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Implants

Bone regeneration

Bioactive glasses (BGs) are known for their selective ability to (i) form a mechanically strong interfacial bond
with hard (bone) or soft tissues (gingivae or cartilages) (i.e., silica-, silica-phosphate-, phosphate-, borate-
phosphate-, or silica-phosphate-borate-based BGs); or (ii) serve as reservoirs for fast-release of therapeutic
(osteogenic, angiogenic, anticarcinogenic, or antimicrobial) ions (i.e., phosphate-based BGs and mesoporous
BGs). The strength of the bone bond yielded by the osteoproductive-capable BGs is generally equivalent to, or
higher than the bone strength. The resorbability of phosphate-based BG is dependent on the content of network
formers and cross-linkers. All BGs elicit excellent biochemical compatibility. However, their fracture toughness is
typically less than and the elastic modulus is greater than those of bone, indicating that most BGs have sub-
optimal biomechanical compatibility when used in load-bearing applications. One promising approach to
overcome this problem is the development of BGs in coating form, applied to the surface of load-bearing
endosseous implants. This work critically assesses BG thin-layers fabricated by the radio-frequency magnetron
sputtering method, an industry-ready large-scale physical vapour deposition technology. It is demonstrated that,
despite the relative lack of attention paid to this technology, it enables the development of unique BG coatings
with efficacious therapeutic capabilities. Here, we present an overview of the most relevant developments
achieved thus far, along with the remarkable advantages, drawbacks to overcome, and future perspectives with
the intention of highlighting the vast possibilities of this specific field of research.

1. Introduction billion in 2020 to $9.62 billion in 2030, fostering a compound annual

growth rate (CAGR) of 9.8% [1]. Despite their proven biocompatibility

Load-bearing endosseous implants are typically made from medical-
grade metallic alloys, with the titanium-based ones currently domi-
nating the global market. The implants industry is predicted to increase
rapidly in response to rising health and societal demands. For example,
according to the recent Grand View Research’s report, the worldwide
market for dental implants is projected to grow from its value of $4.6

and outstanding mechanical performance, metallic implants require
long healing times because they lack bioactivity, osteointegration, and
therapeutic functions. Hence, they cannot contribute to the bonding and
healing processes. Currently, coating the metallic and polymeric im-
plants with bioactive and functional materials is being attempted to
overcome these drawbacks [2].
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Bioactive glasses (BGs), possessing outstanding biological properties
beyond hard tissue regeneration applications [3,4], are projected to
produce a revolution in the field of long-lasting, fast-healing, bacterial
infection-protected cementless joint endoprostheses and dental implants
coatings [5-11]. Currently, commercially available implants are coated
with thick layers (>50 pm) of hydroxyapatite (HA) using the plasma
spraying processes [12]. This is the most widespread technique for HA
deposition [13] and, also the only process approved by the Food and
Drug Administration (FDA) to coat clinical-ready endosseous implants
[14]. Thus, it made sense for the research community to first focus on
applying the thermal spray approach toward BG coatings, including
several technological variants: atmospheric plasma spraying [15,16],
liquid precursor plasma spraying [17,18], suspension plasma spraying
[19,20], flame spraying/high velocity suspension flame spraying
[21,22], high velocity oxy fuel (SHVOF) thermal spray [23] or cold
spraying [24]. Despite demonstrating suitable biological performance,
proper adherence of thermally sprayed coatings to the substrate remains
one of the main drawbacks limiting their progress [25]. Potential solu-
tions such as pre-heating of the substrate, introduction of bonding
layers, or reduction of the coefficient of thermal expansion of BG
without compromising its biological performance are envisaged
[25,26]. Alternatively, competing (i) thick coating (>5 pum) and (ii) thin-
film (<5 pm) deposition methods were advanced, including: (i) enam-
elling/glazing [27-30] or electrophoretic deposition [31-33], and (ii)
sol-gel [34,35], pulsed laser deposition (PLD) [36-39], pulsed electron
deposition [40,41], ion-beam sputtering [42,43] or radio-frequency
magnetron sputtering (RF-MS) [44-51]. While many topical studies
claim of being oriented towards implant coatings, research endeavours
truly tackling BG-coating of actual endosseous implant with 3D profiles
(and not flat substrates) are still rare. A few 3D attempts have been made
by plasma spraying [52], enamelling/glazing [29,53], sol-gel [34], and
radio-frequency magnetron sputtering [54-56]. Although known as a
well-established deposition technology and employed with great success
for decades in the decorative and electronics industries, RF-MS has been
rather rarely approached for the deposition of BG coatings, going either
unnoticed [2,8,10,57,58], or being just briefly referred to as variant
[6,7,9,59-61] in the numerous topical reviews published to date.
However, the advances made in RF-MS deposition of BGs, which
accelerated in the last decade, make an analytical recapitulation of their
fast-forwarding progression toward real-life biomedical applications
mandatory. In this pursue, here, a critical review and a snapshot of the
future potential of BG thin-films fabricated by RF-MS are given.

2. Sputtering: A brief historical and working principle overview

Efforts devoted to the development of BG coatings (for 316L
stainless-steel- and alumina-based implants) were done shortly after the
invention of the 4555-Bioglass® formulation [62] by the research group
led by Larry L. Hench, the founder of bioactive glasses. Flame spray was
first explored (in 1972) as a deposition technique [63,64], followed by
immersion dipping (in 1976) [65,66]. Yet again, L.L. Hench performed
the first studies (reported in 1982 [42]) on the deposition of BG by one of
the sputtering variants existing at that time, i.e., ion beam sputtering
(IBS). Both 45S5-Bioglass® (46.1S102-26.9Ca0-2.6P205-24.4Nay0
(mol%)) and 5254.6 (52.1Si0,-23.8Ca0-2.6P,05-21.5Nas0 (mol%))
were used to prepare films by IBS with thicknesses between 0.5 and 4 ym
on 316L stainless-steel, alumina, and poly(methyl methacrylate)
(PMMA) substrates. Only the thicker sputtered films were able to ach-
ieve adequate substrate coverage. In vivo experiments on Spra-
gue-Dawley rats showed that BG-coated PMMA substrates produced the
most promising outcomes after implantation. Furthermore, it was
discovered that collagen could adhere to the BG-coated surface, indi-
cating tissue adhesion.

In spite of an excellent control over deposition variables, translated
into the possibility to engineer the stoichiometry of the deposits with
higher accuracy, IBS has not yet been able to achieve reliable large-
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substrate coverage, making it less attractive for industrial application
[67]. A further attempt at IBS deposition was recorded in 2002, when
Wang et al. [43] employed a low silica BG formulation (SiO-35,
Ca0-50, P205-15 (mol%)) to deposit dense, highly adherent films
capable of inducing good osteoblast cell proliferation.

The sputtering phenomenon was first reported by Sir W.R. Grove
1852 (while investigating discharge tubes with silver needle cathode),
whilst F.M. Penning is credited with the conception of magnetron
sputtering in 1936, and the proposal of the cylindrical magnetron
(“Penning cell”) concept [68]. Significant strides begun after the inde-
pendent introduction of the planar magnetron sources by A.M. Dor-
odnov (in 1973) [69] and J.S. Chapin (in 1974) [70]. The employment
of high-voltage alternating current at radio-frequency (in the range of
0.5-30 MHz, most often of 1.78, 5.28, 13.56, and 27.12 MHz) [67,71],
instead of the direct current, enabled the sputtering of virtually any
material, including dielectrics [72], revolutionizing the field and paving
the way toward commercially available radiofrequency (RF)-magnetron
sputtering (MS) systems in the early 1980s. With time, RF-MS emerged
as one of the mainstream industrial processes for fabricating coatings
from a plethora of materials [67,73]. RF-MS yields a series of notable
advantages such as: (i) flexibility and reproducibility in sputtering all
inorganic materials; (ii) reasonable deposition rates for dielectrics (if
sub-micron thick layers are intended, as is the case in the semiconductor
industry); (iii) excellent purity of films; (iv) remarkable high adherence
of films to substrates; (v) ability to easily manipulate film properties by
changing process variables (i.e., electric power density, working gas
pressure, working gas composition, target-to-substrate distance, sub-
strate polarisation or substrate temperature); (vi) low temperature
operation; (vii) facile automation; and, importantly (viii) exceptional
uniformity (in terms of both thickness and stoichiometry) over large-
area substrates [67,73,74]. Some studies highlight the main drawback
of RF-MS as being the “line-of-sight” specificity of the process, which
would make the coating of fixtures with complicated geometries virtu-
ally impossible. The simple translation/rotation of the 3D substrate is
however a facile and efficient solution to overcome such a deficit [55].
There were, however, limitations in achieving coverage of samples with
high aspect ratio features which has been in-part improved by ionised
physical vapour deposition (PVD) techniques such as high-power im-
pulse magnetron sputtering (HiPIMS).

