might be several stacking faults irregularities in the three
ABC (111) atomic planes’ sequence. The perfect ABCABCABC stacking
sequence could change to: a) twin boundary that has a twin mirror plane
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ABCACBA, b) the intrinsic stacking fault (ISF) that has a “missing” plane
due to shear and a sequence ABCABCA|CABC while c) the extrinsic
stacking fault ABCACBABC that has an extra plane. This description
becomes more complicated in the case of alloys like y-TiAl or y-FeMn
where the local chemical neighborhood or magnetism are also involved.
In this work the intrinsic stacking fault was considered since it is directly
related to the generalized stacking fault energy or y surface that is
defined by shearing two parts of the crystal with respect to each other
along a certain plane (here in the (111) plane). The intrinsic stacking
fault corresponds to a particular shear point (u'/3 along the [121])
where the existence of a minimum on the y surface suggests that the
transition is favoured [13,14,51-53].

The pure Fe and FeMn supercells having 6 fcc(111) unit cells along
the [111] axis and periodic boundary conditions in the in-plane meshed
by 2 x 4 x 1k-points were firstly considered following Bleskov [13] and
Gholizadeh et al. [14]. In Fig. 5(a) the case of FeMn is presented in the
perfect austenite y-phase (oriented along fcc(111) having the stacking
sequence of ABCABC) as well as the ISF which stands for shear of the
y-phase by /3 along the [121] resulting the intrinsic stacking fault
plane (...ABCABCA|CABC...) presented with a dashed black line. In
Fig. 5(a) the y-FeMn 36 atoms’ supercell represents the y-FesoMns (at
%) or y-Fesg 59Mnsg 41 (Wt%) in atomic or weight percent, respectively
while in (b) the refers to y-Fes7 sMnsoAga 77 (at%) or y-Fese 41M-
Ny4g.34A85.26 (Wt%) having 17 Fe, 18 Mn and 1 Ag atoms named for
simplicity FeMn-5Ag and in (c) the y-Fes7.20Mng7.22Agss5 (at%) or
v-Fe4s 23Mnyq 50A810.27 (Wt%) having 17 Fe, 17 Mn and 2 Ag atoms
named for simplicity FeMn-10Ag. In Fig. 5(b,c) the FeMn-Ag cases were
named FeMn-5Ag (wt%) FeMn-10Ag (wt%) for easier comparison with
our experimental data.

The intrinsic stacking fault energy (y;5z) excess due to the defect
formation is given by Eq. (3):

YisF = (Gdef - thml)/ N 3)

where Gy is the energy of the supercell with defects (the e-like phase
herein), Gigeq is the energy of the ideal fcc(111) (the y- phase herein) and
Sis the interface area over which the defect is extended [13,14]. The yg
of non-magnetic Fe, — 424 mJ m~2 for the optimized 3.45 A lattice
constant, is in line with the previous reports on ab initio calculations for
this material, ie, —422mJm 2 and -451mJm 2 [13],
— 464 mJm 2 [15] and — 450 mJ m 2 [14].

Similar ISF values were predicted for FeMn (—501 mJ m’z), as
shown in Fig. 5(a), compared to non-magnetic disordered fcc Fe-Mn
22.5at% (—450mJm~2) alloys and paramagnetic Fe-Mn40at%
(-325mJm~2) [51] as well as — 510 mJ m~2 for FeysMnp [52]. It
should be noted that although the ab initio values are really far from the
experimental values of 15-33 mJ m ™2 for Fe-Mn alloys [53] due to the
tiny and perfect (using periodic boundary conditions) supercell, they
already reveal that the ISF structure is favored over the ideal fcc perfect
structure.

The next step was to substitute Fe or Mn atoms by Ag starting from
the Fe position since Ag prefers the Mn first neighbor atoms, as described
in Section 3.2 and observed in Fig. 4.

In Fig. 5(b) the Fesq 41Mnyg 34A85.26 (Wt%) or FeMn-5Ag (wt%) case
is presented in two atomic AFM configurations having the Ag atom in
the stacking fault plane (AE = —0.87 €V) in a Fe position that is less
favored compared to a possible Fe (AE = —1.04 eV, Fe4g.41Mnug 34A85.26
(Wt%)) or Mn (AE = —1.13 eV, Fe4g.11Mnyy 22Ags.26 (Wt%)) site further
from the stacking fault plane. These results suggest that atomic Ag could
exist in several positions (close or not to the stacking fault plane) since
the difference in AE between different sites is 0.1-0.2 eV. Similar en-
ergies are expected in lower Ag compositions, like FeMn-1Ag (wt%) and
FeMn-3Ag (wt%), where the probability of Ag atoms having Fe and Mn
neighbor atoms is enhanced compared to Ag-Ag first neighbors.

Nevertheless, using the present supercells, higher Ag compositions
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Fig. 5. FeMn-xAg(111), x = 0, 5, 10 wt% atomic representation of the intrinsic stacking fault structures for characteristic cases. Fe, Mn and Ag atoms are presented
by gold, magenta and grey spheres. Dashed line denotes the stacking fault plane. The compositions FeMn-5Ag (wt%) describe the Fesg 41Mnyg 34A8s 26 (Wt%) and
Fe49.11Mn47.22A85 26 (Wt%) cases while FeMn-10Ag (wt%) refers to Fess 23Mngs 50Ag10.27 (Wt%). In Fig. 5(c) the electron charge density difference is also plotted
along with atoms where the light blue semicircles denotes depletion of the electron charge that is enhanced close to the stacking plane.

can be achieved where two Ag atoms might be first, second or third
neighbors. In Fig. 5(c) for Fess.23Mna4 50A810.27 (Wt%) or FeMn-10Ag
(wt%) the cases of Ag-Ag atoms being third (AE = +0.04 eV) neigh-
bors (one Ag atom is at the stacking plane and another one two layers
further) is unstable while the case where both Ag atoms are neighbors
and fully occupy the stacking fault plane (AE = —1.22 eV) is favored
occupying. The FeMn-10Ag (wt%) where both Ag atoms are first
neighbors but lay two atomic layers further from the stacking fault plane
(AE = —0.45 eV) is less favored. Nevertheless, the preference of having
in the system Ag-Ag first neighbors with stable configuration (AE < 0) is
in line with the existence of Ag particles in FeMn-5Ag(wt%) (see Fig. 4).
Although, there are several atomic configurations and rearrangements
that someone could take into account, the ones presented in Fig. 5(b,c)
and described in this paragraph are characteristics and could interpret
the Ag behaviour close to the stacking fault plane.

The FeMn-5Ag(wt%) intrinsic stacking fault energies with Ag atom
occupying a Fe site at the SF plane (ISF = —424 mJ m™~2) or two layers
further from it (ISF = —457 mJ m~2) increase compared to FeMn (ISF
—501 mJ m~2) but remain negative denoting the possible existence of
both phases in the crystal.

Upon full occupation of the stacking fault plane by Ag in FeMn-10Ag
(wt%) ISF decreases to ISF — 440 mJ m~2 while a smaller reduction is
found for the partial Ag occupation of the stacking plane ISF
= —413 mJ m ™2, thus showing the tendency of the system towards the
martensite structure in both configurations. In Fig. 5(c), the electron
charge density difference is presented where depletion of the electron
charge (light blue area) close to the stacking plane and the nearest
neighboring atomic layers thus weakening the interatomic bonds and
allowing therefore an easier slip of atoms and therefore a phase transi-
tion from the austenite towards martensite structure.

3.4. Effect of Ag on mechanical and magnetic properties of FeMn alloys

The mechanical and magnetic properties of the samples under study
were experimentally determined to assess the impact of the Ag content
on these properties. The compressive stress-strain curves of the studied
FeMn-xAg samples are presented in Fig. 6. The average values of the
compressive yield strength (Ry2), compressive ultimate strength (Rpy)
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Fig. 6. Compression stress-strain curves for FeMn, FeMn-1Ag, FeMn-3Ag and
FeMn-5Ag samples. Tests were performed at a strain rate of 107> s~* and halted
at fracture.
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and compressive strain (A) are presented in Table 1. The shape of the
curves indicates the high ductility of the sample, especially considering
its high porosity. All tested samples possess a high 0.2% compressive
offset yield strength (Rp 2), above 181 MPa. Among all tested samples,
FeMn-3Ag and FeMn-5Ag show the highest compressive strength (430
and 398 MPa, respectively) compared to FeMn and FeMn-1Ag, as pre-
sented in Fig. 6. The highest values of Ry 2 were obtained for the FeMn-
5Ag sample (254 MPa), whereas FeMn-3Ag possesses the highest
compressive strength (430 MPa).

FeMn-5Ag and FeMn-3Ag alloys exhibit better mechanical properties
at compression than FeMn and FeMn-1Ag alloys, with the maximum
40% increase in Rg» and 28% increase in R;, This increase in me-
chanical strength is mainly attributed to the different phase composi-
tions of the Ag-containing samples as well as to Ag precipitation at the
grain boundaries, which leads to precipitation strengthening. The
martensite platelets and Ag precipitates act as planar obstacles and can
reduce the mean free path of the dislocation movement, thereby
strengthening the material [9,54]. A similar increase in the mechanical
properties of Ag-containing FeMn alloys was previously observed by Liu
et al. [55], where the addition of 0.8 wt% Ag resulted in an increase in
yield strength from 94 to 130 MPa, which was mainly attributed to
Ag-rich particles on the grain boundaries. Even a small addition of 1 wt
% Ag leads to an improvement in the mechanical properties when
compared to the FeMn alloy. Moreover, the addition of Ag does not
cause changes in the compressive strain and the values oscillate between
7.7% and 8.8%.

In Table 1, the literature values of Rg 2, R, and A are presented for
various porous FeMn alloys. The samples presented in this study show
results comparable to the porous, selective-laser-melted (SLM)-fabri-
cated Fe-Mn alloy. At the same time, their strength is higher than that of
most other porous alloys formed by sintering of powders. Compared to
dense FeMn alloys with similar composition, our materials exhibit lower
compression strength because the macropores present in the material act
as stress concentration points during deformation.

The magnetic hysteresis loops of the FeMn—xAg alloys, measured by
VSM at room temperature, are shown in Fig. 7. The results reveal that
the saturation magnetization increases with the Ag content. Among all
tested alloys, the highest magnetization value was obtained for the
FeMn-5Ag alloy (1.075 emu g~1), whereas the lowest value was ob-
tained for the FeMn alloy without the addition of Ag (0.045 emu g™ 1).
MFM analyses were performed to further study the magnetic behaviour
of the samples. The results (see Supplementary Fig. S3) reveal that
FeMn-5Ag shows a more pronounced ferromagnetic signal than the
FeMn-3Ag sample (for which virtually no magnetic contrast is detected).
The magnetic contrast observed for the FeMn-5Ag sample indicates a
weakly ferromagnetic response, in agreement with the low saturation
magnetization observed in the corresponding hysteresis loop (Fig. 7),
which is equivalent to approximately 0.5% the value of Mg of pure Fe
(Mg e = 220 emu g’l). Since this was a counterintuitive result, DFT
simulations were also run, aiming at finding a plausible explanation, as

Table 1

Selected parameters calculated from the compression tests: yield strength (R 2),
compressive strength (Ry,) and compressive strain (A) together with literature
values on porous and dense Fe-Mn alloys.

Material Ro.2 (MPa) R (MPa) A [%] Reference
FeMn 181 +6 336+ 8 8.5+ 0.50 This study
FeMn-1Ag 205 £+ 26 352+ 14 8.3+0.3 This study
FeMn-3Ag 234+ 16 430+ 7 8.8+ 0.5 This study
FeMn-5Ag 254 +£ 10 398 £ 10 7.7+0.3 This study
SLM Fe-35Mn scaffold 89.2 304.0 - [56]
+1.9 +7.4
Porous PM Fe-35Mn 64 567 - [24]
10 wt%HA+Fe30Mn - 186 +12 - [57]
Porous Fe-44Mn 10+1 - - [58]
Dense Fe-30Mn-6Si- 353 + 34 1849 + 39 - [33]

1.2Ag
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Fig. 7. Magnetization loops of the FeMn, FeMn-1Ag, FeMn-3Ag and FeMn-5Ag
samples. Inset shows magnified region between — 2.5 kOe and 2.5 kOe.

it will be shown below. On the other hand, the fact that Mg is rather low
in all investigated material, makes them compatible with MRI scans.

