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ABSTRACT

Implants and surgical tools are commonly used in the medical field. However, issues including poor osseointe-
gration, rejection, or bacterial contamination may still occasionally occur, causing serious complications sus-
ceptible to lead even to the patient death. It is therefore necessary to move toward new alternative advanced
surfaces, that may possess both antibacterial properties and improved biocompatibility compared with existing
solutions. Metallic glasses may constitute this kind of promising materials, gathering a high physico-chemical
resistance combined with outstanding mechanical properties. The first part of this review explores the interest
of metallic glasses for biomedical applications, and focuses on their biological properties. Metallic glasses are
considered under their two forms: bulk, as well as thin films. The behaviour of these metallic glasses towards
micro-organisms (bacteria, cells in particular) is then described. Besides, surface texturing by pulsed laser rep-
resents a further degree of freedom to deeply functionalize the metallic glasses’ surface. The induced modifi-
cations may not only concern the morphology of the surface, but also its chemistry at a small scale. In this sense,
the review demonstrates the importance of such a surface modification on the biological properties, and on the
dynamic of cells on these advanced surfaces in particular. Finally, the last part is dedicated to the latest de-
velopments of ultrashort laser irradiation of metallic glasses. It is shown how these nano-engineered surfaces can
influence the biological behaviour of metallic glasses. Explanations rely on the patterning design on the one
hand, on chemistry of the irradiated material on the other hand.

1. Introduction

biological environment. Recently, the use of lasers to texture surfaces
has been shown to have a significant effect on biological properties [3].

Metallic glasses, discovered in 1960, are still widely studied. Scien-
tists are increasingly interested in these materials because of their
unique combination of properties, which emerge from their amorphous
structure mainly composed of metallic elements. Metallic glasses are
metallic materials which possess interesting properties like their low
elastic modulus but higher strength and corrosion resistance thanks to
the amorphous and disordered structure allowing the absence of lattice
defects, grains and grain boundaries [1]. Metallic glasses are studied in
particular for biological applications, such as implants or surgical tools
[2]. These medical objects need to be as antibacterial as possible to
avoid infections as well as biocompatible for ease of integration in the

The combination of metallic glasses and laser surface texturing is
therefore very promising for the implants and surgical tools of tomorrow
as a means of limiting the risks associated with surgery or stays in
hospital. This review focuses on the interaction between three different
fields: metallic glasses, biological properties (i.e. antibacterial as well as
biocompatible characteristics), and laser surface texturing. As this re-
view addresses different scientific fields representing different scientific
communities, a pedagogic approach has been favored. First, the origin,
synthesis, and properties of metallic glasses will be presented. Then, the
microorganisms, their importance, and their behavior will be explained.
After that, a literature review of recently studied metallic glasses for
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antibacterial and biocompatibility applications will be covered. The
techniques of laser surface texturing will then be presented, including
results of irradiation of surfaces. Finally, the interest of laser surface
texturing for biological applications as well as its use on metallic glasses
will be discussed. This review aims to demonstrate that any researcher
can learn enough about these three fields to have the necessary keys to
understand the interest of combining them, regardless of their original
scientific skills.

2. Metallic glasses

The first metallic glass, of composition AuysSias, was synthesized in
1960 by splat quenching [4]. This technique induces the quenching of
the liquid alloy at a rate of approximately 10°-10° K.s"![5]. Subse-
quently, many metallic glass systems, such as Pd-Si, Pd-Au-Si,
Pd-Ag-Si, and Pd-Cu-Si, were synthesized by rapid cooling, which
limited their shape to ribbons, foils, or wires[6]. The invention of the
melt spinning method accelerated the study of metallic glasses. Thicker
ribbons became obtainable (10-50 pm), and ternary or quaternary alloys
were easily synthesized [7,8]. For a long time, only alloys containing
noble metals such as Pd and Pt led to large thicknesses (10 mm); how-
ever, their cost was prohibitive. In the early 1990 s, there was a new
boom in interest in metallic glasses with the discovery of systems
enabling the formation of glass at very slow cooling rates lower than 10
K.s~1 [9]. These slow rates are caused by the small temperature range for
the occurrence of nucleation and crystallization (due to the high glass
transition temperature) and the different atomic radii (of usually 4 or 5
elements). The metallic glasses could then be synthesized by conven-
tional mold casting, creating the first bulk metallic glasses (BMGs) of
several centimeters thickness.

2.1. Bulk metallic glasses

It was therefore discovered that some compositions that easily
formed metallic glasses were composed of transition metals, greatly
decreasing their cost compared with that of Au, Pd, or Pt-based com-
positions. Vitreloy® 1 (Zrs1 2Ti13.8Cui25Nijg oBegs.s) was developed in
1993 [9] and became the first commercially used BMG in 2003, under
the name LiquidMetal®. To date, this composition remains among those
with the best glass-forming ability (GFA). Due to the high toxicity of
beryllium, it was later replaced with aluminum. Over the past 30 years,
full expansion of BMGs has occurred with the synthesis of numerous Fe-,
Ni-, Ti-, and Cu-based systems [2]. Given their larger dimensions than
the first synthesized metallic glasses, measurement of their properties
became easier. Fig. 1 compiles some photographs of large BMG pieces of
different quaternary alloys, and highlights progress made in the
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characteristic size of final parts in 15 years, with a maximum diameter of
80 mm achieved in 2012 for the Pd-Cu-Ni-P system (Fig. 1B) [10]. A
recent critical review [11] indicates that this maximum diameter is still
relevant today. Furthermore, it is worth mentioning that new opportu-
nities are now opened to fabricate big parts of complicated shapes
through innovating processes linked to additive manufacturing. In this
sense, promising results on BMGs can be found in the recent review of W.
Wu et al. [12].

The GFA of a metallic glass alloy corresponds to its ability to form a
glass when cooled and thus to avoid its ordered crystallization. For a
high GFA, it is easy to obtain an amorphous phase even at low cooling
rates. The quantification of GFA is under discussion, as the best way to
calculate it would be to know the critical cooling rate (below which the
alloy crystallizes) and the maximum diameter or thickness that can be
obtained while remaining amorphous. Many criteria for estimating a
GFA value have been developed, usually based either on transition
temperatures or thermodynamic properties. A critical evaluation of all
these different criteria is presented by Chattopadhyay et al [15].

Most multicomponent BMGs have been synthesized through
numerous trials on many compositions, which makes the synthesis of
new metallic glasses very time consuming. From a qualitative perspec-
tive, Inoue et al. proposed several empirical rules to properly synthesize
amorphous BMG alloys: many components (confusion principle), strong
differences in atomic size ratio of metallic elements (at least 12 %), and a
negative enthalpy of mixing [16]. A high GFA is also usually achieved
for compositions close to eutectic compositions [17]. Even if the vast
majority of BMGs with a strong GFA follow these rules, there are some
exceptions, which indicates that the proposed mechanisms of BMG
formation are not yet completely understood. It is worth mentioning
that innovative approaches involving machine learning are under
development. For instance, possible glass-forming compositions in the
Co-V-Zr ternary system were rapidly predicted (compared with the time
required for empirical research) using machine learning [18]. The same
approach has also been applied for a selection of biocompatible alloys in
the Ti-Zr-Cu-Pd system [19]. Such a strategy can offer considerable time
saving if the algorithm is supplied with a sufficient amount of reliable
data.

As a consequence of their amorphous structure, metallic glasses are
devoid from conventional metallurgical defects causing chemical seg-
regations, such as grain boundaries, precipitates... Therefore, another
key-characteristic inherent to all metallic glasses whatever their geom-
etry (rod, ribbon, film...), is their chemical homogeneity. The correla-
tion is so high that, most often, authors prove the metallic glass
character of their materials by indirect global technics (differential
scanning calorimetry (DSC) or X-ray diffraction (XRD)), without deeply
characterizing the chemical composition. Some works present for
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Fig. 1. A: Pd-, Zr-, Cu-, Ni-, and Pt-based large centimeter-sized BMGs[13]; B: time- diameter evolution for different systems of BGM [14].
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instance the distribution of metallic elements through TEM-scale spec-
troscopic (Energy dispersive Spectroscopy (EDS)) X-ray images (Fig. 2A)
on Zr-based thin films. More quantitatively, the same homogeneity is
also shown by X-ray photoemission spectroscopy (XPS) on a Ti-based
BMG developed for the dental implantology (Fig. 2B). The depth pro-
file indicates that, except on the top-surface where a 15-nm thick passive
oxide layer is formed, the respective ratios of all elements are main-
tained in the inner part of the alloy.

Today, different processes can be used to form a BMG, such as high-
and low-pressure die casting (HPDC and LPDC, respectively) [22,23],
centrifugal casting [24], and the conventional copper mold casting. In
addition, there are also many different processes used to shape the
metallic glass for a specific product: thermoplastic forming (TPF) [25],
cold rolling [26], joining [27], electro-discharge [28], and micro-
forming [29]. Additive manufacturing using different techniques such
as selective laser melting (SLM), laser engineered net shaping (LENS),
thermal spray 3D printing (TS3DP), laser foil 3D printing (LFP), and
fused filament fabrication (FFF), has also been reported in recent years
[30-33]. More details on the processing of BMGs can be found in the
review of Halim et al.[11].

BMGs tend to possess great mechanical strength and high resistance
to corrosion or degradation. As illustrated in Fig. 3, many BMG com-
positions exhibit a strength higher than that of conventional bio-
materials, combined with a good elastic modulus.

Even though many BMG compositions with good properties have
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Fig. 3. Mechanical properties of conventional biomaterials compared with
those of BMGs [34].

been synthesized, one of the limitations is that only a narrow range of
multi-element chemical compositions can lead to the disordered amor-
phous state. Slight changes in the composition often result to a lowered
GFA. Also, as mentioned before, the dimensions of the BGM are limited
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Fig. 2. Fine-scale chemical analysis of A: ZrsgTis0Ag14 and ZrseTis3Aly; thin films (a,e: ADF images, b, f: Zr X-ray images, ¢, g: Ti X-ray images, d: Ag X-ray image, h:
Al X-ray image) [20] and B: XPS atomic concentration profile of TisoZr;oCuzePd;4 BMG [21].
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by the ability to maintain the disordered structure inside the volume of
the piece, making bigger volume difficult to realize. These were some of
the motivating factors for the development of thin film metallic glasses
(TFMGs).

2.2. Thin film metallic glasses

Thin film metallic glasses (TFMGs) are produced by physical vapor
deposition (PVD) sputtering, a process that consists of using a plasma to
extract atoms from a target and eject them toward the substrate to be
coated, like magnetron sputtering [35,36] or pulsed laser deposition
(PLD) [37]. This process induces the deposition of a solid film, gener-
ating a very high cooling rate (up to 10'2 K.s~! [38]). This very fast
cooling induced by the PVD process allows a wider range of fully
amorphous systems and compositions than those of BMGs [39]. TFMGs
can be synthesized in two different ways using the PVD sputtering
technique: (1) by using a single BMG-based target to realize a thin film of
perfectly known composition [38,40] and (2) by using multiple targets
(Fig. 4). A combinatorial approach is then possible by placing multiple
samples at different places of the sputtering chamber, thus inducing
different film compositions depending on their distance from each target
[41-43]. Many samples of different compositions but belonging to the
same system can thus be sputtered at once. Another multi-target sput-
tering technique consists of applying different currents to each target,
permitting a controlled co-deposition on a single sample [44].

Recently, pulsed laser deposition (PLD) was also used to create
TFMGs [45,46]. This technique uses a high-power pulsed laser to
vaporize the material to be deposited from a target placed in a vacuum
chamber. A plasma is then created, and the particles are deposited on the
substrate, forming a thin film. However, this deposition method implies
the presence of a heat affected zone, which can lead to possible struc-
tural modifications because of the rise of temperature in some areas of
the material.

The first TFMGs synthesized in the 1980 s were binary alloys, such as
Cu-Zr [47], Cu-Ta [48], Cu-W [49], or Bi-Fe [50] systems. Subse-
quently, the development of BMGs and the combinatorial approach
favored TFMGs in more complex systems containing at least three ele-
ments. As a result, the film’s amorphous structure has to be demon-
strated at different scales: from a global viewpoint by DSC and XRD, as
well as by TEM at the atomic-scale (Fig. 5) [51]. Besides, at a mesoscale,
the metallic glass character of a film can also be shown through a simple
SEM cross-section examination. In that case, films are deposited onto a
brittle substrate (Si wafer in general); when fractured, some specific
vein-like features appear, characteristic of the metallic glass nature
(Fig. 5 ¢). Their presence was most often related to the dynamic of shear-
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bands, while, more recently, a new theory considering the melting
temperature was proposed [52].

Owing to their disordered structure, TFMGs have various very
interesting properties. Compared with the properties of other conven-
tional sputtered thin films, their roughness and coefficient of friction are
very low and their microstructure is very fine (so-called glassy-like), as
presented in Fig. 6. From a functional viewpoint, they possess relatively
high plasticity and ductility, good corrosion resistance, and are inter-
esting for biological applications thanks to their wide composition range
and low roughness [53,54]. Many studies on TFMGs have focused on
their biological properties, including their antibacterial activity and
biocompatibility. Adding their low synthesis cost to their interesting
properties, TFMGs show great potential for use as implants or surgical
consumables, i.e. needles, blades, guidewires, or catheters [55].

In order to assess a potential “small scale effect”, it could be inter-
esting to compare properties of the two types of metallic glasses under
their bulk and film forms. However, such a comparison is made difficult
considering composition aspects on the one hand, and characterization
aspects on the other hand. Indeed, TFMGs have in general simple
chemical compositions (2 or 3 elements versus 4 or 5 for BMGs), and
characterization techniques are also often different (e.g. “conventional”
mechanical tests for BMGs in comparison to nano-indentation-based
tests for TFMGs). In this sense, the recent paper from M. Jain et al. de-
serves to be considered [57]. It indeed presents an interesting multiscale
direct comparison of mechanical and thermal behaviors of a similar Zr-
Cu-Ag alloy, synthesized either by PVD or by arc-melting processes.
Authors conclude on better performance of the film, explained on the
basis of oxygen contents and homogeneous deformation considerations.