Fig. 1 depicts a schematic illustration of the magnetron sputtering
setup, which in the simplest concept consists of: a high-vacuum chamber
(incorporating the magnetron cathode/guns, substrate holders, various
biasing and heating facilities, in situ measurement/analysis systems);
vacuum system; electrical (DC, RF, pulsed DC or HiPIMS) generators; gas
sources with flowmeters and controllers; and water-cooling systems for
guns and pumps. To ensure the high purity of the films, the chamber is
first evacuated down by high-vacuum pump systems to a base pressure
preferably lower than 103-107* Pa. Then, a high purity working gas
(desirably of 6 N purity) — often argon (Ar), due to its inertness, suitable
atomic mass, and low cost compared to other inert gases — is introduced
in the reactor chamber to achieve a typical gas pressure in the range of
0.1-1 Pa. The power source ionises the Ar gas atoms, rendering them
positively charged. The electric field is produced between the negative
cathode target and a nearby grounded anode, which can either be the
magnetron own grounded anode shield or a grounded substrate, as
shown in Fig. 1. The high energy Ar'" species will be attracted and
accelerated by the field towards the negatively charged cathode target.
Ionised gas collides with the target material at high velocity, and if the
delivered kinetic energy exceeds the binding energy of the target spe-
cies, the constituting atoms will be ejected/sputtered across the reactor
chamber, being collected at the substrate surface, positioned in the vi-
cinity opposite to the cathode. The magnetic field created by magnetron
cathode traps the electrons and other charged species near to the
negatively charged target material, increasing the sputtering yield and
maintaining the gas plasma discharge at low pressures. This feature
nurtures larger mean free paths for the sputtered atoms, optimal for
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Fig. 1. An illustration of magnetron sputtering deposition process. Adapted after Ref. [75] and further completed.

preventing collisions (and loss of energy) between them and species
present in the reactor chamber. The RF regime allows, by the alterna-
tively change of polarity at high-frequency, to sustain the discharge and
to circumvent the positive charge build-up at the target surface in the
case of non-conductive materials. The build-up of charge on dielectric
targets when trialling DC sputtering would otherwise inhibit any sput-
tering. Furthermore, reactive gases such as oxygen or nitrogen gas can
be used in the production of thin-films of metal oxides or nitrides
directly from metal cathode targets. Having already proven its useful-
ness in various industrial branches, RF-MS capacity to overcome tech-
nological limitations and easily scale up [67,73,74] should also promote
its appeal in healthcare.

3. Magnetron sputtered bioactive glass films

Depending on their prominent type of network formers, BGs can be
classified as silica- (SBGs), phosphate- (PBGs) and borate-based (BBGs)
bioactive glasses [59]. However, in spite of all the RF-MS industrially-
demonstrated performances, its successful application for single layer
BG coating of endosseous implants (regardless if silica-, phosphate- or
borate-based) was late to happen. The first recorded effort took place in
2003, when Mardare et al. [44] prepared silica-based bioactive glass
(SBG) coatings on titanium (Ti) substrates, crystallized them in air at
900, 950 and 1000 °C, and only physical-chemically assessed them.
Since then, major research efforts have been massively devoted by Stan
& Ferreira on SBG thin-films (2009 - to date) [47,49,55,76-89] and by
Stuart, Stan & Grant on phosphate-based bioactive glasses (PBGs) (2015
— to date) [50,90-95]. Solitary works, published by Bibby et al. (2005)
[51], Slav et al. (2008) [46], Saino et al. (2010) [48] & lijima et al
(2013,2014) [96,97] and Sato et al. (2020) [98] on SBGs and PBGs,
respectively, could also be mentioned. Advanced research efforts have
been put forward to disclose the key deposition factors of RF-MS sput-
tered SBG films, their biomineralization capability and biological per-
formance. In contrast, the highly resorbable PBGs films have just
recently reached a preliminary in vitro cytocompatibility testing stage
[95]. Their attractive features, including the ability to rapidly and pre-
cisely release therapeutic ions (such as antimicrobials, like Ag and Ga, or
osteogenics, like Ca or Mg) (Fig. 2), justify further attention from the

Ga: P40PVD Coating

025 pm
B —

Substrate

Fig. 2. Thin-film structures deposited by RF-MS from PBGs for releasing oste-
ogenic (Ca, Mg, P) and antimicrobial (Ga) ions in orthopaedic implant appli-
cations. Reproduced with permission from Ref. [93].

scientific community. Sputtered BBGs have not been investigated yet, as
only boron-doped SBG films were prepared to date [76,83,87,89].

3.1. Standalone silica-based bioactive BG coatings (of classical and
innovative systems)

In 2003, Mardare et al. [44] published the first report on the RF-MS
manufacture of SBG layers. They employed cathode target disks, fabri-
cated by uniaxially pressing of a low-silica (31.1Si02-31.75CaO—
10.6P205-26.6MgO (mol%)) glass powder (grain size < 150 um) pre-
pared by melt-quenching (MQ), followed by sintering at 1200 °C - thus,
a glass—ceramic target material. These as-sputtered films on Ti substrates
had bond strength (pull-off) values of ~ 41 MPa. The films were then
post-deposition heat-treated at 950 °C/30 min in air, and tested as such
from physico-chemical, mechanical and in vitro biological (i.e., apatite
forming ability by immersion in Kokubo’s simulated body fluid (SBF)
[99]) standpoints. The amorphous glass films were successfully devit-
rified, with calcium magnesium phosphate (CayMg,PsO24) and forsterite
(Mg2SiO4) being the main crystalline phases. Scanning electron micro-
scopy (SEM) analyses showed prominent cracks and titanium oxide
crystals protruding through the coatings. Consequently, the adherence
of the films to the substrate declined to ~ 16 MPa (close to the accept-
able limit, i.e., 15 MPa, imposed by the ISO 13779-2/2018 for HA
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implant coatings [100]). Although not mentioned, this was a direct ef-
fect of the chosen extremely-high post-deposition annealing tempera-
ture, situated above the phase transformation temperature of Ti (ie.,
transition from the a-Ti hexagonal close packed phase to the $-Ti body-
centred cubic one, taking place at 882 °C). This led to a decrease in the
unit cell volume and thus, generating intense mechanical stresses. Such
evidences might have unjustly suggested a limited capacity of RF-MS for
producing high-quality SBG layers, and dissuaded, for some time, the
scientific community interest. Nevertheless, signs of excellent bio-
mineralisation capacity (i.e., growth of a Ca-Mg-P rich phase on the
surface of the SBG films) after just two days of immersion in SBF were
highlighted.

Subsequently in 2005, Bibby et al. [51], again employed a MQ low-
silica glass material (29.6Si02-19.7Ca0-21P505-19.7A1503-10.0CaFq
(mol%), Limerick Glass Company, product code LG112) as cathode
target. The square target was manufactured by compressing the glass
powder into a stainless-steel window frame mould, followed by sintering
at 1000 °C/1h, resulting in a glass—ceramic which authors designated as
of “fluorapatite — mullite” origin. No mention of a substrate heating
during deposition or of post-deposition crystallization annealing treat-
ments was made. Although the presence of crystallinity of the thin-films
could not be measured by X-ray diffraction (XRD) (due to their thin-
ness), such as-sputtered layers from complex oxide materials are ex-
pected to be amorphous/highly-disordered. This is due to the high
activation energy for crystallization of the oxide glassy materials and the
reduced transversal mobility of the (sputtered) adatoms under the low
temperature deposition conditions (determining their “freezing” at the
arrival sites) [67]. The RF-MS films had smooth/featureless surfaces.
The glass-coated Ti6Al4V samples showed good cytocompatibility with
MG63 human osteoblast cells (SEM microscopy evidences only), com-
parable to the one yielded by the uncoated metallic substrates. The cells
mostly reached confluence after five days of culturing, while incipient
cell mitosis was highlighted. However, instances of less-dense cell
populations (while cells apparently still being well-spread and having a
healthy shape) were noticed at the edges of the coated samples. Bibby
et al. [51] issued two hypotheses: (i) either the BG coating had subop-
timal adherence at the edges of the substrate; or (ii) the coating was
damaged prior to biological testing during handling (which, one might
add, still suggests of the coating’s frailty).

The first results on SBG film deposition came from the National
Institute of Materials Physics (NIMP), under the supervision of Dr.
Constantin Morosanu (who sadly departed in 2009, after losing his fight
with an incurable disease), and were published in 2008 [46]. The 45S5-
Bioglass® (46.1Si05-26.9Ca0-2.6P305-24.4Na,0 (mol%)) was here
employed for the first time as source material for the RF-MS deposition
of implant-type coatings. Furthermore, this was also the first time that a
mildly-pressed (in a metallic shallow dish) glass powder was used as
cathode target instead of compact variants (glasses directly melt-
quenched into moulds/pre-forms, or compressed and sintered glass-
ceramics disks). This simple, yet efficient approach, proved its great
advantages, as it will be stressed later on. The RF-MS-derived 45S5 films
had unusual rough surfaces, as evidenced by SEM. The highest used total
sputtering pressure (i.e., 0.7 Pa) and oxygen-in-argon dilution (i.e., 15
vol%) led to the best target-to-substrate atomic transfer. Soon after
(starting from 2009), Stan & Ferreira et al. concerted research efforts
towards identifying solutions for improving the bonding strength of the
SBG films [47,49,55,77,79,81,83,86,88,89], since poor adherence was
considered the main obstacle hindering their load-bearing applications.
The rather unique 1.78 MHz radio-frequency power source was used in
the magnetron sputtering endeavours of Stan & Ferreira et al., instead of
the conventional 13.56 MHz one.

In the first attempt devoted to increasing the adherence of SBG films,
a silica-rich alkali-poor SBG formulation (58.5Si02-17.1Ca0-4.5P505—
7.9Mg0-5.2Na0-6.8K20 (mol%)), thus with a reduced coefficient of
thermal expansion (CTE) with respect to 45S5 [101], was employed as
cathode target in form of a simply “cold-pressed” non-sintered powder
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(into a metallic dish) [47]. The highest used working gas pressure (i.e.,
0.3 Pa) determined a better-quality target-to-substrate transfer of the
chemical species within. The sub-micron films were investigated as-
sputtered and post-deposition annealed at 550 and 750 °C in air (the
latter ones were successfully devitrified, having Na;Mg(PO3)4 as main
crystalline phase). The FTIR spectroscopy showed similar absorption
envelopes for the target and as-deposited and 550 °C-annealed films,
denoting analogous structural features. The surface morphology of the
as-deposited and 550 °C-annealed coatings was rather homogenous and
defect-free. In the case of the 750 °C-annealed samples, the combined
SEM, energy dispersive X-ray spectroscopy (EDXS) and XRD analyses,
evidenced the formation of TiO»-rutile in form of crystals, which evolved
through the SBG film towards its surface, and “exploded” in form of
rivets-like formations in contact with the oxygen-rich air ambient. Still,
no micro-cracks were revealed. The remarkable pull-off adherence
values obtained for the as-deposited and 550 °C-annealed coatings (with
the fracturing occurring in the glue volume at values of ~ 85 MPa) could
be ascribed to the high-silica glass composition and to the intense argon
ion plasma etching process (10 min, DC bias voltage of 0.4 kV, electric
power of ~ 200 W) of the substrate prior to deposition (via a W-filament
plasmatron). This pre-deposition treatment was aimed to remove oxide
layers and other residual impurities and activate the substrate surface.
The adherence values are the highest reported to date for SBG coatings.
Unexpectedly, considering their piercing by TiO, crystals (known to
have a deleterious effect on adherence [44]), the 750 °C-annealed SBG
coatings still yielded noteworthy bonding strengths of ~ 73 MPa. This
could have been determined by the pre-deposition substrate etching step
and a chemical bonding (by inter-diffusion) between the coating and the
substrate, as a perovskite (CaTiO3) phase was evidenced to form by XRD.
However, both the as-deposited (glass) and the 700 °C-annealed
(glass—ceramic) films proved insoluble and thus, bioinert, upon im-
mersion for 30 days in SBF [85].

