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ABSTRACT

Bioactive glasses and lasers have followed a relatively similar path. Lasers and bioactive glasses began their journey in the second
half of last century. It was in 1960 when Dr. Theodore H. Maiman constructed the first laser and fascinated the world with that
marvellous ray. It was in 1967 when a young associate professor, Larry L. Hench, was addressed by a colonel returned from
Vietnam, that asked him about developing a material that could help his soldiers recover from severe bone injuries. Two years
later, the first bioactive material, the Bioglass, was launched. From there, the development of lasers and bioactive glasses has
been extraordinaire. From the very first laser, the red ruby laser, different types of lasers in terms of wavelength, power, mode
of functioning, etc. have been developed during the last decades. In a similar way, starting with the 45S5 silicate-based Bioglass
many different bioactive glass formulations, including distinct active ions have been explored. This paper attempts to provide
insight into these points of interaction, where the application of different types of lasers on distinct formulations of bioactive
glass has allowed the transformation of bioactive glass for use as coatings, as three-dimensional implants, or the production of
nanofibers.

also find applications in soft tissues [5]. They bond easily with
hard and soft tissues without showing the classical fibrous tissue
formation exhibited by metals and polymers. The key of their
bioactivity lies in the surface reactions occurring when exposed

1 | Introduction

1.1 | Bioactive Glasses and Their Relevance

Bioactive glasses are a class of biomaterials developed in the late
1960s to overcome the limitations of traditional materials, particu-
larly their poor ability to form strong biological bonds with tissues
[1, 2]. Since the development of the first bioactive silicate glass,
many other bioactive compositions have been produced, not only
within the silica-based family but also in alternative systems such
as borate and phosphate glasses. [3]. Bioactive glasses stand out
for their ability to interact with biological tissues, particularly
bone, to promote healing and regeneration [4]; however, they

to physiological fluids [6, 7]. In this situation, bioactive glasses
degrade in contact with fluids [7]. The degradation rate strongly
depends on the composition of the bioactive glass, measured in
terms of the network connectivity [3, 8, 9]. Through a series of
surface reactions, a hydroxyapatite-like layer, a compound similar
to the mineral component of bone, is formed onto these glasses [7,
10]. This layer makes easier the cell attachment, proliferation and
tissue integration [11, 12]. As the bioactive glasses degrade, they
release different ions which can trigger different cell reactions
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[1-3]. In consequence, bioactive glasses are excellent platforms to
be doped with therapeutic ions which can stimulate the cellular
activity, and be relevant, for example, to promote angiogenesis
[13], osteogenesis [14], or also to promote the antibacterial activity
[15] (see the review papers [16-18] for more information on the
biological response to therapeutical ions released by bioactive
glasses).

With these advantages, bioactive glasses have found a substantial
number of medical applications, for example, in orthopedics,
craniomaxillofacial surgery or dentistry [19]. Applications in
these fields include their utilization as bone defect fillers [20], in
the treatment of dentin hypersensitivity [21] or in wound dress-
ings [5]; however, emerging applications beyond these traditional
uses are constantly provided, such as in cartilage regeneration
[22], coatings for metallic implants [23], or as a part of bioinks
[24].

1.2 | Relevance of Processing Technologies for
Transforming Bioactive Glasses

Bioactive glasses are very versatile, and customizable for biomed-
ical purposes; however, their processing and transformation is
also a key step to expand and offer new and innovative solutions
for complex clinical challenges. Typically, these materials are
produced by two main methods: melt-quenching method or the
sol-gel process [25]. As they are synthesized, bioactive glasses
are transformed to suit the necessities for specific applications.
For example, they are used in particulate form for bone filling
applications [20]. The application of conventional processing
and transformation technologies, such as casting, grinding, melt-
spinning, etc. strongly restricts the potential final formats of
glasses, and in consequence their potential applications. By using
these conventional methods, only bulky parts with a low complex
geometry, particles, or fibers (with diameters up to micromet-
ric size) are possible to be produced. More recent processing
technologies, such as additive manufacturing, electrospinning,
or foaming technologies among others can be of interest. They
let us explore potential and novel applications, such as tailored
implants for personalized medicine, porous scaffolds for bone
tissue engineering, fibers for wound healing, or nanoparticles for
drug delivery applications [26, 27].

1.3 | Relevance of Lasers for Processing Bioactive
Glasses

Among the wide range of available processing and transformation
techniques, laser-based methods stand out as particularly unique
and highly attractive for application to bioactive glasses. Lasers
not only enable conventional operations such as cutting, drilling,
or coating, but also allow the development of novel and distinctive
processes that are not achievable with other technologies [28].
Lasers can be used for precise shaping and surface modification
of bioactive glasses. Laser ablation can create intricate patterns,
enhance surface roughness, or improve the bonding of bioac-
tive glass coatings on implants [29, 30]. Laser-assisted additive
manufacturing (e.g., selective laser melting) is also employed to
fabricate complex 3D scaffolds for bone tissue engineering [31].
Laser technology offers unique advantages as compared to other

TABLE 1 | Advantages/disadvantages of using lasers for processing
bioactive glasses.

Advantages Disadvantages

High precision High costs

No contact Thermal stresses
Localized heating Specialized Training

High versatility in processes,
materials, and geometries

High processing speed
High efficiency
Customization

Minimal waste

techniques for processing and transforming bioactive glasses
(see Table 1) [32, 33]. Notice that these properties are general
and should be particularized for each process. Technology com-
petitors for each laser technique may show distinct advantages
which can be relevant for the type of processing (e.g. simplicity,
operational costs, etc.) and the final biomedical application. It
is important to highlight that, although laser technology pro-
vides general advantages over many conventional manufacturing
methods (discussed below), these advantages should be inter-
preted with caution, since each laser-based process must be eval-
uated individually. The specific benefits and limitations should
be assessed in relation to the specific competing technologies
available for the intended application (coating, surface texturing,
additive manufacturing, etc.), as these may offer advantages (such
as simplicity or lower operational costs, etc.) that may become
relevant.

Laser technology stands out for its high precision as the deposi-
tion of energy is highly localized [34]. This could be of interest
for creating intricate micro-or nano-designs, such as for complex
scaffolds, or surface modifications aimed to promote cell adhe-
sion and tissue integration. Moreover, as the deposition of energy
is localized, the thermal damage of the surrounding materials is
minimized.

Another advantage of laser processes is their high efficiency.
Laser processes typically are performed at very large processing
speeds with minimal wastage of materials to be processed. For
example, processing speeds in laser cutting, can reach several
meters per minute, and the waste of material is restricted to kerfs
with typical dimensions in the micrometric range [35, 36].

Laser processing is a non-contact technique. In this way, the
risk of damage (critical when processing brittle materials such as
bioactive glasses), contamination of the processed part (crucial
for biomedical materials, where sterility and structural integrity
should be guaranteed), and tool wear is reduced, negligible or
suppressed.

The versatility of laser technology for processing bioactive glasses,
as in other materials, is very wide. One tool can be used for
multiple processes, conventional (such as laser cutting, drilling,
or ablation) or unconventional (such as laser spinning [37]).
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Also, one tool is suitable for many potential materials, e.g.
different glass systems (such as silicate, phosphate or borate
bioactive glasses), and for simple or complex geometries (planar
or three-dimensional).

Finally, a key advantage of laser technology for biomedical appli-
cations of bioactive glasses is the possibility of customization.
Laser processing enables the precise modification or fabrica-
tion of patient-specific implants and devices with controlled
geometries, thereby supporting truly individualized medical
solutions.

As with other processing and transformation technologies, laser-
based methods also present certain limitations, particularly when
producing glass components or coatings. As noticed in Table 1 the
most relevant disadvantages associated with laser technologies
are the higher costs (of equipment and maintenance), and the
potential generation of thermal stresses in laser treated samples
which can lead to surface or sub-surface cracking. In both
cases, the impact can be moderated as typical costs of laser
technology have been substantially reduced in recent years.
On the other hand, thermal stresses, with a very deleterious
impact in brittle materials such as bioactive glasses, can also
be reduced by adjusting the processing parameters (see Sec-
tion 2.2). Then, these can be minimized or even suppressed.
Minor disadvantages of these processing technologies are related
to the requirement of specialized training for technicians and
personnel using this technology. However, in general, advan-
tages related to laser technology greatly overcome all these
disadvantages.

In summary, laser technology excels in precision, versatility,
and customization, making it ideal for complex or personalized
biomedical applications; then, this technology has great potential
for the laser surface transformation (e.g. laser surface engineer-
ing) and manufacturing of novel and new bioactive glass products
(such as bioactive glass nanofibers and nanoparticles); however,
to the best of the authors’ knowledge, the current literature lacks
any critical review of the state of the art regarding the use of lasers
for transforming bioactive glasses or producing new bioactive
glass—based products.

In this paper, we review the major applications of laser technology
in the synthesis and processing of bioactive glass products. First,
we have summarized the optical response of bioactive glasses to
the laser radiation (both, in the linear and non-linear regimes)
and the main laser-induced phenomena occurring during laser
materials processing of bioactive glasses. Their introduction is
crucial for understanding the particularities of laser process-
ing of bioactive glasses, as the optical response determines
the optimum laser source and the laser-induced phenomena
impose limitations and challenges (but also can provide new
opportunities) for processing these materials. Next, we have
reviewed the most relevant research works dealing with the
surface engineering of bioactive glasses (production of thin and
thick coatings by laser cladding or Pulsed Laser Deposition
(PLD); laser texturing or structuring), additive manufacturing
of bioactive glass parts (produced by Selective Laser Sintering
(SLS)/ Selective Laser Melting (SLM) and other laser-based
methods), as well as the synthesis of bioactive glass-derived
nanomaterials.

2 | Optical Properties and Laser-Induced
Phenomena During Laser Processing of Bioactive
Glasses

2.1 | Absorption of Laser Radiation by Bioactive
Glasses

Glass has been used since ancient times for its optical properties,
largely because silica is transparent in the visible spectrum.
However, this transparency becomes a disadvantage in laser
materials processing, where low absorption of the laser radiation
limits energy deposition. Since the first step in any laser-based
processing technique is the absorption (and, in most cases, the
subsequent thermalization) of the laser energy by the material,
selecting an appropriate laser wavelength for the specific process
is crucial.

The absorption of laser radiation in glasses can be classified
into linear and non-linear regimes, depending on whether the
absorption coefficient is independent of the optical intensity
or varies with it. Both regimes have been exploited, and find
application during laser processing of bioactive glasses.

2.1.1 | Linear Absorption

The linear absorption of laser radiation in glasses mainly depends
on their chemical composition and on the laser wavelength. Most
oxide glasses are highly transparent across a broad spectral range
(see Figure 1a), typically from ~200-300 nm in the ultraviolet
(UV) to ~2-3.5 ym in the infrared (IR) regions of the spectrum
[38]. Within this interval, their transparency usually exceeds
80%, resulting in very low absorption. At shorter or longer
wavelengths (such as those produced by excimer or CO, lasers),
light can couple more efficiently into the material. Absorption
in the UV-visible range is governed by electronic transitions,
whereas in the mid-infrared (~2-14 pm) it is dominated by
vibrational transitions [25].

The optical properties of glasses are highly sensitive to factors
such as composition, impurities, degree of crystallinity, point
defects, inclusions, bubbles, temperature, and even the manufac-
turing process, which affects surface quality [39]. Once radiation
is absorbed, it is rapidly thermalized, leading to heating, melting,
evaporation, or even plasma formation within the interaction
zone. Further details can be found in specialized references such
as [40, 41].

2.1.1.1 | UV Absorption. Even transparent bioactive glasses
cannot transmit laser radiation at wavelengths shorter than a
threshold called ultraviolet edge. For silica glass this cutoff is
located at ~ 160 nm; however, this value is an orientation as it
is modified by the glass composition, impurities or defects. It
was noticed that presence of Fe**, Cr**, and Ti*" ions shift this
value into the visible (Vis) range [39]. A similar observation is
found with the increment of the alkali content [44]. Moreover,
defects and impurities can also induce absorption bands located
in the UV to Vis regions of the spectrum. For example, oxygen
deficiency is related to absorption bands located in the UV region
(A~190 - 250 nm), while impurities (often related to transition
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FIGURE 1 | (a) Transmission spectra for some common glasses. Data extracted from Ref. [42]. (b) Variation of the transmittance with the

temperature for fused silica at A = 10.6 um. Data extracted from Ref. [43]. (c) Absorption depth for fused silica glass at 1 = 9.6 and 10.6 pm calculated

using the expression § = A/47k (where A is the laser wavelength, and k is the extinction coefficient of the glass). Data from the extinction coefficient

were extracted from Ref. [43].

metals ions) give wide absorption bands extending from UV to
Vis wavelengths.

2.1.1.2 | IR Absorption. In the IR part of the spectrum, silica
glasses are opaque for wavelengths larger than 3.5-5 pm. For
these glasses, the absorption takes place in a very thin outer
layer of the surface. Typically, the absorption depth is around
10-40 pym for CO, laser radiation (10.6 um) at room temperature
[45, 46]. The major absorption bands of oxide glasses in the IR
region occur at approximately 9.0-9.5 um (asymmetric stretching
vibration of Si-O-Si bridges), ~12.5 um (symmetric stretching
vibration of Si-O-Si), and ~21-25 ym (O-Si-O bending modes)
[47]. For laser-based materials processing, only the first two bands
are technologically relevant, as they lie close to the operating
wavelengths of industrial CO and CO, laser sources.

2.1.1.3 | Influence ofthe Temperature. The optical proper-
ties of glasses change significantly with temperature, a factor that
becomes critical during laser materials processing -particularly
in low-power laser surface treatments such as laser texturing,
where maximizing absorption is essential. McLachlan and Meyer
demonstrated that the transmittance of fused silica drops sharply
with increasing temperature (Figure 1b), falling from about
30% at room temperature to nearly zero above 1000°C [43].
Consequently, laser absorption rises, but the optical absorption
depth decreases. As shown in Figure lc, this depth contracts
to roughly 5 um at temperatures approaching 1800°C, largely
independent of the laser wavelength. It is also observed that
absorption is stronger at the surface for long-wavelength laser
radiation, whereas shorter wavelengths penetrate deeper into

the material. In this latter case, absorption shifts from being
predominantly superficial to more volumetric.