3. Microbiological aspects

Before discussing the specific biological properties of TFMGs, it is
necessary to properly define the type of microorganisms of interest for
antibacterial and biocompatible surfaces. This chapter aims to describe
the prokaryotic organisms, of which bacteria belong to, and the
eukaryotic organisms, often used to estimate the biocompatibility of a
surface.

3.1. Prokaryotic bacterial cells

Prokaryotic cells are omnipresent and are unicellular microorgan-
isms that do not have a nucleus. Their genome consists of DNA
concentrated in an area called the nucleoid region, floating in the
cytoplasm (liquid filling the bacteria) together with ribosomes. They are
encased in a cell membrane and sometimes in additional external

Zr target

-

Fig. 4. PVD magnetron co-sputtering system: a) schematic diagram of a two-target system (ZrCu-NiAl) [39] and b) example of three-target sputtering apparatus

(Zr-Cu-Ag) [43].
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Fig. 5. Multiscale characterization of a Zr-Cu TFMG: global characterization by (a) XRD and (b) DSC and more local analysis (c) by SEM (vein-like features) and (d)

TEM [51].

Fig. 6. Atomic force microscopy (AFM) images and cross-sectional SEM images: a) pure Zr film, b) 49 at.% Cu-51 at.% Zr TFMG, c) 69 at.% Cu-31 at.% Zr TFMG, d)

pure Cu film [56].

structures like cell walls, capsules, pili, or flagella [58]. Prokaryotic cells
are divided into two groups: the archaea and bacteria. The former do not
exhibit any pathogenicity, contrary to the latter; thus, only bacterial
cells are described here. Some bacteria can be pathogenic [59]. In
humans, the symptoms of a bacterial infection are similar to those of a
viral infection (skin rash, cough, runny nose, watery eyes, fatigue,
nausea, fever, and muscle aches). Sometimes, they can even be fatal for
fragile or untreated patients. Certain bacteria regularly cause hospital-
acquired infections (HAI), i.e. infections contracted during a stay in a
healthcare institution. The most frequently identified bacteria involved
in a nosocomial infection are Escherichia coli (E. coli), Staphylococcus
aureus (S. aureus), and Pseudomonas aeruginosa.

According to a 2011 World Health Organization (WHO) report, HAIs
are directly responsible for 37,000 deaths in Europe and contribute to an
additional 110,000 indirect deaths as they weaken the body [60]. This
represents 16 million additional days in the hospital and result in an
estimated annual cost of €7 billion. The numbers are similar in the
United States. Considering that many low- and middle-income countries
(developing countries) do not have any HAI surveillance system, the
number of deaths caused by HAIs is unknown. However, given the dif-
ficulties in accessing high-level healthcare, the HAI-induced death may
be high. Overall, hundreds of millions of patients are estimated to be
affected worldwide, resulting in very high human and economic losses.

Bacteria vary greatly in size and shape. Typical bacterial cells are
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between 0.5 and 5 um in length. They are usually divided into two
groups called gram-positive and gram-negative, which are easy to
differentiate using a simple Gram stain technique. The categorization by
Gram stain is related to the composition, thickness, and resistance of the
membrane of the bacteria [61]. Gram-negative bacteria have a thin
peptidoglycan cell wall surrounded by an outer membrane. Gram-
positive bacteria do not have any outer membrane; rather, they
possess multiple layers of peptidoglycan, providing thicker and more
resistant protection [62]. Most bacterial species do not live individually
but in complex communities, adhering to surfaces within a mucous gel
called a biofilm [63].

In the literature focusing on the interactions between bacteria and
surfaces, E. coli and S. aureus are the most studied prokaryotes, espe-
cially because they are common and can be responsible for HAIL

E. coli is a gram-negative bacterium in the shape of a 1.0-2.0 ym long
cylinder, with a radius of approximately 0.5 um (see Fig. 7a). It multi-
plies at temperatures between 7 °C and 50 °C, the optimum temperature
being 37 °C. Some strains grow in acidic foods, up to a pH of 4.4, as well
as in foods with a water activity of at least 0.95. Cooking destroys Shiga
toxin-producing E. coli if the food is cooked through, the temperature
reaching at least 70 °C all over [52]. E. coli is a dominant bacterium in
the intestinal microbiota of humans and homeothermic animals from the
first hours of life. Most strains are harmless or even beneficial to humans
because they produce vitamin K or can prevent colonization of the in-
testine by pathogenic bacteria [2]. However, some serotypes can be
pathogenic, as the Shigatoxin-producing E. coli. This strain can cause
serious foodborne illnesses, such as cholecystitis, bacteremia, chol-
angitis, urinary tract infection (UTI), traveler’s diarrhea, neonatal
meningitis, and pneumonia [64]. The spread in the community of this
kind of bacterium is unlikely; there is usually effective prophylaxis or
treatment [50] and [51].

S. aureus is gram-positive, spherical shaped with a smooth surface,
and has a diameter ranging from 0.5 to 1.5 pm (see Fig. 7b) [65]. They
are rounded gram-positive cocci about 1 ym in diameter, immobile,
devoid of spores and they have a polysaccharide capsule. They appear in
clusters called “bunch of grapes”, they can also be isolated, in pairs or in
very short chains. Colonies formed aerobically are golden yellow pig-
mented and opaque and about 4 mm in diameter. S. aureus is a prefer-
ential facultative anaerobic bacterium, and grows well on minimum
media (basal media). It is a mesophilic (optimal growth 37 °C),
neutrophilic (optimal pH 7) and halophilic (grows at high concentra-
tions of NaCl) bacteria. It is also relatively resistant to bacterial in-
hibitors such as crystal violet and potassium tellurite. This is a bacterium
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that can usually be found on the skin or in the nostrils of people.
Generally harmless in healthy people, S. aureus can sometimes cause
infections. These are then treated with an antibiotic. Health care facil-
ities, especially hospitals, are places prone to infections caused by
S. aureus. Indeed, the installation of venous catheters or urinary cathe-
ters or surgeries are interventions favoring the entry of the bacteria into
the blood and wounds. This bacterium usually causes skin infections,
bacteremia, endocarditis, pneumonia, and food poisoning. S. aureus has
the ability to develop strong resistance to antibiotics (especially meth-
icillin) which vary depending on the strain [54], making it difficult to
treat with drugs [66]. These bacteria are called methicillin-resistant
Staphylococcus aureus, also called MRSA. The risk of being exposed to
MRSA is greater in healthcare settings. However, strains of MRSA are
present in the community and can be transmitted in groups of in-
dividuals who have close contact with each other, for example athletes
practicing contact sports or injection drug users. MRSA is mainly
transmitted by direct contact with the contaminated hands of a carrier or
infected person or those of healthcare personnel or with contaminated
surfaces and objects. A person can remain a carrier of MRSA for several
months and sometimes even for a few years [56].

3.2. Eukaryotic cells

Eukaryotic cells are more complex than bacteria (prokaryotic cells)
because they have a nucleus containing the DNA and some other or-
ganelles, which are basically the organs of the cell. Among these or-
ganelles and in addition to the nucleus, the endoplasmic reticulum,
Golgi apparatus, mitochondria, and flagella can be mentioned, although
there are several other components whose existence depends on the role
and complexity of the cell [59]. The term “eukaryote” also includes
multicellular and very complex organisms such as animals, plants, and
fungi, which is why the simple term “cell” is generally used to refer to
the eukaryotic organisms in microbiology. These cells tend to be larger
than the usual bacteria, with a size generally between 10 and 100 um.

There are more than 10,000 different species of cells, each with a
specific role in various living organisms. However, when biomaterials
are discussed, it is necessary to focus on a few types of cells that can be
easily cultured, stored, and observed. In the literature, the following
microorganisms are the ones that are mainly used for in vitro surface
studies [69]. These cells are listed according to their order of prevalence
in the literature cited throughout our review.

Fig. 7. SEM images of: a) E. coli[67] and b) S. aureus at different biofilm growth stages[68].
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e Pre-osteoblastic cell line MC3T3-E1, coming from mouse calvaria
(upper part of the skull). These cells have the ability to differentiate
into osteoblasts (which synthesize, mineralize, and renew the bone
matrix), and they form calcified bone tissue in vitro. MC3T3-El is
often used to observe the cell/material interactions [70,71].

e Human osteosarcoma cell line MG63 (usually called osteoblast-like

cells), coming from an osteosarcoma (cancerous bone tumor) of a

14-year-old male. These cells are derived from cancerous tumors but

do not have the potential to create tumors on their own. The
advantage of using MG63 is that they proliferate relatively rapidly

[72].

Fibroblasts L929, coming from the subcutaneous areolar adipose

tissue of a mouse. This is the oldest continuous cell line (1948 by

Earle). They have the advantage of being easily cultured and are

often used for cytotoxicity testing [73].

e Human mesenchymal stem cells (hMSCs), coming from fetal tissues

or some adult tissues (especially from the bone marrow). Human

MSCs can differentiate into several different cell types (multipotent

behavior) and are therefore ideal for monitoring the integration of

implants into the biological environment [74,75].

Primary human osteoblasts (hOBs), coming from femoral trabecular

bone tissue (knee or hip joint). They can produce a collagen rich

extracellular matrix during in vivo testing [76].

Human umbilical vein endothelial cells (HUVECs), coming from the

endothelium of veins from the umbilical cord. They are fairly low

cost and can easily be isolated and cultured in a laboratory [77].

Saos-2 is a human osteosarcoma cell line that presents osteoblast-like

properties (differentiation & mineralization). They can be cultured

shortly in large amounts, are well-characterized, and are often used
to monitor the events related to the late osteoblastic differentiation

stage [78].

e NIH 3 T3 mouse embryonic fibroblast cells, which are easy to grow

and often used to observe adhesion, proliferation, and migration on

surfaces [79].

Primary mesenchymal stromal cells (BMSCs), HOS, U2, human

adipose-derived stromal cells (hADSCs), human gingival fibroblasts

(HGFs)...

Considering the influence of the cells size with respect to the surface
topography on their adhesion and concomitant development (see
Chapter 6), it is important to have in mind the approximative di-
mensions of the different types of cell, reminded here: MC3T3-E1, MG63
and hOBs: 20-50 pm; L929: 5-10 um; HUVECs: about 15 um;
hMSCs:15-30 um and NIH 3 T3: about 20 um in diameter.

Studies on biomaterials aim to prove that a living organism can
integrate and tolerate them, for example by adhesion of cells such as
those mentioned above. In the biomaterial field, some specific terms
need to be clearly defined. For instance, biocompatibility is achieved
when the biomaterial fulfills its function without causing any harmful
effect to the living tissues. Biocompatibility is defined as the absence of
several components: cytotoxicity (direct damage of the cell), genotox-
icity (damage of genetic material), mutagenicity (induction of perma-
nent changes in the genetic material, causing DNA or RNA mutations),
carcinogenicity (cancer formation), and immunogenicity (provocation
of an immune response) [80]. It is worth mentioning that, in some
biomaterial studies, the term “biocompatibility” is sometimes used to
refer to cytocompatibility. Most studies on biomaterials consist of
observing their cytotoxicity (or cytocompatibility), i.e. the survival rate
of cells on their surface. Good cytocompatibility means that the cell can
continue to perform its intended functions. Following the ISO 10993-5
standard, a reduction of cell viability by more than 30 % corresponds to
a cytotoxic effect [81]. When an eukaryotic cell adheres to a surface, it
tends to flatten in order to maximize the contact area with the substrate,
as observed in Fig. 8. This behavior is visible as a simple evidence of the
good cytocompatibility of the surface. After adhesion, the cell may
migrate. It uses filopodia (thin projected filaments), which are used as
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Fig. 8. SEM image of MC3T3-E1 cells at various stages of adherence on tita-
nium substrate. The round cell is detached from the substrate, whereas the
flattened ones are well attached [69].

antennae to probe the surrounding environment. The stimulus of filo-
podia through satisfactory signals (mechanical, chemical, electrical...)
leads to the displacement of the cell. The proliferation of cells is induced
by mitosis. A single cell has the ability to replicate itself into two new
identical cells. This process allows the replacement of dead cells and
induces an increase of the cell population.

4. Biological behavior of untextured metallic glass surfaces

This chapter addresses the biological behavior of various metallic
glass systems reported in the literature for which the surface has not
been textured. Antibacterial and biocompatibility properties are dis-
cussed, and conclusions on interesting metallic glass compositions are
given.

4.1. Antibacterial activity

This section aims to provide an overview and a critical review of the
various studies performed in recent years on the antibacterial activity of
metallic glasses. Table 1 provides the compositions studied and in which
form (BMG or TFMG), the bacteria and analytical methods used, the
antibacterial properties and their proposed origin, and the corrosion
resistance of the alloy when it was studied. The publications are listed in
chronological order.