The next studies performed by Stan et al. in 2010 were oriented to-
wards the deposition, mechanical testing and in vitro biological assess-
ment of RF-MS films of the celebrated and clinically approved 45S5-
Bioglass® formulation [84-86,88]. The same concept of “cold” mildly-
pressed powder targets was employed. Again, the higher employed
argon sputtering pressures (between 0.3 and 0.45 Pa) fostered improved
replication of the source cathode target complex stoichiometry [84-86].
The CTE of 4555-Bioglass®, of ~ 15 x 107% °C~! [101], is significantly
higher with respect to Ti and its medical-grade alloys (~8.6-9.8 x
10°°°C 1) [102-104]. The performed experiments showed rather low
bonding strengths (pull-off) for the simple 45S5-derived sub-micron-
thick films. It was thus suggested that the pre-deposition Ar ion
plasma etching step of the substrate, could not fully compensate the (i)
large CTE mismatch between the deposited films and the Ti-based sub-
strate and (ii) stresses generated at the temperature reached by the
substrate during deposition (i.e., ~150 °C) [88]. The remedy technical
solution consisted of (a) depositing of a ~ 70 nm-thick buffer layer with
compositional gradient (ie., SBGxTi;_x (x = 0-1)) at the Ti sub-
strate-SBG coating interface (by co-sputtering from two targets, at the
same power density, while continuously rotating and translating the
substrate holder between the two Ti and SBG 90°-distanced cathodes,
positioned on the circumference of the spherical reactor chamber
(Fig. 3); (b) followed by post-deposition annealing treatments performed
at 650-700 °C/2h in air [86,88]. Titanium oxide aggregates were
observed by SEM on the surface of the simple (abrupt) post-deposition
annealed SBG/Ti films. This led to SBG layer peel-offs (with diameters
of ~ 20-40 um), occupying a total area of ~ 15% from the total film
surface [86]. The annealed graded SBG/SBG,Ti; «/Ti films were more
homogeneous, showing little-to-no exfoliations or micro-cracks and
suggesting that the compositionally graded buffer layer attenuated the
abrupt interface of the dissimilar materials and increased their bonding
strength [86]. Indeed, the pull-off measurements performed in a sub-
sequent study [88], indicated a ~ 1.7 times improvement of the bonding
strength of the graded SBG/SBGxTi; _x/Ti films (~50 MPa) with respect
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Fig. 3. (A) Schematic representation of the compositionally graded SBG4Ti;_x (x = 0-1) buffer layer by magnetron co-sputtering. Reproduced and adapted with
permission from Ref. [108]; (B) Snapshot taken during the process of the compositionally graded SBG4Ti; x (x = 0-1) buffer layer.

to the abrupt SBG/Ti ones (~29 MPa). The SBF in vitro testing of the
annealed 45S5-sputtered films (having combeite-NasCasSigO1sg,
NasPOy4, and wollastonite-CaSiO3 as main crystalline phases) indicated
that they generally abided the apatite formation mechanism proposed
by L.L. Hench [105], showing after (i) 3 days the formation of the silica-
rich layer (prerequisite for the formation of apatite-like ingrowths), with
H' migration to form Si-OH™ bonds and the repolymerisation of the
surface silica suggested to be simultaneous processes [84]; and (ii) 30
days the formation of fully-developed apatite-like layer [85]. The as-
sputtered amorphous 45S5 films were completely dissolved after 30
days of immersion, confirming their high resorbability due to the large
alkali content [85]. The “burst release” of sodium (Na) from the 45S5
glass and the linked pH increase are now well-known issues, which can
led to less than optimal biological responses (including cytocompati-
bility) [106,107]. The implementation of a preconditioning (Na leach-
ing) step in various synthetic physiological fluid variants of (e.g., Tris
buffer, SBF or cell culture media) was proposed to reduce these unde-
sirable phenomena [106,107]. In the Stan et al. [88] study on the 45S5
sputtered coatings, it was shown that the innate poor stability of the as-
deposited layers in physiological fluids can be tailored by devitrification
heat-treatments, aiming to improved biological performance outcomes.
Furthermore, the annealed 45S5 sputtered coatings showed good cell
adhesion and viability, as well as cell proliferation capacity, when tested
in human primary osteoblasts (hOB) cell cultures derived by the dif-
ferentiation of human mesenchymal stem cells isolated from bone
marrow aspirates [88].

Two more supplementary reports in the field of 45S5 magnetron
sputtering coatings were later (2013 & 2014) published by lijima et al.
[96,97]. Interestingly, they have employed [96,97] the same type of
cold-pressed MQ powder targets that were earlier (2008-2012) intro-
duced by Slav et al. [46] and Stan et al. [47,76,83-89]. Their research
aimed at bio-functionalizing alumina implants with SBG coatings for
dentistry applications. No information on the composition and structure
of the films was provided [96]. The formation of calcium phosphate
deposits was noticed on the surface of the 45S5-coated alumina speci-
mens submerged in artificial saliva for 6 months, advocating for the
biomineralisation capacity of the coatings. In their second study [97],
the ability of SBG coatings deposited on alumina on the recovery of the
mechanical properties of the etched enamel by remineralisation pro-
cesses was successfully confirmed (via in vitro assays performed in arti-
ficial saliva).

In 2010, Saino et al. [48] used a sol-gel 58S (59.85i02-38.5Ca0-

1.7P,05 (mol%)) glass powder as a target for coating 3D Ti6Al4V macro-
porous (square pores with sizes of ~ 800 pum) by RF-MS. They have
employed a 3-cathode gun confocal system (with the guns tilted at 30°)
for increased deposition rates and (probably) improving of the out-of-
sight deposition, benefiting from off-axis sputtered atom fluxes. No
mention of this RF-MS configuration ability to coat inside the macro-
porous scaffold was made. Complex in vitro testing in human osteosar-
coma (SaoS-2) cell cultures were performed. Remarkably, the SBG-
coated Ti6Al4V scaffolds outperformed the uncoated counterparts,
leading to a (i) two-fold increase in cell proliferation, alkaline phos-
phatase activity, and mineralisation; and (ii) enhanced deposition of
important extracellular matrix proteins (i.e., decorin, fibronectin,
osteocalcin, osteonectin, osteopontin, collagen type I, and collagen type
III) — promising traits for boosting the osteointegration and fixation rate,
and thus, shortening of healing time.

In the third attempt devoted to increasing the bonding strength of
SBG films, two alkali-poor, boron and/or fluorine doped MQ SBG for-
mulations, with low CTEs, were employed as powder targets in the RF-
MS experiments: ie, 1b (39.95i0,-31.0Ca0-2.6P;05-13.3MgO—
4.4Nap0-4.4B>03-4.4CaF; (mol%), CTE =10.7 x 10°%°c™h [109,110]
and 1d (45.5810,-30.3Ca0-2.6P505-13.0MgO-4.3Nay0-4.3CaF; (mol
%), CTE = 10.4 x 10-°°C™") [110].

Compositional differences between the source target material and
sputtered 1b SBG films (2010-2012) were noticed, being consistent with
the standard free energy of the oxidation reactions of the different ele-
ments involved [109,110]. Such findings disclosed the remarkable
possibility to derive a plethora of film compositions from a single target
formulation by the simple modification of the sputtering total pressure
and oxygen-to-argon dilution [76,83,87,89]. Moreover, good bonding
strength (pull-off) values were obtained for the 1b-derived SBG thin-
films, in the range of ~ 45-73 MPa [89]. Grazing incidence XRD,
Fourier transform infra-red (FTIR) spectroscopy, EDXS, and SEM
coupled analyses evidenced continuous morpho-structural and compo-
sitional changes taking place at the surface of the originally sub-micron
thick SBG films, upon immersion in SBF, culminating with the formation
(after 30 days of soaking) of > 1 um thick homogenous layer of a crys-
talline carbonated hydroxyapatite (CHA). The CHA layer consisted of
spherulitic aggregates composed of fine acicular crystallites (Fig. 4),
testimony of an excellent biomineralisation capability [111]. The CHA
growth mechanism seemingly relies on heterogenous nucleation [76],
determined by electrostatic interactions between the negatively charged
(Si—-OH ™ rich) surface of the SBG thin-film and the cations, and then
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Fig. 4. (A) Top-view and (B) tilt-view SEM images of 1b-derived SBG films immersed for 30 days in SBF at 37 °C. Reproduced with permission from Ref. [83].

anions from the SBF solution, since the supersaturation of the SBF me-
dium is highly unlikely due to the very low film mass/SBF volume ratio
(when abiding the ISO 23317/2014 currently in effect [112]).