2.1.2 | Non-Linear Absorption

Non-linear absorption phenomena can also take place during
laser processing. This depends on the laser intensity, since the
optical transparency of the material changes with this parameter
[48]. These mechanisms enable the modification of the surface
or bulk of bioactive glasses using laser wavelengths for which the
material shows no linear absorption (e.g. using Vis laser sources).
In such cases, energy is deposited by promoting electrons from
the valence band to the conduction band [49]. Laser radiation
can therefore be absorbed even at wavelengths where the glass is
normally transparent, through laser-induced optical breakdown.
This breakdown is driven by non-linear processes such as multi-
photon absorption and avalanche ionization [50]. The intensities
required for optical breakdown in glasses are typically on the
order of 10'* W/cm? (e.g., >2.8 x 10> W/cm? for soda-lime glass
and >1.0 x 10'* W/cm? for fused silica) [51]. Such high intensities
are readily achieved in ultrashort-pulse laser processing using
picosecond or femtosecond sources [52].

Because these mechanisms are strongly non-linear, absorption
occurs only within the focal volume (on the order of um?). As
a result, laser processes relying on non-linear absorption exhibit
high spatial selectivity, and can be very interesting for micro-
machining or the precise treatment of the surface of bioactive
glasses.
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2.1.2.1 | Avalanche Ionization. In transparent materials
such as bioactive glasses, valence electrons are strongly bound
and their ionization potential exceeds the photon energy of
the laser. However, a small population of free “seed” electrons
(typically in the range of 108-10° cm=3) is always present due
to impurities, lattice defects [53], or thermal ionization [54].
When a seed electron interacts with the laser field, it can gain
sufficient kinetic energy to ionize a bound electron via impact.
This impact ionization produces two low-energy free electrons.
Repetition of this cascade leads to an exponential rise in electron
density, forming a plasma once the critical density is reached.
At that point, the material becomes absorbing and the free
electrons efficiently transfer laser energy to the lattice through
collisions. Avalanche ionization is known to dominate laser-
induced breakdown for pulse durations longer than ~100 fs
[55]. For shorter pulses, photoionization mechanisms prevail,
although multiphoton absorption can still generate the seed
electrons that initiate the avalanche process [50].

2.1.2.2 | Photoionization. Photoionization corresponds to
the direct promotion of electrons to the conduction band by the
laser field [49] occurring through two main regimes depending
on the laser frequency and intensity: multiphoton absorption and
tunneling ionization [56]. At high photon frequencies, multipho-
ton absorption dominates, whereby an electron absorbs n photons
simultaneously when the total energy (nh$) exceeds the bandgap
(E,) of the material [57]. At lower frequencies and sufficiently
strong fields, tunneling ionization becomes predominant, as the
laser field distorts the potential barrier and reduces the effective
bandgap, enabling electrons to tunnel from the valence to the
conduction band [49, 58]. Both processes are described by Keldysh
theory [59], which predicts the dominant mechanism through
the Keldysh parameter y: multiphoton absorption for y > 1.5,
tunneling for y < 1.5, and a mixed regime when y =~ 1.5.

2.2 | Laser Induced Phenomena During Laser
Irradiation of Bioactive Glasses

In addition to the well-known laser-induced phenomena occur-
ring during laser materials processing (vaporization, recoil pres-
sure, etc.) [60], laser processing of bioactive glasses shows some
associated specific phenomena, in particular: crystallization, and
thermal stresses.

2.2.1 | Crystallization

Crystallization of glass involves the transformation of amorphous
glass into a crystalline state [25]. This is relevant in bioactive
glasses as crystallization compromises severely the bioactivity
[61] and the degradation rate [62].

In general, crystallization is considered undesirable in bioactive
glasses because it alters their dissolution behavior and reduces
their bioactivity. Crystallized glasses typically dissolve more
slowly, and the formation of hydroxycarbonate apatite (HCA)
in SBF is delayed when immersed into SBF, then, producing a
noticeable retardation of in-vitro bioactivity [63]. Surface crystal-
lization can also impair biological response by inhibiting protein
adsorption and inducing unfavorable protein conformations for

cell attachment, thereby limiting adhesion and spreading [64].
However, these effects depend strongly on composition and
should be studied. In phosphate-rich glasses, crystallization may
be beneficial because it can generate phosphate phases (including
apatite) that are inherently bioactive, as noted by Brauer [3].
Moreover, as highlighted by Montazerian et al. [65], controlled
crystallization can be deliberately used to enhance the mechani-
cal properties of bioactive glasses and to modulate their reactivity,
dissolution rate, and overall durability.

During laser processing, crystallization occurs when the temper-
ature of the laser-irradiated region reaches temperatures higher
than the glass transition (typically in the range of T, = 500~
600°C in bioactive silicate glasses) or crystallization ((typically
in the range of T, = 700-900°C in bioactive silicate glasses))
temperature [25, 66, 67]. Notice that heat dissipates very fast
from the interaction region by conduction to the bulk [68, 69].
In consequence, high interaction times, and the utilization of
continuous wave (CW) lasers (lasers that deliver a constant
amount of energy along time), would be expected to be suitable
for laser-induced crystallization in glass; however, it has been
demonstrated that many other laser sources can be used. Laser-
induced crystallization in glass was demonstrated using pulsed
laser sources: such as nanosecond- and even femtosecond laser
sources (nanosecond lasers are laser sources that deliver the
energy in a pulsed manner along time, being the pulse duration
in the nanosecond range; whereas femtosecond lasers are similar
pulsed lasers but with the duration of the pulses in the fem-
tosecond range) [70]. The only requirement when using pulsed
sources is that time between pulses should be shorter than that
required to avoid a substantial cooling due to heat diffusion from
the interaction region (typically, in the order of ns for fs-laser
processing of high thermal diffusive materials such as gold [71];
for bioactive glasses is expected a higher time). Notice that using
fs-laser sources laser-induced crystallization can be performed
into the bulk of glass parts [72], in contrast to using CW laser
sources where the typical absorption takes place only in the
surface [66]. In this way, heat is only accumulated into the focal
volume, and the fs laser processing of glass is considered a highly
space selective process.

Laser-induced crystallization has not been studied or exploited
in bioactive glasses, but it has been observed in some laser
processes involving bioactive glasses (see Figure 2), such as in
selective laser sintering [73, 74] and in laser cladding [75]. The
influence of laser-induced crystallization on the bioactivity, ion
release, and overall biological performance of bioactive glasses
remains largely unexplored. This approach offers a promising
route to tailor, either locally or at the macroscale, key properties
such as mechanical behavior, reactivity, dissolution rate, and
consequently the release of therapeutic ions into the biological
environment.

2.2.2 | Thermal Stresses

During laser processing of bioactive glasses large stresses and
strains of thermal nature can appear. Thermal stresses arise due
to the large thermal gradients in the laser irradiated region.
Laser irradiation induces the sudden thermal expansion of the
irradiated material (tensile stresses); as the laser beam moves, the
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FIGURE 2 | (a)SE-and (b) BSE-SEM micrographs of the surface of
a S520 bioactive glass coating produced laser cladding showing partial
crystallization. (c) SE- and (d) BSE-SEM images of the cross section
showing that crystallization is restricted to the surface of such coatings.
Images extracted from Ref. [75] and reprinted with kind permission of
Elsevier.

irradiated material suffers also a dramatic temperature reduction
and consequently a contraction (compressive stresses) takes
place [76]. Notice that the laser irradiated volume is constrained
by the surrounding cooler material [77]. This expansion and
contraction (cycle of tensile / compressive stress) tend to induce
the cracking (surface and subsurface cracking) of the irradiated
area. Furthermore, in glasses, the thermal gradients across the
laser-irradiated region are usually very large due to the low
thermal conductivity of the material; then, stresses are even
higher than those found during laser processing of materials with
higher thermal conductivity, e.g. metals. This is also aggravated by
the brittle nature of glasses. On the other hand, thermal stresses
can lead to distortions. Planification and control of the laser
scanning pattern was found to reduce (at some extent) these
thermal stresses and the final distortion during laser-additively
manufactured parts [78].

Thermal stresses can be determined by using the thermoelasticity
theory [77]; however, their determination using analytical theo-
ries is restricted to very simple cases. In order to determine them
in more realistic scenarios, FEM simulations have been developed
[79].

The temporal evolution of this thermal field is controlled at a
large extent by the laser pulse temporal profile [80]. In this way,
processing in pulsed mode provides a more complex thermal and
stress field than in CW mode.

The formation of cracks due to thermal stresses during laser
irradiation can be estimated by evaluating the hoop stress, which
is the dominant stress component responsible for cracking. This
stress reaches its maximum at the edge of the irradiated zone (i.e.,
at radius r = a, where a is the beam radius). For a Gaussian laser
beam, the maximum hoop stress can be approximated as 0,,,, ~
aET, where «a is the coefficient of linear thermal expansion, E is
the Young’s modulus, and T, is the peak temperature at the center

of the laser spot [81, 82]. For the 45S5 bioactive glass (Young’s
modulus E = 78 GPa [83] and coefficient of linear thermal
expansion o = 14-15x 107 K~! [84]) and a maximum temperature
of 2000°C (typically found during CO, laser irradiation of glass
using a spot of 4.5 mm in radius and a low laser power P = 50 W
[82]), a value for the hoop stress of o,,,, ~ 218 MPa is found.
This stress is comparable, i.e. in the same order of magnitude,
than the tensile strength of 45S5 bioactive glass fibers (o~82-
340 MPa according to Refs. [85, 86]). From this calculation we
cannot state that cracking is going to happen due to thermal
stress, but it is an indication of the possibility of cracking during
laser processing. Furthermore, experimental evidence supports
this estimation. Wu et al. [87] determined that stresses generated
by laser heating correlates with the coefficient of linear thermal
expansion. In this way, glasses with high values of linear thermal
expansion coefficient tend to generate micro-cracks more easily.
From this point of view, phosphate glasses would crack easier
than silicate and borate bioactive glasses, as the phosphate glasses
have a higher linear thermal expansion coefficient [88].

Laser induced thermal stress can be negative as they can produce
cracks reducing the strength of the treated workpiece but also
can be positive. Some laser processing techniques use them to cut
very precisely glass workpieces, e.g. using laser cutting with the
controlled fracture technique [89], or to remove a continuous strip
of glass by laser peeling technique [76]. This approach to cutting
or machining glasses has not yet been explored for bioactive
glasses, and it may open the door to producing custom-shaped
bioactive glass components.

2.3 | Some Remarks on the Laser Sources for
Processing Bioactive Glasses

Selecting an appropriate laser source for processing bioactive
glasses requires the consideration of several factors, including
the absorption characteristics of the material, the spatial and
temporal selectivity needed for the process, the efficiency of the
laser system, and the associated investment and operating costs.
Table 2 summarizes the main laser sources suitable for processing
bioactive glasses.

From the standpoint of laser-energy absorption by glasses, the
most suitable sources include CO,, CO, and UV lasers (such as
excimer lasers or modern frequency-quadrupled fiber lasers). As
discussed in Section 2.1.1, absorption is highest in the UV and
far-IR regions of the spectrum. However, since the introduction
of ultrafast laser systems (ps and fs pulses), these sources have
gained significant popularity because of their high spatial and
temporal selectivity of energy deposition, which is particularly
attractive in applications such as microfluidics [90, 91] or optical
applications [57, 92]. Their effectiveness benefits from nonlinear
absorption processes, as explained in Section 2.1.2. It is worth
noting that CO, and CO lasers are generally more energy-efficient
than UV excimer sources. Another interesting option for efficient
UV processing is the use of frequency-tripled (THG) Nd:YAG or
Nd:YVO, lasers.

Beyond the efficiency with which the material thermalizes
the absorbed laser radiation, spatial resolution is another key
factor when selecting a laser source. Smaller focal-spot sizes
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TABLE 2 | Laser sources used or suitable for laser processing of bioactive glasses. Type of emitted laser radiation (spectral region and operation

mode), wavelength, approximated wall-plug efficiency.

Laser source Region Wavelength (nm) CW/Pulsed Wall-plug efficiency (%)
F, (excimer) uv 157 Pulsed 1.5-2 [94]
ATrF (excimer) uv 193 Pulsed 1.5-2 [94]
KrF (excimer) uv 248 Pulsed 1.5-2 [94]
Fiber (FHG) uv 266 CW/Pulsed

XeCl (excimer) uv 308 Pulsed 1.5-2 [94]
Nd:YVO, or Nd:YAG (THG) uv 355 Pulsed <10 [95]
Nd:YVO, or Nd:YAG (SHG) Vis 532 Pulsed <10 [96]
Ti:sapphire Vis-IR 680-1100 Pulsed (ultrashort) <5[97]
Nd:YAG IR 1064 Pulsed <20 [94]
Nd:YVO, IR 1064 Pulsed <20 [98]
Fiber IR 1030-1080 Pulsed 30-40 [94]
co IR 5500 Pulsed 10-15 [99, 100]
CO, IR 9300, 9600, 10600 CW/Pulsed 5-20 [94]

Abbreviations: FHG: Fourth harmonic generation; SHG: second harmonic generation; THG: Third harmonic generation.

(and therefore finer definition) are achieved when using shorter
wavelengths, such as those provided by Vis or UV lasers (as
the diameter of the focal spot is proportional to the wavelength
dg0:xA [93]). High spatial selectivity can also be obtained with
ultrafast laser sources, since absorption is largely confined to the
focal volume where the light intensity is greatest.

3 | Laser Surface Engineering

Bioactive glasses are too brittle to be used as structural materials
in load-bearing applications (e.g. dental root implant). The low
fracture toughness and strength limit the use of bulk glasses to
non-load-bearing implants such as filler material in bone defects,
to reconstruct the middle ear and in small bone replacement.
To overcome this problem, one alternative is to coat a metallic
material with good mechanical properties, such as titanium alloys
(e.g. Ti6Al4V [101] or Ti6Al7ND [102]), with a layer of bioactive
glass. The coating provides the bone bonding characteristics,
while the metal provides the mechanical properties.