Some trends can be deduced from Table 1. The majority of metallic
glasses are Zr-based and contain a significant amount of Cu. The sec-
ondary elements include Ti, Ag, Al, and Ni. Marginal amounts of Ta, Si,
and Co are also added to some alloys. The interest of adding elements
like Cu, Al, Ni or Be is often to improve the GFA of the metallic glasses
thanks to the smaller atomic sizes of these elements allowing a more
disordered state [1]. Compositions devoid from Cu or Ag have very poor
antibacterial properties, indicating the necessity of at least one of these
elements. However, a high Cu concentration is not sufficient on its own
to achieve a strong bactericidal effect [90]. Most papers attribute the
antibacterial properties to a release ion phenomenon, usually of Cu or
Ag or even Al. The low surface roughness of TFMGs is also cited as a
favorable bactericidal factor. In fact, TFMGs are characterized by a very
smooth surface (Ra roughness most often below 10 nm), which is
especially linked to the sputtering deposition process, leading neither to
grain boundaries, nor to preferential columnar growth [54,56,84]. This
low roughness contributes to a good hydrophobicity of the surface,
affecting the bacterial adhesion and biofilm formation [20], which is
commonly called antifouling. As an example, a study on Zr-Cu-Ti TFMGs
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Table 1
Summary of metallic glasses studied for antibacterial applications.
Composition BMG Bacteria (gram) Analysis Results Proposed mechanism Corrosion resistance Ref.
TFMG technique (AR = antibacterial rate) Year

Zrs3CussAlgTas (ZrCuAlTa) TFMG E. coli (-) Plate E. coli: AR = 96 % for Metallic ion [82]
CuygZryoTigAlg S. aureus (+) counting ZrCuAlTa; 98 % for releaseHydrophobic 2014
(CuZrTiAl) CuZrTiAl surface

S. aureus: AR = 98 % for
ZrCuAlTa; 47 % for
CuZrTiAl

Zrs1.4Cupg sNij2 3Alg 8 TFMG E. coli (—) Plate Fully bactericidal Surface roughness [83]
Zrs2,0Cuzg 3Ni2,0Als 7 S. aureus (+) counting Hydrophobic surface 2014
Zrsy 2Clusg oNipg 7Alg o Cu-ion release
Zrs1.3Cu20,6Ni12.2Al6.9
Zrs1Cuzo.oNi11 1Al 0

AlygAgs7Tiqs (AIAgTI) TFMG E. coli (—) Plate ZrTiSi: poor bactericidal Ag-ion release [84]
Zrs4TizsSipg (ZrTiSi) S. aureus (+) counting effectAlAgTi & ZrTiAg: high 2014
ZrsoTiznAgro (ZrTiAg) P. aeruginosa (—) bactericidal effect

7Z144.0Cus3s.5A111.0A86.5 TFMG E. coli (—) Growth P. aeruginosa: complete Low roughnessCu- & [85]
(Zr1) P. aeruginosa (—) area inhibition in 24 h Ag-ion release 2014
Zr43.2Cu39 gAl10.6A86.4 E.coli: complete inhibition
(Zr2) in 24 h for Zrl & Zr2
Zr41.4Cuy3 7Alg 4Ag6 5
(Zr3)

Zr42.7Cu41 gAlg 6Ag6.9
(Zr4)

Zrss5CuszpAly oNis BMG S. aureus (+) Plate Low bactericidal effect Cu-ion release [86]
(Zrss5CuzpAl;oNis)egYq counting 2014

ZrCuAlAg TFMG E. coli (-) Optical High (Zr3gCuzeAl15Ags) to Cu- & Ag-ion release [42]
20-55 %Zr density low (Zr3CussAlaoAgio) 2016
30-38 %Cu antibacterial activity
8-40 %Al4-25 %Ag

CusgZr44Alg (Cul) BMG E. coli (—) Plate Cul: no bactericidal effect Cu+ & Cu2 + release [87]
CuszZra; 4Als ¢ (Cu2) B. subtilis (+) counting Cu2 & Cu3: complete 2017
CuseZrag 7Als 3 (Cu3) Time kill inhibition in 250 min

assay E. coli less resistant than B.
subtilis
Zr39CuzoAgan TFMG S. aureus (+) Plate NaySOy4, 10 g/L, pH = [88]
counting 6.6Good corrosion 2017
resistance

ZrsoCusg (Ag0) TFMG E. coli (—) Plate Fully bactericidal when % Cu- & Ag-ion release Saline solution: [89]
ZrgsCugAges (Ag6) S. aureus (+) counting Ag>11% Ag25: high 2018
Zr73Cu16Ag11 (Agll) corrosionAgl1: good
Zr47CuggAgos (Ag25) corrosion resistance

CugsZrys TFMG E. coli () Plate Mild bactericidal effect Cu-ion release, partial Few pitting [90]

S. aureus (+) counting lysis 2018
SEM
Zr46Tiq0Ag14 (ZITiAg) TFMG S. aureus (+) Plate ZrTiAg: high bactericidal Low roughness PBS & NayS04, 10 g/L, [20]
Zr4eTigsAl 1 (ZrTiAl) counting effectZrTiAl: low High Ag & mild Al pH=16.6 2019
bactericidal effect toxicity.lon release More corrosion
resistantthan 316L SS &
cp-Ti
CussZr40Als BMG E. coli (—) Plate Mild bactericidal effect Cu-ion releaseNo effect [91]
counting of roughness (Ra = 2019
SEM 70-600 nm)

ZrCuAg TFMG E.coli (—) Live/Dead  Bactericidal when %Ag > High Ag toxicity. Ion Higher corrosion when: [43]
Zr/Cu: 65/35, 50/50, 35/ 12 % release Low Zr/Cu ratioHigh %Ag 2021
651 % < %Ag < 16 % Resurgence of bactericidal Synergy between Cu &

properties when%Ag < 4 %  Ag when %Ag < 4 % for
for Zr/Cu = 65/35 Zr/Cu = 65/35

Zrsg.6Al15.4(Co1 4 Cliy)oeX = BMG E.coli (-) Plate Fully bactericidal PBS: Excellent corrosion [92]
0, 0.2, 0.3, 0.4, 0.5, 0.6, counting (Zrsg 6Aly5.4C0152Cu7.8) resistance of 2021
0.7, 0.8 Zrsg 6Al15.4C018.2CU7 g

Zrs37Tizs,1Si6,2N7 TFMG E.coli (—) SEM Not antibacterial: original [93]
Zr45,5Ti42S14,.4Ng 1 structure of bacteria is 2021

maintained

TigoZr10CuzgPdi4 BMG Aggregatibacter Live/Dead Bactericidal effect seen Cu-ion release SBF: formation of oxide [94]

and actinomycetemcomitans Plate after 24 h compared to the Hydrophobic surface layer leading to higher 2022
TFMG -) counting Ti-6Al-4 V even after oxidation Ecorr and smaller Icorr
Oral plaque SEM

highlights the correlation between the surface roughness, its affinity
with water and the bacterial adhesion [95]. It is clearly shown that the
bacteria population significantly decreases for smoother surfaces and
higher water contact angles.

In terms of bacteria, E. coli and S. aureus are the most commonly

used. Given the difference in membrane thickness, it is important to test
the antibacterial properties on both gram-positive and gram-negative
bacteria. The majority of the studies have been carried out on TFMGs,
which may be linked to the difficulty of synthesizing large BMGs,
making the use of TFMGs in the medical field more plausible than that of
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BMGs. Studies on corrosion resistance are emerging in the most recent
research. Indeed, the satisfactory antibacterial properties of metallic
glasses bring them closer to use for medical applications, and it has thus
become essential to measure their corrosion resistance, ideally in
simulated body fluid.

To evaluate the ideal compositions for antibacterial applications, it is
necessary to define the interest and effect, positive as well as negative, of
the various metallic elements used in the compositions in Table 1.

Ag: Very good antibacterial properties on many organisms. The
human body is marginally affected by the absorption of silver in the
blood when it remains under a certain threshold (otherwise risk of
argyria), and the element is easily eliminated by the body. Often used
in medicine as an alloy, for example for catheters. Biocompatible in
small amounts; the main drawback is its high cost [93].

Al: Clearly toxic at high concentration; thus, its percentage in the
alloy must remain low, as in the conventional Ta-6A1-4 V alloy. Non-
carcinogenic but sometimes associated with Alzheimer’s disease.
Biocompatible in small amounts but to be avoided when possible
[93].

Be: Causes toxic reaction with human body, added to improve GFA
[1].

Co: Sometimes used as a supplement in some implant alloys. Rapidly
eliminated by the organism but can remain there for many years in
the case of punctual overdose. Biocompatible in small amounts [93].
Cu: Known for its intrinsic antimicrobial properties against many
microorganisms (bacteria, viruses, or fungi). Used among other
things on hospital knobs and anything else that is regularly touched.
Generally low toxicity but too high concentrations can lead to
poisoning. Copper is widely used for intrauterine devices (IUDs) but
is not recommended for people with liver and kidney problems [96].
Ni: Often added to improve corrosion resistance. However, many
people have a sensitivity to nickel, which can lead to inflammation.
Can become toxic even at low concentrations. Element to avoid [93].
Si: Causes respiratory problems in powder form. However, in the
context of an implant, it is relatively inert, but some studies have
shown its positive effect on bone formation and corrosion resistance
[97].

Ta: Biocompatible but slightly expensive and uncommon. Can in-
crease corrosion resistance [98].

Ti: Biocompatible, regularly used in biomedical applications for de-
cades thanks to its good corrosion resistance to body fluids and light
weight [96].

Zr: Biocompatible, often used in dentistry for its good mechanical
properties and outstanding corrosion resistance [43].

However, it is necessary to examine the nuances of the effect of these
metals of the human body. Indeed, the vast majority of studies regarding
the toxicity of these elements have been performed on crystalline ma-
terials. Metallic glasses have an amorphous structure and are thus
potentially less prone to corrosion and therefore to ion release. For
future studies, it would be ideal to perform measurements of ion release
in simulated body fluid to quantify ion release and thus to define po-
tential toxicity levels. The matter of the biocompatibility of metallic
glasses has been extensively studied, as highlighted in the following
section.

4.2. Biocompatibility

This section details different metallic glass systems that exhibit
cytocompatibility or biocompatibility. Two types of metallic glasses can
be distinguished for biomedical applications: (1) bioinert compositions
that remain intact in contact with the biological environment or that
exhibit an ion release so low that it is not considered harmful, and (2)
biodegradable metallic glasses, which are extremely interesting in the
context of implants that would not need to be removed later (these
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metallic glasses can be resorbed in the organism once their goal is ful-
filled, without any toxicity).

4.2.1. Bioinert

Bioinert metallic glasses are particularly interesting for biomedical
applications, such as implants and surgical devices. Because of the
prolonged contact of these medical objects with the human body, it is
necessary to develop metallic glass compositions that do not (or only
very slightly) degrade over time. The metallic glass must also not be
harmful to human cells. Table 2 summarizes several compositions whose
biocompatibility properties were observed, either as a BMG or TFMG.
The type of cells used for the cytocompatibility tests as well as the
various analysis techniques used are reported. The in vitro results, and in
vivo results when performed, are briefly described as well as the corro-
sion resistance of these compositions.

Table 2 shows that the majority of the bioinert metallic glasses
studied are Zr-based. There are also several Ti-based ones, whereas Fe-
based ones are marginal. Studies of metallic glasses in the form of
TFMGs became more prevalent in recent years. Indeed, it is essential to
move toward thin films, especially for large implants and surgical tools.
Studies on BMGs remain relevant, for example for direct applications
such as small implants. It would be extremely interesting to perform
research to determine if a BMG and TFMG of the same chemical
composition have identical biological properties. Several different cells
are used for in vitro cytocompatibility testing. MC3T3-E1 cells tend to be
slightly more popular.

There are several levels of cytocompatibility assessment depending
on the study. The vast majority of studies monitor the evolution of cell
viability as well as the cell morphology. This is indeed the first step to
obtain information about the cytocompatibility of the surface, as
described in the ISO 10993-5 standard. However, to date, there are too
few articles investigating the cytocompatibility properties in depth.
From an animal welfare perspective, it is preferable to define the
biocompatibility of a material as much as possible through in vitro tests
before moving on to in vivo trials. Furthermore, because the final goal is
to produce implants and surgical tools for humans, the biological
properties of promising compositions must be fully known. To achieve
this goal, several analyses can be conducted before the in vivo tests, i.e.
hemolysis, cell mineralization, toxicology of leachable extracts, or cell
gene expression. Several studies have already conducted in vivo tests.
The results are very promising, as the implants were shown to be
corrosion resistant and did not cause inflammation or affect the blood
composition and thus possess good biocompatibility. According to
Table 2, only two studies have evaluated a TFMG tested in vivo
[113,118]. The TFMG didn’t exhibit clear indications of toxicity, there
were no erythema or oedema observed during intracutaneous (intra-
dermal) reactivity test for dermal reactions. But the behavior of the
material was not very good, as it exhibited a low bone affinity despite
good cytocompatibility in vitro[113]. As its composition is similar to that
of some BMGs with a good in vivo response, it is possible that the very
low roughness of the TFMG may generate this unsatisfactory result. In
this case, it would be necessary to texture the surface of the TFMGs to
improve their bone affinity, for example by a laser post-irradiation
treatment, as developed in Chapter 6.