3.4.1. Ag influences the FeMn magnetization and crystal’s magnetic
moment

When adding a non-magnetic material like Ag to FeMn, which is well
known for its antiferromagnetic properties [59,60], it is not easy to
explain the observed increasing magnetization trend of Fig. 7. To this
end, the first step is to deeply understand the AFM properties of FeMn.
The literature survey reveals many experimental data on Fe,Mn;_y al-
loys which do not agree on the type of AFM spin states [42,53,59-64].
For example, neutron diffraction experiments found AFM long-range
order in chemically disorder bulk y-Fep7sMng a5 [42,59], similar to
the 1Q spin state in Fig. 4(a), while Mdssbauer neutron diffraction
measurements revealed three AFM states depending on the Mn
composition named 1Q (the collinear structure for Mn -rich and Fe-rich
contents) and 2Q or 3Q (the non-collinear ones for y-FeyMn;_y, 0.3 <
x < 0.8 alloys) [59-61]. Moreover, the addition of Mn drastically re-
duces the magnetic susceptibility of Fe-based alloys [55] while for
FexMn; _y, 0.3 < x < 0.8 alloys, experiments suggested the 1Q state for
Fep s6Mnyg 34 [62], the 3Q (partially the 2Q) state for Feg sMng 5 [63] and
the 3Q for Feps4Mng4¢ [64], resulting in a lack of experimental
consensus. This behaviour could be attributed to bcc Mn which not only
undergoes a first-order transition from a low spin state to high spin state
in both ferromagnetic (FM) and AFM states, but it is also sensitive to
compression or expansion [65]. To this end, earlier calculations revealed
anarrow double moment region where low and high spin states co-exist,
giving rise to dissimilar lattice constants [66]. Therefore, the introduc-
tion of a third element in the system, like Ag, could introduce local stress
(compression or expansion in the interatomic distances) which might
lead to different behaviour in the magnetic properties, in line with C
addition in Fe-Mn-C, which may give raise to spin-glass-like regions
[67]. It is worth reminding here the Ag preference towards Mn’s first
neighbour atoms as depicted in Fig. 4 (Section 3.2), which means that
the electronic and magnetic properties of Mn atoms are mainly affected
by Ag atoms. Furthermore, in previous reports describing Fe-30Mn-xAg
alloys, the authors found a tendency to decrease the magnetization upon
the addition of Ag [30]. For example, in the reports by Liu et al. [30,55],
the addition of up to 5 wt% Ag led to a slight decrease in magnetic
susceptibility. In our case, the FeMn-xAg, as shown in Fig. 8(a), reveals a
small increase in magnetization upon Ag addition which can be a result
of the higher Mn amount (~50 wt%) along with the observed phase
transformation and the corresponding co-existence of y and € phases that
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Fig. 8. Magnetization of FeMn-xAg by experimental (a) and theoretical (b) data. In (a) the magnetic moment in pg/atom is derived from the Magnetization Ms. The
compositions FeMn-6Ag (wt%) describe the y-Feys 91Mnug 18Ags.01 (Wt%) and y-Fesg 015Mnys 14A85.91 (Wt%) cases while FeMn-12Ag (wt%) refers to Feys 7sM-
Ny6.51A811.40 (Wt%). In (b) open and filled symbols represent the DFT results on the theoretical and the experimental lattice constants while y-Collinear (y-C in green
circles), y-Non-Collinear (y-NC in blue squares) and e-Collinear (¢ in red diamonds) stand for spin states in line with Fig. 4. As a guide to the eye, the average values of
all under-study for each structure y-C (green line), y-NC (blue line) and ¢ (red line) that might coexist in the experimental conditions are also shown. The energetically
favoured y-NC, y-C and ¢ cases are highlighted by magenta squares. Note that the experimental values of Mg are a bit lower than the theoretical ones. This can be due,
at least in part, to the formation of Ag precipitates (i.e., a fraction of the Ag added to the system does not get introduced into the FeMn crystallographic structures but,
instead, remains in the form of Ag precipitates). Also, bear in mind that the calculations were performed at tiny periodic unit cells and 0 K whereas the magnetic

measurements are performed at room temperature.

possess different magnetic properties.

Firstly, the total crystal magnetic moment was calculated in order to
compare it with the experimental data of this work. In Fig. 8(a, b) both
experimental magnetization, Mg, and DFT crystal magnetic moment are
enhanced with Ag content. In Fig. 8(a) the magnetic moment (up/atom)
is also calculated from the experimental magnetization Ms (emu g~ 1)
and the weighted g mol ™! percentage for FeMn - x Ag (x = 0, 1, 3, 5) %.
In Fig. 8(b), the y-FeMn crystal magnetic moment of the favored non-
collinear y-NC is zero (denoted by blue square), in agreement with
previous theoretical and experimental data [35,39]. Nevertheless, the
average crystal magnetic moment values of all the under-study cases in
Fig. 4 are almost zero. In particular, the energetically favored e-FeMn
shows an average crystal magnetic moment of 0.065 pg atom™! (from
Oupto0.13 pg atom ™) for several configurations and spin states which
might coexist in the experimental conditions.

Concerning the FeMn-6Ag wt% and FeMn-12Ag wt% alloys, the
average crystal magnetic moment also depends on the spin states and
structural configuration along with compositions showing, nevertheless,
a small Mg increase behaviour upon Ag substitution. Namely, the
average crystal magnetic moment of y-NC and y-C tends to increase upon
Ag substitution, similar to the experimental magnetization, while the &
magnetic moment is also enhanced in e-FeMn-6Ag. The calculated
magnetic moment of the energetically favored configurations is pre-
sented in Fig. 8(b) showing the enhanced pg upon Ag substitution.
Although there is an agreement between the present experimental data
and the theoretical calculations, one should bear in mind that the DFT
unit cells are tiny and cannot include dislocations or grain boundaries
which might also influence the spin states and the concomitant magnetic
moments. The increase of the Fe magnetic moment upon a non-magnetic
element like Cu was also observed in the nanocluster cases [68].

3.4.2. Ag alters the Fe and Mn atomic magnetic moment

The Fe and Mn atomic magnetic moment of austenite and martensite
structures were evaluated with and without Ag atoms. Starting with the
y-FeMn, the atomic magnetic moments stand in the range of 1.3-1.8 pg
for the Fe (mg.) and within 1.83-2.4pp for the Mn (my,) atoms, in line
with previous GGA-DFT calculations [37,39]. In particular, the ener-
getically favored 1Q collinear configuration of Fig. 4(a) has
mpe= + 1.56 pg and myy = + 2.20 pg compared to =+ 1.54 pg and
+ 2.08 pp, respectively, of Ref. 35 while the 3Q non-collinear spin state
mpe (1.87 pp) and myy, (2.17 pp) are in line with the corresponding mg.
(1.85 pp) and myy, (2.12 pg) [37]. It should be noted that, like in pre-
vious DFT studies, for all under-study cases of y-FeMn, the atomic

magnetic moment of Mn is always higher than the Fe ones. The average
magnetic moment of y-FeMn is zero for the AFM collinear 1d spin states
due to the Fe-Fe and Mn-Mn nearest neighbor antiferromagnetic in-
teractions and 0.008 pg atom ! for the noncollinear 3Q configuration
while non-zero but relatively small (less than 0.06 pg atom 1) values are
found for the other austenite spin states. The Fe and Mn atomic magnetic
moments in e-FeMn are reduced compared to the y-FeMn while the my,
values might be similar or even smaller than mge. In particular, the
favored FeMn [0001] AFM spin state has mp. = 1.42 pg and my
—1.15 pp at the e-FesoMnsg and might be lowered to mg. = 0.65 pg
and my, = —0.42 pg in the relaxed DFT e-FesoMns lattice. It should be
noted that all e-FeMn cases prefer the AFM spin states against the FM
ones in line with [42]. These DFT results are in agreement with the
experimentally observed magnetic moment reduction due to increase of
Mn content [60] especially when co-existence of both y and ¢ phases
holds.

Concerning the y-FeMn-6Ag wt%, the collinear AFM spin state be-
comes favoured along with the Ag preference in Mn-rich 1st neighbour
environment shown in Fig. 9. Although the Ag atomic moment is
virtually zero, the presence of Ag atom alters the 1Q collinear spin
symmetry of the y-FeMn system influencing the atomic magnetic
moment of the Fe and Mn neighbouring atoms compared to the y-FeMn
(mpe = £ 1.56 pg and my, = =+ 2.20 pg), resulting in a range from 0.25
to — 1.72 pp for mge and from 2.08 to 2.62 pg for my, which depends on
the neighbor distance and the spin direction. In particular, Ag has 12
first neighbors consisting of four Fe and eight Mn atoms. The Fe first
neighbors are located in the same (001) plane with Ag and show
— 1.72pg while upon Ag introduction they lose — 0.02 e per atom. In
addition, due to atomic relaxation, the Ag-Fe first neighbor distance

increases to 2.624 A compared to 2.546 A (stand for a‘/7§, a=236A
experimental value used in the simulation cell) resulting in 3.1% local
expansion of the Ag-Fe bonds and therefore local stress. In the third
column of Fig. 9(a) the electron charge density difference is depicted
along with the Ag, Fe and Mn atomic balls. The blue sphere around Ag
particle denotes the Ag’s spherical 5 s electron charge depletion (—0.024
e per atom) which also affects its first and second neighbourhood. In
particular, the second Ag-Fe neighbors retain the 3.6 A distance but they
gain charge + 0.03 e” per atom which is presented by green hemispheres
in the third column. The rest of Fe neighboring atoms’ distances are not
affected by the Ag presence although they gain charge similar to the
second neighbors. The Mn-Ag first neighbor distance is expanded by
3.4%, the atomic magnetic moment is increased to 2.62 pg or — 2.95 pg
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Fig. 9. FeMn-Ag atomic representation and spin state, atomic magnetic moment and electronic charge density difference: (a) y-FeMn-6Ag wt%, (b) y-FeMn-12Ag wt
% and (c) e-FeMn-12Ag wt%. Fe, Mn and Ag atoms are presented by gold, magenta and grey spheres. Dashed lines denote the Fe (gold) and Mn (magenta) atomic
magnetic moment of y-FeMn (in a, b) or e-FeMn (in c¢). In the third column the electron charge density difference revealing charge transfer is shown along with the
atomic representation, as blue spheres around Ag atoms and blue/green hemispheres with isovalue + 0.1 (for charge gain e’/Bohr® in green) and — 0.1e’/Bohr® (for

charge lose in blue).

compared to my, = =+ 2.20 pp of the pure y-FeMn, as shown in Fig. 9
(second column). In line with Fe, the Mn first neighbor atoms of Ag lose
charge — 0.02 e /atom (average value on the 8 atoms presented with
blue hemispheres in the third column) while the following neighbors
gain charge (green hemispheres). This charge loss or gain is also illus-
trated in the electron charge density difference Ap of the third column in
Fig. 9 where the blue spherical area around the Ag atom denotes that the
5 s orbital main loss (—0.024 e per atom) also affects the neighbouring
atoms. In particular, the electronic charge transfer on the Ag’s neigh-
borhood atoms, caused by Ag, reveals electric dipole moment features
on the Fe or Mn atoms having charge loss close to Ag (blue hemisphere)
and charge gain away from Ag (green hemisphere) in the bond direction
between Ag and all neighboring atoms.

Similar behaviour is also depicted in the case of y-FeMn-12Ag wt%
and e-FeMn-12Ag wt%, now influencing a higher number of Ag atoms’
neighbors. In the case of e-FeMn-12Ag wt%, the Fe (from 1.10pp up to
1.9pp) and Mn (—2.30pp) first neighbor atomic magnetic moments in-
crease compared to the pure e-FeMn (+1.37pg for Fe and —1.11pg for
Mn) while the Fe next-next nearest neighbors reveal smaller atomic
magnetic moment (from 0.2pg up to 0.9pp) and slowly converge towards
the e-FeMn far from Ag atoms. The Ag-Fe first neighbor bonds are
expanded from 1% up to 4% along with the Ag-Mn bonds (2%) showing
the local stress introduction by Ag that might be responsible for the
changes of spin states, in line with bcc Mn spin alterations due to
expansion or contraction [65,66]. In addition, charge transfer is

10

observed in the electronic charge density difference from the Ag atoms
and its first neighbors (blue area indicated charge loss) towards the
second and third neighbors (green hemispheres show charge gain and
blue hemispheres charge loss along the Ag-neighbor atoms directions.).
This Ag charge loss (0.02 e per atom), although small, is due to Ag’s
unpair 5 s electron resulting in a positively charged Ag ion in the FeMn
matrix, revealing the will of Ag to offer electrons to the system. This in
turn might be related to its antibacterial properties and its ability to
induce generation of reactive oxygen species [69,70]. Charge transfer
between Ag and Al has been also found in the case of Ag in AIN matrix
affecting the electronic properties and bonding characteristics [71].