Different coatings techniques have been applied, such as sput-
tering [103] enameling [104], electrophoresis [105], sol-gel [106],
or plasma spray [107]; however, the main problems associated to
these techniques are related to the poor adhesion strength of the
coating, or the substrate specificity of techniques as sol-gel, and
electrophoresis. In this sense, laser surface engineering has solved
some of these problems.

A major classification of the bioactive glass coatings can be
done in terms of the thickness of the coated layer. In this sense,
the coatings produced using a laser beam (or other coating
techniques) can be ranged in two groups: (a) thin (thickness in the
micrometer and submicrometer ranges), and (b) thick (thickness
in the order of hundred micrometers to mm) coatings. Based on
this criteria, bioactive glass coatings on different materials are
studied separately in the following sections. Finally, a last section

of the possibilities of laser to modify the topography of bioactive
glass surfaces is introduced.

3.1 | Thick Coatings Produced by Laser Cladding
3.1.1 | Description of the Technique

Laser cladding is a comprehensive technique that utilizes laser
technology, computer-aided design and manufacturing, robotics,
sensors and control systems, to produce a coating of a certain
material on a given substrate. Laser cladding was developed by
Prof. Willian M. Steen during the 1980s while working at Imperial
College London (UK) [108, 109]. In its beginnings, laser cladding
technology was used for metallurgical applications in which
the coating had to provide the substrate with improved wear
resistance, corrosion resistance or erosion resistance properties.
Laser cladding has demonstrated several advantages in the
metallurgical field such as the following [28]:

— controlled shape of the clad within certain limits

— localized heating which reduces thermal distortion and the
size of the heat-affected zone

— flexibility of the process
— controlled levels of dilution

— smooth surface finish, near isotropic mechanical properties,
fine quench microstructures and good fusion bonding

— minimum surface preparation required

— high deposition rate.
In the biomedical field, the rationale for using this technique is
to enhance the biocompatibility of the underlying substrate. In

the case of bioactive glass coatings, the goal is to promote a faster
and more effective osseointegration (i.e., greater bone apposition)
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FIGURE 3 | Potential modalities of the laser cladding technique to produce bioactive glass coatings: (a) preplaced powder (two-step), (b) powder

injection (one-step), (c) paste (one-step), (d) wire feed (one-step).

once the implant comes into contact with the surrounding bone
tissue.

In general terms we can distinguish two modalities to carry out
the laser cladding technique: A two-step process, also called pre-
deposited laser cladding; and one-step process.

In the two-step process, the first phase entails the application of
a precursor material layer to the substrate before the laser beam
is scanned over its surface. In the second phase, the interaction
of the laser beam with the surface causes both the precursor layer
and the substrate surface to melt (see Figure 3a).

In the one-step procedure, an additive substance is incorporated
into the molten pool created by the laser on the substrate. The
precursor material may be delivered in several forms: fluidized
powder injection (Figure 3b), paste (Figure 3c), and wire-fed
(Figure 3d).

Among the various alternatives, powder injection has proven to
be the most versatile, robust, and efficient method for supplying
the precursor material necessary for the laser cladding process.
In this approach, the energy emitted by the laser is utilized to
melt a thin layer of the substrate, while the particles can be
melted through their interaction with the laser beam or upon
reaching the melting pool created on the substrate. A relative
motion between the substrate and the laser/powder jet facilitates
the formation of a single clad track and overlapping these tracks
results in extensive area coverage. To avoid oxidation in the
interaction zone during laser processing, an inert shielding gas
(typically argon or nitrogen) is introduced. A rapid quenching
occurs when the molten pool moves away from the area irradiated
by the laser. Consequently, the result is a coating applied to the
surface of the metallic substrate.

3.1.2 | Laser Cladding of Bioactive Glass Coatings

The research group led by Prof. Yli-Urpo at the University of
Turku, in Finland used the two step laser cladding technique
for coating titanium implants with bioactive glass through a
technique involving preplaced precursor materials [110, 111]. The
procedure involves roughening the surface through sand blasting
and the application of bioactive glass powder blasting. Subse-
quently, the implant undergoes dip-coating by being immersed in
a suspension of fine particles of 1-98 bioactive glass suspended in
ethanol. Following this, the implant is extracted from the solution
and allowed to dry. The concluding step entails scanning the
implant surface with a low power CO, laser (merely 6-8 W) to
melt the glass onto the rough titanium surface. It is evident that
the extremely low laser power density achieved on the implant
surface is insufficient to melt the outer layer of the implant;
thus, the coating is merely secured due to the significant surface
roughness.

Kuo et al. followed the two-step approach to coat Ti6Al4V
substrates by means of a Nd:YAG laser delivering higher optical
power (400 to 800 W) [112]. They started by spraying an emulsion
of 45S5 bioglass in a water-based organic solvent. Under the pro-
cessing conditions used, the coating lost the intrinsic bioactivity
of the 45S5 bioglass due to Al migration from the substrate to
the coating. Three primary factors contributed to the significant
dilution of the substrate: first, the thickness of the pre-deposited
layer; second, the specific composition of the bioactive glass; and
third the laser irradiance (power density) applied. Laser cladding
using pre-deposited powder is viable solely with a thin preplaced
layer, so that the laser energy is able to melt a thin layer of the
substrate. Usually, excessive heating takes place resulting in a
extensive dilution, mixing the coating with the substrate, causing
the loosening of the bioactive properties of the precursor glass.
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FIGURE 4 | Cross section of bioactive glass coating on Ti6Al4V titanium alloy produced by laser cladding. (a) Low magnification image showing

the homogeneity of the coating; (b) detail of the coating-to-substrate interface, showing the formation of TiP (lighter particles). Extracted from Ref. [75]

with kind permission of Elsevier.

Moreover, the 45S5 bioglass exhibits a limited operational range
and necessitates an exact energy input to facilitate glass flow
without causing overheating.

An alternative approach to improve the coating-to-substrate
adhesion while ensuring the preservation of the bioactive proper-
ties of glass, is to use the one step laser cladding process injecting
the precursor material as a jet of fluidized bioactive glass powder.
Our group used this method to coat Ti6Al4V implants by a
bioactive coating in the SiO,-Na,0-Ca0O-P,0;5-K,0 system [75,
113-115]. Figure 4 shows a S520 bioactive glass coating applied on
Ti6Al4V using a Nd:YAG laser. Overall, the coatings are uniform
and with a homogeneous composition. Partial devitrification can
be observed in the most superficial region of the coating due to the
slower cooling rate experienced in this zone. Furthermore, TiP
formation can be observed at the interface between the coating
and the substrate due to the partial dilution taking place. This
confirms the metallurgical bond between the coating and the
substrate. In any case, the irradiance (laser power density) applied
in the process must be precisely controlled so that it is not
excessive and an alloy of the precursor material with the titanium
substrate is obtained, instead of a proper coating [116].

The appropriateness of bioactive glasses is typically determined
by their bioactivity levels [7]. The reduction in network con-
nectivity of silicate-based BGs, accomplished through chemical
modification, has enabled the enhancement of osteoconductive
and osteoinductive characteristics while maintaining elevated
resorbability. However, when applying the laser cladding tech-
nique, it is essential to consider additional properties, including
rheological characteristics. Although the cooling rates that the
material undergoes remain moderate, the circumstances differ
significantly from those of glass casting, allowing for nucleation
and crystal growth to occur. Bioactive glasses (BGs) with elevated
bioactivity are susceptible to phase separation and devitrification
as a result of diminished network connectivity [117].

For use in laser cladding, it is preferable to select bioactive
glasses with compositions that present increased glass process-
ing windows, i.e. higher temperature range between the glass
softening point and the flow point. There exists an inverse
relationship between the bioactivity of the glass and the width
of the processing window in relation to the connectivity of

the silica network; consequently, the selected glass formula-
tion must achieve a compromise between bioactivity and the
laser processing window. The Hruby (Hr) parameter has been
suggested as a means to quantify the processing window; this
parameter connects the stability of the glass vitreous state with
the tendency for crystallization [118, 119]. Table 3 collects different
glass compositions used for the laser cladding technique. Most of
these glasses were developed for the production of fibers, showing
a gentle change of viscosity with the temperature.

The thermal evolution of the precursor powder material during
the laser cladding process is influenced by various factors, includ-
ing processing speed, the temperature of the underlying material,
the mass flow of precursor powder, and the flows of carrier
and assist gases [123]. An uncontrolled heterogeneous thermal
cycle can result in an undesirable heterogeneous microstructure
in the processed component, potentially leading to failure as a
consequence of thermal shock.

The relevance of substrate preheating and optimization of the
working head scanning path in the laser cladding of bioactive
glass was pointed out by Krzyzanowski et al. [124]. Cracking
susceptibility in laser-cladded bioactive glass mainly results
from the high transient thermal stresses generated during the
first deposited layer and from thermal interactions between
adjacent tracks. Preheating the substrate and the progressive
heat accumulation in subsequent layers (during the produc-
tion of multi-layered coatings) reduce cooling rates and stress
peaks, significantly improving the resistance of the coating to
cracking.

The laser cladding technique has been primarily used to apply a
coating (in this case, bioactive glass) to a metallic substrate (e.g.,
titanium or Ti6Al4V in biomedical applications). However, as
Baino et al. demonstrated [121, 122], the laser cladding technique
can also be used on ceramic substrates. They produced bioactive
glass coatings on Al,05/ZrO, ceramic acetabular cups intended
for hip joint prostheses (see Figure 5). The coatings were applied
through a two-step laser cladding process. An initial layer of
S57A7 inert glass is applied prior to the outer S50B2 bioactive glass
layer. This S57A7 glass layer serves as a bonding bridge between
the bioactive coating and the substrate, improving interfacial
stability.
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TABLE 3 | Composition (mol%) of bioactive glasses used in laser cladding.

Designation Sio, CaO Na,O P,0; K,0 B,0; Hr References
4585 46.1 26.9 24.4 2.6 — — 0.28 [75, 113-115]
S520 52.0 18.0 20.9 2.0 7.1 — 0.39 [75,120]
S50B2 50.0 35.0 7.0 6.0 — 2.0 0.37 [121, 122]
1-98 53.0 22.0 6.0 2.0 11.0 1.0 0.48 [110, 111]

(a)

Source: Baino et al. [121], with permission from Springer Nature.

Despite the thermal loads that bioactive glasses undergo dur-
ing the laser cladding process, their bioactivity has not been
compromised. As demonstrated by Comesafia et al. [75], the
S520 bioactive glass coatings obtained by laser cladding exhibit a
bioactivity level similar to that of the precursor powder. Following
a one-day immersion in simulated body fluid (SBF), a distinctive
silica-rich layer is formed, indicated by the absence of Si-
0-2NBO peaks in the Fourier Transform Infrared analyses taken
at the surface. After nine days of immersion in SBF, a biologic-
like apatite layer was observed covering the entire coating
surface [75].

Similar behavior was observed in the case of the S50B2 bioactive
glass coatings produced by laser cladding on ceramic acetabular
cups [121, 122]. These coatings demonstrated a strong capacity
for apatite formation in vitro, exhibiting characteristic average
Ca/P ratios indicative of calcium deficient apatite. Furthermore,
biological assessments involving osteoblast-like cells and mes-
enchymal stem cells (MSCs) indicated excellent biocompatibi-

lity.

The bioactive glass coatings produced by the two-step laser
cladding method, exhibited a similar ability to form apatite in
SBF when compared to the precursor 1-98 bioactive glass material
[110, 111]. These coatings were applied to pure Ti cylindrical
implants and subsequently tested in vivo within the femoral
epicondyle of rabbits. Histological analysis conducted after eight
weeks indicated that the laser coated surfaces have significantly
more bone surrounding the surface of the implant than those of
bare metal and NaOH-treated Ti surfaces (see Figure 6).

(b)

FIGURE 5 | (a)S57A7 glass interlayer coating by laser cladding on a ceramic acetabular cup. (b) Detail of the final layer of SS0B2 laser clad layer.

Based on the studies conducted to date on producing thick
bioactive glass coatings by laser cladding, it can be stated that
the resulting coatings show good adhesion to the substrate and
satisfactory performance in both in vitro and in vivo evaluations.
Among potential applications, selective coating of load-bearing
joint implants appears to be the most promising avenue for the
use of this technique. Nevertheless, further research is required to
enable the successful transfer of this technology from laboratory-
scale demonstrations to the commercial manufacture of bone
implants. Additional in vitro and in vivo studies on laser-cladded
surfaces are needed to better understand their interaction with
biological tissues. Long term studies to determine the mechanical
stability and integrity of the coating are required.

3.1.3 | Comparative Analysis of Laser Cladding for
Producing Thick Bioactive Glass Coatings

Table 4 summarizes the main characteristics of some techniques
used to produce thick bioactive glass coatings. As shown, laser
cladding offers significant advantages compared with alternative
methods such as thermal spraying and sol-gel dip coating,
particularly in terms of precision, compositional control, and
versatility. Laser cladding offers a precise control of the melt
pool and coating geometry, allowing the deposition of relatively
thick and well-adhered coatings with limited dilution of the
substrate. As a result, the bonding of coatings produced by laser
cladding is generally higher than in thermal spraying or sol-gel
dip coating. Moreover, this technique offers a good control of the
thickness of the coating, ranging this from several hundred of
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FIGURE 6 | Histological slices of Ti implants after implantation in the femur of New Zealand white rabbit. (a) Bare Ti implant, (b) NaOH-treated

implant, (c) implant coated by laser cladding with preplaced 1-98 bioactive glass. Source: Moritz et al. [111], Figure 8 [p. 800]/with permission from
p p y g prep g g p p

Springer Nature.

TABLE 4 | Comparison of different technologies for producing glass coatings.