To ensure the biocompatibility of a metallic glass, it is also necessary
to evaluate its corrosion rate to ensure that it would not be harmful to
human beings because of an excessive ion release. Fig. 9 presents the
corrosion rate values (in um/year) obtained for various bioinert metallic
glasses as well as for some biocompatible materials regularly used in the
medical field. The fluids used for the corrosion tests in Table 2 and Fig. 9
are saliva, simulated body fluid SBF (mineral composition similar to that
of blood plasma: 142 mM Na*, 5 mM K', 1.5 mM Mg2+, 2.5 mM Ca2+,
103 mM C1~, 27 mM HCO®~, 1 mM HPOZ~, and 0.5 SO%"), phosphate-
buffered saline PBS (137 mM NacCl, 2,7 mM KCl, 8 mM NasHPO4,
and 2 mM KH,POy, pH = 7.4), and Hank’s balanced salt solution HBSS
(140 mM NaCl, 5 mM KCl, 1 mM CaCly, 0.4 mM MgSO4-7H50, 0.5 mM
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17,3 < Ti < 40,9 at.%
17,8 < Fe < 49,8 at.%

10

Table 2
Summary of bioinert metallic glasses studied for biocompatible applications.
Composition BMG Cells Analysis In vitro results In vivo results Corrosion resistance Ref.
TFMG technique Year
Zr-Ti-Co-Be BMG 1929 1SO 10993-5 Cytocompatible Non-irritant [99]
Pd-Ag-P-Si (Test on Pd-Ag-P-Si: 2010
extracts) biocompatible
Zrg0.14CU22 31Fe4 85Alg 7Ag3 BMG MG63 Cell Counting Cytocompatibility (88 % SBF: Higher than Ti6Al4V [100]
Kit-8 after 5 days) and pure Zr 2013
Zre1CugsAlyoTin BMG HUVECs Cell Counting Cytocompatible Small amount of [101]
Kit-8 High gene expression of inflammatory cells 2014
qPCR VEGF & vWF Normal blood analysis
Blood analysis Biocompatible
Mucosa
irritation test
Zr46(Cuy.5/5.5A81/5.5)46Als BMG 1929 MTT assay Cytocompatible ZrCuAlAg: HBSS: High [102]
Zrs1.9Cuz3 3Nijg5Al14.3 Optical density No inflammation Highest for ZrCuAlAg 2015
Zrs1 TisNijgCuasAlg SEM & EDX High bone attachment
TigoZrasNipoCusBesg Biocompatible
Zreo.sAl oFesCusa s BMG HAECs LIVE/DEAD Cytocompatible PBS: High [103]
HASMs 2015
Zr45CuzeAlgAgs TFMG  L929 LIVE/DEAD Cytocompatible SBF: High [104]
2015
TigoCuszePd;4Zr10 TFMG  L929 LIVE/DEAD Cytocompatibility SBF: High [105]
BMG Human MTT assay (>80 %) 2015
gingival [94]
fibroblast cells 2022
(HGF) [106]
2017
[107]
2017
Tis7CusgZry sFep 5Sn,SigAgo BMG MC3T3-E1 SEM Cytocompatible SBF: Higher than [108]
Image Ti-6Al-4 V 2015
processing
FegoCrioMo1oP13Cy BMG NIH 3 T3 Cell Counting Cytocompatible HBSS & saliva: [109]
FesoCraooMoqoP13Cy Kit-8 High, similar to Ti-6Al-4 V. 2015
FessCraoMosP;5Cy SEM
TizoCusz4Pdy4Zr10Sny BMG Blood analysis No inflammation [110]
SEM & EDX High bone attachment 2015
No diffusion of ions
Biocompatible
ZresAly sNijoCuyy s BMG Blood analysis No increase of Cu & Ni in No pitting corrosion [111]
SEM & EDX blood 2016
No inflammatory cells
No corrosion
Zrs50Tiz2Cuy3Ags TFMG MC3T3-E1 MTS assay test Cytocompatible PBS: Higher than 316SS [112]
Zr4oTizyC012Nip and cp-Ti 2019
Zr4gCugeAlgAgg TFMG  MC3T3-El Cell Counting Hemocompatible Slow osseointegration SBF: Higher than pure Ti [113]
BMG L1929 Kit-8 Cytocompatible Bone implant contact Cu ion release of > 20000 2020
Platelet Mineralization =15.32% ppb after 1 day and 80000  [107]
adhesion test Small portion of cells ppb after 3 days and 2017
uCT survived after 24 h, <5% release of Al, Zr and Ag.
SEM after 5 day (cytotoxic)
Ti-Cu-Pd-Zr:B TFMG  MC3T3-El MTT assay Hemocompatible SBF: Higher for 8 % B [37]
%B =0, 4, 8, 14 Platelet Cytocompatible 2021
adhesion test
Fluorescence
microscopy
TisyCugpZry sFes sSn,Siy BMG MC3T3-E1 WST-1 assay Cytocompatible PBS: High [114]
Tis7CusgZry sFes sSn,SigAgo Cell differentiation 2021
TisgCusyZry sFes sSn,SigAgs Mineralization
FesoCr18Mo7¢Ca0Sia BMG NIH 3 T3 MTT assay Hemocompatible HBSS: Higher than 316L SS [115]
Hemolysis test Cytocompatible 2022
Zr40Ti15CuyoNijoBess BMG IMR90 MTT assay Cytocompatible SBF: Higher than Ti-6Al-4 [116]
ZrsoTisCuoNijoBess \% 2022
Zr40Ti15Cu;gNis SisBeos
Tis3CusgNii; TFMG  C2C12 LIVE/DEAD Cytocompatible [117]
myoblasts. Proliferation of cells 2014
TigoNb15Zr10Si15 TFMG Blood Hemolysis test Hemocompatible No inflammation SBF: Higher than the [118]
Sa0S2 LIVE/DEAD Cytocompatible Ti6Al4V 2019
1929 1SO 10993-05 Mineralization
MC3T3-E1l MTT assay
Zr-Ti-Fe TFMG  MG-63 cells MTS assay Noncytotoxic [119]
29,8 < Zr < 35,3 at.% 2017

(continued on next page)
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Composition BMG Cells Analysis In vitro results In vivo results Corrosion resistance Ref.
TFMG technique Year

Zr53,7Tiz31Si6,2N7 TFMG  Human SEM Biocompatible (cell [120]

Zr45,5Ti42S14,.4Ng 1 gingival Live/Dead growing) 2021
fibroblast cells
(HGF)

TigyZr41Si12 TFMG No cell Bio-corrosion Good bio-corrosion SBF: Good resistance, [1]
TisgZr33Sig involved resistance, best one seems better than 2014
TigeZrasSig to be TigeZrasSio
TiysZr10Si6

Zrs4TizsSing TFMG MG63 MTT assay Hemocompatible SBF: Good resistance [121]

1929 Live/Dead Cell proliferation 2023
Cytocompatible
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FegoCrioMo1oP1:C; I Saliva

FesoCrzoMo1oP13C; I

FessCrzoMosP1:C;

Ti-6A-4V I

Ti-6AI-4\ |
PUIe Zr |
Zre0 14CU22 31F 4 55Alg 7AQ: I SBF

Tisa3Zr217Niz sBezz s

Zrg2 3Cu22 sFes sAls 8Ag3 s
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Tis7CuaseZrz sFez sSn2SitAgz
Tis7CuasZry sFez sSn;SiAg:
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Tis7CusoZrz sFe2sSn,Siy
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Fig. 9. Corrosion rate (um/year) of various BMGs and materials commonly used in the medical field. Data obtained from [100,108,109,114,115,122,123].

MgCl2-e6H20, 0.3 mM Nap,HPO4-2H,0, 0.4 mM KHyPO4, 6 mM D-
Glucose, and 4 mM NaHCO3). All of these fluids were at 37 °C for the
corrosion tests. SBF, PBS, and HBSS were the most widely used fluids for
these experiments.

First of all, it should be noted that the corrosion rate of Ti-6Al-4 V
differs depending on the solution used. It is therefore difficult to
compare two metallic glasses that have not been tested in the same so-
lution. However, they may be compared by observing their corrosion
rate compared with that of Ti-6Al-4 V. Overall, all the metallic glasses
studied have a low corrosion rate. Fe-based metallic glasses tend to
exhibit more corrosion than Zr-based and Ti-based metallic glasses.
Besides their use is limited owing to a too important mismatch between
the mechanical properties of the bone (Young’s modulus of about 200

11

GPa for Fe-based BMGs to compare with 20 for bones)[124]. Moreover
Fe-based TFMGs could be more difficult to obtain via magnetron co-
sputtering because of the magnetic property of Fe, making it not an
ideal candidate for these TFMGs. Zr- and Ti-based metallic glasses have a
corrosion rate close to or lower than that of Ti-6Al-4 V, except for
Tisz.3Zr21 7Niy sBeay s, which may be caused by the absence of Cu or
high amount of Be. To obtain easily comparable results, it would be
necessary to always perform the corrosion rate measurements in the
same solution or in the three most commonly used solutions (SBF, PBS,
and HBBS). Because SBF is the closest solution to the human organic
environment, it is most likely the most representative of the actual
corrosion rate that a bone implant would experience.

Zr-based and Ti-based metallic glasses appear to be the most
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interesting for bioinert medical implants and tools. The presence of at
least two elements among Zr, Cu, and Ti is an important condition
because of their good biocompatibility and corrosion resistance. Ac-
cording to the data compiled in Table 2 and Fig. 9, the compositions that
induce good cytocompatibility or biocompatibility properties obey the
following law: at.% Zr + at.% Cu + at.% Ti > 65 %. Ti-based metallic
glasses may be the most promising and simple to implement in practice,
given that many of the implants currently used are already Ti-based, e.
g., Ti-6Al-4 V. The biocompatibility of potential alloying elements for
Ti-based metallic glasses has been previously reviewed in the literature
[125]. The presence of Pd provides good biocompatibility; however, it is
relatively expensive and should thus be avoided [126]. Because of safety
concerns, some other elements should also be avoided, including Ni and
Be, or limited like Al. Moreover, cytocompatible compositions without
these elements are achievable [127]. Quaternary alloys are interesting
to study, as they can be synthesized in the form of TFMGs, especially by
adopting the combinatorial approach. The biological applications of
these metallic glasses restrict the possible compositions, which makes
TFMGs even more interesting compared with BMGs, as their rapid
quenching allows for a wider range of compositions. However, sput-
tering on complex shapes is difficult, and it remains to be defined
whether the in vitro and in vivo biocompatibility properties of a BMG and
TFMG of the same composition are similar.

4.2.2. Biodegradable

There is less scientific work exploring biodegradable metallic glasses
compared with bioinert ones. Most of the studied compositions are Mg-
based and contain elements such as Zn, Ca, and Sr as well as rare earths.
There are also some metallic glasses that are Ca-based, Zn-based, and Sr-
based. These compositions are studied for low and mild load bearing
implants that could be harmlessly absorbed by the human body once
their goal is fulfilled. Table 3 summarizes the compositions studied and
their shape (BMG or TFMG), the cells used for the cytocompatibility
tests, the analysis techniques used, and the in vitro and in vivo results.

Several trends can be identified in Table 3. Recently, Mg-based
metallic glasses have been the most studied for biodegradable im-
plants. There are also Ca-based metallic glasses and, to a lesser extent,
Sr-based metallic glasses. The most frequently studied system is
Mg-Zn-Ca, which is composed of inexpensive elements and whose
biodegradability is already well known. Moreover, Ca and Mg are
already naturally present in large quantities in the human body
(approximately 1100 and 25 g, respectively [151]). A metallic glass in
the form of a TFMG was studied in only one of the papers discussed in
Table 3; therefore, many of the properties of biodegradable TFMGs
remain to be explored.

The cytocompatibility of studied systems is not necessarily esti-
mated, most likely because they are considered to be biocompatible
regarding their composition. In fact, some articles only address the
dissolution of the metallic glass and the release of Hy, which are also
important criteria. The dissolution rate is used to estimate the lifetime of
an implant according to its dimensions (often given in mm/year). The
release of Hy is a well-known problem of Mg dissolution, which produces
H,, becoming harmful by creating subcutaneous gas bubbles.

Fig. 10 compares the corrosion rate (in mm/year) of biodegradable
metallic glasses in various solutions. These solutions include the previ-
ously presented ones (SBF, PBS, and HBSS), 0.05 M NaySO4, and
Ringer’s solution (125 mM NacCl, 1.5 mM CaCl,-2H20, 5 mM KCl, and
0.8 mM Na,HPO, [152]). These solutions were maintained at 37 °C for
the experiments.

On average, biodegradable metallic glasses have a corrosion rate that
is 1000 times greater than that of bioinert metallic glasses (Fig. 9). For
bioinert metallic glasses, the results differ depending on the solutions
used for the corrosion rate tests. Here again, it would be preferable to
perform them in several solutions, or always in SBF, to easily compare
the different compositions studied. For Ca-based metallic glasses, it is
possible to strongly vary the corrosion rate only through small variations
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of compositions.

Among the biodegradable metallic glasses, the Mg-Zn-Ca system
stands out because it exhibits very good biocompatibility and its ele-
ments are present in great quantity in the human body. Compositions
containing Sr are also possible. Elements such as Li or Yb are sometimes
added to metallic glasses. Although these elements are biocompatible,
they are rather expensive, and their presence does not lead to more
efficient biodegradable materials than those of the ternary system
Mg-Zn—Ca. This system has been studied extensively and offers excellent
biocompatibility, as proven through in vivo trials. Adding the low cost of
the raw materials, this system is very interesting for low and mild load
bearing biodegradable implants. Exploration of the Mg-Zn-Ca system
remains ongoing, and studies on the best glass-forming compositions
have already been conducted [157,158]. For further information on Mg-
based BMGs, including the synthesis process and mechanical properties,
Bin et al. published a review on the recent developments of these systems
[159].

The TFMG which aims to be biodegradable requires good biocom-
patibility, adequate corrosion kinetics combined with good mechanical
properties.

To study the biocompatibility, it is important to consider its cyto-
toxicity, absorbability and bone-regeneration capacity. In terms of
osteointegration, the activity of osteoblasts, which indicates bone for-
mation, and the activity of osteoclasts, which indicates bone resorption,
are important to take into account. As the TFMG should be resorbable it
has to have a certain rate of corrosion in relation to the rate of bone
generation. Also, the product issued of this corrosion should not be
harmful for the human body. To ensure human tolerance the Hy gas
evolution from the degradation of the implant must be lower than 0.01
mL/cm?/day. The desired corrosion rate of biodegradable implants is
0.5 mm/y in simulated body fluid (SBF) at 37 °C, whereas 0.2 to 0.5
mm/year is considered a suitable corrosion rate in vivo. However,
depending on the application, the corrosion rate can require to be
different and this corrosion rate depends on the materials and the
implant characteristics (size, stress-condition, microenvironment).
Similarly, the corrosion of screws should not reduce their cross-section
by more than 5 %, providing a maximum acceptable corrosion rate of
0.4 mm/year. In addition, the bio-functionality of the implants must be
confirmed through cell-adhesion, cell-spreading, and cell-proliferation
tests [160].

