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Bioactive glasses are inorganic biocompatible materials that can find applications in many biomedical
fields. The main application is bone and dental tissue engineering. However, some applications in contact
with soft tissues are emerging. It is well known that both bulk (such as composition) and surface pro-
perties (such as morphology and wettability) of an implanted material influence the response of cells in
contact with the implant. This review aims to elucidate and compare the main strategies that are
employed to modulate cell behavior in contact with bioactive glasses. The first part of this review is
focused on the doping of bioactive glasses with ions and drugs, which can be incorporated into the bio-
ceramic to impart several therapeutic properties, such as osteogenic, proangiogenic, or/and antibacterial
ones. The second part of this review is devoted to the chemical functionalization of bioactive glasses
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using drugs, extra-cellular matrix proteins, vitamins, and polyphenols. In the third and final part, the physi-
cal modifications of the surfaces of bioactive glasses are reviewed. Both top-down (removing materials
from the surface, for example using laser treatment and etching strategies) and bottom-up (depositing
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Introduction

Bioactive glasses (BGs) are a particular class of ceramics
characterized by the well-known ability to interact and bond
with hard tissues and, in some cases, also with soft tissues.'?
The term bioactivity means the ability of a material to be active
biologically, evoking a specific biological response that results in
a bond between the material itself and a tissue.”> In particular,
bioactive glasses fulfill their bioactivity through specific surface
reactions that lead to the development of a silica gel layer that
gradually promotes the formation of a layer of a biologically
active mineral similar to hydroxyapatite (HA), generally called the
HA-like layer, in the presence of body fluids in vitro or in vivo.?
Thanks to its chemical and structural similarity to the mineral
constituent of bone, the newly formed HA can bond firmly with
living bone and surrounding tissues, providing an interfacial
bond between the implant and the body tissue." Moreover, while
degrading at a controllable rate and converting to HA-like
material, BGs release ions in a controlled manner.*

In recent years, regenerative medicine and tissue engineer-
ing (TE) have emerged as innovative promising approaches for
the repair and regeneration of lost or damaged tissues and
organs.” They have the potential to overcome the problems of
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materials on the surface, for example through the deposition of coatings) strategies are discussed.

the shortage of donor tissues and organs available for trans-
plantation and possible donor site morbidity,®” thanks to the
development of new artificial materials and scaffolds, that are
able to promote cell proliferation and tissue growth in vitro
and in vivo.®

The clinical need for engineered bone tissue is still challen-
ging in the field of orthopedic and craniofacial surgery, in
direct relationship to the increasing human population and
numerousness of traumatic injuries and pathological diseases,
that can impair normal bone functions and lead to bone frac-
tures non-unions, immobility, severe pain and deformity.”
Nowadays, the demand for bone grafts is very high and rep-
resents the second most common tissue transplantation pro-
cedure after blood. Each year there are approximately 1 million
cases of skeletal defects requiring bone graft procedures to
achieve union, with significant socioeconomic consequences,
and over 2.2 million bone graft procedures are conducted
worldwide annually in orthopedics and dentistry.”

The human skeleton has exceptional healing ability, often
with absolute functional and structural recovery, but in some
cases, both external and biological factors can destroy the
natural regenerative processes of bone.” Moreover, there is a
critical size defect, beyond which a bone injury cannot be
healed only by the natural bone healing capacity.” For
example, in the case of extensive bone defects (such as bone
fracture, that require the reconstruction of large bone seg-
ments), the bone self-healing mechanism is not feasible.®

This journal is © The Royal Society of Chemistry 2024
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Regeneration of large-size bone defects is clinically challen-
ging and requires the use of multifunctional biomaterial, able
to stimulate osteogenesis and angiogenesis and to obstacle
bacterial infections.’

For a successful long-term implant, a good osseointegration
is fundamental. This concept was first forwarded by
Branemark to describe a “direct structural and functional con-
nection between ordered, living bone, and the surface of a
load-carrying implant”.'® Osseointegration of implants is
dependent on the attachment and proliferation of osteogenic
cells on the implant surface, associated with the maturation
and mineralization of their extracellular matrix (ECM)."*