In 2013, Stan et al. [49] revisited the RF-MS deposition of the SBG
formulation employed by Mardare et al. [44] in their 2003 research (i.e.,
31.18i02-31.75Ca0-10.6P205-26.6MgO (mol%)). This time, the films
were post-deposition heat-treated in air at a lower temperature of 750 °C
(slightly above Tg (716 °C) of this glass), therefore, below the a — B
phase transition point of the Ti substrate material. Low thickness (i.e.,
~360-450 nm) films were preferred to facilitate the atomic inter-
diffusion investigations. The moderate annealing temperature pro-
vided the required energy for atomic inter-diffusion phenomena to take
place at the SBG/Ti interface. This was demonstrated by the formation of
inter-metallic TiSi, TisSi4, and TisSi3 phases, which greatly increased the
interfacial bonding strength of the SBG films from ~ 38 MPa (as-
deposited) to ~ 60 MPa (750 °C-annealed). It was hypothesized that the
nucleation of the TixSiy phases could also be stimulated by the presence
of an intermixing Ti-Si thin layer generated by ballistic implantation of
Si atoms into Ti substrate surface/sub-surface when working at low
target-to-substrate distances. The atomic inter-diffusion phenomena
were not unique to this specific SBG target formulation, as similar events
were evidenced also for the 1b and 1d SBG compositions [49].

In the framework of 1d SBG (45.55i05-30.3Ca0-2.6P5,05—
13.0Mg0-4.3Nay0-4.3CaF; (mol%)) studies (2014-2016), the first ef-
forts were devoted to the adaptation of the deposition conditions
(markedly the deposition pressure and the oxygen-in-argon dilution) in
search for RF-MS regimes which could foster joint good (i) mechanical
and (ii) cytocompatibility performances. Overall, the most suitable
operating conditions were a sputtering pressure of 0.4 Pa and an inert
(Ar) working atmosphere [77,78]. Such 1d-derived SBG films enjoyed
the best: (i) values of pull-off adherence (~63 MPa, higher than the FDA
limit of ~ 51 MPa [14]), hardness (H~5.7 GPa), and elastic modulus
(E~77 GPa), thus, H and E similar to the plasma sprayed commercial HA
implant coatings and dental enamel, and higher with respect to cortical
bone; and (ii) cytocompatibility responses in mouse fibroblast NIH/3T3
cell cultures [77]. The encouraging results endorsed the application of
the optimized SBF RF-MS recipe for the coating of real dental implants
with ~ 1 pm-thick layers [55]. The “line-of-sight” deposition difficulties
of RF-MS were surpassed by fixing the dental implants parallel to the
cathode target surface and continuously rotating them during sputtering
with the help of a vacuum stepper motor (Fig. 5A,B). The bonding
strength of the coating to the implant surface is of critical importance for
clinical efficacy of such medical systems. Even if the results of static
mechanical tests were promising [77], the authors considered that the
“cold implantation” of the SBG-coated dental screws in cadaveric pig
mandibular bone, followed by tension-free extraction tests, will provide
a more accurate account of their performance since they will be sub-
jected to the complex mechanical stresses occurring upon implantation
by screwing (Fig. 5C). The multiple-site SEM and EDXS analyses

indicated that the bonding strength between the SBG and the Ti-based
dental screws is quite strong, as no delamination or cracks were
noticed, only compacted sections in the thread areas of the implants
(consequence of reaming the hard bone tissue during screwing) being
scarcely revealed. The in vitro cytocompatibility assays showed that 1d-
derived SBG films led to the good adhesion and proliferation of human
dental pulp stem cells (hDPSCs), and allowed for the conservation of the
undifferentiated phenotype of the hDPSCs, which were able to give birth
to spherical stem cells colonies (Fig. 5D,E) [55]. The conservation of the
stem cell pool is vital for the health of the peri-implant structures, since
this will provide in time the necessary osteoblast number. If the stem
differentiation will be triggered by cell signalling processes alone, this
could prolong the life of dental implants, tentatively eliminating the
necessity of further surgical interventions.

In another 1d-based SBG research [78], the growth of sub-
micrometre hollow cone-shaped needles by RF-MS was demonstrated
(Fig. 6A,B), in the absence of any template or catalyst. Their fabrication,
non-specific to this particular SBG formulation, takes advantage of the
self-shadowing mechanisms (characteristic to RF-MS processes occur-
ring at low deposition temperatures); almost instantaneous condensa-
tion of vapour species, with low transverse mobility of the adatoms; and
asymmetric oxidation of the peaks and valleys of roughened Ti substrate
[78]. The structure-controlled degradation in blood plasma and the
excellent cytocompatibility in human umbilical endothelial vein
(HUVEQC) cell cultures was shown [78]. Such resorbable sub-micrometre
hollow cone-shaped needles of SBG can be envisaged as medical devices
for focal transient permeabilization of the blood-brain barrier (BBB) —
known to be impervious toward many drugs which can lead to resistance
in the treatment of carcinoma and neurodegenerative disorders [78].

SBG films were applied also on biodegradable Mg-based alloys (i.e.,
Mg-0.8Ca), aiming to reduce their corrosion rates [79,82]. Two SBG
formulations were used, one with conventional silica content (42.3SiOo—
24.2Ca0-2.0P205-22.4Mg0-9.1Nay0 (mol%)) and one with high silica
content (55.3510,-20.5Ca0-1.6P205-17.1Mg0O-5.5Nay0 (mol%)) [79].
Their compositions were well-reproduced into coatings using an argon
deposition pressure of 0.4 Pa, and a long pre-sputtering time (45 min).
Similar interfacial adherence values were inferred for the SBG/Mg alloy
samples, of ~ 28-33 MPa [79], thereby, inferior to those typically ob-
tained for the SBG/Ti joints. The silica-rich SBG films were advanced for
further biological and corrosion testing, and compared to crystalline
CHA films (of similar thickness) deposited by RF-MS as well [82]. The in
vitro cytocompatibility response of the silica-rich SBG films was similar
or even marginally superior to crystalline CHA counterparts, when
tested up to 72 h in human fibroblast (Hs27) and osteosarcoma (Saos-2)
cell cultures [82]. The SBG films reduced the weight loss and the
hydrogen release rate of the Mg-based substrate, and improved its
corrosion response (in SBF and cell culture Dulbecco’s Modified Eagle
Medium (DMEM)), yielding a more electropositive corrosion potential, a
lower corrosion current density, and a higher polarization resistance.
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Fig. 5. (A) Snapshot taken during the RF-MS coating process of a dental screw with 1d SBG. (B) Comparative images of simple (left-hand side) and SBG func-
tionalized (right-hand side) Alpha-Bio® DFI dental implants. (C) Representative images acquired during the implantation-extraction procedure of the dental screws
biofunctionalized by RF-MS with 1d-derived SBG coatings. (D, E) Indirect immunofluorescence images presenting hDPSCs grown on the (D) bare Ti substrates and (D)
as-deposited 1d-derived BG films, after 10 days after seeding. cells nuclei (in blue — d-1, e-1); CD90 expression of cells (in green — d-2, e-2); and STRO1 expression of
cells (in red - d-3, e-3). Objective. 20 x for (D) images and 10x (E) images. Reproduced with permission from Ref. [55]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (A-C) SEM images of the 1d-based grown by RF-MS on the surface of Ti substrates. (D,E) TEM images of hollow sub-micrometre cones collected for the 1d-
based SBG coating deposited at a sputtering argon pressure of 0.4 Pa. Inset of (E): SAED pattern for one SBG cone. (F) TEM image of normal rat brain (magnification
22,000x): (bottom left) the lumen of the capillary, the BBB (pseudo-coloured in blue), the basal membrane of the capillary (pseudo-coloured in orange), a pericyte in
a pouch of the basal membrane (pseudo-coloured in green), and the brain tissue with fragments of neuronal and glial cells and the intercellular space (native grey
scale). Inset: a TEM image of a sub-micrometre hollow cone (pseudo-coloured in red) at the same magnification (hence, using the same dimensional scale) as the
brain tissue, envisaged a potential healthcare application. Reproduced with permission from Ref. [78]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Nevertheless, overall, the corrosion performance of SBG layers was
lower than that conferred by the crystalline CHA coatings.

Recently, there has been a focus on triggering special features in
glasses by incorporating ions with better osteointegration and additional
biological functionalities (e.g., angiogenesis; antitumoral activity; anti-
microbial effect) [59,113]. In congruence to these new advances, efforts
have been devoted to delineate new glass compositions with reduced
CTEs [114] and augmented antimicrobial effects (by combining anti-
microbial agents with different antimicrobial action mechanisms, i.e.,
Zn, Sr, Cu, Ga) [114,115]), optimal for the development of a new gen-
eration of RF-MS-based BG coatings. Thereby, the newest RF-MS depo-
sition researches (2017 — to date) were focused on alkali-free SBG
systems (single- or double-doped with Zn/Sr or Cu/Ga) [80,81], derived
from the FastOs®BG system (38.55i02-36.1Ca0-5.6P205-19.2MgO—
0.6CaF5 (mol%)), known for its fast biomineralization capacity in SBF
and demonstrated in vivo (on animal model) osteointegration properties
[114,116,117].
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Popa et al. [80] employed a Zn-doped FastOs®BG (ie., Z4SO:
38.58i02-36.1Ca0-5.6P205-15.2Mg0-4.0Zn0-0.6CaF; (mol%)) and
deposited series of SBG coatings with intentionally increased silica-
contents (via co-sputtering from SBG and fused silica) to tailor
network connectivity that governs the dissolution rate and bio-
mineralisation capacity of SBGs. These were used as a reliable platform
for assessing the role of the increasing degree of mimicry of the synthetic
physiological testing fluids on the apatite-forming ability. Films with (i)
good replication (Fig. 7A) of the composition and structure of the source
(cathode target) material (due to the increased pre-sputtering time) and
(ii) gradually increased degree of connectivity (by co-sputtering) were
successfully fabricated (Fig. 7A). All SBG films exhibited smooth mor-
phologies typical to RF-MS (Fig. 7B). The testing media were: inorganic
SBF and organic-inorganic DMEM (type D8437), simple and supple-
mented with 10% foetal bovine serum (FBS), under normal atmosphere
(as the ISO 23317/2014 [112] seems to suggest) and under the correct
homeostatic conditions (humidified atmosphere and 5 kPa CO3). The
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Fig. 7. (A) Comparative FTIR spectra of the Z4S0 cathode target and RF-MS films with increasing contents of silica (BG-O < BG-3S < BG-5S). (B) Typical SEM surface
morphology of the as-sputtered SBG films; Surface morphology of the films immersed in vitro for 28 days in (C-E) SBF, (F) simple DMEM (DS), and (G) DMEM-10%
FBS (DC); (H) Comparative representation of average areas occupied by the calcium phosphate aggregates/nodules deposited in vitro in SBF, simple DMEM (DS), and
DMEM-10%FBS (DC) media, in the case of the SBG films with increasing silica content; (I) SELDI-ToF spectra of proteins adsorbed on BG-O film incubated for 6, 12,
24, and 48 h in the DMEM-10%FBS (DC) solution. Adapted after Ref. [80] — International Journal of NanoMedicine 2017:12 683-707 - Originally published by and