Feature Laser cladding Plasma spraying Sol-Gel dip coating
Precision High Moderate Moderate

Contact Non-contact Non-contact Contact: substrate dipping required
Versatility High Moderate Moderate
Speed/Efficiency Fast Fast Fast

Material Waste Minimal Moderate Minimal

Cost High: equipment and maintenance High Low: simple equipment

Material Limitations Problem with thermal stress

Specialized Training High

Restricted to sprayable Not possible to produce sol-gel

materials glasses with any arbitrary
composition
Moderate Low

micrometers up to the millimeter scale in a single step, which
is significantly higher than the thicknesses commonly achieved
by sol-gel dip coating. Another advantage of laser cladding is
the possibility of producing coatings with tailored composition,
e.g. the fabrication of graded coatings [125]. This possibility has
been demonstrated with enameling technique [126, 127], but it
has not been explored with laser cladding (e.g. producing coatings
of glasses with different resorbability). However, despite these
advantages, several limitations must be considered. The main
drawbacks of laser cladding are related to the relatively high
capital investment and operational costs of the equipment, as
well as the complexity of process optimization. Furthermore,
the rapid heating and cooling cycles inherent to laser processing
can generate steep thermal gradients that may induce residual
stresses and promote crack formation in brittle materials such as
bioactive glasses. Additionally, the high processing temperatures
involved during the process may lead to partial crystallization of
the initially amorphous bioactive glass used as precursor mate-
rial. Preheating of the substrate and controlling the temperature
of the glass part can alleviate this problem but makes the process
more complex.

In contrast, thermal spraying techniques are generally more
suitable for large-area coatings and industrial-scale production;

however, they often produce coatings with relatively high porosity
and weaker coating-substrate bonding. Similarly, sol-gel dip
coating represents a simple and cost-effective approach that
provides excellent compositional homogeneity and allows the
preservation of the amorphous structure of the glass, but it typ-
ically yields much thinner coatings and often requires multiple
coating and heat-treatment steps to achieve sufficient thickness.

3.2 | Thin Coatings Produced by Pulsed Laser
Deposition (PLD)

3.2.1 | Description of the Technique

Pulsed-laser deposition (PLD) has gained a great attention over
the past decades for its ease of use and success in depositing
very different materials [128, 129]. This technique relies on the
absorption of the pulsed laser radiation by a target material, and
the consequent formation of a plume of evaporated material after
its ablation (see Figure 7a) [130]. The evaporated materials mainly
consist of highly excited and ionized species, but clusters and
particles are also present [131]. The vapors forming the plasma
plume are collected on a substrate placed at a short distance
from the target (typically 2-10 cm), and a film is produced (see
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FIGURE 7 | (a)Schematic representation of a PLD setup. (b) Bioactive glass thin film produced over a Ti substrate (Extracted from Ref. [137] with

kind permission of Elsevier).

Figure 7b) [132]. This laser-induced evaporation produces a plume
of material with a stoichiometry similar to the target; therefore,
it is possible to produce films with the same composition as the
target [133]. This is a consequence of the congruent evaporation of
the target, irrespectively of the boiling point of their constituents.
Controlling the energy deposited on the target material (by the
laser fluence and the number of pulses), it is possible to control
the degree of ablation/evaporation and then the thickness of the
film deposited over a substrate. Thin films or coatings produced
by PLD show a strong bonding of the coating with substrate, low
residual stress in the coating, and controlled roughness of the
surface [130].

For producing bioactive glass coatings, the target is usually a
pellet produced from pressed glass particles (with the desired
composition) and subsequently sintered. Bulk glass monoliths
could also be used.

PLD is typically performed in a vacuum chamber to control the
processing atmosphere. The process can be performed under
vacuum conditions (from ultrahigh vacuum up to the mbar
range) or with a background gas [131]. Vacuum is performed by
turbomolecular and backing pumps [134].

The main problem of this technique is the splashing or the
particulates deposition on the films because of sub-surface
boiling, exfoliation, or due to recoil pressure [133]. Despite the
simplicity of this technique, many complex mechanisms and
physical phenomena are involved [135]. Main parameters in
PLD are: laser wavelength, pulse energy, pulse duration, gas
composition and pressure in the deposition chamber, type of the
target, and temperature of substrate [133, 136].

3.2.2 | Processing Parameters

Utilization of PLD to produce thin film coatings of bioactive glass
with desired composition has been demonstrated in many differ-
ent research works from more than two decades ago [138]. PLD
is an alternative to other techniques used to produce bioactive
glass coatings such as plasma spraying [139], sputtering [140], sol-
gel [141] and electrophoresis deposition [142]. PLD offers great

advantages for producing bioactive glass films, such as: being a
non-contact technique, absence of contamination (very relevant
for biomedical applications), stoichiometric coating composition,
possibility of processing high-melting point materials as glasses,
or a good control over the crystallinity of the glass film [143, 144].

PLD of bioactive glass films can be performed, as summarized
in Table 5 using different laser sources from those reported in
Section 2.3; however, it is apparent that UV radiation is one
the more efficient wavelengths due to the optical response of
glass. Glasses are quite transparent to the laser radiation in
the visible, and near IR regions of the spectrum (as seen in
Section 2.1); then, a significant absorption can occur only after
the laser induces a superficial modification (defects, microcracks,
etc) during the processing with these wavelengths. This explains
the high ablation threshold (3.5 J/cm?) observed during the
processing with the Nd:YAG laser [145]. Coatings produced by
PLD are in the micrometer range of thickness, but this value
mainly depends on the laser fluence used during the process [146-
148]. In general, increasing the laser fluence produces thicker
films [130].

Bioactive glass coatings produced by PLD are in general highly
uniform, but some small droplets embedded in a continuous
matrix are occasionally observed [146]. Macroscopic particles
with spherical shape and size around 0.1 pm have been observed
in some cases [148]. Depending on the laser fluence and the target
composition, some atomic species, but also microscopic particles
ranging from 0.1 to 1 um are generated during PLD [149].

Main relevant parameters used to control the PLD process are
the laser fluence, temperature of the substrate, relative position of
target with respect to substrate, ant type of processing atmosphere
and pressure. Their influence during processing of bioactive
glasses are as follows.

3.2.2.1 | Laser Fluence. The bioactive glass deposition rate,
and then, the thickness of the coating produced by PLD is strongly
dependent on the laser fluence [145, 148]. This parameter also
influences the surface morphology, but the chemical structure of
the film remains almost unaltered.
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3.2.2.2 | Temperature of Substrate. The temperature of
the substrate is another parameter affecting the PLD process.
Bonding configuration is largely impacted by the temperature.
Using infrared spectroscopy, small variations in the amount of
Si—O—-NBO(s) were observed as a function of the temperature of
the substrate. These were associated to a network rearrangement
due to changes in the surface mobility of the ablated products
during the growth process of the glass film [148].

Notice that an excessive temperature (>200°C) leads to some
crystallization of the bioactive glass films [154]; this affects
negatively the biocompatibility.

3.2.23 | Relative Position Between the Target and Sub-
strate. The position of the substrate with regard to the plume
greatly influences the surface structure of the coating. It was
observed that a more uniform morphology was obtained when
the substrate is placed vertical and parallel to the target [147].
Moreover, an optimum separation between target and substrate
was determined to be 10 cm during the coating of a Ti6Al4V
substrate with 45S5 bioactive glass [147].

3.2.2.4 | Processing Atmosphere. The atmosphere (chem-
ical nature and pressure) of the process also has an impact
on the characteristics and bioactivity of the bioactive glass
films. In general, atmospheres for the production of bioactive
glass coatings are an inert or a reactive gas [159]. An oxidant
atmosphere (H,0, N,O or Ar) reduces the amount of Si-O-NBO
groups in the film. A mixture of disilane/argon was seen to inhibit
the formation of Si-O-NBO groups in the film [152]. The reactive
silicon resulting from the photodissociated species of the disilane
molecule can trap the atomic oxygen in the ablation plume. This
generates SiOxHy products, which are finally incorporated in the
glass film. Therefore, the depletion of the oxygen in the ablation
plume prevents the formation of Si-O-NBO groups in the film.
On the other hand, the presence of an ammonia atmosphere
(at low pressures, 0.05 mbar) favors the formation of Si-O-NBO
groups [152, 160]. This occurs because the presence of H radical
(formed during the decomposition of the ammonia) in the plume
avoids the saturation of the Si-O-NBO groups ablated from the
target.

3.2.2.5 | Pressure. The pressure in the vacuum chamber was
also noticed to be a relevant parameter affecting the growth
rate of the bioactive glass film. It was determined a reduction
(in some cases linear [159], but in others exponential) with the
total pressure (using argon as background gas) in the chamber
[160]. This behavior was attributed to the disruption of the
plasma plume dynamics due to the deceleration of the ablated
species by the atmosphere (i.e. the ablated species decelerate
more because of a higher number of collisions with molecules of
the background gas).

The increment of the pressure promotes the formation of car-
bonates and reduces the amount of non-bridging oxygen sites
(Si-O-NBO) in the film. This reduction comprises the biological
response of the film because they are responsible for their
bioactivity. Finally, the pressure also has an impact on the
quantity and shape of the particulate formed on the surface of
the films. Quantity of particles increases with the pressure as this
parameter affects the mechanisms of generation particles [159].

3.2.3 | Properties of the Coatings

3.2.3.1 Chemistry Bioactive glass coatings with different com-
position can be produced by PLD. Silicate-based [148, 151],
but also, phosphate-based [157], or borate-based [158] bioactive
glass coatings were produced. More recently, it has been also
demonstrated the possibility of producing bioactive glass films
doped with therapeutic ions, such as: Nb [157], Cu [161], Mn [162],
Mg [137], Sr [163], Eu, and Ag [164].

Compositional characterization using semi-quantitative EDS
analyses show that bioactive glass coatings produced by PLD on
different substrates have the same composition as the target [145,
150]. PLD can transfer the complex stoichiometry from the glass
to the coating; however, some inhomogeneities are found along
the film. Films retain an amorphous structure, as demonstrated
by means of X-ray diffraction (unless a too excessive temperature
is applied to the substrate, crystallization is avoided).

These coatings are easily aged as a consequence of the exposure
to atmospheric moisture [151]. This is expected as they degrade
in contact with body fluids. Degradation is noticeable higher as
compared to the bulk counterpart due to the reduced thickness
of these films. The atmospheric moisture promotes the leaching
out of Na*, P*5, Ca*? ions during the first weeks to exposure, and
the formation of a hydrated silica gel in the surface of the coating.
Another observed ageing effect is the formation of carbonates due
to the reaction with the CO, of the atmosphere. To avoid these
ageing effects and preserve stable and unaltered the bioactive
properties of these coatings the best option is the soaking of
the coatings in alcohol. These aging effects also have an impact
on the hardness of the deposited film. Using a microhardness
tester (Vickers indenter), the evolution of the hardness along the
depth of a 45S5 bioactive glass coatings (3.7 um thick) deposited
onto a Ti6Al4V substrate was determined [146]. A hardness
around 0.5 GPa was measured in the hydrated layer; however,
this value increases to 3.8 GPa in the non-hydrated layer. Then,
the hydration due to the contact of the film with the atmosphere
reduces the mechanical properties of the glassy film.

3.2.3.2 Adhesion The adhesion of the bioactive glass coatings
to the substrate is high, although, sand-blasting was observed
to improve it [147]. An adhesion strength of 15.5 MPa was
determined by a scratch test in a 45S5 bioactive glass film
deposited onto a Ti6Al4V substrate [146]. Same parameter was
determined by means of a pull-off test in similar coatings. Values
in a range of 5.5-17 MPa were obtained. Bioactive glass coatings
were also introduced in functionally graded coatings in order to
increase the adherence of a hydroxyapatite layer to the substrate
and to improve the crystallinity of this apatite layer [144, 165].

3.2.4 | Biological (Bioactivity, In Vitro, and In Vivo)
Response of the Coatings

Bioactive glass coatings were produced in different substrates,
mainly on titanium and alloys [150], silicon [151], or silicon
carbide [166]. In all of these cases, it was confirmed the good in-
vitro bioactivity of these coated-substrates with a bioactive glass
film [167, 168]. These coatings exhibit a clear bioactive character.
A CaP and SiO,-rich layers are clearly observed after 72 h of
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immersion in SBF [153, 166]; however, the nature of the substrate
has a definite influence on the bioactivity of the coating. It was
observed that coating different substrates (such as silicon and
titanium) with a layer of the same bioactive glass, induces a
different response under immersion in SBF solution [169]. In
the case of coating titanium substrates, the apatite nucleation is
delayed, probably, due to the formation of new chemical species,
and the presence of titanium oxides. On the other hand it was
observed that a layer with a minimum thickness of 30 um is
required to produce to promote the CaP formation [169]. Bioactive
silicate-glass coatings with a higher silica content were observed
to be more resistant to corrosion and slower in apatite formation
while immersed into SBF solution, as expected [156, 170].

In vitro cell tests also corroborated the excellent biocompatibility
of the coated surfaces. Bioactive glass coatings produced by PLD
shown a very large cell adhesion and proliferation as compared to
uncoated surfaces [168, 171, 172]. This biocompability is observed
to be higher for bioactive glass films with lower silica content
[171].

The bioactive glass coatings produced by PLD have been also
characterized in-vivo. Different research works demonstrated
that they develop the same reaction pattern as in vitro, and an
apatite-like layer is formed by the coating and the living tissue
[153]. Moreover, titanium substrates coated with bioactive glass
films produced by PLD were shown not to elicit any inflammatory
response on the surrounding tissues [153]. These tests also show
that new bone growth easily on this type of coatings [172]. No signs
of inflammation, infection, or suppuration were not detected
in coated implants [172]; however, more in-vivo tests, especially
involving a long term evaluation of the performance of the
coated implants are required to totally understand the interaction
with the biological environment and evaluate the stability of the
coating.

Finally, we should mention that PLD offers the possibility to
produce precise patterns of bioactive glass coatings on implants.
The production of such patterns with bioactive materials has been
observed to be a very interesting way to study cell-cell interactions
[173] or to study e.g. cell adhesion and spreading [174]. The main
advantage in this case is the possibility to produce precise patterns
of thin-bioactive glass coatings with good spatial resolution using
masks.