4. Conclusions

The present study was devised to determine the effect of Ag on the
phase composition and physical properties (mechanical and magnetic)
of FeMn alloys. The study consisted of a variety of experimental tech-
niques and was supported by theoretical calculations. The basic struc-
tural and magnetic properties of FeMn were reproduced in line with
previous data.

This study has experimentally identified the co-existence of y-FeMn
and e-FeMn upon Ag addition to equiatomic FeMn alloys, which is
related to the decrease of the ISF energy along with the decrease in the
AE between the two phases. The Ag atoms prefer the ISF sites, thus
depleting the electron charge at the SF plane and its neighboring atomic
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layers, lowering the interatomic bond strength and allowing an easier
slip and a possible transition from the austenite towards martensite
structure. Small Ag contents in FeMn alter the well-known non-collinear
FeMn spin configuration due to the modification of its nearest neighbor
Fe and Mn atomic magnetic moment. In addition, Ag prefers the Mn-rich
against the Fe-rich first neighborhood, affecting however both Mn and
Fe nearest neighbors’ atomic magnetic moment, expanding the first
neighbor bond length and causing local stress. As a result, although Ag
has almost zero magnetic moment, it causes a gradual increase in the
FeMn magnetization.

The addition of Ag led to an increased mechanical strength of FeMn
alloys at compression, which was attributed to the presence of
e-martensite as well as to precipitation strengthening. Our results could
be used for the design of functionalized FeMn-Ag based alloys with
targeted structures and properties, suitable for widespread technological
applications.
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Fig. S1: SEM micrographs of the polished surface of (a) FeMn alloy, (b) FeMn-1Ag, (c) FeMn-3Ag and (d)
FeMn-5Ag alloys
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Fig. S2: High angle annular dark field (HAADF) image of the region containing Ag-particles (a) together with
EDS analysis of particles marked with 1 (b), confirming the Ag-rich precipitates.
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4. Results as a compilation of articles

4.3 Paper 3: Accelerated biodegradation of FeMn porous
alloy coated with ZnO: effect on cytocompatibility and
antibiofilm properties

The third and last study focuses on the deposition of ZnO coating onto
previously developed FeMn porous alloy by dip-coating and the evalua-
tion of its effect on biodegradability, cytocompatibility and antibiofilm
properties.

The study delved into the impact of the ZnO coating on various aspects
such as the material’s internal structure, degradation rate, cytocompatibil-
ity, and its antibacterial and/or antibiofilm properties. The biodegradabil-
ity of newly developed materials was analysed through static immersion
tests in HBSS performed for up to 28 days. The results revealed that
the degradation rate of FeMn/ZnO sample is significantly higher than
that of uncoated FeMn. This was attributed to several factors such as the
segregation of Fe at grain boundaries, the development of iron-manganese
oxide, and the limited formation of degradation products on ZnO.

In addition, the study included indirect cytotoxicity tests using Saos-2
cells cultured in sample-conditioned media and the findings showed no
significant cytotoxicity in concentrations equal or below 50%. Further-
more, when assessing the formation of bacterial biofilms by S. aureus,
the FeMn/ZnO-coated samples exhibited a noticeable reduction in total
biofilm volume compared to the uncoated FeMn samples, which was mainly

attributed to the accelerated degradation rate.

Overall, the results indicate that depositing a ZnO coating on FeMn
alloys significantly enhances the degradation rate of the material, main-
tains cytocompatibility and diminishes the accumulation of biofilms in
comparison to uncoated FeMn alloys.
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4.3 Accelerated biodegradation of FeMn porous alloy coated with ZnO

Accelerated biodegradation of FeMn porous alloy
coated with ZnO: effect on cytocompatibility and

antibiofilm properties

Aleksandra Bartkowska!, Adam Benedict Turner??, Andreu Blanquer?,
Aliona Nicolenco®, Margarita Trobos??, Carme Nogues®*, Eva Pellicer!,
Jordi Sort!®

'"Departament de Fisica, Universitat Autonoma de Barcelona, E-08193
Cerdanyola del Valles, Spain

2Department of Biomaterials, Institute of Clinical Sciences, Sahlgrenska
Academy, University of Gothenburg, Gothenburg, Sweden

3Centre for Antibiotic Resistance Research in Gothenburg (CARe),
University of Gothenburg, Gothenburg, Sweden

“Departament de Biologia Cel - lular, Fisiologia i Immunologia, Univer-
sitat Autonoma de Barcelona, E-08193 Cerdanyola del Valles, Spain

SCIDETEC Surface Engineering, Basque Research and Technology
Alliance (BRTA), Paseo Miramon 196, 20014 Donostia-San Sebastian,
Spain

®Institucié Catalana de Recerca i Estudis Avangats (ICREA), Pg. Lluis
Companys 23, E-08010 Barcelona, Spain

113



Surface & Coatings Technology 471 (2023) 129886

SURFACE &
COATINGS
TECHNOLOGY

Contents lists available at ScienceDirect

Surface & Coatings Technology
|

SEVIER

EL

journal homepage: www.elsevier.com/locate/surfcoat

Accelerated biodegradation of FeMn porous alloy coated with ZnO: Effect
on cytocompatibility and antibiofilm properties

Aleksandra Bartkowska %1 Adam Benedict Turner >%' , Andreu Blanquer 4" Aliona Nicolenco ¢,
Margarita Trobos ™", Carme Nogues, Eva Pellicer >, Jordi Sort ®'

? Departament de Fisica, Universitat Autonoma de Barcelona, E-08193 Cerdanyola del Valles, Spain

Y Department of Biomaterials, Institute of Clinical Sciences, Sahigrenska Academy, University of Gothenburg, Gothenburg, Sweden

¢ Centre for Antibiotic Resistance Research in Gothenburg (CARe), University of Gothenburg, Gothenburg, Sweden

d Departament de Biologia Cel-lular, Fisiologia i Immunologia, Universitat Autonoma de Barcelona, E-08193 Cerdanyola del Valles, Spain

¢ CIDETEC Surface Engineering, Basque Research and Technology Alliance (BRTA), Paseo Miramon 196, 20014 Donostia-San Sebastian, Spain
f Instituci6 Catalana de Recerca i Estudis Avangats (ICREA), Pg. Lluis Companys 23, E-08010 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords:
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iron-manganese alloys

Fe-based alloys are being studied as potential candidates for biodegradable implants; however, their degradation
rates remain too slow. To accelerate biodegradation while simultaneously hindering biofilm formation, a ZnO
coating was deposited onto porous equiatomic FeMn alloy discs by sol-gel method using dip coating. The effect of

(Béwt:::m atibilit the ZnO coating on the microstructure, biodegradability, cytocompatibility, and antibacterial properties were
St};phyloclt))ccm mf’rem investigated. Biodegradability experiments were performed by immersing the specimens in Hank's balanced salt
Saos-2 solution and measuring ion release after up to 28 days of immersion. The experiments showed an increased

degradation of the FeMn/ZnO sample due to Fe segregation towards the grain boundaries, formation of iron-
manganese oxide, and limited formation of degradation products on ZnO. Further, indirect Saos-2 cell cyto-
toxicity testing in 24 h sample-conditioned media showed no significant cytotoxicity in concentrations equal to
or below 50 %. In addition, the total biofilm biovolume formed by Staphylococcus aureus on the FeMn/ZnO
surface was significantly reduced compared to the uncoated FeMn. Taken together, these results show that the
ZnO coating on FeMn improves the degradation rate, maintains cytocompatibility, and reduces biofilm accu-
mulation when compared to an uncoated FeMn alloy.

1. Introduction

In recent years, metallic bioresorbable or biodegradable metals have
emerged as potential candidates for stents and orthopaedic fixation
devices such as bone pins, screws, wires, rods, or scaffolds [1-7]. The
main idea behind biodegradable metals is to provide mechanical support
while gradually degrading over a desired period of time and becoming
completely dissolved when their function is fulfilled. Owing to the use of
biodegradable materials, implant removal surgery can be avoided and
thus the costs of medical treatment and risk of infection can be decreased
[8,9]. Fe-based alloys are considered especially promising candidates for
biodegradable implant applications due to their excellent mechanical
properties and good biocompatibility. However, their degradation rate

* Corresponding authors.

is rather slow, limiting their clinical applications [2,3,10,11]. Therefore,
the scientific community is currently exploring various solutions to
enhance the degradation rate of Fe-based alloys. The common ap-
proaches include alloying Fe with other elements (e.g., C, Mn, Si),
introducing porosity in the material, or macro-/nano-pattering
[3,4,12-17]. In the past decade, surface modification approaches have
emerged as an alternative and more efficient way to improve the overall
performance of biodegradable metallic materials. These methods often
involve ion implantation [18], laser ablation [19] or deposition of
coatings [5,20-22]. For instance, zinc ion implantation on the surface of
pure iron was found to accelerate the degradation rate by creating
galvanic pairs between Fe and Zn clusters [18]. Modification of the Fe-
Mn alloys surface by laser ablation increased their biodegradability
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thanks to the formation of nanostructured metal oxides [19]. The
deposition of coatings offers greater opportunities to adjust the corro-
sion and other characteristics of the system because the ultimate prop-
erties will arise from the interplay between the two components (bulk
material and coating).

Recently, several authors have published reports on the improved
properties of Fe-based alloys achieved by the deposition of second-phase
coatings. For instance, Qi et al. [22] reported the mechanism of accel-
eration of Fe corrosion by polylactic acid (PLA) coating. A decrease in
the local pH due to PLA hydrolysis and the fact that the PLA coating
hindered the formation of a passivation layer were behind the observed
enhanced degradation. In another report, polyethylene glycol (PEG)
coatings were deposited on Fe alloy foam which helped improve its
corrosion rate [20,21]. In a study by Huang et al. [23], a collagen
coating was applied to the Fe-Mn alloy, and although it did not increase
the corrosion rate of the alloy, it helped reduce cytotoxicity and improve
osseointegration.

As biomaterial-associated infections are of concern, several ap-
proaches have been investigated to decrease the risk of infection
[24,25]. One possible solution is the deposition of antibacterial and
antibiofilm coatings on the biomaterial surface [26-28]. ZnO has been
studied as an antibacterial material, demonstrating its capability to
inhibit the growth of Escherichia coli [27] and Staphylococcus aureus
[29,30]. The mechanism of antibacterial activity of ZnO is not yet well
understood, but the production of reactive oxygen species on the surface
of ZnO that cause oxidative stress to bacterial cells, ultimately causing
their death is one of the plausible explanations [31]. Thin ZnO films can
be deposited using a wide range of techniques such as sol-gel, spin- and
dip-coating, metal-organic chemical vapour deposition, molecular beam
epitaxy, pulsed laser deposition, or atomic layer deposition, amongst
others [27,32,33]. Sol-gel approaches are especially attractive for their
simplicity and ease of tailoring the properties of the synthesised films
[33-35]. Several parameters of the sol-gel process can be controlled,
such as the type of precursor and its concentration, the type of solvent
and additives, the aging time of the mixture, the method of coating the
substrate and post-heat treatment of the materials. Sol-gel-derived ZnO
coatings have been successfully deposited on degradable Mg alloys [36]
to increase cytocompatibility and osseointegration and inhibit bacterial
adhesion and growth.

An implanted biodegradable material must be biocompatible (i.e., it
must show an appropriate host response upon implantation), it cannot
cause a toxic or allergic inflammatory response or be thrombogenic. The
biocompatibility of implant materials can be determined by two key
factors — the host reaction (caused by implanted material) and the
degradation of the material in vivo [37]. When studying degradable
metals, the second factor is crucial. The abundant degradation products
should not cause any inflammatory response. Enhanced biodegrad-
ability can influence cell viability and proliferation since the released
corrosion products can lead to histological changes in local tissues, due
to toxic solutes and also to hypersensitivity to allergens [38].

The objective of this work was to study the effect of ZnO sol-gel-
derived coatings deposited on degradable porous FeMn alloys in terms
of material biodegradability, cytocompatibility and microbial in-
teractions. The purpose of the ZnO layer deposited on the FeMn alloy is
two-fold: to favour the degradation of the alloy, and to confer anti-
biofilm properties to the material, without compromising its
cytocompatibility.