In terms of mechanical properties these films should have properties
close to the bones’ ones, especially to ensure a good osseointegration.
These recommended key-properties can be found in Table 4 [160].
However, these characteristics are, most often, not all tested in pub-
lished studies. If we refer to BMGs mentioned in Table 3 for instance, it is
worth mentioning that the compressive (or tensile) strength criteria is
most of the time validated. Moreover, concerning TFMGs, biodegradable
films are part of the light-metallic glass family, characterized by similar
densities of the one of bones [140,141]. In addition, Young’s modulus of
Mg, Zn or Ca-based TFMGs are quite low compared to conventional non-
biodegradable TFMGs [145,146]. Among all required parameters, the
elongation is by far the most difficult to fulfill, even if metallic glasses
are known for their significant elongation before rupture (in the range of
several %) [129,130]. This characteristic has nevertheless not to be
strictly considered as limitative for the bone reconstruction application,
since, in that case, discontinuous porous materials are expected.

5. Effect of surface texture on biological behavior

Despite all the studies performed on numerous metallic glass sys-
tems, there are still no perfect compositions that achieve both biocom-
patibility and antibacterial behavior. The main problem is that the
increase in antibacterial properties is related to ion release, which
compromises the biocompatibility. Surface texturing may be a potential
solution to this problem. The idea is to provide an antibacterial effect by
modifying the surface topography [169], while the biocompatibility is
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Table 3
Summary of biodegradable metallic glasses studied for biocompatible applications.
Composition BMG Cells Analysis technique In vitro results In vivo results Ref.
TFMG (DR = degradation rate) Year

Mgeo+ xZn35_xCas BMG Hydrogen evolution High Zr amount (0 < x < 7): MgeoZnzsCas: [128]

x=0,3,6,7,9,12,14,15 Immersion test in Hank’s, MEM, Nearly no H evolution No hydrogen evolution 2009
Ringer’s and SBF solution Corrosion rate between 0.1554 No inflammation [129]
and 1.17 mm/year 2022

Mgeo-xZn34-xCag BMG Immersion test in SBF and Ringer’s Corrosion rate between 0.06 and [130]

x=0,2,4,6 solution 1.67 mm/year 2018
[131]
2016

Mges.xZngz_xCaz BMG Immersion test in Ringer’s solution Corrosion rate between 0.43 and [132]

x=0,24 1.33 mm/year 2016
[130]

2018

MgesZngoCas BMG Immersion test in MEM Corrosion rate of 0.63 mm/year [133]
2013

[134]

2013

[130]

2018

Mge4xZnzz_xCay BMG Immersion test in Hank’s, PBS, Corrosion rate between 0.21 and [135]

x=0,23,4,57,89 Ringer’s, SBF and MEM solution 0.88 mm/year 2019
MgeoZny;Cay [132]
2016

[136]

2015

[137]

2013

[138]

2019

[131]

2016

SreoMgi18Znos BMG Immersion test Sr40YbooMg20Zn;sCus: no [139]
SreoLi;1MgoeZnyg degradation 2009
SreoLisMg15Znzg Others: extremely fast degradation
SreoMg20Zn15Cus
Sr40Yb2oMg20Zn15Cus

Zn4oMg11Caz1Ybyg (Zn) BMG Immersion test Zn: No degradation [140]
CagsMg15Znyg (Ca) Ca: fully degraded in 2 days 2010

CagsZnyoMgis BMG 1929 MTT assay Cytocompatibility at No inflammation [141]

VSMC Cytoskeleton organization low concentration (<30 %) Some osteolysis caused by 2011
ECV304 Apoptosis High ALP activity rapid degradation
MG63 ALP activity (linked to mineralization activity)
CagsZnyoMgs BMG MG63 MTT assay Cytocompatible [142]
CaygZnzpMg14Ybg Immersion test Low H release rate 2011
CazyZnsgMgi2Ybig Low DR = 0.25 mm/year
Casy sMg15Zny7.5 BMG Immersion test Rapid rate of dissolution [143]
CassMg17.5Zn27.5 Hydrogen evolution Regulation of dissolution with Zn 2012
Casz.sMg20Zngy 5 Electrochemical testing content
Casz.sMg17.5Zn30 Incongruent dissolution
Casz sMg22 5Zn25
CasoMg20Znzo
Sr4oMgo0Zn15YbooCus BMG MG63 MTT assay Cytocompatibility [144]
Immersion test Good ALP activity 2012
ALP activity Very low H, generation rate

CagoMg20Zn,eSragYbag BMG MG63 MTT assay Cytocompatibility Bone formation [145]
Immersion test Cell differentiation Biocompatibility 2013
ALP activity Slow degradation
Radiography and uCT

MgssZnzoCay BMG MC3T3-E1 MTT assay Cytocompatibility [136]
MgesZna9CasAgy SEM Lower H; generation with Ag 2015
MgeeZna;CasAgs Hydrogen evolution Corrosion rate between 0.265 and

Immersion test in PBS solution 0.308 mm/year

MgesZnzoCay (Sr0) BMG MC3T3-E1 MTT assay Cytocompatible [146]
MgesZnzoCasSry (Srl) SEM Cell differentiation (for 5 % Srl 2016
MgeeZngpCasz 5511 5 ALP activity only)

(Srl.5) Mineralization (for 5 % Sr1 only)
Mges.2Zn3zoCasMng g BMG Immersion test in PBS solution Corrosion rate of 2.40 mm/year [147]
2018
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Composition BMG Cells Analysis technique In vitro results In vivo results Ref.
TFMG (DR = degradation rate) Year
Mge4.9Z1n30CagMng gSro 3 BMG Immersion test in PBS solution Corrosion rate between 0.36 and [147]
Mge4.7Zn30CasMng gSro 5 1.81 mm/year 2018
Mge4.4Zn30CasMno gSro.s
MgCaZn TFMG MG63 Cell viability (fluorescence Higher Zn content = lower cell [148]
35.9 % < %Mg < 63 % microscope) viability 2017
4.1 % < %Ca < 21 %
17.9 % < %Zn < 58.3 %
MggoZnzsCas BMG Primary rabbit MTT assay Cytocompatible (similar to Ti-6Al-  Bone formation [149]
osteoblasts Live/Dead 4V) High bone mineral density 2019
ALP activity High ALP activity No inflammation
SEM Mineralization Normal blood analysis
uCT Biocompatible
Blood analysis
MggoCasZngs BMG MC3T3-E1 MTT assay Cytocompatible [150]
Mg72Cag2Znge Immersion test 2020
Mge3CarsZngs Hydrogen evolution

MgesZn2sCa. ——
Mgs«Zn3>Ca, IE—

Ringer’s solution

e 152120

CasoMg20Cuzo
CassMg1sZn11Cu1c

Mg70ZnzsCas I
MgesZn;oCa, I

SBF

MgesZnzoCas

MgssZn3pCaz sSry s
g olazsor PBS

MgesZn30Casz sSro s

MgesangCagsn

Mgs3CarsZn2.
Mg73Ca12Zn 1 I

0.05M Na,SO,

Hank’s solution

MgsoCasZn:s I
Ca322n33Mg12Ybl s I

0 1 2

3 4 5 6

Corrosion rate (mm/year)

Fig. 10. Corrosion rate (mm/year) of various BMGs. Data obtained from [142,150,153-156].

provided by the alloy composition and may be improved by texturing.
This is critical for artificial implants. Indeed, when placing an implant, it
is essential to obtain good osseointegration, i.e. the establishment of a
strong and viable direct connection at the interface between the implant
and bone. The implant surface state is thus of great interest. This chapter
focuses on the effect of surface topography patterns on the behavior of
prokaryotic bacterial cells (called “bacteria”) and eukaryotic cell adhe-
sion (called “cells™). The results specifically obtained through surface
modification using lasers are discussed in Chapter 6.

5.1. Bacterial adhesion

As presented previously, some bacteria represent a danger for human
health. Antibiotic treatments have been widely used to treat the action
of bacteria; however, this is no longer sufficient because of their
increasing resistance to these treatments [65,170,171]. One approach to
solve this problem is to focus on surface structuring, either to induce the
death of the bacteria or to prevent their adhesion and thus their
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proliferation [63]. Many coatings, including bactericidal substances
such as silver, copper, or zinc, have been synthesized in the form of
“release-based coatings”. The bactericidal agent is thus released at the
extreme surface of the coating and prevents microbial infection [172].
However, the control of the release is complex and often leads to cyto-
toxicity and inflammatory responses. The ideal solution is thus to pre-
vent bacterial adhesion by modifying the surface state of a material, to
create an antifouling (preventing initial adhesion) or bactericidal effect.
Another strategy takes profit of the surface texture to change its
wettability, which, indirectly, may also influence the bacteria adhesion.
From a general viewpoint, an hydrophobic texture would be able to
prevent the adhesion of bacteria and thus the formation of biofilm,
whereas an hydrophilic texture would be more prone to favor cell
adhesion [173,174]. When surface topography is used to control bac-
teria adhesion, it is usually difficult to estimate whether the bactericidal
effects are primarily due to the surface texturing or to the chemical
composition of the material. The texturing will have a greater impact as
the contact surface between the material and bacteria decreases, at the
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Table 4
Desirable mechanical properties of biodegradable implants for orthopedic ap-
plications [160].

Property Value Ref
Density 1.8-2.0 (g/cm®) [161]
2005
[162]
2009
Tensile strength > 300 (MPa) [163]
2015
Tensile yield > 200 (MPa) [164]
stress 2009
Young’s modulus ~ 17-22 (GPa) [161]
2005
[165]
Compressive > 230 (MPa) Based on value for
strength human cortical
bone
Compressive > 182 (MPa) Based on value for
yield stress human cortical
bone
Elongation >10 % [166]
(strain %) 2014
Mechanical > 24 weeks based on longest healing [167]
integrity time of neck femur 2014
[163]
2015
Fracture Minimum 12 MPa.m'/? Based on value for
toughness human cortical
bone
Mechanical Fixation screw must maintain 95 % of [168]
integrity original load-bearing capability for at 2015

least 6 weeks after implantation
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detriment of the chemical composition, and conversely [175].

Bacteria tend to react in a very conventional way to certain surface
irregularities. For example, they will be retained in distributed pits
whose diameter is larger than that of the bacteria [176]. Bacteria pref-
erentially colonize recessed regions with dimensions larger than them-
selves, such as pits and grooves, as observable in Fig. 11 [175]. In
contrast, their adhesion is limited on a topography with smaller di-
mensions, such as on the surfaces shown in Fig. 12¢ [177]. Even if the
main roughness parameter Ra (quadratic mean roughness) is the most
represented in the literature, recent works also refer to other less com-
mon key parameters, such as the skewness and kurtosis of the surface, or
the furrow density. In particular, these innovative roughness parameters
are correlated with bactericidal properties of laser textured surfaces and
could be considered in the evaluation of the influence of surface textures
on their bacterial activity [178].

NB: The texture of surfaces generated by pulsed lasers can cover
several scales, from 10 nm up to hundred micrometres. In order to
encompass this large diversity of textures resulting from laser irradia-
tion, it is often found in the literature the « micro-nanotexture » vocable,
which will then be used in the following.

Micro-nanotexturing of the surface may achieve a bactericidal effect
by stretching the membrane, leading to its rupture and thus to the death
of the bacteria (a phenomenon called “lysis”) [180]. Definitely, the
stretching is strongly dependent on the surface roughness, i.e. the height,
spacing, and periodicity of the structures, as well as on the width and
shape of the contact area [175,178]. Fig. 13 shows the adsorption of a
bacterial cell on nanopillars and its lysis caused by membrane
stretching.

Studies conducted on titanium alloys have shown that surfaces with
micrometric or sub-micrometric patterns result in lower bacterial
adhesion compared with rougher surfaces. Similarly, extremely smooth
surfaces (<30 nm) do not prevent bacteria from adhering to the surface
[181]. Surface irregularities leading to good antibacterial properties are

Fig. 11. SEM images of a) S. aureus and b) P. aeruginosa retained on pitted surfaces of titanium with pit diameters of 1 and 2 ym [176].
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Fig. 12. Preferential attachment of bacteria on micro and nanopatterned surfaces, with SEM images of equivalent textured surfaces of titanium [175,179].

Fig. 13. Membrane rupture by stretching on nanopillars [175].

of the same order of magnitude as the bacteria, i.e. approximately 1 um.
Depending on the type of bacteria considered, it is therefore possible to
obtain relatively different results in bactericidal tests depending on the
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dimensions of the bacteria compared to the surface structure [175,182].
Moreover, as the death of bacteria occurs because of the rupture of their
protective membrane due to a mechanical-bactericidal effect of the
roughness, the bacteria will not react in the exact same way depending
on whether they are gram-positive or gram-negative. Indeed, gram-
positive bacteria (with a thicker and more rigid membrane) would
require a stronger mechanical stress to reach rupture and bacterial cell
lysis than gram-negative bacteria.

5.2. Cell proliferation

To improve the efficiency and rate of osseointegration (direct
structural and functional connection between living bone and the sur-
face of an implant), several surface modification methods have been
employed over the past decades. Indeed, the good integration of an
implant starts not only from the chemical composition of the surface but
also from its wettability and topography. This latter characteristic can
also be used to orient the cells in a preferential direction.

The main surface textures susceptible to modify the behavior of cells
are dots (or protrusions) [183,184], pillars (or posts) [74,185,186], pits
[187], and grooves (or gratings) [185,188,189]. Several methods can be
used to create these patterns, including anodization and colloidal
lithography for partially ordered patterns, and more advanced tech-
niques for ordered patterns such as photolithography, electron beam
lithography, additive manufacturing, and femtosecond laser lithography
[190]. These patterns can be either microscopic, nanoscopic, or both at
the same time, which is called a multi-scale, or multi-hierarchical,
pattern. Indeed, as illustrated in Fig. 14 (with bone cells as an
example), the interactions between cells and topography occur over
several scales. The prediction of the behavior of cells on a given textured
surface is then very complex, as it depends on the topographic properties
of the surface and on the cell properties at micro and nano scales.