used with permission from Dove Medical Press Ltd.
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increase in the network connectivity of the SBG films had the expected
effect of decreasing the CHA growth speed, regardless of the type of
testing medium. The increase of the biomimicry of the apatite-forming
ability protocol (in terms of both medium composition and testing
ambient) led to a remission of the CHA development, from a well-
crystallized rough matrix composed of intertwining fine acicular crys-
tals on the top of which full-fledged micro-sized spheroid particulates (in
SBF), down to isolated sub-micron-sized spherical nodules of CaP nature
(Fig. 7C-G), but with a lower degree of ordering (in DMEM-10%FBS).
The relative extent of biomineralization was inferred based on system-
atic microscopy studies, quantifying the area occupied by the spheroid
aggregates/nodules (Fig. 7H). The deceleration of biomineralization in
the presence of organic moieties (i.e., amino acids and/or proteins) was
highlighted. This is owned to the (i) lower pH attained with the increase
of compositional biomimicry of the testing medium (close or similar to
the physiological pH) and (ii) formation of a protein-based “screening”
layer (as revealed by surface-enhanced laser desorption/ionization time-
of-flight mass spectrometry (SELDI-ToF) investigations (Fig. 71)), which
retarded the bioactivity processes. The authors stressed that although
the apatite-forming ability (evaluated using SBF assays) can be consid-
ered as valid indicator, the speed with which these processes occur
cannot be translated to real biological conditions. This needs to be
underlined, since there seems to be an inclination for evaluating the
bonding capacity of SBGs to the neighbouring (hard and soft) living
tissues by the temporal interval needed to induce the CHA growth in
SBF. All SBG films shown excellent cytocompatibility in mesenchymal
stem cell cultures. Further, technical proposals aiming for the unifica-
tion of the apatite-forming ability protocols (possibly extending to the in
vitro degradation, ion-release, and corrosion tests) for samples with
different forms and dimensions (bulk objects, powders, scaffolds, thick
coatings, and now, thin-films) were advanced [80], in continuation of
Macon et al. suggestions [118]. An appeal for more exigent and stand-
ardised in vitro assays was made, since only this desiderate can sieve the
best SBG formulations and fast-forward their translation to clinic.
Furthermore, undoped and Cu & Ga doped RF-MS SBG films [81],
with intentionally increased silica content (and thus, higher network
connectivity) were derived from FastOs®BG and C2G3 (38.5Si02—
34.1Ca0-5.6P,05-16.2Mg0-2.0Cu0-3Gay03-0.6CaF5 (mol%)) formu-
lations by co-sputtering. Improved mechanical properties and moder-
ated solubility were aimed for. The Cu and Ga co-doped SBG films were
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slightly more polymerized than the undoped ones. Furthermore, the
incorporation Cu and Ga led to a minor increase in hardness (from ~ 5.8
to ~ 6.1 GPa) and critical load of scratch delamination (from ~ 4.3 to ~
4.9 N) and decrease in elastic modulus (from ~ 136 to 127 GPa) [81].
Furthermore, a majorly improved wear resistance performance with
respect to both bare and undoped SBG coated substrates (Fig. 8A-D) was
obtained [81]. Both types of films had noteworthy bonding strengths
(pull-off) (of ~ 54 MPa) and good cell proliferation in mouse fibroblast
(NIH/3T3) cell cultures. Remarkably, the Cu and Ga co-doped SBG films
induced a pronounced antibacterial effect against the Staphylococcus
aureus strain (after 24 h), reducing its growth by ~ 4 orders of magni-
tude with respect to the control situations (i.e., the nutritive broth and
the bare Ti substrate) [81].

The compositions of SBG targets, the types of substrates, the RF-MS
parameters and the main outputs of the performed studies are summa-
rized in Table 1.

3.2. Composite coatings

Besides the efforts devoted to manufacture single (individual) layers
of SBG, which were the focus of this review work, the scientific literature
also records the deposition of composite coatings encompassing silicate
glasses. The first example concerns the class of HA-SBG blended coatings
[45,54,56,119,120]. Due to their compositional intricacy and assorted
joint contribution of dissimilar materials such data cannot be put in
direct comparison with the standalone SBG coatings. More precisely, in
the period (2005-2016), the group led by J.A. Jansen, one of the
worldwide pioneers of the HA deposition by RF-MS [121,122], synthe-
sized and biologically tested mostly HA-SBG blended layers
[45,54,56,119,120]. They employed as SBG the commercially available
S53P4-BonAlive® system (53.85i02-21.8Ca0-1.7P205-22.7Naz0 (mol
%)). In only two instances, SBG coatings were analysed standalone
[45,119]. First, the as-deposited ~ 1 pm-thick SBG films were reported
to dissolve completely in SBF within a period of 4 weeks [45]. In the next
study, the 550 °C heat-treated BG films (so, probably partially crystal-
lized) were outperformed by the 600 °C heat-treated HA ones when
tested in rat bone marrow cell cultures [119]. The authors linked this to
the “instability of the BG coatings”. Except for the power (i.e., 100 W), no
information on the sputtering parameters employed in the deposition of
the SBG and HA-SBG films was provided [45,119]. Next Jansen & van
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Fig. 8. Optical microscopy images of the wear tracks recorded at five incremental load values (i.e., 1, 2, 3, 4 and 5 N), with 10 passes per load at a displacement rate
of 4 mm/min, in the case of the (A) bare Ti and the (B) silica-enriched FastOs®BG- and (C) Cu&Ga-FastOs®BG-coatings. (D) The wear coefficient under the load of 5
N: (1) bare and silica-rich (2) FastOs®BG and (3) Cu&Ga-FastOs®BG coated Ti substrate. Reproduced with permission from Ref. [81].
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den Beucken et al. focused their researches on the in vivo testing of only
HA and HA-SBG sputtered (post-deposition heat-treated) coatings
[54,56,120]. The in vivo testing has been carried out on two animal
models (i.e., mandibles of Beagle dogs [54] & iliac crests of Dutch Saane
milk goats [56,120]). Concerned about the poor adherence of their SBG
films (due to technical limitations), no pure SBG control coating has
been included in the in vivo assessments [54]. Conflicting in vivo bio-
logical findings were highlighted [54,56]. While the inclusion of S53P4
SBG into HA coatings did not enhance the biological in vivo performance
when implanted in mandibles of Beagle dogs [54], it improved the early
bone apposition when implanted in iliac crests of Dutch Saane milk
goats [56], compared to the pure HA control. This could be assigned to
different animal models, surgical procedures, local environment due to
blood perfusion, and mechanical loading of the implant region. In the
last article of the series [120], HA-SBG sputtered films were included
into a comparative 12-week in vivo study (in goat model, having a
certain variation in age and weight) together with pulsed laser (HA),
electrospray (CHA), plasma-spray (HA with dissimilar crystallinities),
biomimetically (HA & pure and Sr-doped octacalcium phosphate) and
RF-MS deposited (HA and p-tricalcium phosphate) coatings. No precise
information on the thickness of the coatings was given, being only
categorized into two groups: (i) low thickness (“<50 um”™) in the case of
the pulsed laser, electrospray and RF-MS deposited coatings; and (i)
high thickness (“>50 um™) in the case of the plasma spray and bio-
mimetically deposited ones. The conclusion of their study was that
plasma-sprayed HA-based coatings had a superior osteophilic effect with
respect to the other coatings deposited by different techniques [120].
The second type of sputtered composite coatings was developed by
the research team led by M. Ferraris and included films of tuneable
thickness (from few nanometres to half a micrometre) in which silver
nanoclusters were embedded in a matrix of pure silica glass (silver and
silica co-targets were used during the sputtering process) [123]. These
coatings, which are non-bioactive in the sense that they do not promote
apatite formation, were initially developed to provide a wide range of
substrate materials for everyday life (polymers, metals, glasses, textiles)
with antibacterial properties [124]. Potential application as antibacte-
rial coating on the surface of polymeric ocular prostheses was reported
using S. aureus as bacterial strain [125]. A virucidal effect against
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coronavirus SARS-CoV-2 was also demonstrated in 2020 [126]. How-
ever, the silica glass matrix underwent resorption in biological fluids
over time, which limits the duration of the antibacterial/antiviral
treatment; therefore, the search for more chemically stable matrixes
seems to be advisable.

3.3. Standalone phosphate-based bioactive BG coatings

Unlike SBGs, which are intended to form a permanent bone-like
apatite layer, PBG counterparts may fully resorb by hydrolysis of the
P-O-P backbone, allowing their cationic constituents to leach and to act
as temporary nutrients at the implant site [50]. Their range of dissolu-
tion profiles can be tailored from several years in extreme environments,
as shown by phosphate glasses used in the nuclear waste industry, to
several minutes depending on the strength of ionic cross-linking and on
the degree of network connectivity [90,127-129]. The research area
covering MQ PBGs and their tailorable properties has been tackled in
numerous studies, aiming at an assortment of applications, ranging from
stem cells carrying microspheres, fibres for reinforcing resorbable
polymer matrices, fracture fixation devices to osteogenic scaffolds
[130-135]. Their application as thin-films intended for the rapid release
of osteogenic and antimicrobial ions at implant surfaces is limited to the
studies published by Stuart et al. [50,90-95], which debuted in 2015
[50]. Their in vitro cytocompatibility and antibacterial properties have
recently showed promise for future in vivo trials [94,95].