2. Materials and methods

2.1. Synthesis and characterization of ZnO coating deposited on FeMn
alloy

ZnO was deposited on FeMn porous alloy discs by dip-coating. The
porous equiatomic FeMn alloys were fabricated by powder metallurgy,
namely by ball milling of initial Fe and Mn powders, followed by
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pressing and sintering under vacuum at 900 °C. Details regarding the
synthesis of the FeMn discs can be found elsewhere [15]. The ZnO
precursor solution was prepared by mixing zinc acetate dihydrate (Zn
(CH3C00)2-2H20 > 99.0 % purity, Merck, Germany) as a starting ma-
terial, ethanol as a solvent, and monoethanolamine (CoH;NO, MEA,
>99 % purity, Merck, Germany) as a stabilizer. Zinc acetate and MEA
were purchased from Merck and used without further purification. To a
solution of 0.5 M zinc acetate, MEA was added, keeping the zinc acetate
to MEA ratio of 1:1. The solution was stirred for 2 h at 60 °C using a
magnetic stirrer working at 500 rpm to prepare a clear, homogenous
solution, and then aged for 24 h at room temperature. Before deposition,
the FeMn samples in the form of a flat disc with a diameter of 9 mm and
thickness of 2 mm were polished up to #800 grit, ultrasonically cleaned
in ethanol and dried using a nitrogen gun.

The ZnO precursor solution was deposited by dip-coating onto FeMn
discs at a withdrawal rate of 300 mm/min using a Coater 5 AC (id Lab)
operating at room temperature and 50 % relative humidity. To increase
the thickness of the ZnO layers and improve surface coverage, the dip-
ping process was repeated two times followed by mild annealing of the
deposited layers at 120 °C for 20 min after each cycle. Finally, the coated
FeMn substrates were annealed at 500 °C for 3 h in air using a Carbolite
furnace. Uncoated FeMn discs were annealed under the same conditions
and used as a reference for the ion release study.

The FeMn/ZnO samples were characterized using a scanning elec-
tron microscope (SEM, Zeiss Merlin, Zeiss, Germany) coupled with
energy-dispersive X-ray spectroscopy (EDS) detector, operating at 5-20
kV. The thickness of the ZnO coating was assessed from SEM images of
the discs tilted 60° towards the detector. The phase composition was
investigated using grazing incidence X-ray diffractometer (GIXRD) and
standard X-ray diffraction (XRD) analyses. The GIXRD patterns were
acquired at room temperature using a Malvern Panalytical diffractom-
eter operating at an angular 20 range of 25°-75°, with a step size of
0.02° and a counting time of 8 s. Standard XRD patterns were performed
on a Panalytical X'Pert diffractometer (Malvern Panalytical, UK) with Cu
Ka radiation, using an angular range of 20°-100°, with a step size of
0.026°.

2.2. Biodegradability test

The biodegradability of FeMn and FeMn/ZnO was studied under
static immersion of the samples in Hank's balanced salt solution (HBSS,
H8264, Merck, Germany) according to the ASTM-G31-72 standard.
Prior to the tests, the samples were cleaned and sterilised in ethanol.
Each disc, with a surface area of 1.25 cm?, was immersed in plastic
containers filled with 30 mL of HBSS solution. The containers were then
placed in a water bath and kept at a constant temperature of 37.5 °C. The
discs were kept in HBSS for up to 28 days. After 1, 3, 7, 14 and 28 days,
the solution was withdrawn, and the containers were refilled with fresh
media. The concentration of ions released from the material (Fe, Mn and
Zn ions) to the media was measured by inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Agilent 7900, Agilent, USA).
Prior to analysis, the media was treated with HNO3 to dissolve the solid
corrosion products suspended in the solution. Five replicas of each
sample were analysed, and the results are presented as an average +
standard error (SE).

The corrosion rate was estimated according to the release of Fe and
Mn after 1 day of sample's immersion [39] (Eq. (1)):

c*V
S*T

Cr= (€8]
where Cg is the corrosion rate given in g/m?/day; C is the released ion
concentration (g/L), V is the solution volume (L), S is the sample surface
area (m?), and T is the incubation time (days).

To evaluate the morphological and compositional changes of the
samples undergoing biodegradation, additional discs were immersed in
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the HBSS. After 3, 7, 14, and 28 days, the specimens were removed from
HBSS, rinsed with distilled water, dried using compressed nitrogen, and
kept in a desiccator until further examination. Analyses were performed
both on the surface and the cross-section of the discs. Once removed
from the HBSS, the specimens were not immersed again. The cross
sections were prepared by embedding the samples in resin, grinding, and
polishing with diamond paste up to 1 pm. Top-down and cross-section
SEM observations and EDS determinations were carried out at 10 kV
and 20 kV, respectively.

FeMn and FeMn/ZnO samples immersed for 14 and 28 days were
also characterized using X-ray diffraction to identify the products
formed on the surface. The experiments were carried out on a Bruker
diffractometer using Cu Ka radiation. The 20 region was between 20°
and 100° with a step size of 0.026°. The peaks were identified using
X'Pert Panalytical software.

2.3. Cell proliferation assays and cytotoxicity analyses

In vitro cell proliferation and cytotoxicity of FeMn and FeMn/ZnO
samples were assessed using human osteosarcoma cells (Saos-2 cell line;
ATCC HTB-85). The cells were maintained in Dulbecco's Modified Ea-
gle's medium (DMEM; Gibco, Thermo Fisher Scientific, USA) supple-
mented with 10 % fetal bovine serum (FBS; Gibco) at a controlled
temperature of 37 °C and 5 % COa.

Samples were ultrasonically cleaned with distilled water and ethanol
and then sterilised with pure ethanol. To prepare the conditioned media,
the samples were immersed in supplemented DMEM for 24 h under
standard conditions. A ratio of 1.25 cm?/mL was used, as recommended
by the ISO 10993-5:2009 standard. After 24 h, the samples were
removed, and the conditioned media were kept at 4 °C protected from
light until use. Next, the conditioned media were diluted to obtain the
extract at the following concentrations: 100 % (non-diluted), 50 %, 25
%, and 12.5 % for further analysis. In parallel, control media were
prepared by incubating media for 24 h, without any sample to obtain
aged media. ICP-OES was used to identify the released ion concentra-
tions of Fe, Mn, and Zn ions in the concentrated conditioned media (100
% extract).

The metabolic activity of osteoblasts was determined using the
Alamar Blue reagent (Thermo Fisher Scientific, USA) after 1 and 3 days
in order to evaluate the proliferation of cells exposed to the conditioned
media. A total amount of 5 x 10* osteoblasts were seeded in a 24-well
plate using fresh media. After 24 h, the media was replaced with
conditioned media at different concentrations (100 %, 50 %, 25 %, and
12.5 %), and the cells were incubated for another 24 h under standard
conditions. The conditioned media was then replaced with fresh media
containing 10 % Alamar Blue and incubated for 4 h. Afterwards, the
supernatant was collected (day 1), and fluorescence was analysed at a
wavelength of 585 nm after excitation at 560 nm using a Spark multi-
mode microplate reader (Tecan, Mannedorf, Switzerland). The cells
were then incubated with the same conditioned media previously used
and kept in the incubator during the Alamar Blue assay. Cells were
cultured for 72 h in this conditioned media and the Alamar Blue assay
was repeated as previously described (day 3). Aged and fresh media
were used as the controls. The experiments were performed in
triplicates.

In parallel, the cytotoxicity of conditioned media was assessed in
cells grown for 3 days using the live/dead viability/cytotoxicity kit for
mammalian cells (Invitrogen, United States) according to the manu-
facturer's protocol. Images of randomly selected regions were obtained
using an Olympus IX71 inverted microscope equipped with
epifluorescence.

2.4. Assessment of S. aureus adhesion and viability

2.4.1. Staphylococcus aureus ATCC 25923 culture conditions
Staphylococcus aureus ATCC 25923 (American Type Culture
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Collection, Manassas, USA) was streaked from a —80 °C glycerol stock
onto 5 % Horse Blood Columbia Agar (HBA; Media Department, Clinical
Microbiology Laboratory, Sahlgrenska University Hospital, Sweden)
followed by aerobic incubation at 37 °C overnight. After incubation,
isolated single colonies were picked with a flocked nylon swab and
inoculated into 4 mL Tryptic Soy Broth (TSB; Scharlau, Barcelona,
Spain) to achieve an optical density (ODs46) of 0.13, equivalent to 108
CFU/mL. This suspension was then diluted 1:1000 in TSB to achieve a
final working bacterial suspension (inoculum) of 10° CFU/mL. Prior to
inoculation with bacterial suspension, discs were sterilised by dry heat
sterilisation at 180 °C for 2 h.

2.4.2. Viability of S. aureus after 4 h or 24 h biofilm formation

Dry-heat sterilised FeMn,/ZnO and control FeMn discs (9 mm diam-
eter, 2 mm thickness) were added to wells of a 48-well plate, inoculated
with 1 mL of 10° CFU/mL of the previously mentioned S. aureus ATCC
25923 working bacterial suspension, and incubated aerobically and
statically at 37 °C for either 4 or 24 h.

After each time point, discs were carefully removed from the well
plate, rinsed three times in sterile saline (0.9 %), and transferred to a 15
mL Falcon Tube containing 1 mL sterile saline (0.9 %). Discs were then
sonicated (42 kHz) in a Branson 3510MT Ultrasonic Cleaner (Branson,
Brookfield CT, USA) for 30 s, followed by vortexing for 1 min at 10000
rpm. Disaggregated biofilm cells were then ten-fold serially diluted in a
combination of sterile saline (0.9 %) and Triton-X (0.1 %). These di-
lutions were plated on 5 % HBA plates and incubated at 37 °C overnight
and the viable colony-forming units (CFU) were subsequently enumer-
ated. Three independent biological experiments with duplicate samples
were performed.

2.4.3. Confocal laser-scanning microscopy and quantitative image analysis
of S. aureus biofilms

Dry-heat sterilised FeMn/ZnO and control FeMn discs were added to
wells of a 48-well plate, inoculated with 1 mL of 10° CFU/mL of S. aureus
ATCC 25923 inoculum, and incubated aerobically and statically at 37 °C
for either 4 or 24 h. Upon completion of each time-point, discs were
carefully removed from the well plate and rinsed 3 times in sterile saline
(0.9 %). After which, S. aureus adhered to the surface were stained using
FilmTracer LIVE/DEAD Biofilm Viability Kit (Invitrogen, Waltham,
United States) in the dark at room temperature for 20 min. After stain-
ing, discs were rinsed in sterile saline (0.9 %) to remove unbound stain
and transferred to a 35 mm petri-dish containing 3 mL sterile saline for
imaging on a Nikon C2+ confocal laser-scanning microscope (CLSM;
Nikon, Tokyo, Japan) with a 100x water-dipping objective (CFI Plan
100XC W). Images were taken with Z-slices of 3 pm through the S. aureus
biofilms. Biofilm thickness and biovolume were measured using Bio-
filmQ [40]. Sections imaged were taken from five randomly selected
fields of view on each material sample. Three independent biological
experiments were performed with technical duplicates.

2.4.4. SEM imaging of S. aureus ATCC 25923

Dry-heat sterilised FeMn/ZnO and FeMn discs were added to wells of
a 48-well plate, inoculated with 1 mL of 10° CFU/mL of S. aureus ATCC
25923, and incubated aerobically and statically at 37 °C for 24 h. After
incubation, both the control FeMn and FeMn/ZnO samples were care-
fully removed from the well plate and rinsed 3 times in sterile saline (0.9
%). Following this, S. aureus adhered to the surface were fixed in 4 %
formaldehyde (HistoLab AB, Sweden) for 1 h at room temperature
before dehydration in a graded ethanol series (50-, 70-, 80-, 90-, 95-,
100 %), for 5 min at each concentration, with the final 100 % step being
repeated once.

The discs and S. aureus biofilms adhered to the surface were gold
sputtered (10 nm) using a Leica EM ACE600 Sputter Coater (Leica,
Stockholm, Sweden) and imaged in secondary electron mode using an
LEO 55 ULTRA FEG SEM (Zeiss, Germany) operating at 5 KV.
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2.5. Statistical analysis

All quantitative data were analysed using GraphPad Prism 9 and
biodegradability and cytocompatibility data is presented as the mean +
standard error of the mean. Statistical differences for biodegradability
and cytocompatibility studies were obtained by one-way analysis of
variance (ANOVA) with a Tukey correction. Microbiological data is
presented as the mean =+ standard deviation. Biofilm viability (CFU/mL)
was analysed using an unpaired student's t-test. Differences in biofilm
biovolume and thickness were analysed by paired Students t-test to
compare between live and dead groups, and unpaired Students t-test for
the comparisons between the two biomaterial groups. A value of p <
0.05 was considered significant.