3.2.5 | Comparative Analysis of PLD for Producing Thin
Bioactive Glass Coatings

Different techniques have been used for producing thin bioactive
glass coatings; however, PLD is probably the technique most
widely studied [127, 175]. As shown in Table 6, PLD offers
excellent stoichiometric transfer from the target to the film,
which is particularly advantageous for producing thin coatings of
multicomponent materials such as bioactive glasses; however, it
generally suffers from limited scalability, relatively small deposi-
tion rate, and the possible formation of particulates or droplets
on the film surface. On the other hand, magnetron sputtering
provides good control of film thickness, relatively high deposition
rates, and excellent uniformity over large substrate areas, making
it suitable for both research and industrial-scale coating processes

[175]. Nevertheless, maintaining the exact target composition
in the deposited film may be challenging due to preferential
sputtering effects. Ion beam sputtering produces very dense,
smooth, and high-quality films with precise thickness control
and strong adhesion, but it typically has low deposition rates and
higher equipment complexity, which limits its scalability [103].

3.3 | Laser Texturing of Bioactive Glass Surfaces
3.3.1 | Description of the Technique

The surface texture characteristics of implants determine their
bioactivity. A high-specific surface area in bioactive glasses
promotes a higher release of Si* and Ca** ions, and more Si-OH
groups in their surface, which ultimately induces a higher nucle-
ation rate of apatite and consequently a higher bioactivity [176,
177]. On the other hand, a higher surface area also helps protein
adsorption which has a very important effect on the cell adhesion,
proliferation and differentiation [178]. In consequence, it was
observed that rough bioactive glass surfaces may be beneficial in-
vivo, as it may increase the bone formation at the tissue-implant
interface [179]. Due to the relevance of the surface topography
several techniques to produces rough bioactive glass surfaces,
such as sintering glass particles [180], chemical etching [180,
181] or laser texturing [30, 182-184] have been studied. Among
them, laser texturing offers many advantages and possibilities
over the rest of the methods, namely, low mechanical damage,
low contamination (as there is no mechanical contact with the
part), high efficiency, high spatial precision, high replicability,
possibility of producing very complex structures, etc. [185].

Laser texturing is performed by focusing a laser beam onto the
material’s surface. Laser energy is absorbed and thermalized by
the surface, leading to melting or vaporization (see Figure 8a).
In this way, material can be removed by the ablation or the
displacement of the melted material (by the effect of the recoil
pressure induced by an intense vaporization) [186]. Using laser
texturing, we can create both regular and irregular patterns -
such as grooves, dimples, and bumps- on surfaces of different
materials, geometry an application [187-191].

Laser texturing can be produced using different laser sources as
those reported in Section 2.3. Using CW or pulsed lasers (ms-,
and ns-lasers) thermal mechanisms dominate and melting is clear
along the treated areas. Using ultrashort laser sources (ps- or fs-
lasers) this thermal affectation is avoided and similar textures but
without a relevant heat-affected zone [192]. In this way, cleaner
surfaces can be produced. On the other hand, surface patterns
can be produced using UV, Vis or IR laser sources. As noticed in
Section 2, if CW or pulsed lasers are used, maximum absorption is
produced in the UV or IR regions of the spectrum for the bioactive
glasses. If ultrashort laser sources are used even in the Vis range
of the spectrum glasses can be treated as non-linear processes are
involved.

3.3.2 | Laser Texturing of Bioactive Glass Surfaces

Laser texturing of bioactive glass surfaces was demonstrated on
4585, ICIE16 or phosphate glasses using CO, [184], ns- [183], and
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TABLE 6 | Comparison of different technologies for producing thin glass coatings.

Feature PLD

Ion beam sputtering RF magnetron sputtering

Excellent

Moderate-high

Stoichiometry control
Film density

Surface roughness Moderate (droplets possible)
Deposition rate Low-moderate
Large-area scalability Poor

Equipment cost Moderate-high

Very good Good
Very high High
Very low Low
Very low Moderate
Poor-moderate Excellent
Very high High

Laser beam

Interaction zone

(@

FIGURE 8 | (a)Schematic of laser texturing process. (b) CO, and (c) fs laser texturing of 45S5 bioactive glass.

fs-lasers [182, 184]. By using a CO, or a ns-laser, roughening
of surfaces is produced by their melting/evaporation. Thermal
effects are clear and typically induces many microcracks of
thermoelastic nature along the treated area (see Figure 8b) [184].
In order to avoid this drawback, ultrashort laser processing, where
non-thermal mechanisms are present, is an excellent option [184].
Using a fs-laser it is possible to produce cleaner microfeatures
(see Figure 8c). After laser texturing, roughness in the treated
area is increased. Roughness depends on the amount of energy
deposited; then, processing parameters such as laser power (or
better, irradiance), scanning speed, overlapping between scans,
pulse frequency, focus spot diameter, etc. determines the degree
of surface modification.

A clear effect after texturing in most of the materials is the mod-
ification of the wetting properties of treated surfaces [193, 194].
Gonzalez-Quintas et al. reported a reduction in the wettability
of 45S5 (contact angle: base material- 39.9°, laser treated- 63.2°)
and ICIEI6 (contact angle: base material- 36°, laser treated- 59.1°)
bioactive glass surfaces after CO, laser texturing. This reduction
in wettability was not observed for fs-laser processing [184].

Bioactivity of laser textured surfaces was evaluated in vitro. The
apatite formation in laser treated bioactive glass surfaces was
not substantially modified. Only it was observed for CO, laser-
treated surfaces, at short term, a delay in the silica-rich layer
formation and apatite precipitation. This effect can be related
to crystallization induced by the thermal processes induced by
CO, laser processing. After soaking in SBF laser textured samples
it was observed that the roughness maintains in the long term
[184]. This is result is relevant as macroscopic features control the
anchorage and mechanical stability of implants.

Antibacterial properties of bioactive glass surfaces were increased
after laser texturing while the bioactivity was not affected [182].

(©)

This antibacterial effect was attributed to several causes: (1)
reduction of bacteria attachment with the roughness, (2) high
pH environment (as calcium hydroxide was detected in treated
areas). This effect is relevant to avoid biofilm formation.

Laser texturing of bioactive glasses is a very simple process which
offers many opportunities, but as noted, it should be evaluated
in more detail from a biological point of view. Short- and long-
term in-vitro and in-vivo performance of textured surfaces should
be evaluated more in-depth to understand the response of cells
and tissues to laser textured bioactive glass surfaces. As soon as
more information is obtained, this technology could be easily
transferred into the market for the surface functionalization of
bioactive glass surfaces (e.g. for texturing bioglass middle ear
prosthesis [195]) as can be easily integrated into any production
chain.

3.3.3 | Comparative Analysis of Different Surface
Modification Techniques of Bioactive Glass Surfaces

Laser texturing of bioactive glass surfaces is the most widely
explored technique to modify the surface of bioactive glasses.
Laser texturing offers a highly precise and versatile approach for
modifying the surfaces of bioactive glasses and metallic implants,
enabling the fabrication of micro- and nanoscale hierarchical
structures without the need for masks or templates. Compared
with mechanical milling [179] or chemical etching [180, 181], laser
texturing provides superior control over feature geometry and
nanoscale resolution, while avoiding tool wear or uncontrolled
chemical reactions [182-184]. Plasma or ion beam treatments can
also achieve fine-scale surface modification, but these techniques
are limited by low throughput and high equipment complexity.
The main limitations of laser texturing are its relatively high
equipment cost and the potential for thermal effects, such as
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TABLE 7 | Comparison of different technologies for modifying the surface topography of bioactive glass surfaces.

Technique Advantages Disadvantages
Laser texturing — High precision and repeatability — High equipment cost
— Mask-free, flexible design — Thermal effects (production of microcracks
— Production of hierarchical micro/nano or residual stresses)
structures
— Localized treatment (bulk material
unaltered)
Mechanical texturing — Simple and widely available — Limited to production of controlled
. microscale features
— Low operational cost
— Tool wear and debris generation
Chemical etching — Can produce high surface roughness — Difficult to produce complex patterns

— Relatively low cost

— Environmental/handling hazards

— Low control of uniformity and geometry

residual stresses or microcracking, particularly relevant on brittle
materials such as bioactive glasses. Despite these challenges,
laser texturing is especially attractive for biomedical applications
that require localized, high-precision surface modifications to
enhance cell response, wettability, or antibacterial properties
(Table 7).

3.4 | Linking Processing Parameters to Biological
Outcomes During Laser Surface Engineering of
Bioactive Glasses

In laser-based processing, biological outcomes such as bioactiv-
ity, cytocompatibility, osteointegration, and stability are mainly
determined by a small number of material characteristics con-
trolled by the processing conditions [4, 27]:

* amorphous versus crystalline character (thermal history),
* surface area and micro/nanotopography,

* interfacial chemistry and dilution (particularly for coatings on
metals)

* ageing/stability of highly reactive films.

The relationships between laser processing parameters, induced
structural modifications, and biological outcomes for laser pro-
cessed bioactive glasses in surface engineering are summarized
in Table 8. The evidence highlights that biological performance
is not an intrinsic property of the glass composition alone,
but a process-dependent outcome governed by crystallinity,
interfacial chemistry, dilution effects, surface topography, and
ageing behavior. Therefore, decoding the direct influence of
processing parameters with the biological outcome is not simple
and constitutes a real challenge which could be solved in the
future, for example, by means of machine learning methods or
other computational tools [196]. Notice that similar processing
parameters (e.g. laser power, processing speed, pulse frequency,
etc.) could produce contrary effects, from the point of view of the
biological response, depending on the specific laser process. In

general, identical processing parameters may result in different
biological outcomes depending on whether the manufacturing
approach is subtractive or additive.

In laser cladding, irradiance and interaction time control dilution
and interdiffusion [112, 114], which can lead to loss of intrinsic
bioactivity (e.g., Al migration from Ti6Al4V substrate into the
45S5 coatings) [112]. In pulsed laser deposition (PLD), substrate
temperature controls crystallization, which has been linked
to reduced biocompatibility when excessive temperatures are
applied [154]. Ageing effects in PLD films under atmospheric
moisture represent a stability limitation that should be considered
together with biological performance [146, 151]. In laser texturing,
thermal processing can induce microcracks [176, 178], whereas
ultrafast regimes reduce thermal damage and enable cleaner
features, with demonstrated relevance for bacterial adhesion
control on 4585 [182, 184].

4 | Synthesis of Nanomaterials or Structures
(scaffolds) Based on Bioactive Glasses

4.1 | Additive Manufacturing of Structures
(Scaffolds) Based on Bioactive Glasses

Scaffolds are 3D structures mimicking the extracellular matrix
(ECM) of natural tissues [197, 198]. They serve as a platform
for cell attachment, proliferation differentiation and tissue for-
mation. Scaffolds of different materials have been devised, in
particular, scaffolds made of bioactive glasses have been attracted
great attention for bone tissue engineering as they have the
ability to promote the growth of bone cells, and to bond strongly
with hard and soft tissues [199]. Different techniques to produce
scaffolds made of bioactive glass have been devised, for example,
polymer foam replication [200], freeze casting [201] or additive
manufacturing techniques [202]. Additive manufacturing tech-
niques are preferred to produce scaffolds due to the possibility
to produce parts with customizable geometry and pore struc-
ture. Among these techniques, laser-based techniques stand out
thanks to the flexibility in materials and geometries, efficiency,
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FIGURE 9 | (a)Schematic illustration of the selective laser sintering/melting (SLS/SLM) processes. (b) CAD models and fabricated green scaffolds
with different geometry (porous, hollow and solid). Reprinted with kind permission of Elsevier from Ref. [210]. Schematic representations of the (c)

direct and (d) indirect (i.e. using a binder) sintering of particles in SLS.

possibilities of customization, and reduced material waste. For
the production of bioactive glass scaffolds we should highlight
the following additive manufacturing techniques: selective laser
sintering (SLS) or laser directed energy deposition (LDED).

4.1.1 | Selective Laser Sintering (SLS)

4.1.1.1 | Description of the Technique. Traditional tech-
niques such as solvent casting, freeze drying, foam replication,
etc. [203] have been used to produce scaffolds made of bioactive
glass, however, their main disadvantage is that specific-patient
geometries or porosities cannot be produced. In this sense, AM
techniques, and particularly selective laser sintering (SLS) can
overcome these limitations.

Selective laser sintering is a type of AM process based on the
consolidation of a powder bed with a focused laser beam. This
process was initially developed in the 1980s by The University
of Texas at Austin’s Mechanical engineering Department [204].
Consolidation of the powder is produced by sintering the parti-
cles; alternatively, full melting can be also produced; this process
is called Selective laser melting (SLM).

In SLS and SLM, solid components are fabricated by using a laser
beam. This is scanned over the powder bed and increases locally
its temperature. Particles are bonded by sintering or melting, as
illustrated in Figure 9a. The main elements a SLS/SLM machine
are: (1) a central build chamber where the final part is formed,
(2) two side chambers containing the initial supply of powder,
(3) a roller mechanism that evenly distributes a layer of powder
onto the build surface, and (4) a laser scanning system responsible
for sintering the deposited powder [205, 206]. As each new layer
is sintered by the laser, the build platform lowers slightly, while
the powder feed pistons rise to deliver a fresh, thin layer of
powder using the roller. This cycle repeats layer by layer and

a part is produced (see Figure 9b). Additionally, heaters are
often positioned near the powder bed to preheat the powder bed
material to just below its melting point, helping to reduce thermal
distortion and shrinkage during the laser processing stage [207].

Sintering of particles can occur in many ways, but two main
categories can be distinguished: direct and indirect (i.e. a lower
melting point material, called binder, is melted by the laser beam
and holds the higher melting point particles bonded) way (see
Figure 9¢,d) (see Ref. [208] for a more detailed explanation of the
binding mechanisms). In any case, the unsintered powder must
be removed from the final part. This unused powder acts as a
support structure during processing. This is interesting to help in
the production of intricate geometries, for example: undercuts,
or overhanging features. However, this excess powder must be
removed as soon as the part is finally produced. Then, some post-
processing step, such as cleaning, polishing, surface coating, heat
treatment, etc. is always required [209].