In contrast to the bulk of work performed on SBG films
[47,49,55,76-85,87-89], which employed ~ 110 mm diameter powder
targets pressed at room-temperature; target-substrate distances of
30-55 mm; and 1.78 MHz RF power sources, the PBG film research
conducted at University of Nottingham by Stuart et al. [50,90-93,95]
made use of ~ 57 and ~ 75 mm large disk shaped MQ pre-formed targets
of glass formulation of up to five network modifying oxides; target-
substrate distances of 40-60 mm; and the conventional (commercial)
RF frequency of 13.56 MHz. Deposition from such targets achieved
consistent deposition stoichiometries over thousands of hours of sput-
tering from a single target, when operated at very low power densities of
~ 1.3 W/em? to prevent thermally induced phase change of the target
[50,90]. As a result, low deposition rates of less than ~ 2.6 nm min
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Fig. 9. (A) Compositional variation of the oxide concentrations of PBG films with the increase of the working pressure, with respect to the concentration of the source
material. (B) Comparative FTIR spectra of the PBG films deposited at different sputtering pressures. Reproduced with permission from Ref. [94].
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20 um
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Fig. 10. Complete coating degradation of PBG on polished Ti6Al4V substrates in distilled water representing: (A) coated and subsequent degradation for (B) 4 h, (C)
16 h (D) 24 h. Cross-sectional FIB-SEM of an as-deposited coating on polished Ti6Al4V. (B) Micrograph of a 16 h degraded coating, milled into a corrosion pit. (C and

D) on sandblasted Ti6Al4V. Reproduced with permission from Ref. [90].

were constantly reported throughout the studies [50,90-93,95,136].
Films from a few tens of nanometres up to ~ 25 um were prepared
[91,95]. However, in a joint publication Stuart & Stan et al. [94] accu-
rately replicated the recipe applied for the SBG films deposition at NIMP
(i.e., powdered targets, target-substrate distance of 35 mm, 1.78 MHz RF
generator, powder density of ~ 1.05 W/cm?). Such experimental con-
ditions enabled an increase of the deposition rate to ~ 3.9-4.7 nm min~!
(depending on the working gas pressure). Normally, an increase of the
driving frequency will result in prolonging of the time spent by electrons
in the electric field, and thus to an augmented electron energy, and
subsequently elevated electron temperature and plasma potential, but
then also to a diminution of the electron density and ion flux, which can
only be recovered by applying higher sputtering powers to the cathode
[71,137]. The higher deposition rates recorded when using a lower
driving frequency (i.e., 1.78 MHz), are in line with Yang et al. studies

[138] on Ag films, which showed a higher deposition rate for 2 MHz vs.
13.56 MHz. This was facilitated by the higher maximal energy and flux
density of ions found at 2 MHz (56.27 eV and 0.0559 A m~2) with
respect to 13.56 MHz (44.07 eV and 0.0313 A m’z) [138]. Nevertheless,
the increase of deposition rates (and thus, productivity) remains a future
challenge for the industrialization of BG films for healthcare applica-
tions. Larger-sized cathode targets will aid both higher applied power
densities (and higher deposition rates) and an excellent film uniformity
over the surface of large-sized biomedical fixtures.

Regardless of the deposition system/configuration, both as-
deposited and post-deposition annealed PBG thin-films consistently
achieved high mechanical pull-off adhesion in excess of 70 MPa on
commercially pure Ti or Ti6Al4V substrates, which are higher than those
recommended by the FDA regulations [14] for calcium-phosphate
coatings (i.e., 50.8 MPa pull-off) on implant surfaces, paving the way
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Fig. 11. Degradation of C1: P40AD, C2: P40HT30 and C3: P40HT120 the PBG coatings. (A) Dissolution rates up to 96 h in distilled water and ion release profiles
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Fig. 12. The antagonistic roles of surface porosity and network connectivity, conditioned by the sputtering argon pressure, on the biodegradability of PBG films.

Reproduced with permission from Ref. [94].

for further utilization and functional optimization [92].

The composition and structure of the PBG sputtered layers were
intricately controlled by manipulating the “preferential sputtering” ef-
fect [50,91]. It was showed that adjustment for non-stoichiometry
target-to-film changes by over or under compensating for particular
oxides in the MQ pre-form was a consistent method for tailoring the thin-
film physical-chemical properties [50,91]. A detailed investigation of
P05, MgO, CaO, NapO and FeyOs containing MQ PBGs suggested
preferential sputtering in the order P < Fe < Ca < Mg < Na, which
correlated to the relative dissociation energies of each network modifier
bound to oxygen of (~818 or 1227, 928, 788, and 257 kJ mol ! for Fe,
Ca, Mg, and Na, respectively). Phosphorous, the network former, being
heavily shielded by the abundant network modifiers, experienced a
considerable stoichiometric loss in the thin-films [50]. The working gas
pressure was found as a key variable to tailor the glass composition and
structure (i.e., network connectivity). Superior replication of the source
(cathode target) glass oxide concentration (including P2Os) (Fig. 9A)
and structural features (Fig. 9B) was achieved when using higher argon
pressures (i.e., 0.6 and 1.0 Pa) and a low target-to-substrate distance (i.
e., 35 mm) [94].

The discovered structural intricacies were highly-relevant and
explicative for the observed dissolution profiles of PBG thin-films, where
a dual, non-linear rapid dissolution profile was observed when sub-
merged in deionized water. Iron-containing PBG compositions of
28P5,05-27Mg0-20Ca0-19Na,0-6Fe;03 and 40P205-24MgO-16Ca0-
16Nay0-4Fe,03 (mol%) were deposited to several microns with the
intention of tailoring dissolution rate to several weeks. Instead, it was
found that both highly-polymerized PBG thin-film surfaces were super-
hydrophilic, exhibiting droplet contact angles of < 1°. The PBG films
dissolved rapidly, showing a t'/2 profile, where 20% of the 2.7 ym thick

film dissociated within the first 2 h of immersion. The remainder of the
film (~2.1 um) dissolved linearly over the following 20 h, showing
dissolution rates of at least two times slower than the compositionally
equivalent MQ glasses [90]. The 28P,05-27Mg0O-20Ca0O-19Nay0-
6Fe303 and 40P305-24MgO-16Ca0-16Na0-4Fey03 (mol%) films
degraded (within the linear regimes) at rates of 50 x 10° and 210 x 10°
mg mm2h ™}, respectively. In phosphate buffered saline, the dissolution
similarly began at a rapid rate and plateaued within hours, forming
stable and film protecting precipitates to suggest that certain composi-
tions or conditions of PBG films could both accelerate biomineralisation
towards osseointegration and deliver therapeutic species with osteo-
genic influence. The formed precipitate remained stable over the
following 21 days of experimentation period. Surface imaging of
degrading PBG films showed in-homogenous dissolution and dispersed
corrosion-like pitting (see Fig. 10).

Several attempts were made by Stuart et al. to optimize the compo-
sition of PBG thin-films to achieve extended dissolution regimes
[50,90-92]; however, due to the observed highly polymerized structural
properties, this was not achieved within the tested processing window
(conventional RF of 13.56 MHz) or glass composition. Contrarily to SBG
systems, where a higher content of network formers (i.e., silicate units)
results in a less-soluble highly-polymerised structure (possessing high
network connectivity), a higher-polymerisation of PBG structures results
in a higher hydration ability and susceptibility to hydrolysis. Thereby, a
high P05 content leads to faster degradation of the PBG, whilst in the
case of the lower P05 content glasses (with a more depolymerised glass
network), the improved dissolution durability/stability is given by the
network crossing-linking via network modifying ions. However, the
nature of the network modifying ions and their cross-linking ability are
key factors. For instance, multivalent ions (such as iron) could create
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Fig. 13. Cross-area uniformity variation with sputtering pressure in terms of (A) thickness, (B) composition and (C) structure of PBG films deposited by 1.78 MHz RF-

MS. Reproduced with permission from Ref. [94].

16



G.E. Stan et al.

Ag and Ga leaching
thin films to combat
S. aureus and E. coli
on endosseous
implant surfaces

Applied Surface Science 646 (2024) 158760

3

=

22
%

Control
e AgPEC-PVD

~ [~ Ga-PBG-PVD~400 nm
= Ga-PBG-PVD~1400 nm

- & Ag PBG-PVD
~ - Ga-PBG-PVD~400 nm
- Ga-PEG-PVD~1400 nm

-8

;] 12 18
Incubation time (h)

24

Fig. 14. (A) Illustration of the “dual target consecutive co-sputtering” process; (B) HR-TEM image showing the microstructure of the Ag-PBG composite thin-film. (C,
D) Time evolution of the antibacterial activity of the (~ 46 nm) Ag-PBG composite and the (~ 0.4 and ~ 1.4 ym) Ga-doped PBG implant-type coatings against (C)
S. aureus and (D) E. coli strains. The data are represented as logarithmic values of CFU mL ™! of bacterial cells. Reproduced with permission from Ref. [95].

very durable PBG structures, whilst monovalent ions (such as Na) break
the chains and consequently lead to higher dissolution rates. As a result,
a compositional/structural trade-off design is always needed for
achieving PBGs with predictable biological performance.