3. Results
3.1. Morphology of the ZnO coating deposited on FeMn substrate

Fig. 1 displays the topography and morphology of the ZnO coating
deposited on the FeMn substrate, together with the elemental distribu-
tion of Fe, Mn, Zn and O obtained by SEM + EDS. The porous FeMn
substrate contains large pores, with a diameter of around 10 pm and
nanopores, with a size around 100 nm, as presented in Fig. S1. The
coating has a compact structure and is evenly distributed over the entire
surface. However, Fig. 1A, B shows that the regions around the large
pores have a distinct morphology. This was attributed to the difference
in the wettability between the dense and porous areas of the sample. The
regions around the pores were enriched in Mn, O, and Fe, with a very
low Zn content, indicating the formation of iron-manganese mixed ox-
ides. The ZnO coating formed a wrinkled network structure consisting of
regions of higher thickness (i.e., ganglia-like hills) with a thickness of
approximately 2 pm, as well as flat regions with a thickness of approx-
imately 600 nm, as shown in Fig. 1C, D. The flat areas of the ZnO coating
possessed a mesoporous structure, as shown in Fig. 1E.

Similar morphologies of ZnO thin films have been previously
described in the literature [32,34]. Several explanations have been put
forward to explain the morphology of ZnO films, such as stress relaxa-
tion and slow cooling conditions. In our case, we attributed the wrinkled
morphology to stress relaxation due to the difference in the thermal
expansion coefficient between the metallic disc underneath and the thin
film, as suggested by Kwon et al. [41]. The sol-gel methods make it
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possible to obtain a material using a sol or a gel as an intermediate step
with the process being conducted at lower temperatures than traditional
methods [33,35]. The sol-gel processes can be divided into the (i)
preparation of precursor solution, (ii) sol deposition on the substrate by
spin- or dip-coating and (iii) heat treatment of the xerogel film. During
the drying process of sol-gel-derived films, when the solvent is removed,
compressive stress is generated in the system owing to the difference in
the thermal expansion coefficients between the film and the substrate.
This likely led to the formation of a wrinkled structure in the gelated
ZnO film. In the samples described here, apart from the wrinkled ZnO
coating, a layer of Fe-Mn oxide was also present, which was formed
during the annealing process.

The GIXRD pattern of the dip-coated ZnO layer on the FeMn sub-
strate is shown in Fig. 2. This pattern confirms the formation of poly-
crystalline ZnO in the hexagonal wurtzite phase (space group P63mc), as
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I Iron-manganese oxide

A AN

Intensity (a.u.)

30 32 34 36 38 40 42 44
20 (deg.)

Fig. 2. GIXRD pattern of FeMn/ZnO sample. Triangles correspond to the ZnO
hexagonal phase, while squares belong to the iron-manganese oxide phase
formed during annealing.

Fig. 1. Morphology of the ZnO film deposited on the FeMn substrate: (a) low-magnification view of the coating, (b) SEM image and EDX map of the area, (c) tilted
view of coating” wrinkles, (d) magnified view of a wrinkle and (e) morphology of the coating at the flat areas, showing a detail of the mesoporosity in the inset.
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evidenced by the presence of characteristics peaks for this phase at the
20 values of 31.9°, 34.4° and 36.3°, corresponding to (100), (002) and
(101) planes, respectively. No preferred orientation was observed;
therefore, we can conclude that the ZnO crystallites possess random
orientation. Besides the ZnO phase, an additional peak was identified at
40.60, which is consistent with the (200) plane of iron manganese oxide
phase with space group Fm-3m. The presence of this oxide is in accor-
dance with the EDS mapping presented in Fig. 1.

3.2. Biodegradability of FeMn/ZnO

A first biodegradability test was conducted to assess the changes in
the surface morphology and composition of the FeMn/ZnO samples and
to measure ion release upon immersion in HBSS. The in-plane views
after 3, 7, 14, and 28 days of incubation are presented in Fig. 3. The
results of the EDS analysis obtained from the areas highlighted in Fig. 3
(black letters A-D, corresponding to FeMn and numbers 1-4, corre-
sponding to FeMn/ZnO) are shown in Table 1.

The corrosion products formed on the uncoated FeMn alloy after 3, 7,
and 14 days of immersion had a size of a few micrometres and mostly
consisted of globular precipitates that were not uniformly distributed on
the surface. These were identified as Ca, P, and Cl-containing pre-
cipitates by EDS. After immersion for 14 and 28 days, the amount of Ca
and P precipitates formed on the surface of the FeMn alloys appeared
much higher than for the FeMn/ZnO samples (Table 1). After 28 days of
immersion, a compact corrosion layer was formed, covering the entire
surface. This compact corrosion layer can act as a protective barrier,
hindering the progression of corrosion.

The morphologies of the corrosion products formed on the surface of
the FeMn/ZnO samples showed different features. Following immersion
for a maximum of 14 days, the distinctive morphology of the ZnO
coating can be still observed, indicating that it had not been entirely
engulfed by corrosion products. The products primarily consist of
loosely packed globular precipitates, identified as Ca, P and Cl pre-
cipitates. However, following a 28-day immersion period, a denser layer
of corrosion products accumulated on the surface of the ZnO coating.
This layer included some platelet-like structures that have been recog-
nized as Ca-P apatite-like precipitates [4,14]. The formation of these
precipitates is a priori positive, since it increases the bioactivity of the
surface, eventually leading to a better bone-bonding ability of the ma-
terial [42].

The XRD patterns of FeMn and FeMn/ZnO samples in the as-
prepared state and after 14 and 28 days of degradation in HBSS are
displayed in Fig. 4A, B. FeMn specimens (Fig. 4A) in the as-prepared
state and after 14 days of immersion in HBSS show the same phase
composition (y-austenite and Fe-Mn oxide phases), while after 28 days

3 days

FeMn

FeMn/ZnO
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of immersion, new peaks matching the MnCOj3 phase appear. Indeed, the
formation of corrosion products such as carbonates and phosphates
resulting from the reaction between samples and the surrounding HBSS
environment is common [9]. The HBSS contains HCO3 and HPOj ions
which may react with the released metallic ions, thus forming insoluble
metal carbonates or phosphates. The latter deposit on the metallic sur-
face, slowing down further degradation. In the case of the FeMn/ZnO
sample (Fig. 4B), three characteristic peaks of ZnO, the y-austenite
phase, as well as the iron-manganese oxide phase (identified as well in
Fig. 2), are present in all samples. Moreover, one can observe the pres-
ence of the a-Fe in the FeMn/ZnO samples, most probably due to the
segregation of Fe on the grain boundaries after the annealing step
required to convert the ZnO precursor into ZnO. No peaks ascribed to
corrosion products are observed, which would agree with our previous
observation that the ZnO might hinder the formation of corrosion
products. Hence, the main difference between the uncoated and ZnO-
coated discs resides in the phase composition of the FeMn substrate:
austenite and ferrite phases coexist in the FeMn/ZnO sample, while the
naked substrate has a purely austenitic structure. It is anticipated that
the occurrence of the austenite and ferrite phases in the FeMn/ZnO
samples might contribute to accelerating their degradation in bodily
fluids [3,43].

In addition, having analysed Figs. 3 and 4, it is likely that the ZnO
coating acts as a physical barrier in the initial stages of degradation,
protecting the surface of FeMn alloy from direct contact with the cor-
rosive environment, therefore, limiting the deposition of insoluble
corrosion products from HBSS. In fact, the amounts of Ca- and P-con-
taining products after 7 days of incubation are lower (Table 1). How-
ever, over time, the penetration of HBSS through the pores might allow
for the initiation of localized corrosion. Moreover, as the ZnO coating is
not fully dense, media can easily permeate through the defects and pores
and cause micro galvanic corrosion between the semiconductor coating
and the metallic substrate.

Fig. 5 shows the cumulative ion release of Fe (A) and Mn (B) in
(uncoated) FeMn, annealed FeMn and FeMn/ZnO samples after 1, 3, 7,
14 and 28 days of immersion for both Fe and Mn release after 1 day (C)
and 28 days (D) of immersion in HBSS. It can be observed that the
release of both Fe and Mn increases over time, with significant differ-
ences between FeMn and FeMn/ZnO samples. The release of Fe and Mn
ions in FeMn/ZnO samples after 1 day was 5.50 & 0.94 ppm and 9.00 +
0.86 ppm, respectively. In uncoated FeMn the release after 1 day in
HBSS was much lower and reached 0.06 + 0.02 ppm for Fe ions and 0.33
=+ 0.04 ppm for Mn ions (Fig. 5A). Note that the release of Fe and Mn ions
after 1 day is significantly different for FeMn/ZnO sample, while both
ions are released in similar amounts from the uncoated FeMn sample.
The release after 28 days in HBSS for FeMn/ZnO reached the value of

14 days

Fig. 3. Top-down SEM micrographs of the surface of FeMn and FeMn/ZnO samples after 3, 7, 14 and 28 days of immersion in HBSS at 37.5 °C. Black letters A-D
correspond to FeMn, and numbers 1-4 correspond to FeMn/ZnO immersed for 3, 7, 14, and 28 days, respectively.
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Table 1
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EDS analysis of the areas presented in Fig. 3. A, B, C, and D correspond to areas of FeMn samples immersed for 3, 7, 14, and 28 days, respectively. Meanwhile, 1, 2, 3,
and 4 correspond to areas of FeMn/ZnO samples immersed for 3, 7, 14, and 28 days.

Sample EDS analysis Element (wt.%)
Fe Mn o Zn Ca P Cl Mg
FeMn 3d A 42.9 + 5.0 354 +5.4 18.4 + 2.0 X X X 33+07 X
FeMn/ZnO 3d 1 42+0.1 32.1+0.2 19.8 +£0.2 38.4 +0.2 2.6 £0.1 1.3+0.1 1.2+0.1 0.5+0.1
FeMn 7d B 41.9+0.8 36.4 + 0.8 16.4 + 0.3 X 1.3+0.1 X 41+01 X
FeMn/ZnO 7d 2 12.6 + 0.6 26.5+ 0.8 25.6 + 0.4 30.6 + 0.4 1.4+0.1 2.3+0.1 0.9+0.1 X
FeMn 14d C 33.6 + 0.7 31.2+ 0.9 23.8+0.4 X 29+0.1 4.0+ 0.1 4.6 +£0.1 X
FeMn/ZnO 14d 3 1.8+0.5 30.7 +£ 0.6 22.3+0.3 38.6 + 0.4 0.7 £0.1 0.5+ 0.1 0.8+0.1 X
FeMn 28d D 26.3 +0.7 29.7 £ 0.9 243+ 0.4 X 9.7 £0.2 8.140.2 0.9+0.1 1.1+0.1
FeMn/ZnO 28d 4 48 +£0.1 36.1 +£0.2 27.6 +£ 0.2 17.5 4+ 0.2 2.0+0.1 31+0.1 85+0.1 0.3+0.1
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Fig. 4. X-ray diffraction patterns of the as-prepared and immersed for

14.70 + 1.55 ppm for Fe and 21.69 + 1.38 ppm for Mn ions (again,
significantly higher), while for FeMn it reached the value of 0.34 & 0.05
ppm for Fe and 2.9 + 0.29 ppm for Mn (Fig. 5B). In general, the release
of Fe ions is lower than that of Mn. The concentration of Zn?" ions in the
FeMn/ZnO samples was very low, reaching only 0.15 ppm after 28 days
of immersion (not shown).

As a reference, ion release from annealed (uncoated) FeMn discs was
tested. An elevated ion release after 1 to 28 days of immersion was
observed when compared to the uncoated, non-annealed FeMn disc
(Fig. 5C, D). Yet, the release of Fe and Mn ions was lower than for the
FeMn/ZnO sample. The release of Mn was also lower when compared to
the FeMn/ZnO sample, but it reached the same concentration after 28
days of immersion.

Overall, the release of Fe after 28 days of immersion is 43 times
higher (and the release of Mn 7.5 times higher) in FeMn/ZnO sample
than in FeMn. The significant differences between FeMn, annealed FeMn
and FeMn/ZnO samples indicate that the ZnO coating and the formation
of secondary phases stemming from its synthesis would trigger the
degradation of FeMn alloys in HBSS.

The concentration of metallic ions after 1 day of immersion in HBSS
was used to make a rough estimation of the corrosion rates according to
Eq. (1), and the results are shown in Fig. 6. A significant increase in the
corrosion rate was observed for the FeMn/ZnO sample when compared
to the uncoated FeMn alloy and the annealed (uncoated) FeMn samples.
The corrosion rates of FeMn/ZnO were 36 times higher than that of
FeMn and 3 times higher than that of annealed FeMn. This indicates that
the enhanced degradability can be attributed to both Fe segregation due
to annealing and the presence of the ZnO coating.