4.1.1.2 | SLS-Produced Bioactive Glass Scaffolds. First
works demonstrating the possibility of using SLS to produce 3D
glass parts focused their attention to the production of bioactive
glass-ceramic parts [211-214]. Apatite-mullite (A-M) [211-213] and
apatite-wollastonite (A-W) [214] parts were produced in a direct
and an indirect way. Direct sintering of glass particles by laser
was demonstrated; however, the range of processing conditions
to produce this bonding is more restricted than using a binder
[211]. Around a 5% by mass of an acrylic powder binder was mixed
with powders of these biomaterials (average particle diameter in
a range of 45-90 um). This binder was melted by low power CO,
laser radiation (5-12 W) to produce a solid part (green part) with
enough mechanical strength to be manipulated. The green part is
subsequently post-processed to burn off the binder and sinter the
powder particles. Notice that it is required to remove the whole
binder as this is not biocompatible. Heating cycles up to 1200°C
were investigated to reach adequate strength properties. Parts
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produced in this way showed a large porosity (40%), excellent
in-vitro bioactivity and in-vivo behavior.

Works performed by Kolan et al. [203, 210, 215-218], Velez et al.
[219, 220] and other authors [221] demonstrated the potential
of SLS to produce scaffolds made of 13-93 bioactive glass (see
Figure 9b). Other authors, demonstrated the possibility to pro-
duce scaffolds of other glass compositions (such as the 45S5
[222], the borate glass 13-93B3 [218]), composite scaffolds (e.g.
B-TCP+silica glass [223], HA+silica glass [224], forsterite+silica
glass [225], PDLLA+ silica glass [226, 227]), ion-doped bioactive
glass scaffolds (such as Fe-doped [228], Ag-doped [229]) or doped
with other drugs (such as bone morphogenetic protein-2 [230]).

Bioactive glass parts produced by SLS were produced directly
and indirectly, i.e. using a binder. Best results, as for glass-
ceramics, were noticed for the indirect way. Glass particles
and the binder are mixed and ball-milled (this last step per-
formed to bond the binder to the surface of the glass particles),
and then laser processed during SLS process. If biocompatible
binders (e.g. stearic acid particles) are used, their removal is not
needed after processing. If non-biocompatible binders are used,
these must be removed by a suitable postprocessing technique
(debinding-+sintering), e.g. burning out the green part. After this,
little or no carbon residues remain in the scaffold. If the binder
is removed by a suitable heat treatment (typically ~700°C during
~1hr), mechanical properties are greatly improved, but shrinkage
is substantial (typically ~20%-25%). Notice also that for stearic
acid, a typical binder used in SLS of bioactive glass parts, its
decomposition starts at ~240°C and completes at ~520°C. If too
much binder is used a large shrinkage is observed; moreover,
lower strengths are obtained [31].

When producing parts in an indirect way, lower laser powers
can be used as compared to the direct way (as seen in Table 9).
Moreover, the bed temperature can be considerably lower (typ-
ically around the melting point of the binder, i.e. <100°C) than
in the direct way (typically the glass transition temperature, i.e.
~600-700°C). The utilization of bed temperatures quite close to
the melting point of the binder explains the low laser powers
required for the indirect sintering process. Another advantage of
using binders is the reduction of the crystallinity in the samples.
Scaffolds produced by the direct sintering of particles show a
higher tendency to crystallize (which impacts on the degradation
rate and bioactivity of the scaffolds); this tendency increases with
the laser power [222].

Scaffolds with different architecture and geometrical complexity
were fabricated using SLS from glass particles with a size <
100 pum (best results found for ~20 pym in particle size) [31,
218, 231]. Typically, cylindrical or prismatic geometries, with a
complex porous structure were selected to make the testing of
the scaffolds easier. The surface of scaffolds produced by SLS
are normally rough. This is positive as it improves adhesion
and growth of biological tissues over them. Moreover, scaffolds
show compressive strengths around 20-40 MPa, which is higher
than that of trabecular bone, but non suitable for load-bearing
applications [220].

In vitro tests demonstrated the good biocompatibility for SLS
produced parts. SBF-soaked scaffolds showed a fast formation

Scaffolds made of bioactive glass coatings obtained by SLS.

TABLE 9

Scanning Scan spacing Layer thickness Bed temp.
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(1 week) of a crystalline hydroxyapatite layer on the surface of
the scaffolds [31, 210, 216]. It was noticed a reduction of the
mechanical strength of scaffolds when immersed into SBF [218].

Cells seeded on the scaffold show a good adhesion via lamellipo-
dia a filopodia and proliferation [216, 219]. No adverse effects on
the cell morphology were noticed [31]. In vitro tests also show a
higher cell proliferation on scaffolds with a geometry similar as
the trabecular bone, with high surface curvatures combined with
many changes in this parameter (i.e. biomimetic architectures as
scaffolds based on gyroid surfaces) [231, 232].

In vivo tests were also performed and scaffolds showed satisfac-
tory results [219, 220]. A progressive bone growth into the porous
SLS scaffolds was observed; moreover, no signs of negative effects
or inflammation was observed [31]. In different experiments,
scaffolds are implanted into critical size defects performed in
animal models (typically rats or rabbits). A faster healing rate
and the formation of a bridging callus in only some weeks is
observed [230]. In conclusion, bioactive glass scaffolds produced
by SLS demonstrate their potential application in treating large
bone defects, even in load bearing areas.

One of the main limitations detected in SLS for producing
scaffolds is the fabrication of pores with a size lower than that
of the laser spot [215]. Although such technical limitations could
be solved, removal of unsintered powder trapped into the pores
can be difficult or even impossible. Pore sizes in a range of
300-800 um are easily produced with current SLS machines.
Notice that this is not a problem as ideal scaffolds should have
a pore size larger than ~100 um to allow for bone in-growth,
and preferably larger than ~300 um to improve bone formation
[233]. Another potential limitation of SLS produced bioactive
glass parts is the possibility of crystallization. This process is
known to slow down the bioactivity of bioactive glasses. It was
demonstrated that glass remains amorphous after performing SLS
using a binder. Then, this does not compromise the bioactivity.
Another problem of using binders is the necessity of a final
thermal step (debinding+sintering) which could also enhance
the tendency to crystallization and also produces a shrinkage
of the final part. As discussed, the best results are found using
binders; however, an excessive amount of binder reduces the final
mechanical properties of the scaffold. To avoid using a binder, and
improve the processing in a direct way, Chiu et al. experimented
using a Fe-doped glass to improve the formability of 3D structures
[228]; an optimum percentage of iron was observed to be required
(~5 wt.%). Another possibility to avoid using binders is the full
melting, and not only sintering, of the bioactive glass powders,
i.e. the utilization of the SLM technique; however, this approach
is still under development, and we can find only some preliminary
results in the literature [234-236]. The main associated problems
are related to the susceptibility of the parts to cracking.

4.1.2 | Laser Directed Energy Deposition (LDED)

4.1.2.1 | Description of the Technique. The Laser Directed
Energy Deposition (LDED) technology to produce three-
dimensional parts and objects is nothing more than the natural
evolution toward three-dimensional objects of the laser cladding
technique explained in Section 3.1. In the laser cladding

technique, the objective was producing two-dimensional
layers because of overlapping simple tracks. To obtain three-
dimensional objects, the idea is stacking these tracks following a
predetermined 3D profile.

Figure 10a shows an schematic representation of the laser head
used for this purpose by R. Comesaiia et al. [237, 238]. In this case
the configuration used was the off-axis injection of the precursor
bioactive glass powder regarding the optical axis of the laser
beam.

4.1.2.2 | LDED-Produced Bioactive Glass Parts. Anexam-
ple of the 3D objects that can be produced using this technique
is shown in Figure 10b. In this case the precursor material was
S520 bioactive glass that shows a wider working window than
the 45S5 as commented in Section 3.1. A CO, laser delivering
a maximum power of 140 W was used as energy source for
melting the bioactive glass powder. Moving the substrate by
following the defined 3D model allowed the production of the
three-dimensional object.

The logic application of the LDED technique is the manufac-
turing of implants customized for the patient, as depicted in
Figure 11. Critical size defects are not expected to heal natu-
rally; therefore, they require the support of a bone substitution
material, that in this case will be made of bioactive glass. A
medical imaging examination is performed on the patient to
identify the bone defect, particularly in the skull area. The
defect is then modeled, and the geometry of the implant to be
created is designed. The relevant information is entered into the
LDED system, which allows for the implant to be manufactured
specifically for the patient [239].

A crucial factor in the production of high-quality bioactive glass
implants by the LDED technique is the control of the melting
pool temperature and the cooling rate of the glass. The molten
glass experiences an exponential decline in temperature from its
melting point to the glass transition temperature, with the cooling
rate progressively decreasing as the glass continues to cool. Del
Val et al. implemented a strategy to control these variables tuning
the laser intensity, powder mass flow and scanning speed [240].
Following this strategy sound 3D objects were obtained from 45S5
and S520 bioactive glasses. They measured the mechanical prop-
erties in terms of hardness, fracture toughness and compressive
strength, and compared them with both the parent bulk glasses
and the cortical bone. Results obtained with S520 were very
promising with values exceeding those of the non-laser treated
material and also of the cortical bone [240].

Following these methods of regulating the melting pool temper-
ature and cooling rate, a 3D component composed of bioactive
glass S520 was successfully fabricated by Comesaria et al., as
illustrated in Figure 12a [239].

In the same work [239], 3D objects produced from 45S5 and
S520 were compared. In both cases the laser-treated bioactive
glasses exhibit a non-cytotoxic nature when non-direct contact
assays are conducted using the pre-osteoblastic cell line MC3T3-
El. MTT quantification indicated a high level of cellular activity.
Furthermore, direct seeding of cell cultures on both LDED
parts (made of 45S5 and of S520 bioactive glasses) demonstrated
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10 mm

(a) (b)

FIGURE 10 | (a)Schematicdiagram of the Laser Directed Energy Deposition used for the formation of 3D bioactive glass parts. (b) 3D S520 bioactive
glass part produced by LDED using a CO, laser as energy source. Reproduced with kind permission of Elsevier from Ref. [238].

CRANIAL DEFECT CAD MODEL OF IMPLANT CAD DESIGN RAPID PROTOTYPING IMPLANTATION
DIAGNOSTICS |:> THE DEFECT (GEOMETRY AND CHEMICAL |:> TECHNIQUE :> THROUGH SURGERY
(CT, MRI) COMPOSITION)

FIGURE 11 | (a) Representation of the strategy to follow for the custom manufacturing of three-dimensional implants from bioactive glass using
the LDED technique. Reproduced under the terms of the Creative Commons CC-BY license from [239].

(a) (b)
4585 BG-derived $520 BG
< ¥ w0 5

WS520 w45S5

Incubation time

FIGURE 12 | (a)S520 BG part produced by laser direct glass deposition from a three-dimensional CAD model of a left orbital rim implant. (b) SEM
morphology and spreading of MC3T3-El1 cell line at one day, three days, and seven days on LDED parts additively made from S520 and 45S5 BG. (c) Cell
coverage of the sample surface after three and seven days of incubation time. Reproduced under the terms of the Creative Commons CC-BY license
from [239].
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TABLE 10 | Comparison of different technologies for producing glass parts.

Additive manufacturing Additive manufacturing

Feature (laser-based) (non laser-based) Foam replication Freeze-Casting

Precision Excellent Excellent Moderate High

Contact Non-contact Non-contact Templated required  Templated required

Versatility High High Low Low/Moderate

Speed/Efficiency Moderate to fast Moderate Moderate Moderate

Material Waste Minimal Minimal Low Minimal

Cost High: equipment and raw High: equipment and raw  Low: simple equipment Moderate
materials materials

Material Limitations Problem with thermal stress Material must be Restricted to foamable  Restricted by ice

printer-compatible
High Low

Specialized Training High

materials template properties

Moderate

that pre-osteoblasts attach and spread effectively, displaying
numerous filopodia and a healthy, flattened morphology (see
Figure 12b).

Figure 12c illustrates the quantified cell coverage, morphology,
and spreading of the MC3T3-El1 cell line on the surface of LDED
parts made of both 45S5 and S520 bioactive glasses. The in vitro
performance of the LDED bioactive glass parts appears to be
quite promising; nevertheless, there have been no reported in vivo
studies to date.

4.1.3 | Comparative Analysis of Different AM
Techniques for Producing Bioactive Glass Parts

As shown in Table 10, laser-based additive manufacturing
techniques offer significant advantages in terms of precision,
versatility, and productivity, and they do not require the use of
templates or molds. These characteristics make them attractive
for the fabrication of complex glass components; however, as in
other additive manufacturing processes, the production of bioac-
tive glass parts containing overhangs or unsupported geometries
remains challenging and often requires support structures or
specific building strategies.

The main drawback of laser-based additive manufacturing, par-
ticularly in processes such as Laser Directed Energy Deposition
(LDED) and Selective Laser Melting (SLM), is associated with
the complex thermal cycles experienced by the material dur-
ing fabrication. Depending on the scanning strategy and build
parameters, bioactive glass components may undergo repeated
heating and cooling cycles during layer-by-layer deposition. This
effect is further aggravated by heat accumulation as successive
layers are deposited. Consequently, steep thermal gradients can
develop between the interior of the part and its surface. Given the
thermal conductivity and brittle nature of glass, these gradients
can generate significant thermal stresses that may lead to crack
formation or even the catastrophic fracture of the part. Several
strategies have been proposed to mitigate these issues, including
the use of preheated build platforms or heated chambers, opti-
mized scanning strategies, and detailed thermal modeling of the
process. While these approaches can reduce thermal gradients

and residual stresses, their implementation often increases the
complexity of the manufacturing system and may require process
optimization tailored to the specific geometry, size, and compo-
sition of each component. Consequently, further research is still
needed to better understand and control the thermal behavior of
glass during laser-based additive manufacturing.