When an implant is inserted into the body, a complex
series of events occur at its surface, leading to the adsorption
of water molecules and proteins, that mediate the subsequent
cellular adhesion and the activation and release of cytokines
and other soluble growth/differentiation factors.'® In the case
of a bone implant, the activated osteogenic processes are very
similar to those of bone healing," involving multiple stimuli,
both physical (such as substrate topography, stiffness, shear
stress, and electrical forces) and biochemical (such as growth
factors, cytokines, genes or proteins) factors.” Although the
precise molecular mechanisms of osseointegration are still not
totally understood, it is clear that the chemical and physical pro-
perties of the implant surface play a key role in the interactions
between the implant and the host tissue, through the modulation
of cell behavior, growth factor (GF) production and osteogenic
gene expression.'”'* Hence, to stimulate bone regeneration and
osseointegration, BGs are designed to determine cell gene
expression by four main mechanisms: (1) surface chemistry, (2)
topography, (3) rate and type of dissolution of the released ions,
and (4) shear stress at scaffold/bone interfaces (by ad hoc tailoring
of their mechanical properties).®

Furthermore, the host immune system strongly interacts
with the implanted biomaterial, producing various inflamma-
tory and anti-inflammatory cytokines and exploiting strong
paracrine effects that influence cellular activities, in a cross-
talk between immune cells and all other cells involved in the
bone regeneration process, although during bone tissue
healing individual cell types play important roles even inde-
pendently.”® Therefore, the synthesis of BGs with anti-inflam-
matory properties could be useful to control post-implant
inflammation and stimulate bone regeneration.

Recently, bioactive ceramics have been also applied in soft
TE, in particular when regeneration of tissues at the interface
with bone is required. Among these tissues, cartilage regener-
ation is widely studied'*'* because the damage of the joints’
articular cartilage such as the hip and knee is very common
and can occur as a consequence of both degenerative diseases,
such as osteoarthritis, and trauma, for example in sports inju-
ries.'® In these conditions, cartilage-engineered regeneration
is of enormous benefit clinically.'® Although, nowadays, there
is no evidence of cartilage growth on a BG surface, the for-
mation of a new subchondral bone layer seems to support car-
tilage-like tissue, at least at the extremities of osteochondral
defects."” Therefore, for traumatic cartilage lesions and osteo-
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chondritis dissecans, the initial repair of subchondral bone
could be a potentially advantageous approach for cartilage
healing."” A solid surface or a support on which cartilage cells
can spread is essential for the repair of cartilage in the case of
large osteochondral defects."”

Pro-angiogenic properties are important not only in the
case of soft TE and the regeneration of interfacial tissues but
in tissue engineering in general, because a capillary/blood
vessel network is a key requirement for blood supply and conse-
quently oxygen and nutrient supply for the growing healing
tissues, including bone tissue. Nowadays, the amount of oxygen
required for cell survival in a tridimensional scaffold is limited to
a diffusion distance between 150 and 200 pm from the supplying
blood vessels."® For the in vivo survival of a tissue-engineered con-
struct with a size larger than this oxygen diffusion limit, the
tissue has to be vascularized and possess a capillary network for
the delivery of oxygen and nutrients to the cells within the con-
struct.” Thus, for a better regeneration of large bone defects, bio-
active scaffolds must possess not only osteoconductivity (for the
guidance of new bone growth), but also the ability to stimulate
both osteogenesis (for promoting new bone formation) and
angiogenesis (for inducing vascularization).>® For example, in the
case of highly vascularized bone, the lack of a functional micro-
vasculature connected to the host blood supply has been identi-
fied as the culprit for implant failure.® In the case of large
osseous defects, if nourishment and oxygen transport are insuffi-
cient, due to lacking angiogenesis, bone tissue can generally grow
only up to a thickness of just 150-200 pm (corresponding to the
diffusion limit of solutes and gases inside the tissue from the
surface) before facing necrosis.*"**