Fig. 7 presents the SEM images and linear EDS analysis of cross-

14 and 28 days in HBSS samples of (A) FeMn and (B) FeMn/ZnO.

sections of FeMn/ZnO discs in the as-prepared state and after 7, 14
and 28 days of immersion in HBSS. Linear EDS analysis was performed
on these samples to identify the distribution of Fe, Mn, O, Zn and Ca on
the cross-section of the samples. We can observe that already in the as-
prepared state, there is a Mn- and O-enriched region, just below the ZnO
coating, that can be recognized as the iron-manganese-rich oxide. Just
below this layer we can observe a region enriched in Fe with reduced
content of Mn, that, likewise, forms due to Mn diffusion towards the
surface to form the aforementioned oxide layer. After 28 days we can
observe that the Mn-rich region is becoming thicker upon degradation.
The outermost layer contains Ca, coming from HBSS-derived
precipitates.

Fig. 8 shows cross-section areas of the FeMn and FeMn/ZnO samples
in the as-prepared state and after 7, 14 and 28 days of immersion in
HBSS. Additional supplementary Fig. S2 presents the EDS mapping
performed on the samples immersed for 28 days, where annealed FeMn
sample was added as a reference as it has shown an ion release close to
that of FeMn/ZnO. Uncoated FeMn and FeMn/ZnO samples present
similar microstructural features after 7 days of immersion, with a
degradation layer at the upper region. However, after 14 and 28 days of
immersion, samples show distinct microstructures. The corrosion layer
formed on the FeMn disc becomes thicker and more compact and the
macropores are infilled with degradation products. Conversely, the
FeMn/ZnO sample does not show a thick corrosion layer on the top
surface. It does, however, show segregation of Fe around the pores, as
highlighted by yellow arrows, and confirmed by EDS mapping in the
supplementary information. Moreover, an increase in the size of the
nanopores is observed in the denser region, highlighted by red arrows,
which would indicate the dissolution of the FeMn matrix.
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Fig. 6. Calculated corrosion rates of FeMn and FeMn/ZnO samples based on
the released ion concentration after 1 day of immersion in HBSS calculated for
both Fe and Mn ion release. The total corrosion rate is the sum of Fe and Mn
corrosion rates for each sample. ‘DR’ stands for degradation rate.

3.3. Invitro cytocompatibility and cell proliferation

Cytocompatibility of the materials was assessed by cell proliferation
and cytotoxicity using an indirect in vitro model on Saos-2 cells. The

conditioned media used for the experiments were prepared at 100 %, 50
%, 25 % and 12.5 % concentrations. Similarly, the control media,
conditioned for 1 day without any material, was also diluted with fresh
media at previously mentioned concentrations.

Fig. 9A shows the ion release concentration after 1 day of incubation
in DMEM for 100 % extract. The release of Fe ions was not significantly
different for the two samples, whereas the release of Mn was signifi-
cantly higher for the FeMn/ZnO sample. These results are in line with
those previously observed for the ions leaching in HBSS (cf. Figs. 5C and
9A). The release of Zn ions (not shown in the plot) was 6.2 + 0.7 ppm.

Regarding cell viability (Fig. 9B and C), the percentage of live cells
was approximately 75 % for FeMn and 51 % for FeMn/ZnO using the
conditioned medium at a concentration of 100 %, which was signifi-
cantly lower than the control, FeMn and FeMn/ZnO conditioned media.
However, the percentage of live cells was 90 % for both samples when
the conditioned media was diluted to 50 and 12.5 %, without significant
differences between both the samples and the concentrations. Results
showed that with an increase in the dilution of the conditioned media,
cell viability increased. The fluorescence microscopy images of the live/
dead assay (Fig. 9B) for 12.5 % and 50 % conditioned medium showed a
similar amount of live Saos-2 cells (green cells), with very few dead cells
(red) for both samples. For the concentrated conditioned media (100 %),
fewer cells were found for both samples compared to the control and
diluted conditioned media. In addition, the conditioned media derived
from FeMn/ZnO led to a higher ratio of dead cells than the FeMn sample.

The metabolic activity results after 1 and 3 days of incubation are
presented in Fig. 9D-E and Supplementary Fig. S3. The fluorescence
intensity of Alamar Blue (which corresponds to metabolic activity of the
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Fig. 7. EDS line scans for O, Mn, Fe, Ca and Zn elements along the cross-section of FeMn/ZnO samples in the as-prepared state (A) and after 7 (B), 14 (C), and 28 (D)
days of immersion in HBSS. The yellow arrow indicates the direction of the EDS line scan. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 8. Cross sections of FeMn and FeMn/ZnO samples immersed for 7, 14 and 28 days in HBSS. ‘DL’ stands for degradation layer formed on the surface. Yellow
arrows indicate the Fe-enriched regions, while red arrows show increased pore size. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

cells) increased with increasing dilution of the conditioned media,
although no significant differences were observed amongst the 50 %, 25
% and 12.5 % dilutions. The 100 % concentrated conditioned media led
to significant differences between the control, FeMn and FeMn/ZnO
samples. A drastic change was observed when comparing the 100 %
conditioned media with the diluted conditioned media for both mate-
rials in the sense that all materials (FeMn, FeMn/ZnO and control)
showed similar metabolic activity. In supplementary Fig. S3, the dif-
ferences in cell proliferation between days 1 and 3 of culture are

presented. We observed that the metabolic activity in the 100 %
conditioned media increased over time for the 24 h-control media,
whereas it remained low and without significant differences between the
FeMn and FeMn/ZnO samples. On the contrary, no significant differ-
ences were observed in cell proliferation between samples on day 1 of
culture in the 50 % conditioned media, whereas significant differences
arose after 3 days of culture between the 24 h-control media and FeMn
conditioned media compared to day 1. The proliferation of the FeMn/
ZnO sample after day 3 was not significantly different from that on day
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3.4. Biofilm formation

In this study, the uncoated FeMn substrate was used as a control.
S. aureus ATCC 25923 was incubated with and directly exposed to the
control FeMn and the FeMn/ZnO samples for 4- and 24 h. After both
time points, no significant change (p > 0.05) in bacterial viability was
observed between the FeMn/ZnO specimens and the control FeMn
(Fig. 10A).

The live and dead biovolume of S. aureus biofilms adhered to the
surface were measured by CLSM and quantified using BiofilmQ. After 4
h no differences between the FeMn control and the FeMn/ZnO groups
were identified regarding total biovolume or biofilm thickness of both
live and dead S. aureus cells (Fig. 10B, C). Similarly, after 24 h no sig-
nificant differences between the two materials were observed regarding
the thickness of biofilms composed of live or dead bacterial cells, or the
biovolume of dead cells (Fig. 10B, C). However, after 24 h a significant
reduction in live biofilm biovolume was observed on the FeMn/ZnO
surface when compared to the FeMn surface (Fig. 10B). Further, while
an increase in live S. aureus biovolume over time was found in both
groups, the fold increase in biovolume of live bacteria between 4- and
24 h was noticeably greater on the control FeMn (9.5-fold increase) than
on the FeMn/ZnO coated specimen (4.3-fold increase). Moreover, on the
FeMn control, an increase in the dead biovolume of biofilms was also
observed over time. In addition, after 24 h of growth, significantly more
live S. aureus cells than dead were found on the FeMn surface, whereas
no difference was found between the live/dead cell proportions on the
FeMn/ZnO surface (Fig. 10B). Representative CLSM images of S. aureus
adhered to the FeMn (Fig. 10D) and the FeMn/ZnO surfaces (Fig. 10E)
after 24 h reflect these observations.

The morphology of S. aureus biofilms adhered to either the control
FeMn or the FeMn/ZnO surface after 24 h incubation was visualised by
SEM (Fig. 10F-K). In agreement with the obtained data from CLSM, the
total biomass adhered to the FeMn control surface (Fig. 10F-H) was
noticeably greater than that adhered to the FeMn/ZnO surface
(Fig. 10I-K). S. aureus biofilm formed on the FeMn control was thicker
and more homogenously distributed across the FeMn surface compared
to the FeMn/ZnO surface, where smaller aggregates were common, and
the underlying material surface remained visible in many areas. Further,
less extracellular polymeric substances (EPS) between bacterial cells
were observed on the FeMn/ZnO surface in comparison to the FeMn
group (Fig. 10H - red arrows) indicating a less matured and developed
biofilm. In combination with this visible reduction in biofilm biomass,
more damaged, ruptured and/or dead S. aureus cells were observed on
the FeMn/ZnO surface (Fig. 10K - blue arrows) when compared to the
S. aureus cells adhered to the FeMn control.

4. Discussion
4.1. Effect of the ZnO coating on the degradation of FeMn alloys

Several approaches have been tested to increase the corrosion rate of
biodegradable iron-based materials, namely, (i) alloying Fe with other
elements, such as Mn to shift the corrosion potential towards more
negative values and hence, make it more prone to corrosion (ii) intro-
ducing porosity to increase the total area susceptible to corrosion attack
and, (iii) introducing noble elements that could act as a cathode and
cause the formation of micro-galvanic corrosion cells.

In short, the phenomena taking place when a biodegradable metal is
in contact with physiological fluids can be described as follows [4,9]:
Once the degradable metal is immersed in the fluid, it undergoes an
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Fig. 10. A) Viable Staphylococcus aureus ATCC 25923 adhered to the control FeMn and the ZnO-coated material surfaces after 4 h and 24 h. Quantitative confocal
laser-scanning microscopy (CLSM) of S. aureus biofilms grown on FeMn/ZnO and FeMn surfaces showing the total B) biofilm biovolume and C) biofilm thickness of
live and dead bacteria after 4 h and 24 h. Representative CLSM images of live and dead stained S. aureus biofilms grown on the D) FeMn control and the E) FeMn/ZnO
coated surfaces for 24 h in which live S. aureus cells stain green, and dead stain red. Scanning electron micrographs of S. aureus adhered to the surface of the control
FeMn (F-H) and FeMn/ZnO (I-K) after 24 h of growth, obtained at increasing magnifications (200x, 1000x, 5000x). Red arrows indicate extracellular polymeric
substances (EPS) in the biofilm, whereas blue arrows indicate damaged or dead S. aureus cells. (For interpretation of the references to colour in this figure, the reader
is referred to the web version of this article.)
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oxidation reaction, where metallic ions are released (Eq. (2)). The
electrons generated by anodic reaction are consumed during the
cathodic reaction, which reduces the amount of dissolved oxygen (Eq.
(3)). These reactions occur on the entire metallic surface, and the
dissolution of the metal can be accelerated by galvanic coupling be-
tween metallic matrix and grain boundaries or secondary phases
because of their distinct potentials. Moreover, M(OH),, corrosion prod-
ucts are deposited on the metal surface (Eq. (4)).

M—-M"" +ne~ (anodic reaction) (@3]
2H,0 + O, +4e¢~ —-40H  (cathodic reaction) 3)
M"" +nOH™ —-M(OH), (product formation) 4

Physiological solutions such as HBSS contain abundant inorganic
ions, which can influence the degradation process by either (i) breaking
down the passive film and causing pitting corrosion or (ii) passivating
the Fe and slowing down corrosion due to the formation of phosphates
and carbonates. Ions such as C1~ and SO~ can break the passive film and
accelerate corrosion, while other ions like HPO%’/PO%’, HCOE/CO%’
and Ca®" might form a protective layer which further delays degrada-
tion of the material [9].

Apart from the reaction between the metal and physiological solu-
tion, the structural properties of metals themselves can favour or hinder
degradation. The segregation of elements is known for enhancing the
corrosion rate of alloys [44]. Two grains of different chemical compo-
sition and crystal structure can cause corrosion, for example in the case
of duplex steels, which consist of austenite and ferrite grains [43]. This
can lead to the formation of galvanic couples between them, where one
grain acts as anodic site and the other as cathodic site. This galvanic
coupling can lead to the selective dissolution of the less corrosion-
resistant grain. Similarly, Donik et al. [19] described that the
patterning of FeMn surface by laser ablation leads to the formation of
high-temperature oxides, that in turn leads to a shift in the ratio of Fe/
Mn to Mn, which ultimately enhances biodegradability of the material.
In our study, we observe a similar shift, namely, a difference in the Fe to
Fe/Mn ratio around the pores, as well as higher Mn content at the sur-
face due to the oxide formation. The layer just below the surface is
enriched in Fe that can also influence corrosion.