In contrast, other additive manufacturing approaches such as
indirect selective laser sintering (i.e., binder-assisted processes),
stereolithography (SLA), fused deposition modelling (FDM), and
two-photon polymerization (2PP) generally avoid the severe
thermal gradients associated with direct laser melting of glass.
However, these methods present other limitations, including the
need for additional post-processing steps such as debinding and
sintering to densify the glass structure, which can introduce
shrinkage, distortion, or residual porosity. Moreover, the final
properties of the parts produced by these routes strongly depend
on the effectiveness of these post-processing treatments.

4.2 | Synthesis of Bioactive Glass Nanofibers:
Laser Spinning

Laser spinning is a relatively novel technique developed to
synthesize glass fibers with diameters ranging from nanometers
to micrometers [241-243]. This technique enables the production
of large quantities of nanofibers with specific and controllable
chemical compositions. The process does not require any chemi-
cal additives or post heat treatments. Figure 13 shows a schematic
illustration of this technique.

The method is conceptually quite simple: the precursor material,
in this case a bioactive glass, should be delivered in the form of a
plate or monolith. A laser beam is used as energy source for the
formation of the nanofibers. This laser beam is focused within the
precursor material with enough intensity to melt the irradiated
volume. At the same time a gas jet at supersonic regime is injected
into the molten volume. The high momentum of the gas draws the
fluid glass obtaining nanometric fibers.

The process of producing nanofibers takes only a few microsec-
onds, as the laser beam delivers a high intensity (laser power
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FIGURE 13 | Schematic illustration of the laser spinning technique
to produce nanometric bioactive glass fibers. Reproduced with kind
permission of John Wiley and Sons from [37].

FIGURE 14 | Typical appearance of nanofibers obtained using the
laser spinning technique. (a) Scanning electron microscopy image; (b)
Transmission electron microscopy image of a single nanofiber; it appears
with uniform cylindrical section, solid, and smooth. The inset presents
the SAED showing its amorphous structure. Reproduced with kind
permission of John Wiley and Sons from [37].

density) that quickly heats a small volume of material from
ambient temperature to melting temperature, sometimes exceed-
ing 2000°C. This rapid heating results in the generation
of an extremely high temperature gradient, often surpassing
1000°C/mm. Additionally, the supersonic gas jet plays a crucial
role in rapidly stretching and cooling the fibers, allowing them to
maintain their characteristic cylindrical filament shape. Due to
the high cooling speed, the resulting nanofibers are amorphous.
First nanofibers of 45S5 bioactive glass were obtained by Quintero
et al. using the laser spinning technique [37]. They produced a
random web of nanofibers resembling natural cotton. The fibers
were not attached to each other as is the case with electrospin-
ning, which opens up the possibility of further processing into
ordered arrays. The aspect of the nanofibers obtained is shown in
Figure 14

The laser spinning technique is developed under such spe-
cial working conditions (low glass viscosity working window,
extremely fast elongation of the glass filament and the rapid cool-
ing) that it is possible to locally melt the precursor bioactive glass
plate and obtain nanofibers without the chemical composition
being significantly altered as demonstrated by X-ray Fluorescence
spectroscopy (XRF). Furthermore, the structure of the starting
glass remains intact in the nanofibers, as demonstrated by the

Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR)
technique [244, 245].

Bioactive glass nanofibers produced by laser spinning have a wide
range of applications, spanning from soft to hard tissue engineer-
ing. One of the primary potential applications is in serving as
scaffolds for bone tissue engineering and drug release systems.
They are also utilized in wound healing and in the manufacturing
of nanobiocomposites, as detailed in Table 11. While most of the
research has focused on silicate glass nanofibers, there have been
experiments with phosphate and borosilicate glasses as well.

The enormous surface area-to-volume ratio of these nanofibers
makes them highly reactive, much greater than the correspond-
ing bulk starting materials. Quintero et al. [37] demonstrated this
excellent reactivity by subjecting S45S5 and 52S4.6 nanofibers
to an immersion test in simulated body fluid (SBF) following
the ISO 23317:2014 standard. After just 12 h of immersion, an
amorphous calcium phosphate layer is formed on the surface
the nanofibers, while the glass is being dissolved in the SBF
(see Figure 15). After one or two days of immersion, the silicate
glass nanofibers undergo complete degradation, resulting in
the formation of a kind of hollow nanotube made of calcium
phosphate due to the dissolution of the silica network and the
precipitation of calcium phosphate. Furthermore, it is observed
that the calcium phosphate layer undergoes crystallization after
5 days in SBF, leading to the formation of hydroxyapatite. As
a result, these findings indicate the significant biocompatibility
and excellent bioresorbability of the bioactive glass nanofibers,
as bone-like minerals are rapidly produced on the surface
of the fibers. These remarkable characteristics position this
material as an outstanding candidate for applications in bone
regeneration.

This is example is a clear proof of the potential of the Laser
Spinning is technique: it is possible to use glass formulations
far away from that of the bioactive glass “gold standard” that
represents Hench’s Bioglass 45S5, to produce nanofibers that, by
having an enormous surface area to volume ratio, will behave like
bioactive glass once introduced into the human body.

Several studies have investigated the antibacterial properties
of bioactive glass nanofibers. Echezarreta-Lépez et al. [247]
conducted a study demonstrating the antibacterial character-
istics of ICIE16 bioactive glass nanofibers produced by laser
spinning when tested against Staphylococcus aureus (S. aureus)
in comparison to bionert glass fibers. The results of the study
revealed a significantly greater bactericidal effect of the ICIE16
bioactive glass nanofibers. This enhanced bactericidal effect
was attributed to the increase in pH in the proximity of the
nanofibers, which was caused by the release of alkaline ions.
Another proposed mechanism for the antibacterial behavior of
the fibers involves the formation of needle-like structures around
the fibers when they are immersed in the culture medium (refer to
Figure 16). These needle-like structures are believed to contribute
to the physical rupture and subsequent death of bacteria.

One of the most distinctive characteristics of glass is its abil-
ity to accommodate different types of ions in its amorphous
structure. This has been exploited by various researchers to
introduce different types of therapeutic ions into bioactive glass
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TABLE 11 | Survey of relevant research works producing bioactive glass nanofibers by laser spinning.
Glass system Designation Doping ions Application References
Silicate 45S5 Scaffold (bone tissue engineering) [37]
Silicate 5254.6 Scaffold (bone tissue engineering) [37]
Phosphate Scaffold (bone tissue engineering) [246]
Silicate ICIE16 Scaffold (bone tissue engineering & antibacterial) [247]
Borosilicate Zn Composite (antibacterial) [248]
Silicate 4585 Zn, Sr Wound healing (antibacterial) [249]
Silicate 13-93 Scaffold (bone tissue engineering) [250]
Silicate 13-93 Li Composite (cartilage repair) [22]
Silicate Co Wound healing (antibacterial) [251]

(b)
FIGURE 15 | FESEM images of 45S5 bioactive glass nanofibers immersed into SBF for (a,b) 48 h, (c) 12 h and (d) 5 days. Reprinted with kind

permission of Wiley from [37].

FIGURE 16

TEM images of ICIE16 glass nanofibers after 4 days in S. Aureus culture. Reprinted with kind permission of Elsevier from [247].
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(a)

(b)

FIGURE 17 | (a) Hyaluronic acid hydrogels cross-linked with divinyl sulfone and reinforced with 13-93 lithium doped bioactive glass fibers. (b)
Live/dead assay of ATDCS5 seeded on hyaluronic acid hydrogels without fibers (NF) and with 13-93 bioactive glass fibers doped with 0% (0_Li), 5%
(5_Li), and 10% (10_L4i) of lithium. Reprinted with permission from Elsevier from Ref. [22].

and obtain nanofibers by laser spinning that retain the original
glass composition.

The bacteriostatic effect of bioactive glass nanofibers can be
even enhanced by the inclusion of antibacterial ions into the
glass composition. Esteban-Tejada et al. [248] found a significant
enhancement in the bactericidal effect of nanofibers when Zn?* is
included in the glass composition. They tested borosilicate glass
nanofibers, which included Zn?** ions, against Escherichia coli
(E. coli), Streptococcus oralis (S. oralis), Streptococcus mutans
(S. mutans), Staphylococcus aureus, and Candida krusei (C.
krusei). The presence of E. coli, S. oralis, S. mutans, and C. krusei
was reduced to undetectable levels in less than 24 h. When tested
against S. aureus, the fibers with Zn?* did not show significantly
different results compared to those without Zn?**. Specifically,
the nanofibers lacking Zn** caused a 4-log reduction in S.
aureus presence, whereas the zinc-doped nanofibers resulted in
a 6-log reduction. Furthermore, the structure and antibacterial
properties of the nanofibers were found to remain unchanged
even after being immersed in human saliva for 8 days. As a result,
these nanofibers demonstrate potential for effective treatment of
oral lesions.

In a study by Echezarreta-Lopez et al. [249], it was demonstrated
that 45S5 bioactive glass nanofibers produced by Laser Spinning
have the capability to be doped with antibacterial ions, including
Zn** and Sr**. The study also showcased the release of these ions
and the antibacterial properties of the fibers when tested against
Staphylococcus aureus.

Riveiro et al. [22] doped 13-93 bioactive glass with lithium to
produce nanofibers by the Laser Spinning technique. These
nanofibers were employed as filler material in hyaluronic acid
hydrogels cross-linked with divinyl sulfone, as depicted in

Figure 17a. The primary purpose of the fibers is to reinforce
the hydrogel and serve as a drug delivery system to supply Li+
ions for promoting the healing of cartilage lesions. The study
results showed a significant enhancement in the mechanical
properties of the hydrogel with the inclusion of fibers. However,
it was observed that the increase in mechanical properties is
non-linear, and for larger amounts of fibers (exceeding a 1/10
mass ratio), the Young’s modulus does not continue to increase.
In fact, it is slightly reduced due to a decrease in the cross-
linking density of the hydrogel. Experiments conducted with
ATDCS5 cells in vitro demonstrated the favorable biocompatibility
of fiber-doped hydrogels, as depicted in Figure 17b. Furthermore,
the research revealed that the release of lithium from the
fibers fosters an optimal microenvironment for the proliferation
and differentiation of chondrocytes. As a result, this composite
material showcases distinctive chondrogenic properties, making
it a promising candidate for treating cartilage injuries.

Wound healing is another promising application of bioactive
glass nanofibers produced by Laser Spinning. Wound healing is a
complex process that involves a coordinated sequence of phases:
inflammation, proliferation, and remodeling. In chronic wounds,
the healing process halts at the inflammatory phase, leading
to prolonged healing times and increased susceptibility to com-
plications. Patients with vascular disability experience reduced
blood flow to the site of injury, which compromises the immune
response and creates a worrying high risk of infection. When an
infection occurs, the wound microenvironment becomes proin-
flammatory, preventing the healing process from progressing
to the proliferative and remodeling phases. Microbial colonies
present in the wound typically lead to the formation of biofilms in
the affected area. Around 60% of chronic wounds and 6% of acute
wounds contain biofilms, making it extremely challenging to
eliminate the resident bacteria. In cases where the body’s natural
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(@)

FIGURE 18 | Co-releasing glasses fabricated by laser spinning: (a)
Image of a Co-doped glass preform. (b) Mesh of micro and nanofibers
produced by laser spinning. Scale bar is 1 cm in both images. Reproduced
from Ref. [251] under a CC-BY license.

healing mechanisms are unable to repair a wound, it becomes
necessary to stimulate the healing process. The antibacterial
properties of bioactive glass nanofibers, together with the ability
of hosting therapeutic ions, inspired Solanki et al. to produce
cobalt containing silicate based nanofibers by laser spinning [251].
The formulation of the parent glass (55 SiO,, 20 Na,O, 10 K,0,
10 MgO, 5 Co0, mol%) was designed to avoid the formation of a
hydroxyapatite layer when immersed into physiologic fluid, since
formation of an apatite layer is not required for wound healing
applications (see Figure 18). They demonstrated that the release of
Cobalt ions can stimulate angiogenesis, by activating the Hypoxia
Inducible Factor (HIF-1) pathway.

They found higher amounts of HIF-1a and Vascular Endothelial
Growth Factor (VEGF) in keratinocytes exposed to conditioned
media from the cobalt-containing glass fibers, as compared to
cells exposed to similar amounts of cobalt chloride. This obser-
vation was attributed to a synergistic effect resulting from the
combination of cobalt and other therapeutic ions released from
the glass. The capability of the glass fibers to activate the HIF-
1 pathway and promote VEGF expression indicates the potential
for using glass fibers in the treatment of chronic wounds.

4.2.1 | Comparative Analysis of Different Techniques
for Producing Bioactive Glass Nanofibers

Laser spinning, melt spinning, and electrospinning are among
the most explored techniques for producing bioactive glass fibers
(see Table 12). Melt spinning is a relatively simple and scalable
method that allows the production of continuous glass fibers
directly from the melt without the need for solvents or post-
processing steps; however, it typically produces fibers in the
micrometer range and therefore has limited capability for gen-
erating true nanofibrous structures. In contrast, electrospinning
enables the fabrication of ultrafine fibers with diameters in the
nanometer range and the formation of highly porous fibrous mats
that are particularly attractive for tissue engineering or wound
healing applications. Nevertheless, this technique requires the
use of polymer carriers and solvents; moreover, the resulting
composite fibers must undergo calcination to remove any organic
components. This post-treatment can induce the crystallization

of the fibers. In contrast, laser spinning represents a solvent-
free alternative capable of producing glass nanofibers directly
from the melt. Despite its potential for high production rates
and high-purity fibers, the process must be explored to improve
control over the fiber morphology and diameter distribution, and
its application to more glass compositions and systems should
be explored. In-vivo experiments are also lacking in laser spun
fibers.

5 | Limitations and Practical Challenges of Laser
Processing of Bioactive Glasses

While laser-based techniques provide unique capabilities for the
controlled processing of bioactive glasses, including spatial selec-
tivity, strong coating adhesion, and the ability to tailor surface
morphology and chemistry, their practical implementation must
be evaluated within a broader technological and translational
context. A balanced assessment requires consideration not only
of their advantages but also of their limitations relative to
conventional processing routes.