Many works have focused on microscopic, nanoscopic, or multi-scale
patterns to study the behavior of cells on these engineered surfaces. The
results have been previously summarized in reviews that classify the
studies based on the cells used [191], the topographic patterns
[190,192,193], or the potential applications [194].

It is important to highlight that the behavior of cells on surfaces
strongly depends on the parameters of the pattern, including the height,
width, or diameter and periodicity. Overall, cells tend to easily find
anchorage points on a textured material and can grow on it as long as its
chemical composition is not toxic. This adhesion is achieved through the
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Fig. 14. Interactions between bone and implant surfaces from micro to nanoscale topography [184].

cell filopodia, which are membrane extensions that act like antennae
probing the environment to find a suitable location for migration [195].
Figs. 15 and 16 present perfect examples of how micro- or nano-textured
surfaces can affect cell behavior. The cell is aligned parallelly for a
microgroove pattern, whereas it is oriented perpendicularly for a
nanogroove pattern [189]. As for pillars, cells can propagate on top of
them if the width and spacing are optimal.

Invivo experiments with Pd-based BMGs have also demonstrated that
nanopatterning may have a positive effect on the biocompatibility of the
bone implant [126]. There is therefore a consensus that surface

BEN aa
ml‘ |
mn&g?!-

Fig. 15. SEM images of human corneal epithelial cells cultured on micro- and nanopatterned substrates of silicon: a) perpendicular alignment on 70-nm ridges with a
400-nm pitch, b) expanded view on filopodia of previous cell, ¢) parallel alignment on 850-nm ridges with a 2000-nm pitch, d) expanded view on filopodia of
previous cell [189].

texturing, whether in the form of a micropattern, nanopattern, or multi-
scale pattern, generally tends to improve cell adhesion and align cells
depending on the size of the pattern compared to the size of the cells.
The use of hierarchical structures with micro- and nano-topographical
features appears to be the most promising route for further develop-
ment. Therefore, the use of lasers for surface texturing is of great interest
and will be discussed in the next chapter. However, given the number of
cells, culture conditions, materials, and observation methods used, it
remains complex to state with certainty the exact relationship between
surface topography and cell evolution.

N
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Fig. 16. MG63 osteoblasts adhering on top of micropillars realized on pure titanium [196].

6. Laser surface texturing

This chapter focuses on the use of various laser irradiation conditions
to modify the surface state via irradiation and laser-matter interactions.
The first part addresses surface textures realized thanks to laser ablation
techniques. The associated surface patterns have an order of magnitude
of at least a few microns. The second part discusses the fabrication of
sub-micron structures generated by ultrashort pulse lasers. As exposed in
the previous chapter, surface patterns of this size are favorable to
bactericidal effects and cell proliferation. For a given material to be
textured, in addition to its surface properties (thermal, optical, struc-
tural), there are many laser parameters that may affect the final result,
including the fluence, polarization, wavelength, spot size, pulse fre-
quency, pulse duration, time delay (for double/multi pulses), number of
pulses, and overlapping of the pulses [197]. These different parameters
determine the type of surface texturing achieved.

6.1. Micrometric structures

Laser ablation is a process that alters the surface properties of a
material by changing its texture and roughness. The laser beam creates
topography of different shapes on the material surface through ablation
that removes a certain thickness [198]. This ablation can be achieved
either with a continuous or pulsed laser depending on the required
structure and irradiated material [199]. Precision in the tens of microns
and excellent repeatability can be achieved. However, this destructive
technique is complex to use on thin films, which require very low flu-
ence and pulsed lasers to avoid damage to the substrate. Frequently
produced shapes include grooves and holes. These patterns may improve
properties such as the adhesion, wettability, friction, or cell adhesion.
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The energy, and therefore the laser parameters required to cause evap-
oration or ablation, are highly dependent on the material, including its
chemical composition, thermal properties (e.g., conductivity, specific
heat) [200], and optical properties (e.g., reflectivity, absorbance,
transmittance) [201].

The ablation threshold is generally used to define the boundary be-
tween the ablative and non-ablative regimes. At a certain incident beam
energy (fluence), the binding energy of the material is exceeded by the
radiant energy, resulting in decomposition, often in the form of vapor-
ization [202]. To avoid unwanted material damage during ablation and
to form fairly fine structures, pulsed lasers are generally used. Indeed,
for continuous radiation, the heat accumulated by the material does not
have time to dissipate and thus accumulates, leading to thermal effects
and substantial structural changes extending beyond the point of impact
(ie. during laser welding). Pulsed lasers allow good heat dissipation to
avoid these problems, explaining why nanosecond lasers are extensively
used for this purpose; however, picosecond and femtosecond lasers can
also be used if the material is prone to damage [203]. Shorter pulses
allow easier control of the energy delivered to the material surface, as
visible in Fig. 17.

6.2. Submicrometric and nanometric structures

Different mechanical, chemical and physical processes can be used to
modify the surface at a submicrometer scale. Nevertheless, among all the
texturing techniques, the use of lasers, and of femtosecond laser in
particular, is the most flexible, and the most documented [204]. This
micro- and nano-structuring technique has some advantages compared
with other techniques, such as nanolithography (i.e. photolithography,
X-ray lithography, electron beam lithography, micro-contact printing,
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Fig. 17. SEM images of pulsed laser ablation on a thick steel foil (A = 780 nm) with femtosecond, picosecond, and nanosecond pulses: a) 200 fs, 120 uJ, F = 0.5 J/

em?; b) 80 ps, 900 wJ, F = 3.7 J/ecm?; ¢) 3.3 ns, 1 mJ, F = 4.2 J/cm? [203].

nano-imprint lithography, or scanning-probe lithography) [205,206] or
reactive-ion etching [207]. Indeed, the use of a femtosecond laser does
not require polluting chemicals, can avoid heat-induced surface
damaging, and is promising for large-scale industrial uses [208,209].

Femtosecond lasers, known as ultrafast lasers, are now commonly
used to functionalize surfaces. Due to their ultrashort pulses, their
thermal effect is very limited, causing no detrimental effects regarding
residual stresses, as it is often the case for more conventional lasers.
Moreover, their very located volume of interaction allows the treatment
of thin films, where the other lasers are rather adapted to bulk materials.
Indeed, the ultra-short pulses created by these lasers enable the gener-
ation of unique morphological, topological, and chemical modifications
on the surface of materials. Surface nanostructuring provides very
interesting optical, wetting, tribological, and biological properties,
which explains its use in various fields such as aeronautics, renewable
energies, nanofluidics, and medicine [210-214]. The repeated cycles of
fast melting and solidification on a consequent number of pulses enables
the drawing of surface morphologies impossible to obtain by other
techniques. These morphologies can be controlled by modifying the
wavelength, polarization, pulse duration or fluence and can thus pro-
mote specific shapes, orientations, or depths [215,216]. These modifi-
cations can lead to the enhancement of different surface properties, i.e.
optical properties, hydrophobicity, or cell adhesion.

Femtosecond lasers can create laser-induced periodic surface struc-
tures (LIPSS) on various materials such as semiconductors, metals,
polymers, or metallic glasses. These structures, observed for the first
time in 1965 on semiconductors, resemble rectilinear ripples [217]. Two
types of LIPSS can be distinguished according to their periodicity. Low-
spatial-frequency LIPSS (LSFL) generally appear for ultrashort laser
fluences slightly above the damage threshold of the material and after
several pulses. Their period is slightly shorter than the wavelength of the
laser beam, and they appear oriented perpendicularly to the electric
polarization field [218]. A femtosecond laser with an emitting wave-
length of 1064 nm would create a LSFL with a periodicity of nearly 1 pm.
LSFL are generated by interference between the incident laser and a
surface electromagnetic wave created by surface defects (roughness),
which may include the excitation of surface plasmon polaritons (SPPs).
High-spatial-frequency LIPSS (HSFL) are the second most common type
of LIPSS. They have a periodicity between half and one tenth of the
incident laser wavelength. Their orientation can be either perpendicular
or parallel to the electrical polarization. Their origin remains under
discussion in the literature, with different formation mechanisms pro-
posed, such as second-harmonic generation, the involvement of specific
types of plasmon modes, or self-organization [219,220]. The physical
effects inducing different types of LIPSS during femtosecond laser irra-
diation has been thoroughly investigated [221].

Because the orientation of LIPSS is directly related to the polarization
direction of the laser beam, it is possible to obtain more complex
structures than classical ripples by changing the polarization direction
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between pulses. Moreover, double pulses can be easily generated by
temporal shaping, i.e. a second ultrafast pulse generated after a few pi-
coseconds or nanoseconds after the first one. This induces relatively
different LIPSS structures depending on the time delay and polarization
states, such as those shown in Fig. 18.

The challenge in ultrafast laser texturing remains to reach ultimate
scale at nanometers, well below the diffraction limit. Nakhoul et al.
[222] reported recently high aspect-ratio nanopatterns driven by inho-
mogeneous local absorption sustained by nanoscale convection and
architectured by timely-controlled polarization pulse shaping (Fig. 19).
Such high aspect-ratio surface nanotopography is expected to have great
potential for innovative applications in biomedecine, nanocatalysis, and
metaphotonic [222,223].

6.3. Structural and chemical atomic-scale impact of the laser treatment

Metallic glasses are intrinsically characterized by a perfect homo-
geneity of their constitutive chemical elements. That’s why recent
studies do not focus on such a purely chemical approach. However, the
metallic glass character of a material must be considered as a metastable
state, which can be disrupted by any external stress. In this sense, a
thermal treatment is the most conventional way to destabilize the
amorphous structure. XRD in heating mode and DSC technics allow then
to determine the critical key-parameters Ty and Ty (glass transition and
crystallization temperatures respectively), and their difference, which
defines the super-plastic domain range [54].

Within the context of this paper, the laser beam is the energy source
capable of affecting the disordered structure of the metallic glass. If well-
controlled through an ultrashort pulsed laser, such a structural modifi-
cation can be deliberate. This process is referred to as devitrification,
susceptible to form a hardened surface and subsurface. These studies are
in general two-fold with a first part dedicated to a simulation of the
temperature-time depth profile [224,225], associated, sometimes, with
an experimental proof of the local crystallization by TEM. Antonowicz
et al., for instance, have shown that each pulse provoked a heating up to
1500 K during some tens of ns (Fig. 20) [226]. When repeated, this laser
irradiation became prone to strongly transform the Zr-Cu TFMG into an
unexpected cubic form of zirconia top-layer first, followed by a subse-
quent inner crystallization of a copper sub-layer. Another strategy to
solve the crystallization of a TFMG was recently proposed by Dasson-
neville et al. adopting an in situ approach in heating mode [227]. They
have used the same Zr-Cu film model to suggest, at the TEM-scale, a
scenario for the film crystallization: some nanometric monoclinic zir-
conia clusters first appear, where the metallic crystallization initiates.
The whole crystallization of the film is then conducted behind a prop-
agating transformation front resulting mainly in the transformation of
the amorphous matrix into Zr;Cuj intermetallics.

Studies associating laser treatment with metallic glasses are mainly
related to a modification of their surface texture, but the concomitant
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Fig. 18. SEM images of stainless steel irradiated at a fluence of 0.1 J/cm? and a pulse duration of 350 fs with double pulse for different interpulse delays and two
different polarization configurations (XP = crossed polarization and CP = circular polarization) [216].

n
]
25
- |
a
"
~

Fig. 19. A) schematic illustration of nanopeaks formation by femtosecond laser using double pulses. b,e,h) scanning electron microscopy with 2d fourier transform
(ft). c,f,i) 2d atomic force microscopy. d,g,j) 3d atomic force microscopy of various surface morphologies of ni(001) crystal irradiated with different laser parameters

and polarizations [222].

effects on chemistry are also of prime interest. It was recently proved
that the atmosphere under which the laser process is conducted had an
important impact on the top-layer chemical composition. As an
example, P. Dominic et al. clearly showed, by XPS analysis of tungsten
treated areas under vacuum the absence of peaks attesting oxidized
species in opposition to treated zone in ambient air (Fig. 21) [228]. This
difference in the surface composition was correlated with opposite
wettability behaviours (Fig. 21 a,b).

However, most often, the fs-laser texturing is carried out in ambient
air, provoking a superficial oxidation of the treated material. This

20

oxidation is proved qualitatively by Raman spectroscopy of the
Ti4y 5Zra5Cugy sNis BMG [229], or more locally by ToF-SIMS imaging
[230] (Fig. 22). XPS spectroscopy is also often reported to precise the
fine composition of this oxide [231] or mixed oxide [232]. Moreover, a
further carbon pollution linked to the adsorption of hydro-carbonated
species may be also revealed on top-surface [233].

The next step has consisted to determine the thickness and nature of
this thin oxide layer, estimated indirectly by sputter-depth-profile
spectroscopic analyses (GD-OES [234], AES [235], ToF-SIMS [232],
XPS [21] ...) or directly by TEM EDX [236,237] (with an example in
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Fig. 20. Laser irradiation of a Zr-Cu TFMG with a 60 mJ/cm? fluence laser: a) temporal temperature-depth distribution, b) TEM cross section highlighting the nature

of transformed layer for different (0, 1, 10, 100) pulses [226].
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Fig. 21. Camera images of contact angles measured after 10 min of fabrication for (a) ambient HSFLs (b) and vacuum HSFLs generated by fs laser with Fp = 0.32 J/
cm2 and N = 20. (c & d) HR XPS peaks for W 4f spectra one hour after fs-laser irradiation. (¢) Ambient HSFLs show the doublet peaks corresponding to oxidation

which are absent in the (d) [228].

Fig. 23) or EELS [235]. Whatever the technics considered for its analysis,
the thickness reported involving a fs-laser texturing treatment is most
often ranging from 10 and 30 nm.