The standard corrosion potential of Fe and Mn is —0.44 V and —1.05
V, respectively [39]. When mixed, the potential falls in between (around
—0.7 V), with the exact value depending on the alloy composition. In
this case, apart from the austenitic FeMn phase, the material consists of
ZnO coating, iron-manganese oxide, and the a-Fe phase. This a-Fe phase
formed as a side product of iron-manganese oxide formation during
annealing, as the particle boundaries adjacent to the oxide layer were
depleted in Mn (Figs. 7-8), thus forming an Fe-rich phase. The a-Fe zone
at the boundaries causes a difference in potential between the inner
regions of the grains and the boundary, thus making the material more
prone to corrosion. Moreover, the ZnO and iron-manganese oxide phases
can form micro-galvanic cells, leading to an increased corrosion rate,
when compared to the non-annealed FeMn. Based on the cross-section
images presented in Figs. 7 and 8, we suspect that the FeMn austenite
phase (with more negative standard corrosion potential) acts as the
anode, while the o-Fe, iron-manganese oxide, and ZnO phases act as the
cathode. The pits formed on the cross-sectional area in Fig. 8 indicate
that indeed, the austenite matrix may dissolve during the immersion in
HBSS. It is important to point out that the pores are not clogged by the
ZnO coating and hence the underlying alloy is still exposed to HBSS. The
corrosion rate of FeMn/ZnO, presented in Fig. 6, is one order of
magnitude higher than corrosion rates given for Fe-based alloys
immersed in HBSS under static conditions in the literature while the
corrosion rate of FeMn is in accordance with the values found elsewhere
[39].

Although previous studies have demonstrated that the deposition of
coatings on degradable materials leads to enhanced corrosion resistance,
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others have reported higher degradation rates when coatings are
deposited on Fe-based alloys. The observed increased corrosion was
attributed either to the formation of micro-galvanic cells [45] or
increased solubility of Fe corrosion products due to polymer hydrolysis
when polymeric coatings were deposited [22]. In our case, we attribute
the increased corrosion rate of the FeMn/ZnO composite to the segre-
gation of Fe and the formation of micro-galvanic cells between Fe-rich
regions and the FeMn matrix, as well as between the ZnO coating and
the FeMn underlying material.

4.2. Effect of the accelerated corrosion on the proliferation and
cytotoxicity of Saos-2 cells

Indirect cytocompatibility studies using biodegradable Fe-based al-
loys have been conducted on various types of cells such as fibroblasts
[46], smooth muscle cells (SMC) [47] and osteoblasts [46], depending
on the target application. Metallic ions released during corrosion may
have harmful effects on cellular functions [9]. Hence, it is important to
demonstrate that the degradation products being formed during mate-
rial dissolution are non-toxic to cells. Here, osteoblastic Saos-2 cells
were used to investigate the cytocompatibility of the FeMn-based
materials.

Experiments were conducted using conditioned media at concen-
trations of 100 %, 50 %, 25 % and 12.5 %, showing that only the 100 %
extract had a cytotoxic effect. The ionic concentrations of Fe and Mn
correlate with cell viability. The maximum concentration of released Fe
in 100 % extract was 45.3 + 6.67 mg/L (811 pmol/L), Mn was 57.3 +
3.2 mg/L (1043 pmol/L), while Zn concentration reached 6.2 + 0.7 mg/
L. Our results obtained are in agreement with previous reports. For
instance, it has been reported that Fe concentrations above 50 mg/L can
result in decreased metabolic activity [38]. Mueller et al. [47] showed
that the SMC growth rate was reduced by the addition of soluble ferrous
ions to the cell culture medium. The minimum Mn concentration
causing cytotoxic effects depends strongly on the type of cells used [48];
for human lung epithelial cells, a concentration above 20 pmol/L was
cytotoxic [49], however, for mouse brain cells, the minimum Mn con-
centration causing cytotoxicity increased to 200 pmol/L [50] and for
HUVEC cells it was even higher, reaching 500 pmol/L [51]. For Saos-2
cells cultured with the 50 % extract, containing Mn concentration of
approximately 500 pmol/L, cytotoxicity was not observed. The rela-
tively low release of Zn ions should not cause cytotoxicity, as it is below
the threshold value.

While discussing the results of in vitro cytocompatibility, we should
keep in mind that the tests were performed under static conditions,
whereas real in vivo conditions are more dynamic [52]. As the cell
viability presented in this study clearly depends on the level of dilution,
it could be presumed that the concentration of ions and degradation
products in a dynamic environment is lower than all the dilutions pre-
sented here and, therefore, the material should not cause a cytotoxic
effect in vivo. For instance, in a study by Loffredo et al. [52], the viability
of ECs cells treated with a 1 % eluate concentration of media condi-
tioned with Ag-containing TWIP steels was significantly reduced
compared to 316 L stainless steel, while the same materials did not show
significant differences in the viability towards SMCs. Therefore, the type
of cells used also influences the results of in vitro cytocompatibility tests.

Invitro tests of Fe-based degradable alloys are directly affected by the
concentration of ions in the culture media [53]. Manganese, iron, and
zinc are essential metals found in tissues. The role of Mn is essential for
the immune system, bone growth, adjustment of blood sugar, cofactors
in enzymes, and others [54]. However, overexposure to Mn can be
hazardous in humans, such as Mn-induced neurotoxicity, which occurs
in workers exposed to dust-containing Mn. The toxic level of Mn in our
case was above 50 ppm. As the concentration of Fe was not significantly
different between the samples, the cytotoxicity of 100 % extract could be
attributed to the elevated concentration of Mn or to the release of Zn
ions. Nevertheless, as the conditions in vivo are more dynamic, the
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toxicity of 100 % extract should not be of concern when considering the
cytocompatibility of FeMn/ZnO, as aforementioned.

4.3. Effect of the accelerated corrosion on S. aureus biofilm formation

Implant-associated infections are an important and debilitating
complication of medical implants and have been attributed to the for-
mation of biofilm on the surface of an implant material [24]. A biofilm is
a community of bacterial cells irreversibly attached to a substrate and/
or each other that are embedded in a self-made matrix of extracellular
polymeric substances (polysaccharides, protein, and eDNA) [55]. By
adopting a biofilm phenotype, bacterial cells become significantly more
resistant to external environmental stresses and challenges, including
those from the host-immune system and antibiotic chemotherapy [56].
The stages of bacterial adhesion and biofilm formation are the following:
(a) bacterial adhesion, (b) formation of microcolonies, (c) biofilm
maturation and (d) biofilm dispersal [26,57]. Many strategies are
currently under investigation to avoid or limit the formation of biofilm
on the surface of metallic implants such as the incorporation of anti-
bacterial agents such as silver, zinc oxide, etc.

Previous research has established that degradable alloys possess
better infection resistance than non-degradable ones [25]. One of the
potential reasons for their antibacterial/antibiofilm properties can be
associated with the effect of degradation on bacterial adhesion [26,58].
This degradation reduces the area available for initial bacterial attach-
ment and colonization and could therefore limit the progression of
biofilm formation. Hence, degradable materials with higher corrosion
rates should be more resistant to biofilm formation than those with
lower corrosion rates. In previous studies on degradable Mg-based al-
loys, the antibiofilm properties have been associated with an increase in
pH and a high release of Mg ions upon degradation [58]. Local pH
changes at the material surface were found to limit bacterial attachment.
Moreover, bacteria attach preferably to corrosion products and avoid
active corrosion sites. In our previous study, Ag-containing Fe-Mn alloys
showed an antibiofilm effect higher than in Ag-free Fe-Mn alloys, which
could be associated with enhanced corrosion of the former [15]. In this
study, a similar effect was observed, as the increased corrosion rate of
FeMn/ZnO reduced or delayed the development of biofilm formation
more effectively than the slowly corroding uncoated FeMn.

Our results provide more evidence supporting the correlation be-
tween enhanced degradation and antibiofilm behaviour. The FeMn/ZnO
composite, possessing a higher corrosion rate, has a more pronounced
antibiofilm effect than the FeMn sample. As the FeMn/ZnO ion release
did not show a bactericidal effect per se, the observed antibiofilm
properties of FeMn/ZnO may be attributed to the enhanced degradation.
It is possible, that the enhanced release of Fe and Mn ions, thus enhanced
degradation, limit bacterial attachment and biofilm formation.

5. Conclusions

The main goal of the current study was to determine the effect of sol-
gel-derived ZnO coating on porous, equiatomic FeMn alloys on the
biodegradability, antibacterial/antibiofilm, and cytocompatibility
properties. This study demonstrated that ZnO coating on FeMn leads to
increased biodegradation in physiological fluids, making the resulting
composite a promising candidate for a biodegradable implant. The re-
sults showed that annealing applied to convert the ZnO precursors into
ZnO film led to the concomitant formation of secondary phases such as
iron-manganese oxide and o-Fe. These secondary phases play a major
role in increasing the biodegradability of the FeMn/ZnO samples
compared with their uncoated FeMn counterparts. The corrosion rate of
FeMn/ZnO, calculated based on ion release, was 36 times higher than
that of the uncoated FeMn. Furthermore, FeMn/ZnO showed good
cytocompatibility when Saos-2 cells were exposed to diluted condi-
tioned media, for dilutions equal to and below 50 %. The effect of
dilution on cytotoxicity strongly correlated with the concentrations of Fe
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and Mn ions. Moreover, a significant reduction in the total biofilm
biovolume of S. aureus was observed at 24 h, indicating antibiofilm
properties of the FeMn,/ZnO sample. In conclusion, FeMn/ZnO possesses
better degradability, and is more resistant to biofilm formation than
uncoated FeMn, while maintaining good cytocompatibility.
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Fig. S1 SEM micrographs of the polished surface of FeMn substrate (a) low-magnification image showing the
macropores, (b) high-magnification view of the area enclosed in the yellow rectangle, showing the nanopores.

129



FeMn

FeMn/ZnO

Annealed

...c>

Fig. S2 EDS mapping obtained on the cross section of uncoated FeMn, FeMn/ZnO and annealed (uncoated) FeMn
samples immersed for 28 days in HBSS showing the distribution of Fe, Mn and O.
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Fig. S3 Cell proliferation in 100% and 50% conditioned media after 1- and 3-day in culture. Media conditioned
for 1 day without any material (24h-control) was used as a control and was also diluted with fresh media. Bars
marked with different alphabetical superscripts are significantly different from each other, while bars with the
same superscript are not significantly different from each other.
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5 General discussion

This thesis was designed and developed to fabricate and characterize
biodegradable Fe-based alloys with an increased degradation rate and
resistance to bacterial adhesion. It was hypothesized that by adding small
amounts of Ag and ZnO to the FeMn alloy matrix, both objectives could
be fulfilled owing to (a) the creation of micro-galvanic coupling between
the matrix and second-phase particles (Ag/Zn0O), and (b) antibacterial
activity of the second phase (Ag/Zn0O). The alloys were designed to contain
porosity, as recent reports have shown that it is an efficient method to
promote the corrosion of Fe-based biodegradable alloys. Hence, a combined
approach of including porosity and second-phase precipitates/coatings
has been implemented to obtain advanced composites with optimised
properties for use in biodegradable implant applications.

Fe-Mn alloys are promising materials for biodegradable implant ap-
plications, such as orthopaedic fixation devices, because of their excel-
lent biocompatibility, non-ferromagnetic character (to not interfere with
MRI analyses) for sufficiently large Mn percentages, and high mechani-
cal strength; thus, an equiatomic Fe-Mn porous alloy was chosen as the
metallic matrix. The high content of Mn was aimed at eliminating the
risk of the ferromagnetic character of the sample while stabilising the
austenitic phase. Indeed, the fabricated alloys showed low magnetization
even after 84 days of immersion in HBSS. The chosen fabrication path,
that is, powder metallurgy, allowed the achievement of a porous architec-
ture. The porosity of implant materials can be beneficial as it may lead
to enhanced osseointegration, reduced stress shielding (due to a decreased
Young’s modulus), and, in the case of biodegradable metals, improved
corrosion rate compared with fully dense counterparts. Porous materials
have an increased surface area, making the material greatly exposed to the

corrosive environment of body fluids, thus increasing its corrosion rate.