Yet, elongated dissolution profiles of up to 120 min were achieved for
40P,05-24Mg0-16Ca0-16Nay0-4Fey03 (mol%) 2.7 um-thick films by
post-deposition annealing and crystallization at 500 °C in argon to form a
glass—ceramic containing Fe;O3 hematite phase. This successfully elimi-
nated the rapid surface dissolution previously observed up to 2 h and also
enabled a controlled linear ionic release of all ionic constituents within 4
days (2.4-3 times slower for the annealed coatings), as assessed by
inductively coupled plasma mass spectroscopy (ICP-MS) (Fig. 11) [92].

Important strides in reducing the degradation of PBG films were
made in 2021 [94] by employing a 50P205-35Ca0O-10Nay0O-5Fe;03
(mol%) formulation and a sputtering regime with a single notable dif-
ference, the RF frequency of 1.78 MHz (since the other variables —
target-to-substrate distance, gas pressure, power density — were largely
similar). The degradation of the PBG sputtered films was found to be
conditioned by two antagonistic factors of influence: (i) the network
connectivity of the phosphate glass and (ii) the degree of films surface
porosity (Fig. 12). An increased P2Os content of the PBG films and
moderate-sized pits/pores (ubiquitously found for sputtered PBG films
[91,94]) led to an extended degradation in cell culture medium (DMEM-
10%FBS) to> 48 h. First cytocompatibility tests (human fibroblast cell
line, Hs27) performed on PBG sputtered films were reported within the
same study, with highly promising results. Moreover, Tite, Stuart & Stan
et al. [94] showed that cross-area uniformity (structurally and compo-
sitionally) over 30 mm was achievable for PBG films using a laboratory-
grade RF-MS set-up, having beneficial implications for the future scale
up application in dental implants in particular (Fig. 13).

Both Ga and Ag were included in the PBG network
(40P,05-15Ca0-16Na0-24Mg0-5Ga03 (mol%)) and tested against
S. aureus and Escherichia coli bacterial strains [66]. The benefit of rapid
dissolution in the early stages of implantation and shedding of the en-
tirety of the film within 24 h was leveraged to assess feasibility of
incorporating Ga ions into a 1.4 pm-thick PBG film structure as an
emerging and potentially pungent antibacterial agent [93,95]. Ga is
known to disrupt the metabolic functions of bacteria by “disguising”
itself as Fe>". The cell mistakenly uptakes Ga>* and is unable to perform
the redox cycling to reduce to Ga", thereby, starving the bacteria. To
similar effect, the well-known efficacy of Ag nanoparticles (NPs) was
incorporated by a new technique termed “dual target consecutive co-
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sputtering” (Fig. 14). This methodology was successfully trialled to
incorporate Ag NPs of ~ 5 nm in diameter throughout a PBG film matrix.
This was achieved by employing RF-MS deposition from two indepen-
dent cathode targets (50.8 mm in diameter) — Ag and MQ PBG
(57P505-12Ca0-14Mg0-14Nay0-3Fe;03 (mol%)) — and applying
different target powers of 5 and 100 W, respectively. The thickness of
the Ag-PBG film was confirmed through high-resolution transmission
electron microscopy (HR-TEM). Chemical analysis using EDXS
confirmed the concentration of Ga;Os in the final coating showing a 15
at.% increase with respect to the target composition. Ag-PBG films were
limited to 46 nm thick. However, the presence of metallic silver
inhibited the dissolution rate of the film, whilst facilitating early anti-
bacterial efficacy. At the 24 h timepoint, the 1.4 ym Ga containing PBG
films and 46 nm Ag-PBG films showed 6-log and 4-log reductions in
gram-positive S. aureus colony forming units (CFU’s), respectively, and a
5-log reduction for both coatings against E. coli. All coatings were shown
to be cytocompatible with respect to human fibroblast (Hs27) and
mesenchymal stem (hMSC) cells, demonstrating great potential for
preventing post-operative implant infection and supported the next step
of advanced in vitro assays and development towards in vivo testing.

In a separate study, Sato et al. [98] deposited films by RF-MS using an
inverted phosphate containing glass target (i.e., 65ZnO-30P205-5Nby0Os5
(mol%)), made by pelleting powder at a pressure of ~ 50 MPa. Struc-
turally, the deposited films largely consisted of pyrophosphate (Q}) and
orthophosphate (Q9) groups, with only trace amounts of metaphosphate
(Q2) units. The source target material did not contain metaphosphate
(Q2) units, whilst it elicited a lower pyrophosphate (Q})/orthophos-
phate (QY) groups ratio with respect to the RF-MS films, as evidenced by
31p magic angle spinning nuclear magnetic resonance (MAS-NMR).
From biological standpoint, the films showed durability when immersed
in Tris buffer solution (i.e., degradation rate of ~ 10 nm/day), cell
viability and metabolic activity similar to the bare silica-glass substrates
(when tested in human-derived osteosarcoma cell (Saos-2) cultures),
and excellent antibacterial effects against S. aureus and E. coli.

The compositions of PBG targets, the types of substrates, the RF-MS
parameters and the main outputs of the performed studies are summa-
rized in Table 2.

4. Magnetron sputtered glass films: New insights into their
structural origin

Pioneering research that definitively answer a longstanding question
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[139] of whether the physical vapour inorganic glass-derived deposits
are structurally analogous to conventional MQ glasses was performed by
Stan, Stuart & Ferreira [76-78,80,81,89,91,93-95]. The cross-sectional
transmission (SBG case) and scanning (PBG case) electron microscopy
analyses disclosed that the top-to-bottom growth morphology of the
both type of sputtered films was smooth, compact and featureless,
archetypal for glass materials [77,95]. Beyond showing the amorphous
status (long-range disorder) of the SBG and PBG films by grazing inci-
dence X-ray diffraction [76,93,94], importantly, information on the
short-range ordering and comparative structural architecture of the MQ
and RF-MS deposited glasses was successfully inferred by Fourier
transform infrared (FTIR) spectroscopy (in both attenuated total
reflectance and transmission modes, when employing titanium and sil-
icon substrates, respectively), Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS), in both SBG [76-78,80,81,89] and PBG
[91,93-95] cases. When the composition of the source (cathode target)
materials was well-replicated into BG films, the FTIR spectroscopy an-
alyses unveiled analogous (in terms of both amplitude and wave number
position) broad IR absorption bands for both the MQ fabricated and RF-
MS deposited glasses [80,81,94] (Fig. 7A & 9B), indicating that the
magnetron sputtering derived structures are genuine glass materials,
and not immiscible mixes of amorphous oxides. Moreover, modifica-
tions in the network formers/network modifiers ratios of the films
relative to the MQ parent material (induced by changes in the RF-MS
parameters), translate into the same regular network connectivity ef-
fects as for MQ glasses, i.e., mirrored evolution of IR spectral compo-
nents generated by specific populations of silicate and phosphate
structural units with different numbers of bridging oxygen (BO) atoms
[77,80,81,89,94]. Markedly, the fingerprint region of the FTIR spectra
of SBGs is dominated by three distinct bands appertaining to the
asymmetric stretching vibrations of (i) the Si-O-Si bonds in all the sil-
icate tetrahedrons (transverse- and longitudinal-optical modes)
(~1200-1000 cm ™) and (ii) Si—O bonds in Qgi + Q§i (with one and two
non-bridging oxygen atoms (NBOs), respectively) and in Q}; + Q% (with
three and four NBOs, respectively) (~1000-800 ecm ™)) units [81].
Similarly to SBGs, the FTIR spectra of PBG films were found to elicit all
the IR absorption bands observed for the MQ counterparts [93,94]. The
IR absorption envelopes of the MQ and RF-MS PBGs are dominated by
the asymmetric stretching of the (i) P-NBO bonds in (PO3)  interme-
diate Q% units (~1300-1200 cm ™) and (PO3)*~ terminal Q} units
(~1150-1050 c¢cm™Y) and (ii) P-O-P links in Qf, structural units
(~950-900 cm_l) [93,94]. The Raman spectroscopy analyses, per-
formed so far only for the PBG sputtered films, fully supported the FTIR
spectroscopy findings [93]. XPS was another powerful analysis tool
employed. Its sensitivity permitted to delve the local structural order or
chemical bonding configuration of the RF-MS BG films, as well as to
disclose the chemical state of therapeutic cation dopants
[77,81,89,91,95]. For instance, the O 1s core electron level region can
be used to determine the shares of the BO and NBO bonds: i.e., Si-O-Si
(higher energy component positioned at a binding energy of ~ 532 eV)
and Si-NBO (lower energy component centred at ~ 530 eV) for SBGs
[77,81,89], and P-O-P (higher energy component positioned at ~
533-534 eV) and P-NBO (lower energy component centred at ~
531-532 eV) for PBGs [93,95]. Highly-eloquent studies, alleviating any
possible doubts, were performed by Stuart et al. through 3'P MAS-NMR
spectroscopy [91,93] and differential thermal analysis (DTA) [91] on
PBG films deposited by RF-MS. 3P MAS-NMR spectroscopy was used for
the first time on thin film inorganic glass films to ascertain the propor-
tion of Q} species within the structure (a direct measure of network
connectivity) of MQ and RF-MS counterparts. 3'P MAS-NMR spectros-
copy results obtained by comparing three compositionally equivalent
RF-MS films and MQ glasses indicated that the coatings elicited an
increased network connectivity, with the concentration of Q% species
being higher (i.e., 23% to 45%) compared to the MQ glass complements
(ie., 9% to 32%). Convincingly, the DTA analyses, also carried out for
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the first time on RF-MS deposited inorganic glasses (regardless, if silica-
or phosphate-based), demonstrated that the RF-MS film materials are
exhibiting definite Ty points (Fig. 15), albeit showing shallow endo-
therms, a characteristic expected from highly-aged glasses. This is a
somewhat expected phenomenon, similar to what has been found by
researchers in the field of polymeric and organic vapour deposited
glasses with respect to super-cooled counterparts [140-142]. Most
recently, the glassy nature of the SBG sputtered films was confirmed by
X-ray absorption near edge structure (XANES) measurements (work in
progress). XANES informed that the short-range ordering and the
chemical state of the elements in RF-MS films was equivalent to that
found in the MQ bulk glass.