Prudent et al. [237] show a flexible one-step ultrafast laser process
coupling structural modifications consisting in turning of a ZrCu
metallic glass to a composite material of monoclinic zirconia crystallites
embedded inside amorphous metallic glass associated with nano-
topography modifications with the generation of highly concentrated
20 nm diameter nanowells on the surface (Fig. 24).

21

6.4. Laser surface texturing of metallic glasses

Laser surface texturing is therefore widely used on many materials.
As metallic glasses are relatively new materials, studies on their
formulation and physicochemical properties are still in progress. In
parallel, some researchers have studied the effect of laser irradiation on
metallic glasses. Table 5 provides a summary of papers addressing laser-
induced surface structures on metallic glasses.

The majority of the compositions studied are Zr-based because of
their commercial availability, stemming from their excellent GFA,
especially with Vitreloyl05® (Zrsz gCuy7.6Nij4.8Alg9Tisg) and Vitre-
loyl® (Zrsg 2Ti;3.8Cu25NijpBegss). Many different structures can be
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elements (following the white arrow of the STEM-image in a)). ¢) HRTEM image of the interface of the BMG centered at the oxide layer [236].

realized with nanosecond lasers, the most common being grooves. These
structures have a significant effect on the hydrophilicity of the surface.
In addition, this property appears to evolve over time and is dependent
on the storage conditions [244]. Using femtosecond laser irradiation,
metallic glasses form very similar structures, whether they are Zr-based,
Ti-based, or Fe-based. Although the laser parameters differ due to the
compositional variation, the formation of LIPSS is always observed.
Metallic glasses behave relatively similarly to other materials (Table 5)
in terms of their femtosecond-laser-induced structure. TFMGs are very
rarely studied [249], whereas femtosecond irradiation only slightly
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attacks the surface. As exposed previously, the composition range
achievable with TFMGs is broader than that for BMGs; therefore, TFMGs
are good candidates for future femtosecond irradiation research.
Femtosecond laser irradiation can induce a type of periodic structure
other than LIPSS, whose period is greater than the laser wavelength, that
is to say about a few micrometers. These structures are called “SWPSS”
(for “super-wavelength periodic structure” or “supra-wavelength peri-
odic structure”), “parallel ridges”, “micro-ripples”, or “grooves” (not to
be confused with the grooves produced by ablation, which are several
tens of micrometers wide). These structures are less studied and less well
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Ultrafast laser irradiation

Fig. 24. Double ultrafast pulses scheme irradiation of ZrCu TFMG leading to subsurface nanowells formation MEB image). Inset: EDX TEM mapping of the different

elements showing ZrO, monoclinic crystallites layer [237].

known than LIPSS; however, they are observed on other materials such
as semiconductors [252], dielectrics [253], and metal alloys [254].
These supra-wavelength surface structures appear at higher fluences
than LIPSS or with a higher number of pulses [245,246,250].

It is therefore possible to create different surface structures on
metallic glasses using lasers. Laser-textured metallic glasses are thus
very promising surfaces for biomedical applications.

7. Biological behavior of laser textured surfaces

This final chapter focuses on the use of laser texturing for the reali-
zation of antibacterial and biocompatible surfaces. The results obtained
on various materials, in particular metallic materials, are presented first
to demonstrate the effectiveness of this process. Then, the studies per-
formed on the behavior of metallic glass under different laser irradia-
tions are presented. This includes works on the generation of
micrometric (grooves, dimples...) and submicrometric structures
(LIPSS). Finally, the few studies exploring the relationship between laser
texturing of metallic glasses and their promising biological properties
are exposed.

7.1. Biological properties of various laser textured materials

Papers on the effect of laser surface texturing on the antibacterial and
biocompatible properties of various materials are summarized in
Table 6. Some characteristic laser textured surfaces gathered in this
table were selected, and illustrated through their SEM images in Fig. 25.
The materials and lasers used are displayed along with the obtained
structures. These papers also investigated the effect of the formed
structures on cells or bacteria.

Analysis of Table 6 leads to some trends. Ti and its alloys (especially
Ti-6Al-4 V) are generally used to observe the effect of surface laser
texturing. Indeed, the biocompatibility of these materials is already well
established, and they are widely used in biomedical applications. Laser
ablation texturing is often used to create grooves, on which the viability
and behavior of cells is regularly tested. The antibacterial effect of these
structures is not observed, most likely because their dimensions are
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much larger than those of the bacteria. Eventually, the laser texturing
may affect the surface chemistry, modifying the antibacterial behavior;
however, this is not related to the topography itself. The results obtained
on various grooves indicates that it is difficult to define the precise
behavior of the cells, in particular because those used are very often
different and thus most likely do not behave in the same way. It remains
possible to define the main outlines of their behavior. The cells tend to
align themselves in the direction of the grooves, if their dimensions are
similar. It also appears that the grooves must have a minimum depth of
5 um to induce orientation of the cells; otherwise, the cells are not
affected [259].

Moreover, Table 6 also shows that LIPSSs formed on titanium-based
alloys are always formed using femtosecond lasers, although it is also
possible to make them using picosecond lasers on other materials [266].
These LIPSSs exhibit effects on both bacteria and cells through chemical
or topographical modifications. The adhesion of the E. coli bacteria is
reduced on LIPSS due to their rod shape and their size, which is slightly
larger than the spatial period of the LIPSS. This induces the rupture of
the membrane by elongation and, thus, its subsequent lysis. The
behavior of S. aureus on LIPSS is more complex to describe, as shown by
some contrasting results [214,260]. Slight variations in the LIPSS syn-
thesis parameters can result in reduced or increased adhesion of S.
aureus. Identical LIPSS can therefore have a positive or negative effect
on bacterial adhesion depending on the shape and size of the bacteria.
LIPSSs may also affect the behavior of cells, even though they are at least
ten times larger. This type of surface texturing provides anchorage
points for the cells, which allows their good adhesion and spreading
(Fig. 26). In fact, the LIPSS topography can lead to a change in wetta-
bility, a more hydrophilic surface is for example known to allow proteins
from saliva to adhere on the surface, improving protein adsorption, and
therefore cell adhesion. Proteins are usually sensible to small structure
such as pits or pillars in the range of 1-10 nm but cells are attracted to
feature of a higher range of 15 nm-100 pum [264]. In addition, a textured
surface will exhibit a larger surface area than a smooth surface allowing
more links between cell and surface [267]. Several other intrinsic
criteria linked to the cells themselves have also to be taken into account,
such as for instance the capacity of the cell to spread and differentiates
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Table 5
Summary of laser surface textured metallic glasses.
Composition BMGTFMG Laser Obtained structures Ref.
Year
CuyZry .y BMG Simulation Determination of ablation threshold [238]
x = 0.33, 0.5, 0.67 2015
Zr41 2Ti13.8Cuy25NijgBegs s BMG Nanosecond laser e Periodic ripples on the edge of ablated area [239]
Nd:YAG, A = 1064 nm Lower periodicity when moving away from the pulse center 2016
Pulse duration: 8 ns
Zr41 2Ti13.8Cuy2.5NijgBeos s BMG Nanosecond laser e Micro grooves [240]
Nd:YAG, A = 532 nm e Submicron cross-shaped protrusions 2017
Pulse duration: 15.4 ns e Nanoparticles
Zrs55.8CU17 ¢Nij4.8Alg oTisg o BMG Nanosecond laser e Micro grooves [241]
20-W Yb fiber laser Width = 30 pm 2019
A =1064 nm Depth = 8-30 um
Pulse duration: 65 ns, 140 ns, 220 ns Protrusions at grooves’ edges
Resolidified droplets
Zrss.8Cuy7.6Nij4.8Alg oTig g BMG Nanosecond laser e Grooves: [242]
20-W Yb fiber laser Width = 25-30 ym 2020
A =1064 nm Depth = 5-28 ym
Pulse duration: 220 ns Increased hydrophilicity
e Dimples:
Diameter = 30 um
Decreased hydrophilicity
Zr41.5Ti13.8Cuy25NijoBess s BMG Nanosecond laser o Leaf-shaped structures (ripples + vein-like structures) [243]
A =1064 nm Increased hydrophilicity 2021
Pulse duration: 7 ns
Zr4y 2Ti13.8Cuy25NijgBeos s BMG Nanosecond laser e Micro-convex structures [244]
A = 1064 nm Pitch = 45, 90, 150 pm 2021
Pulse duration: 7 ns Increased hydrophilicity post-process
Decrease hydrophilicity after 100 days
TigoZr19CusgPdi4 BMG Femtosecond laser e LIPSS: A = 600 nm [245]
Ti:Sapphire, A = 775 nm o Parallel ridges: A = 2000 nm 2009
Pulse duration: 150 fs
Zr44Ti11CuyoNiqoBeas BMG Femtosecond laser e LIPSS: A = 720 nm [246]
Ti:Sapphire, A = 800 nm o Parallel ridges: A = 1600 nm 2014
Pulse duration: 120 fs
Zr41.5Ti13.8Cuy2 5NijoBess s BMG Femtosecond laser e LIPSS: A = 730 nm [247]
Ti:Sapphire, A = 800 nm 2016
Pulse duration: 50 fs
FegsSi1Cy BMG Femtosecond laser e LIPSS: A = 722 nm; depth = 115 nm [248]
Ti:Sapphire, A = 800 nm 2020
Pulse duration: 50 fs
ZresCuss TFMG Femtosecond laser e LIPSS: A = 630-650 nm [249]
Ti:Sapphire, A = 800 nm 2021
Pulse duration: 60 fs
Zrg4.13CU15.75Ni10.12Al10 BMG Femtosecond laser e LIPSS: A = 700-928 nm [250]
A =1030 nm o SWPSS: A = 1500-2000 nm 2021
Pulse duration: 300 fs
FesoCri3Mo;2C15BeErs BMG Nanosecond laser e Nanoparticles [251]
A =532 nm e Nanonetwork structure 2021
Pulse duration: 15.4 ns
[268]. properties. Given the limited existing research, the results presented in

Some researchers have also succeeded in creating multiscale textures
by combining grooves with LIPSS with a single femtosecond laser
treatment [259,261]. In these cases, the LIPSS can be oriented in
different directions depending on the laser irradiation conditions. The
cells are oriented along the grooves when the depth of the microstruc-
ture is sufficient (>1 um) or along the LIPSS when the depth is too small.

It has therefore been repeatedly demonstrated that laser irradiation,
whether to create grooves, LIPSS, or multi-scale textures, modifies the
antibacterial properties and cytocompatibility of surfaces on conven-
tional biomedical materials. The final parts of this paper discuss the
possibility of texturing metallic glasses using a laser and the results
obtained in terms of biological response.

7.2. Biological properties of laser textured metallic glasses

Despite the positive effect of laser texturing on the antibacterial and
biocompatible aspects that has been demonstrated previously on various
materials, there has been relatively little research conducted to date on
metallic glasses that combine laser surface texturing and biological
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this final section will be detailed.

Villaptin et al. used a femtosecond laser to texture a BMG of CussZ-
r40Als composition [269]. Several laser fluences were tested: 0.70 J/ cm?
(T1),1.39J, /cm? (T2), and 2.82 J, /cm? (T3). These high fluences resulted
in ablation texturing. From a topographic viewpoint, increasing the
fluence led to a greater surface roughness. In addition to the grooves
created by the laser ablation, LIPSS appeared, which induced a multi-
scale structure. At the chemical level, the high fluences led to crystal-
lization of the surface and modification of the composition, in particular
because of the oxidation of Cu and Zr and the formation of in-
termetallics. The antibacterial properties of the samples were examined
using bioluminescence and plate counting of E. coli bacteria. A mild
bactericidal effect was observed, which was stronger for high fluences
(Fig. 27). Given the effect of laser texturing on both topography and
chemical composition, it was difficult to define the exact source of the
improved antibacterial properties of the BMG.