In the first stage, the study covered the design, fabrication and charac-
terization of FeMn(-xAg) alloys, where x = 1, 3, and 5 wt.% Ag. Agis a
well-known antibacterial agent; thus, its addition was aimed at enhancing
the antibacterial or antibiofilm effects in the tested alloys. Moreover,
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the uniformly distributed Ag-rich precipitates are believed to enhance
the degradation rate of the tested alloys. The material was prepared by
powder metallurgy consisting of ball-milling the initial powders, pressing,
and sintering to form disk-shaped specimens. This approach was selected
to obtain a homogenous mixing of all metallic elements. The observed
microstructure consisted of uniformly distributed Ag precipitates within
the FeMn matrix. Biodegradability tests were performed by immersing
the samples in HBSS for up to 84 days and measuring the concentration of
released Fe, Mn, and Ag ions at selected time points. The results revealed
a higher release of Mn than Fe without a significant difference in the
leached ion concentrations between the tested alloys. The release of Ag
was marginal owing to its higher nobility. However, a decrease in biofilm
biomass was observed in the FeMn-5Ag alloys. Although the biodegradabil-
ity test did not show a significant increase in the degradation of FeMn-xAg
alloys and the materials remained intact after 3 months of immersion, it
might be hypothesized that the Ag addition limits the formation of degra-
dation layer on its surface, as was observed in the Section 3.1, which can
also be attributed to limiting the bacterial adhesion, as the attachment of
bacteria prefers more stable surfaces. The biocompatibility study showed
no cytotoxic effect in the tested alloys, whereas the Ag-containing alloys
might have a slight effect on the decreased cell proliferation. The most
striking result for FeMn-xAg alloys was the change in phase composition
upon adding 3 and 5 wt.% of Ag, where a formation of martensitic phase
was observed, contrary to purely austenitic FeMn alloy. Moreover, the
magnetization of FeMn-xAg alloys increased with increasing Ag content.
It was, however, still satisfactory low, remaining around 1 emu/g for the
FeMn-5Ag sample. When compared to pure Fe, we obtained a 99.5%
decrease in the saturation magnetization. Thus, all tested alloys should
be compatible with MRI. This phase transformation also contributed
to the higher mechanical strength of martensite-containing alloys. This
phenomenon was previously mentioned in the literature but never anal-
ysed and explained in detail. Thus, we decided to perform theoretical
calculations to tackle this phenomenon. The theoretical study proved that
Ag addition alters the stacking fault energy and spin configuration of the

FeMn system, thus facilitating the martensitic transformation.
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5. General discussion

Due to the lack of a significant increase in the degradation rate in
Ag-containing alloys, another approach has been followed, namely to
deposit ZnO coating onto the porous FeMn disks using the dip-coating
method. ZnO coating was chosen as the coating material as it has been
shown to exhibit antimicrobial properties and good biocompatibility. The
formation of ZnO coating included annealing in the furnace, which led to
the formation of secondary phases, such as iron-manganese oxide and « - Fe.
These secondary phases, together with ZnO contributed to a significantly
enhanced degradation rate compared to that of the uncoated FeMn alloy.
The ZnO coating remained on the surface during the biodegradability test,
which was conducted for up to 28 days, although the overall corrosion
was faster than in the uncoated FeMn. The first signs of corrosion were
already visible after 1 day of immersion. Similarly, as in the previous
case, Mn release was higher than that of Fe. The fabricated materials
have shown to possess antibiofilm properties, significantly limiting the
biofilm formation on their surface, which was attributed to an enhanced
degradation, and thus, a more active surface. The biocompatibility tests
revealed that the material showed good cytocompatibility at dilutions
above 50%.

When biodegradable metals are of concern, the big challenge lies in
evaluating their degradation over time. The most common tests include
electrochemical testing, immersion tests in physiological fluids and in
vivo tests. The electrochemical tests are rapid and provide a good view
of the general corrosion rates for the studied materials. However, they
lack information on the evolution of material during degradation and the
changes in the corrosive environment in the long term. On the other
hand, immersion tests are closer to reality in terms of monitoring the
changes in a material upon degradation, as well as in corrosive environment.
It is important to monitor the material for a longer period of time as
material’s degradation is not a linear process, thus several time points
should be analyzed. In this study, we performed immersion tests for both
long-duration (up to 3 months), and short-term (up to 28 days) tests.
HBSS was used as the media, which represents closely the composition of
human plasma and is the most widely used solution in the literature on

biodegradable Fe-based alloys. After several chosen time points, the ion
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concentration in HBSS was analyzed and the evolution of material was
also examined using SEM and EDS. It has been found that the ion release
tends to plateau around 28 days of immersion owing to the formation
of corrosion products on the surface. This layer made of degradation
products significantly slows down further degradation of the underlying
FeMn metallic material. When ZnO layer was deposited on the surface,
the degradation layer was forming slower than on the uncoated specimen,
which, together with other factors led to an increased degradation rate.

The biodegradability tests performed in vitro are a good and efficient
way to roughly estimate the corrosion behaviour of biodegradable metals.
However, it is important to know that the real, in vivo degradation rate is
different than that obtained through in vitro test. The in vivo environment
is much more complex, with dynamic interactions among tissues, cells,
fluids, etc., which are difficult to mimic in the in vitro conditions. Moreover,
physical factors such as shear forces, mechanical stresses and physiological
movements can have a large influence on the material’s performance. This
way, to make the material truly applicable, additional in vivo studies shall
be performed to provide full insights into biodegradability of the tested

madterial.

Biocompatibility tests are crucial for the design of new implant materials.
As the in vivo tests require long-term evaluation, more resources and ethical
considerations, the biocompatibility should be first assessed by the in vitro
methods that simulate the clinical conditions. Here, the biocompatibility
of fabricated Fe-based alloys was assessed using indirect tests, as the trials
on direct tests failed because cell adhesion was severely hindered. The fast
degradation of porous alloys prevents cell adhesion in the initial phase of
cell culture, as the surface state changes dynamically due to degradation
and it is not possible to assess the cytotoxicity in cells cultured on the
surface of the sample. For this reason, the cytotoxicity was evaluated by
an indirect approach and the results of the indirect test did not show any
cytotoxic effect of the alloys. It is well known that ion concentration in
the media has a crucial effect on biocompatibility - and that exceeding the
concentration of potentially non-toxic alloys can have a more harmful effect
on cell viability than the low concentration of potentially toxic elements. In
the FeMn(-xAg) alloys, described in Section 4.1, the surface-to-media ratio
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5. General discussion

was established accordingly to biodegradability testing, where a relatively
large volume of solution was used, thus the final concentration of Fe and
Mn ions in the conditioned media was far below the toxic concentration.
In the case of the FeMn(-ZnO) alloys another approach was undertaken,
to more precisely identify the level of potentially toxic ion concentration.
In detail, a concentrated media was prepared by immersing the fabricated
disks in a small amount of media and then diluting that media to lower
concentrations, as described in Section 4.3. We found that elevated Mn
concentrations can indeed be harmful to cells.

Indirect biocompatibility testing is a good method to initially assess the
potential cytotoxicity of newly developed material, however, it lacks com-
prehensive data. As indirect testing focuses solely on the ion concentration
and degradation products, it might not provide a full understanding of
the overall biocompatibility of the material. In general, the in vitro tests
are not able to fully replicate the material’s behaviour in vivo and thus -
to predict the behaviour of material inside the body. It is important to
highlight that both in vitro and in vivo methods have their merits, and
thus the less demanding in vitro is a valuable approach to initially assess
the cytocompatibility of newly developed material.

Biodegradable metals need to possess enough mechanical strength to
support the tissue-healing process. The validation of mechanical properties
of fabricated FeMn(-xAg) alloys was obtained using nanoindentation and
compression tests. The mechanical compression strength, reaching the
maximum value above 300 MPa, is sufficiently high to fulfil the require-
ments of mechanical support during degradation. What’s more, due to the
introduced porosity, Young’s modulus decreased to the value of around
50 MPa. Upon the addition of Ag, an increase in mechanical strength
was observed. This was mainly attributed to the phase transformation
occurring upon the addition of 3 and 5 wt.% Ag, where a dual phase
composition was observed, consisting of both austenitic and martensitic
phases. Moreover, the Ag-rich precipitates themselves can contribute to
an increased strength through precipitation strengthening. At the same
time, the addition of Ag did not contribute to a decrease in the elongation.

The importance of fabricating materials, which prevent biofilm forma-
tion on the implant surface is highlighted in Chapter 1. The harmful effect
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of biofilms can lead to implant failure or, in the worst case, to patient’s
death. Materials developed in this work have been shown to limit the for-
mation of biofilm, but they did not exhibit direct antimicrobial properties,
even in the presence of well-established antimicrobial agents. It can be
hypothesized that the added amount of Ag to the FeMn matrix was not
high enough to induce the bacteria-killing effect, while at the same time,
it formed active corrosion sites preventing biofilm formation. Different
results could have been obtained if Ag were accumulated at the surface
of the FeMn instead of being finely distributed throughout the entire
specimen. Yet, this would have required devising a different synthetic
approach. Similarly, the ZnO coating itself did not contribute to enhance
the antimicrobial properties but the composite material formed, with a

high degradation rate, prevented the biofilm formation on its surface.

In summary, this thesis tackled two approaches for fabricating Fe-based
alloys for biomedical applications with enhanced antibiofilm properties.
New and unique methods, such as the deposition of coatings, introduction
of second-phase noble particles and producing porous alloys have shown
to be promising approaches to developing new metallic materials with
specifically designed properties.
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6 Conclusions and future perspectives

This thesis was undertaken to design and develop new biodegradable

equiatomic FeMn alloys with additions of antibacterial Ag and ZnO and

evaluate their effect on biodegradability, cytocompatibility and biofilm

formation. Two main types of porous materials were developed, i.e. FeMn(-

xAg) alloys and FeMn alloys with ZnO coating.

For the FeMn(-xAg) alloys, the following conclusions can be extracted
from the Thesis:

FeMn(-xAg) alloys can be successfully fabricated by powder metal-
lurgy, i.e. ball-milling and sintering. The alloys possessed a hierarchi-

cally porous structure consisting of both macro- and nanoporosity.

The sintered FeMn and FeMn—-1Ag alloys primarily consisted of
~v-austenite phase, whereas the FeMn-3Ag and FeMn—-5Ag alloys
exhibited a duplex structure comprising y-austenite (fcc structure)

and e-martensite phase (hcp structure).

FeMn-3Ag and FeMn-5Ag had higher compression strength, which
was attributed to the presence of the martensitic phase.

All FeMn-xAg alloys possessed low magnetic character, which makes

them potentially compatible with MRI analyses.

Cytocompatibility experiments demonstrated that the investigated
alloys were non-cytotoxic. Although Ag-containing alloys were cyto-
compatible, their cell proliferation rate was lower than that of pure
FeMn. Inflammatory cell response experiments showed that the
ions released by FeMn(-xAg) alloys did not induce an inflammatory
response in macrophages in vitro.

The viability and biofilm formation of Staphylococcus aureus with
FeMn(-xAg) alloys were tested. The obtained results revealed a
significant reduction in biofilm biomass of both live and dead cell
populations at 24h in the FeMn-5Ag sample.
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The findings regarding the FeMn alloy coated with ZnO led to the following

conclusions:

o Dip-coating is an efficient way of depositing ZnO coating onto FeMn
porous substrate.

e The ZnO coating process contributed to an accelerated biodegra-
dation rate when compared to uncoated FeMn alloy. This was
attributed not only to the ZnO coating itself but also to the forma-
tion of secondary phases during the coating fabrication.

« FeMn/ZnO elutions did not show a cytotoxic effect when exposed

to Saos-2 cells, as long as the elution concentration remained below

50%.

e The FeMn/ZnO samples displayed effective antibiofilm properties
by reducing the overall biofilm biovolume of S. aureus at 24h. This
suggests that the ZnO coating inhibits biofilm formation on the
FeMn alloys, which is advantageous for implant materials.

Overall, the study highlights the potential of FeMn alloys with addi-
tions of Ag and ZnO as a biodegradable implant material with improved
biodegradability, resistance to biofilm formation and good cytocompatibil-
ity. These findings contribute to the development of innovative solutions
for biomedical applications and pave the way for further research and
optimization in the area of biodegradable metals.

Regarding future perspectives of the research presented here, several
steps should be undertaken towards the clinical translation of the developed
materials. As a first step, the material should be designed for a specific
fixation device or scaffold to tailor the mechanical properties by optimizing
the porosity levels. Then, the mechanical properties should be studied in
depth by applying different techniques, such as tensile and compression
tests, fatigue tests and bending tests. The mechanical properties should
be studied as a function of the degradation level to provide enough
support for the required period. Complex degradation tests combined
with evaluation of mechanical properties after various degradation periods
should be assessed. Secondly, a thorough in vitro biological study should
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6. Conclusions and future perspectives

be performed, using several cell lines to further assess its cytocompatibility.
Similarly as with the mechanical tests, the cell lines should be chosen
accordingly to the specific application. As a third step, considering the
positive results of the in vitro study, a prototype of the implant should be
designed, which then could be used for the animal in vivo tests to validate
the biocompatibility of the material. The biomechanical behaviour of
the material upon implantation should be also evaluated to prove its

mechanical support for the required period.
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