5. Overcoming challenges

Making strides in the field of medical coatings has become vital for
improving the performance of a variety of medical devices (endosseous
implants included) with the aim of extended lifetimes from 15 years, in
the case of bioinert implants, to achieving 50 + years with bioactive
implants. Bioactive and ion releasing coatings could greatly enhance
biocompatibility, osseointegration, corrosion resistance, and further
provide marked anti-microbial alternate defences. In spite of their
remarkable biological performance, bioactive glasses are still late to
make the jump to real-life implant coating applications in the clinical
practice. The development of the BG implant coatings and their clinical
use was hindered for several decades by their poor bonding strength to
the metallic substrates and overall deficient performance under
dynamical biomechanical stresses. Catastrophic failure of the coating-
implant interface would likely require revision/substitution emer-
gency surgeries. However, the most recent generational developments in
SBG compositional systems have yielded both lower CTEs (even
matching those of Ti and its medical alloys) and unaltered or even
augmented (by designed metallic oxide substitutions) biological prop-
erties. This has re-accelerated interest in reliable SBG-based implant
coatings, and thus led to worldwide resurgence.

In the period 2003 - to date research was devoted to the promotion
of RF-MS as a highly compelling deposition technology to pursue and
contribute to the long-trailing desiderate of BG implant coatings. Be-
sides, the well-known capacity of this deposition technology to be
translated to industry, its noteworthy versatility and flexibility allowed
for the implementation of protocols which overcame — for the most part
— a series of development barriers, i.e., bonding strength, replication of
the composition and structure of the source (target) materials, “line-of-
sight” deposition (poor step coverage), low deposition rate, or
economical manufacturing.

Largely, the adherence of the BG films deposited RF-MS is no longer
an issue, being in excess of the minimal value endorsed by the ISO
13779-2:2018 (i.e., 15 MPa) [44,49,88] even for the high-CTE BG sys-
tems, and being commonly close or higher than the FDA 1997 recom-
mendation (i.e., 50.8 MPa) [77,81,89,92,93] for the low-CTE BG
systems. Solutions for the increase of bonding strength for the most
demanding BG were successfully implemented relying on the insertion
of thin-layers with graded BG-Ti composition [88] and atomic inter-
diffusion by post-deposition annealing treatments [47,49].

RF-MS was criticized early on for being unable to accurately repro-
duce the composition of complex materials, such as BGs, because lighter
species are more easily expelled off the target surface. The systematic
studies carried out over the last years showed that this can no longer be
considered the Sisyphus mountain of RF-MS glass deposits, being over-
come by multiple process methodologies. The sputtering pressure was
shown as the most effective RF-MS parameter to accurately tailor/
replication of source material composition and structure (with higher
sputtering pressure being preferable) [47,80,94]. A long target pre-
sputtering step (~45-60 min), under the same conditions used for the
deposition of coatings, was equally important, as it led to significant
improvement in the atomic target-to-substrate transfer [78-80]. The
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Fig. 15. DTA thermal traces for C1-C3 (deposited by RF-MS) and MQ1-MQ3. The T, was determined at the onset of the primary endothermic peak. The peak
locations of the T. exothermic and T, endothermic peaks have been also assessed. Reproduced with permission from Ref. [91].

pre-sputtering step balances the light-heavy elements ratios in the target
surface, stabilizing it before starting the actual deposition process.

Of course, there is no universal RF-MS processing regime, with each
target composition requiring definite process adjustments, but the
indicative factors of influence have been now determined. On the other
hand, the numerous available RF-MS variables (e.g., sputtering pressure,
working ambient, target-to-substrate distance, electrical power, or
driving radio-frequency) permit finely tailoring the properties of the
films while employing a single target composition (and therefore enable
adaption of the mechanical and biological performances). This makes
the process highly attractive and versatile from an economic standpoint.

Step and 3D features (with complex geometry and topology, such as
dental implants) coverage is also no longer a burden and hindrance of
RF-MS coating processes [55]. The simple translation/rotation of the
substrate is a straightforward and efficient solution to overcome most
shortcomings, furthermore the PVD industry has significantly evolved in
the last decade, with numerous such technical solutions being already
implemented in commercial systems.

The low deposition rate of RF-MS (generally at most of ~ 2-3 nm/
min) has been increased by at least two times by the use of mildly “cold”
pressed targets and a lower driving radio-frequency (than the customary
13.56 MHz) [47,89,94]. The use of powder targets, instead of the
ubiquitous compact (melt-quenched into pre-forms or manufactured by
sintering of compressed powders), heavily promoted by Stan & Ferreira
and et al, hold several definite advantages: (i) allows for employing
higher target powers without the risk of irretrievably damaging/
cracking the compact targets; (ii) enable reproducible coatings, since
such targets can be simply reassembled before each deposition session
(having a fresh target surface every time), and with that the modifica-
tion of the surface composition of compact targets is circumvented.

In vitro testing of RF-MS SBG coatings showed noteworthy apatite-
forming ability in both the inorganic SBF solution as well as in inorga-
nic-organic cell culture media with increasing degrees of biomimicry,
better replicating the human intercellular environment [80,89]. The
designed morphological, compositional and structural modifications of
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the RF-MS PBG layers permitted engineering of their resorbability
[91,94]. Noteworthy, very good cytocompatibility of both SBG and PBG
sputtered films has been successfully shown in a large number of cell
cultures, e.g, human osteosarcoma MG63 [51] and Saos-2 [48,82,98],
human primary osteoblast cells (hOB) [88], mouse fibroblast NIH/3T3
[77,81], human fibroblast Hs27 [82,94,95], human umbilical vein
endothelial HUVEC [78], human dental pulp stem [55], or human
mesenchymal stem [80,95] cell lines, demonstrating their readiness for
further in vivo (on animal model) testing.

6. Future perspectives

Altogether, RF-MS seems to be a viable and highly-attractive option
for bio-functionalizing a future generation of endosseous implants with
BG layers. However, not all stones have been turned, and additional
developments are needed with respect to RF-MS and other associated
PVD techniques to: (1) further perfect characteristics of BG coatings (i.e.,
surface topography will stimulate ideal cell adhesion which in turn will
increase osseointegration; increase of wettability will improve initial
protein adhesion, a primary factor for biological performance); (2)
delineate definite technical specifications for BG coatings (e.g., effect of
sterilization techniques on their mechanical and biological perfor-
mances is unknown; a critical coating thickness was not determined to
date, regardless of deposition technology); (3) add new bio-functional
traits (e.g., as the “post-antibiotic era” has begun, with super bacteria
resistant to all drugs, and thus, thus requiring identification of compli-
mentary groups of ionic therapeutic agents, which can boost and expand
the antimicrobial range of BG); (4) implement solutions for increasing
the deposition rate, and by that reduce the time required for RF-MS
coating which will allow for greater manufacturability and a smooth
translation to the clinic (e.g, further investigation into electron beam
evaporation of BGs could be a significant step towards achieving orders
of magnitude increases in deposition); (5) trial techniques such as
HiPIMS and other ionised PVD systems to improve coverage of high
aspect ratio substrate features such as coatings on scaffolds; and (6)
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increase the area of uniformity by employing larger-sized magnetron
cathode deposition systems, with higher costs than the laboratory-grade
ones, but better-fitting in an industrial scenario. Furthermore, the
devitrification (by post-deposition annealing treatments) of SBGs and
PBGs as routes for improving their mechanical performance and engi-
neering their degradability in body fluids has been rarely explored,
whilst the BBGs (currently ascending as highly promising biomaterials)
have never been deposited by RF-MS, this field of research remaining
terra incognita to date.

Regardless of type (SBG, PBG, BBG or hybrid), all research efforts
need to be linked to a clear vision on the future industrialisation of
physical vapour deposited implant-type coatings. This review has
highlighted a noteworthy acceleration in the field of sputtered BGs.
Within the public domain, the focus has been limited to R&D scale proof
of concept manufacturing, manipulation of the process variables and
their influence on structural properties, compositional tailor-ability, and
mechanical properties. In vitro efficacy relating to apatite-forming
ability (SBGs case), controlled resorbability (PBGs case), cytocompati-
bility, and antimicrobial traits have been demonstrated. It has been
shown here that RF-MS can apply BG thin-films on medical implants to
the same effect as the tens of thousands of studies on MQ glasses since L.
L. Hench created first BG in the early 1970s. Two decades of work in this
area have produced tens of publications on RF-MS/PVD deposited BGs,
bringing us to an inflection point whereby the future direction should be
(1) steered towards bridging the commercial gap and aiming to prove
industrial potential of BG thin-films by developing their compatibility
with high deposition rate, cost effective PVD technologies; and (2)
taking steps towards regulatory approval and industry wide adoption as
a future replacement for conventional orthopaedic coatings.

The path towards industrialisation of thin-film materials is decades
ahead in the semiconductor, solar and battery industries, and thus,
lessons are available to be assimilated. Some examples include lithium
phosphate oxynitride as a solid-state battery electrolyte fabricated by e-
beam plasma assisted deposition, an industrial evaporation method
capable of microns per minute rates, suggesting that PBGs may be as
well successfully applied by high-rate methodologies [143]. Similarly,
SiO amorphous structures were successfully deposited as optical films
by e-beam evaporation in the early 1990s [144]. Whilst production rates
of BG films may be vastly increased by other methodes, it is often at the
expense of the control offered by RF-MS, with this as a consideration,
less conventional, novel manufacturing methods such as remote plasma
sputtering has been shown to offer the control of conventional sputter-
ing, whilst showing ability to deposit amorphous films such as indium
tin oxide, at enhanced rates, with benefits for thermal management over
amorphous and ceramic targets [145]. It is our belief that future is in
pushing the boundaries of manufacturing compatibility with such
methods and by making novel developments to enable the industriali-
sation of BG coatings.
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