Jiao et al. studied the in vitro cytocompatibility of a Zrsy gCuy7.6.
Nij48AlgoTig9 BMG (Vit 105) before and after nanosecond laser
texturing [270]. They machined the surface at a high fluence of 30 J/
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Table 6
Summary of surface structures produced on metallic surfaces through laser irradiation.
Composition Laser Structures Cells Results Ref.
Bacteria Year
Ti-6Al-4 V Nanosecond laser e Grooves:Width = 11.0-12.7 ymHight = 9.0-10.2 HOS Better cell adhesion and spreading [255]
Nd:YVO4, A = 355 umSpacing = 20, 40, 60 pm Alignment along the grooves 2009
nm
Ti-6Al-4 V ArF Excimer, A = e Grooves:Width = 25 pmSpacing = 20 pme Dimples: MC3T3-E1 Higher nanohardness [256]
193 nm Diameter = 60 pm Higher wear resistance 2015
Better corrosion resistance
Same cell viability
Alignment along the grooves
Ti-6Al-4 V 2-kW Yb fiber laser e Grooves:Width = 200-250 ymDepth = 20-90 pm MG63 Better cell viability and spreading [257]
A = Undisclosed for features of similar dimensions 2015
Ti-6Al-4 V Picosecond laser o Grooves:Width = 30 ymSpacing = 75, 150 ymDepth = 1, ~ Rat BM-MSC Better cell adhesion [258]
A = 1064 nm 2.5, 4 ym Better cell contact guidance with 2018
increasing groove depth
Ti-6Al-4 V Femtosecond laser Multiscale structuree Grooves:Width = 25-75 pmDepth = C3H10T1/2 Cells are more sensitive to LIPSS, [259]
Yb:YAG, A = 1030 1-10 ume LIPSS:A = 700-900 nm except if the grooves and cells 2016
nm dimensions are close
Pulse duration: 400 Alignment of cells if width = 25-50 ym
fs and depth > 5 um
Titanium Femtosecond laser e LIPSS:A = 710 nme Nanopillars:Diameter = 750 S. aureus (+) Reduced bacterial adhesion [214]
Grade 2 Yb:KYW, A = 1030 nmHeight = 175 nm thanks to lower contact area 2016
nm
Pulse duration: 500
fs
S235JRC steel Femtosecond laser e LIPSS:A = 700 nm E. coli (—) E. coli: reduced adhesion [260]
316Ti SS Ti:sapphire, A = S. aureus (+) S. aureus: increased adhesion 2017
790 nm
Pulse duration: 30 fs
Titanium Femtosecond laser e LIPSS:A = 340, 637, 751 nm Saos-2 Better cytocompatibility for 637 nm [235]
Grade 2 Yb:KGW, A = 1030 More elongated shape of the cells 2018
nm Perpendicular alignment of cells
Pulse duration: 300
fs
TZ-3Y20AB Femtosecond laser Multiscale structuree Grooves:Width = 10 ume LIPSS:A = HBMSCs Higher metabolic activity [261]
(ATZ) Yb:KYW, A = 1030 300-400 nmPerpendicular to grooves Increased proliferation 2018
nm Cell mineralization
Pulse duration: 560 Alignment along the grooves
fs
99.7 % pure Ti Femtosecond laser e LIPSS:A = 400 nme Columns withoverlapped LIPSS:A = E. coli (—) Good antibacterial behavior, [262]
A =1030 nm 500 nmColumns spacing = 1 um MSCs especially columns with 2020
Pulse duration: 300 overlapped LIPSS
fs Cytocompatible
Better cell spreading
TiAl alloy Femtosecond laser o Grooves:A = 25 um, 5 um, 15 pme Holes:A = 20 S. aureus Reduce bacteria adhesion [263]
A =1030 nm pmDiameter = 5 um S. epidermidis Biocide effect 2022
Pulse duration: 40 fs
Repetition rate: 50
kHz
Ti-6Al-4 V Femtosecond laser e LSFL:A = 761 nm, 392 nm HGF Reduce bacteria adhesion [264]
A =1030 nm and Streptococcus Enhance adhesion of HGF 2022
515 nm mutans
Pulse duration: 400 Porphyromonas
fs gingivalis
Ti-6Al-4 V Femtosecond laser e LSFL:A = 761 nme Radial LIPSS hMSCs Radial LIPSS promote osteoblastic [265]
A =1030 nm differentiation 2022

Pulse duration: 400
fs

cm? to create two different surface patterns: grooves and dimples. The
grooves had an average width and depth of approximately 28.6 and
10.2 pm, respectively, and the dimples had an average diameter and
depth of approximately 32.23 and 2.44 pm, respectively. The laser
treatments induced a slight change in the surface composition, espe-
cially by removing the oxide layer. The cell viability of MG63 osteoblasts
on the as-cast and both textured samples was evaluated by measuring
the optical density (cell counting kit-8 assay). The as-cast BMG, as well
as the dimpled textured surface exhibited the same optical density as the
positive control sample, indicating their good cytocompatibility. The
grooves textured sample exhibited a 22 % optical density increase,
synonymous with even better cytocompatibility. Regarding the cell
morphology, the microstructure had a strong impact. As observed in
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Fig. 28, cell attachment was significantly decreased on the dimple-
textured surfaces. Although the cells were randomly dispersed on the
as-cast surface, they were preferentially orientated along the grooves.
Huang et al. observed the effect of femtosecond laser irradiation (A =
1030 nm, pulse duration of 300 fs) on surface texturing and antibacterial
properties of a ZrssCuigNijsTijpAly BMG [271]. Different surface
structures were obtained: LIPSS, SWPSS, and pore structure. LIPSS and
SWPSS exhibited a periodicity of approximately 830 and 2930 nm,
respectively. The pore structure was composed of arranged columns
containing a series of microholes. The columns had a periodicity of
10.12 pm, and the microholes had a diameter of 2.3 ym with a distance
between them of approximately 4.3 ym along each column. The bacte-
rial adhesion of E. coli was observed on polished and textured surfaces
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Fig. 27. Colony forming units of E. coli for all laser textured samples after 1,
2.5, and 4 h of contact compared with those for as-cast CussZryoAls BMG
(BMGC) and stainless steel [269].

(Zrsg 9Cuss oNig 0Al3 7). For each of these BMGs, three surface textures
were realized: polished (before laser irradiation), LIPSS at low fluence
(0.23 J/mmz), and nanoparticles at high fluence (2.3 J/mm?). Fig. 30

Fig. 26. SEM image of adhesion of Saos-2 cells on femtosecond laser-textured shows the nanoparticles and LIPSS textured obtained on V105s (the
titanium (the double-sided arrows indicate the direction of the periodic patterns results for the other BMGs were similar). For the LIPSS, in addition to
of 620 nm of period) [235]. having a given periodicity (of approximately 800 nm), they also had a

certain nanoscale roughness due to the presence of many nanometric
using fluorescence microscopy (Fig. 29). The LIPSS exhibited lower particles, as visible in Fig. 30b.

adhesion than the polished sample; however, the SWPSS led to a better To determine the antibacterial character of the textured surfaces, the

bactericidal effect. The pore structure exhibited an adhesion rate that adhesion of E. coli and S. aureus bacteria was observed using fluores-

was a bit lower than that of the SWPSS. cence microscopy. Fig. 31 presents the results obtained for the four
Du et al textured the surface of different Zr-based BMGs with a BMGs for each surface. The surface coverage rate was also calculated to

femtosecond laser (. = 1030 nm) to improve their antibacterial and observe the differences more quantitatively.

cytocompatible properties [272]. All four tested BMGs were industrial It should be noted that no crystallization appeared during irradia-

grade: V105s (Zrs33Cupy gNijs2Alg1Tise), V105 (ZrsysCusii. tion; therefore, the variations observed were caused by the topography.

Nii4.0Al3 7Tis5), 106¢ (Zrg3.2Cug 4Nipp 3Al4.1), and Zum The laser irradiation thus induced a bactericidal effect, particularly with

26
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Nucleus Nucleus Dimple Nucleus Groove

Fig. 28. Morphologies of MG63 cell nucleus cultured on Zrs; gCui76Niy4.8Alg oTig o surfaces for different surface patterns: a) as-cast, b) pit-textured, c) groove-
textured [270].
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Fig. 30. SEM images of V105s BMG after laser irradiation: a) Nanoparticle texture; b) LIPSS texture [272].

the LIPSS texture. The results slightly fluctuated depending on the BMG, LIPSS textures [260]. These results can be easily understood from Fig. 32

although the compositions were quite close. The texturing also appeared [272]. For a polished surface, Du et al. show that bacteria have a large
to have a more important bactericidal effect on E. coli than on S. aureus, a contact area with the surface, and this area is smaller for a nanoparticle
phenomenon that has already been observed on other materials with surface, which reduces bacterial adhesion. LSFL, due to their submicron
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Fig. 31. Adhesion of E. coli and S. aureus after 24 h incubation: Top) fluorescence microscopy images for different surface structures and BMGs; Bottom) surface
coverage of bacteria [272].
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Fig. 32. Adhesion of S. aureus on Zr,3 3Cuy7 gNijs 2Alg 1Tis e (V105s): a) SEM image on polished surface, b) SEM image on nanoparticle surface, c) SEM image on
LIPSS surface, d) adhesion on polished surface, e) adhesion on nanoparticle surface, f) adhesion on LIPSS surface [272].
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periodicity and nanoscale roughness, further decrease the contact be-
tween the bacteria and surface and, thus, their adhesion. Because E. coli
is rod-shaped, it is more sensitive to deformation due to partial adhesion
than S. aureus, which explains the greater antibacterial effect for E. coli.

In addition, they conducted cytocompatibility tests using fluores-
cence microscopy with MC3T3-E1 cells [272]. The cell viability was
slightly lower than for the polished surface, especially for the nano-
particle texture; however, the viability rate remained high enough to
consider the surface as cytocompatible. The laser surface texturing thus
had a very low impact on the cell viability. More recently they studied
the impact of biomimetic surfaces on adhesion and antibacterial tests
[273] on Zrs3CuagNijsAlgTis metallic glass. They show that the shark
skin-like structure [197], that has the highest roughness, presents the
most important changes compared to the polished surface.

Some other recent work from H. Huang et al. also studied the impact
of laser texturing of Ti and Zr-based metallic glasses on the adhesion of
cells and bacteria. They show that the adhesion of MC3T3-E1 cells is
enhanced on textured Ti-based metallic glass (Ti47 5Zra5Cusg sNis), with
the higher adhesion obtained with SWPSS structures. This characteristic
is also seen of Ti6Al4V titanium alloy with lower increasing of adhesion
(Fig. 33) [229]. In comparison of these tests, a bacteria adhesion com-
parison have been made on Zr-based metallic glasses (Zrs3.56Cuy5.19Ni1a.
16Tig.11Al4) and shown that, contrarily to cell adhesion test on Ti-based
metallic glass, the femtosecond laser texture of the surface reduces the
adhesion of bacteria (E. Coli and S. aureus) (Fig. 34) [174].

These studies indicate that laser irradiation to modify the biological
properties of metallic glasses is a very promising technique that leads to
good antibacterial and cytocompatible properties. However, these
studies are not very numerous, whereas there is a very large number of
metallic glasses systems. Moreover, the biological properties of laser-
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textured TFMGs have not yet been studied. Given their thin-film form,
the use of a femtosecond laser to nanotexture their surface, i.e. in the
form of LIPSS, is possible and remains to be explored.

8. Conclusions and perspectives

This review presented the state-of-the-art research on metallic
glasses, microorganisms, and surface texturing by laser as well as the
interactions between these three fields. For metallic glasses, the history
of the different compositions and synthesis techniques from their dis-
covery until today, in the form of BMGs and TFMGs, was discussed along
their main properties. The characteristics of bacteria, how they behave
on textured surfaces, and the importance of fighting against their pro-
liferation were covered. Eukaryotic cells were also described, as well as
their behavior in contact with surfaces. For laser texturing, two main
axes were defined: the ablative regime and the formation of LIPSS by
ultrafast pulsed laser.

A review of the last years’ scientific research concerning the inter-
action between metallic glasses and microorganisms was performed. In
terms of antibacterial properties, E. coli and S. aureus are the most
commonly used because of their prevalence in hospital-acquired in-
fections. Ideal compositions are Zr- and Ti- based because of their high
stability and good biocompatibility. The elements that create this
bactericidal effect are typically Cu, Ag, and Al. These elements must be
present in sufficient quantity in metallic glasses to decrease bacterial
adhesion without exceeding a certain threshold. Above this limit, the
obtained material may rapidly corrode and therefore become toxic. An
element to avoid would be Ni, to which a significant part of the popu-
lation is hypersensitive[274]. Ti has no bactericidal effect but is critical
because of its well-known intrinsic biocompatibility. It is extensively
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(c) Comparison of the MC3T3-E1 cells adhesion percentage on Ti6Al4V and Tisy sZrysCusp sNis metallic glass [229].
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used in the biomedical field (generally as Ti-6Al-4 V), and its presence
in a metallic glass can be reassuring for professionals in the medical
field.

Biocompatible metallic glasses have been separated into two cate-
gories: bioinert and biodegradable materials. Most common bioinert
metallic glasses are Zr- and Ti-based. The compositions studied are not
very different from those for antibacterial properties. For example, Cu,

Al, or Ag are also usually found in investigated compositions. According
to the literature review, compositions with good cytocompatibility or
biocompatibility would obey the law: at.% Zr + at.% Cu + at.% Ti > 65
%. Tests performed in vivo indicate that BMGs can have very good
biocompatibility. However, it remains some doubt about TFMGs, as the
only in vivo study has given mixed results with slow osseointegration,
although the in vitro cytocompatibility has been attested. There is a good
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balance between the number of studies dedicated to BMGs and TFMGs;
however, the latter are more promising for large implants and surgical
tools. For biodegradable alloys, Mg-based and Ca-based metallic glasses
are the most common. The addition of Zn, and sometimes Sr, results in
alloys with very biocompatible alloys. Most of the compositions studied
belong to the Mg-Zn-Ca system. Because of their dissolution, the main
issue of these materials is related to the Hj release, which is therefore a
fundamental criterion to be studied. It is also critical to measure the
corrosion rate of these alloys to estimate their lifetime before complete
resorption. To do this, studies in solutions that are similar to the human
body are essential. SBF solution is the most representative when working
on bone implants because its composition is similar to that of blood
plasma.

Numerous promising studies have been performed on metallic
glasses. The performance of these materials, particularly for biomedical
applications, can still be improved through a further surface treatment.
For example, laser texturing can be used to modify the surface affinity
toward microorganisms. The biologic effect can indeed be directly
linked to a modification of the surface chemistry with in particular
formation of a thin oxide film, or correlated with the structure of the
subsurface susceptible to be locally devitrified. The activity of both cells
and bacteria can also be indirectly influenced by the microstructure of
the laser textured surface, which the wetting properties are most often
drastically changed. Laser ablation, which produces structures with di-
mensions larger than 10 um (often grooves), leads to better cell viability
and cell adhesion, as observed with various eukaryotic cells. These cells
also tend to align along grooves when they are close in width and deeper
than 5 um, which would therefore promote the osseointegration of im-
plants. The formation of LIPSS by a femtosecond laser has also been
shown to be effective in improving the cytocompatibility of the surface.
In addition, these structures exhibit a strong bactericidal effect.

To conclude, many advances have recently been made in the syn-
thesis of BMGs and TFMGs, the study of the interaction between mi-
croorganisms and textured surfaces, and surface structuration by a laser.
It is thus now possible to combine these three fields to engineer multi-
functional durable surfaces with very good antibacterial and biocom-
patibility properties. The path toward such biomedical devices has
already been paved by several scientific studies, which have demon-
strated that these materials fulfill tomorrow’s biomaterials
requirements.
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