5.1 | Process Robustness, Reproducibility, and
Scalability

One of the main limitations of many laser-assisted techniques for
bioactive glasses lies in the narrow processing window imposed
by the thermal sensitivity and brittleness of these materials.
Laser processing often involves high thermal gradients that can
generate residual stresses and, in some cases, microcracking,
particularly in thermally driven regimes such as laser cladding
or nanosecond laser surface treatment [64, 66, 164]. These
effects may compromise long-term structural stability and require
careful control of laser irradiance, scanning strategy, and control
of the heat input during the process.

Reproducibility is also a key requirement for practical applica-
tions. Laser-material interaction in bioactive glasses is highly
sensitive to processing parameters, including laser irradiance
(power density), substrate temperature, and interaction time,
which can significantly influence crystallization, dilution, and
interfacial chemistry. For example, in laser cladding of 45S5
bioactive glass on Ti6Al4V, excessive dilution and interdiffusion
were shown to modify glass chemistry and lead to loss of intrinsic
bioactivity [101]. These observations emphasize the need for
careful control of processing parameters.

In addition, while laser-based additive manufacturing and sur-
face processing techniques have demonstrated feasibility at
laboratory scale, scale-up and production efficiency remain key
challenges for industrial adoption. The sensitivity of glass pro-
cessing to thermal history and the need to prevent devitrification
or cracking complicate scale-up, particularly for large or complex
geometries.

Another critical limitation is the control of crystallization during
laser processing. Partial devitrification, observed in several laser-
based routes including selective laser sintering and thermal
laser treatments, can alter dissolution kinetics and potentially
reduce bioactivity [26, 103, 165, 200]. Maintaining the amorphous
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TABLE 12 | Comparison of different technologies for producing bioactive glass nanofibers.
Feature Laser spinning Melt spinning Electrospinning
Fiber size Nano-micro Mainly micro Mainly nano
Use of solvents No No Yes
Post-treatment required No No Yes (calcination)
Morphology control Moderate Low (for nanoscale) High
Production rate Moderate-high High Low-moderate

structure is therefore often essential to preserve predictable ion
release and biological response.

Furthermore, long-term stability must be considered, particularly
for highly reactive bioactive glass coatings. For example, thin
bioactive glass films produced by pulsed laser deposition have
been shown to be susceptible to moisture-induced ageing, involv-
ing ion leaching and formation of hydrated silica-rich surface
layers, with associated reductions in mechanical properties [131,
137]. These observations indicate that stability and storage condi-
tions should be regarded as part of the functional performance of
laser-processed bioactive glass systems rather than as secondary
considerations.

5.2 | Comparison With Conventional Processing
Routes

Laser-assisted processing provides valuable capabilities in spatial
and microstructural control; however, conventional techniques
may be more suitable in some cases. Traditional methods includ-
ing sol-gel processing, plasma spraying, and electrophoretic
deposition, offer alternative approaches with different balances
of cost, scalability, and process simplicity. For instance, while
laser cladding enables strong metallurgical bonding and local-
ized processing, it requires careful control of thermal input to
avoid dilution and compositional deviation [101, 102], whereas
some conventional coating routes may operate at lower ther-
mal loads but may present different limitations in adhesion or
microstructural control [112].

Therefore, the selection of laser processing versus conventional
processing must be done taking into account the specific appli-
cation, depending on the required balance between adhesion
strength, structural control, processing complexity, and the ability
to scale up production.

Laser systems involve relatively high equipment and operational
costs compared with many conventional processing methods.
Process optimization for brittle glass materials may require com-
plex thermal management and parameter control. In addition,
certain laser-based approaches, particularly ultrafast process-
ing and laser-assisted additive manufacturing, are still mostly
confined to laboratory studies and require further development
before reliable industrial use can be achieved.

Taken together, these considerations indicate that laser-assisted
processing should be viewed as a powerful enabling technology
rather than a universally optimal solution. While lasers pro-

vide unmatched capabilities for precise surface modification,
controlled microstructuring, and strong coating to substrate
adhesion, their successful application in commercial products
requires careful control of crystallization, dilution, thermal stress,
and process reproducibility. Moreover, comparative evaluation
with established non-laser routes is essential to identify applica-
tions where laser processing provides a clear functional or clinical
advantage.

6 | Summary and Future Prospects

Despite the laser and the bioactive glass are inventions from the
same period (1960’s), the potential applications of laser in this
kind of biomaterial have not been fully exploited yet. The laser is
a tool with exceptional characteristics that make it very different
from other types of techniques normally used for processing glass,
and especially bioactive glasses. The possibility of concentrating
a high amount of energy in a very small volume allows the
processing of bioactive glasses in a unique way that modifications
can be obtained in the same, such as the generation of nanofibers,
without compromising its bioactivity.

By properly selecting the processing conditions, especially select-
ing the appropriate wavelength of the laser source to be used, it is
possible to perform highly selective processes in bioactive glasses.
Although most bioactive glasses are transparent to most different
types of laser radiation, it is possible to modify any type of
bioactive glass by selecting the appropriate laser. When the laser
radiation is within the UV zone or the mid-IR, this radiation is
absorbed by most bioactive glasses. This allows us to heat the glass
and produce modifications in it in a very controlled manner. As
we have seen in this article, the bioactivity of the treated glasses is
not compromised given the very special characteristics of the laser
processing. The possibility of very rapid and selective heating
and cooling allows the initial amorphous structure of the glasses
to be maintained without observing significant vitrification or
change of composition due to the release of volatile species during
processing.

In this paper, we examined the primary applications of laser tech-
nology in the synthesis and processing of bioactive glass products.
Initially, we have outlined the optical response of bioactive glasses
to laser radiation (in both linear and non-linear regimes) and
the key laser-induced phenomena that occur during the laser
materials processing of bioactive glasses. Subsequently, we have
assessed the most significant research studies focused on the
surface engineering of bioactive glasses (including the production
of thin and thick coatings via PLD, and laser cladding or the
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modification of bioactive glass surfaces by laser texturing), the
additive manufacturing of bioactive glass components (created
through SLS and other laser-based techniques), as well as the
synthesis of bioactive glass-derived nanofibers. However, despite
a large research effort was performed in the applications of lasers
for the synthesis and processing of bioactive glass materials,
potential applications of lasers have not been fully grasped.
Further investigations are needed both from the fundamental and
applied point of view.

More fundamental research efforts are needed to fully understand
the non-linear interactions of lasers with transparent materials
and clarify some of the phenomena induced by femtosecond laser
processing. Non-linear absorption mechanisms involved in ultra-
fast laser processing, including the physical and chemical inter-
actions, are still unclear; this makes simulation and prediction of
results after processing difficult [252, 253]. Multiscale simulation,
combining continuum theories, molecular dynamic simulations,
density-functional theory, etc. could improve the understanding
of the processes involved during femtosecond laser processing.
On the other hand, most of the induced well-known or newly dis-
covered non-linear phenomena observed in transparent materials
(e.g. production of nanoporous glass surfaces [254], generation of
nanogratings [255], etc.) have still not been explored in bioactive
glasses. Their application could open the door to produce new
developments such as the 4D bioactive glass scaffolds [256].
Finally, we should mention that applicability of ultrafast laser
processing is largely demonstrated in laboratory conditions, but
few industrial systems meet industrial standards. New develop-
ments to improve the throughput/efficiency are required.

From a more applied point of view, the application of lasers into
the realm of bioactive glasses offers new possibilities. Up to now,
laser texturing has been applied to the modification of the surface
of bioactive glasses. Despite the promising results, more research
to determine the impact of the micro- and nanoroughness
induced by the laser, as well as the in-vivo characterization
of laser treated surfaces must be performed. Laser surface
engineering, such as the production of laser-induced periodic
surface structures (LIPSS) on the surface of bioactive glasses
[257], or the application of direct laser interference patterning
(already demonstrated in some bioceramics) [258] could help to
study the influence of the nanoroughness on the cell-bioactive
glass surfaces or to improve the treatment of large surfaces,
respectively.

Regarding the production of bioactive glass parts by laser-based
additive manufacturing techniques, new developments are still
required. Despite it was demonstrated the possibility of producing
glass parts by SLS or LDED, the impact of the geometry and size of
the potentially produced parts is not clear. The impact of thermal
stresses in complex or large parts cannot be disregarded [259, 260].
These can produce microcracks compromising the mechanical
integrity of the final parts. New developments for the current
systems, e.g. to control the temperature distribution along the part
during processing or the design of new additive manufacturing
systems or processes (e.g. laser additive manufacturing following
a sol-gel route [261]) are required. On the other hand, laser
processing of glass (e.g. during additive manufacturing but also
during production of coatings by laser cladding) tends to induce

some crystallization. As already discussed along this manuscript,
crystallization affects the bioactivity of the bioactive glass parts.
Thermal simulations to control the energy deposition and the
crystallization is required.

Laser processes can be also used to promote the synthesis and
applications of nanomaterials based on bioactive glasses. Laser
spinning opened the door to the synthesis of bioactive glass
nanofibers in large quantities and with desired composition.
These micro- and nanofibers have many potential applications.
They can be used as scaffolds, composites or even in more
advanced applications. These fibers can be used as an active mate-
rial, e.g. to transmit laser light [262] or to sense [263]. Different
ways can be devised to make them act as degradable optical fibers.
In this way, a multifactor approach (optical therapy, ion release)
can be exploited to stimulate healing of soft or hard tissues, or to
heal but also sense. Other potential application of lasers consist
in the production of bioactive glass nanoparticles [264]. Bioactive
glasses can benefit from the large advantages (single-step and
clean process, control of particle size and morphology, scalability,
versatility, etc.) of lasers in the production nanoparticles [265—
267]. If particles are produced in liquid, suitable media should be
used to avoid their degradation. Moreover, suitable laser sources
should be selected to guarantee a high efficiency and production
rate. Finally, possibility of producing amorphous or crystalline
nanoparticles by laser should be explored.

The quality and efficiency of laser processes have been largely
increased by modelling and simulation. Modelling and sim-
ulation of laser processing bioactive glass materials and the
determination of the impact of the process on the mechanical
properties (relevant for load-bearing applications), or bioactivity,
among others, must be explored in the future. Very few works
have been devoted to the simulation of different laser processes
applied on bioactive glasses due to their complexity. Moreover,
the potential impact of processing parameters on the bioactivity
is not determined by simulations as it is a concept difficult to
quantify. Future application of machine learning in this field can
be of interest.

6.1 | Concrete Challenges and Future Directions

Further progress in laser processing of bioactive glasses will
depend on addressing a number of well-defined scientific,
technological, and clinical issues that remain only partly resolved.

A common finding in laser-based processing is the strong
influence of processing parameters on the resulting material
structure and biological response. In laser cladding, changes
in laser irradiance, thermal history, or substrate conditions can
modify crystallinity, interfacial chemistry, and microstructure,
and therefore affect bioactivity and stability of the coatings
produced. Similar challenges have been widely reported in laser-
assisted additive manufacturing, where consistent part quality
and process repeatability remain difficult to achieve and require
improved process monitoring and control. Future work should
therefore focus on clearer definition of processing windows
and on systematic correlation between processing conditions,
structure, and biological performance.
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Although short-term in vitro and in vivo studies show promising
bioactive and osteoconductive behavior, the long-term perfor-
mance of laser-processed bioactive glass parts is still insufficiently
documented. The biological response to bioactive glasses evolves
over extended periods, and their dissolution products are known
to influence tissue regeneration. For laser-processed materials, it
will be important to evaluate long-term degradation, mechanical
integrity, and the biological effects of processing-induced struc-
tural changes such as partial crystallization or ageing phenomena
previously reported [31, 114, 146, 151].

Despite the existence of numerous medical products based on
bioactive glass (at least 25 bioactive glass medical devices), mainly
for orthopedic, dental, and wound care applications [268], the
use of lasers in their synthesis, modification, or application
in conjunction with laser processing has not yet reached the
market. Several patents relying on the use of laser sources have
been filed (for example, for the production of bioactive porous
graft implants [269], bioactive glass scaffolds [270], and bioactive
glass coatings [271]); however, none of these technologies, has
reached commercialization. The lack of technology transfer is
primarily due to their low technology readiness level (TRL),
and none of the current or potential manufacturers of bioactive
glasses has yet completed the clinical and regulatory approval
cycle required for market introduction. In the broader biomed-
ical manufacturing field, issues related to material reliability,
manufacturing precision, and regulatory requirements continue
to limit clinical adoption [27]. Similar considerations apply to
laser processing of bioactive glasses, where reliable control of
composition, crystallinity, and biological response is required.
For example, in laser cladding of bioactive glass coatings, or
in the production of bioactive glass parts by LDED or SLS,
it seems required the certification of a processing procedure
(including systems and processing parameters) rather than certify
only the material to pass regulatory certification compulsory
to launch new medical products based on these technologies.
Then, resolving these issues is essential for progressing from
experimental studies to reliable clinical application.

Despite the challenges outlined above, several directions remain
particularly promising. Continued developments in bioactive
glass research highlight their potential in tissue regeneration, ion-
mediated therapeutic effects, and multifunctional biomaterials.
Laser-based approaches provide opportunities for controlled sur-
face functionalization, integration with advanced manufacturing
strategies, and fabrication of complex architectures tailored to
specific biological functions (as well as others given in the
specific sections of this review). At the same time, current clinical
challenges, such as improved implant integration, infection-
resistant surfaces, and patient-specific regenerative solutions,
offer clear motivation for further research.

In this review, we have demonstrated some possibilities of lasers
to process and synthesize bioactive glass materials; however,
lasers can also be used in conjunction with bioactive glasses in
a different way. Laser light can activate bioactive glass materi-
als, allowing them to function as light-triggered drug delivery
systems that stimulate various biological processes. There are
some experiences on this regard [272, 273], but more research is
needed to fully understand the process and take benefit of all the
possibilities.

In summary, the application of laser technology for processing
bioactive glasses have been demonstrated in multiple works,
but only the current potential applications have been explored.
Moreover, new developments are expected. Then, glasses can
move from being merely a passive element for laser technology
(used in different optical elements such as lenses, windows,
beamsplitters, etc.) to be a crucial material to be processed
for multiple biomedical applications and converging discoveries
from the same period.
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