Another critical issue related to bone implants is the risk of
septic loosening. Unfortunately, despite the benefits of these
artificial tissue substitutes and the strict antiseptic operative
procedures, the problem of infections is still not solved*® and
the cells have to compete with bacteria to colonize the implant
surface, in the so-called “race for the surface”.'® During the
insertion of an implant, bacteria from the patient’s own skin
and/or mucosa enter the wound site, leading to implant-
related infections, which are one of the most common reasons
for surgical failure (14-29% of total failures), leading to
implant removal.>® This problem becomes even more critical
when infections are caused by multidrug-resistant (MDR)
pathogens.'®>* Most infections occur in the form of biofilms,
and hence they are extremely resistant to host defenses and
therapy.>® Hospital-acquired infections are, generally, con-
sidered to be the third-largest cause affecting public health.'
Just a few data to highlight the gravity of this problem: in
2011, about 722 000 people in the United States (U.S.) were
estimated to be involved in medical-device-related infections
each year while residing in a U.S. hospital, and among them,
about 75 000 patients died due to these infections;*® whereas
in Europe, each year more than 4.2 million patients are
affected by bacterial infections acquired in hospitals.>®
Nowadays, the mortality rate of patients undergoing primary
implant infections ranges from 10 to 18%. In the case of
revised implants, this mortality rate can double or even
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triple.>®> The phrase “race for the surface” was coined by
Gristina in 1987 to describe the competition between bacteria
and tissue cells for adhesion to and colonization of the
implant surface.'® The idea beyond this phrase was that a race
takes place on the implant surface and it was believed that if
this race is won by the bacteria, tissue cells will not be able to
displace these primary colonizers to avoid biofilm formation
and infection, whereas if the race is won predominantly by
host tissue cells, the implant is protected from invading patho-
gens, allowing implant integration and tissue growth.'® For
example, the micro-environment of bone tissues can promptly
become an excellent niche space for invading microbes thanks
to their ability to adhere to both normal and necrotic bone sur-
faces, creating an ideal culture environment for continuous
bacterial proliferation.?” If the bacterial infection of an ortho-
pedic prosthetic becomes chronic, it can serve as a septic
focus leading to osteomyelitis, acute sepsis, and even death.?”
This approach has been recently improved by A. Cochis et al.>®
who have recently observed that co-cultures of cells and bac-
teria can be successfully used to simulate a competitive
surface colonization, in addition to the ISO 22196 standard
assays that use single-cell cultures or biofilm observation,
demonstrating whether antibacterial surfaces are able to
protect the adhered osteoblasts from the bacterial colonization
as well as prevent the infection prior to the surface coloniza-
tion by the osteoblasts.

Therefore, artificial implants have to be designed ad hoc, so
that they can stimulate tissue regeneration and hinder bac-
terial colonization. In this context, for the fabrication of engin-
eered biomaterials, it is important to point out that all types of
cell (both mammalian and bacterial cells) are inherently sensi-
tive to local chemical and topographical mesoscale, micro-
scale, and nanoscale patterns, so that the topography, mor-
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phology, chemistry, surface energy, polarity, wettability and
roughness of the implant strongly influence how the cells
respond to the implant surface.”®*° Moreover, the application
properties of bioactive ceramics, including their biological
influence on tissues and especially their biodegradation behav-
ior, are determined by their chemical composition, mor-
phology, and surface topography.

The aim of this review is to illustrate the main strategies by
which bioactive ceramics (with particular attention to bioactive
glasses) can be modified to enhance their interaction with
cells and their antibacterial properties (Fig. 1). In particular,
three approaches will be reviewed:

- doping with ions and drugs

- functionalization and coatings

- surface tailoring and internal nanostructures.

To write the actual review, a literature search was performed
using PICO (the discovery tool of Politecnico di Torino),
Google Scholar, and PubMed. These electronic databases were
examined using different combinations of the following key-
words: “glass”, “ceramic”, “bioactive”, “bioceramic”, “doping”,
“doped”, “ion effect”, “functionalization”, “coating”,
“scaffold”, “composite”, “cell response”, “infection”, “osteo-
myelitis”, “patterning”, “structuring”, “nanoscale”, and
different names of metallic and non-metallic ions.

Doping with ions and loading with drugs
Ion doping

On the basis of the network former, bioactive glasses can be
classified into three categories - silicate, phosphate, and
borate - with peculiar features and applications, as recently
well reviewed by Baino.”" The composition of bioactive glasses
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can be successfully varied incorporating different ions in the
glassy matrix by different synthesis methods.®*>73* Therefore,
bioactive glasses are promising vehicles for the controlled
delivery of therapeutic ions and could provide a robust alterna-
tive approach to the use of expensive growth factors for TE
applications, because these ions are easier to handle and more
cost-effective in comparison with GFs.*>*

Doping is defined as the incorporation of a low concen-
tration of an element (ranging from a few ppm to a few
percent) into the original material. There are different strat-
egies to insert ions into the glass network, i.e. mixing with the
raw materials and melting,*" ionic exchange®***” on melt-
derived BGs, as well as the sol-gel technique, which is very ver-
satile and allows the facile incorporation of many ions in the
glass composition.>™*!

As the glass degrades in vivo, the incorporated ions are
released at a biologically acceptable rate, in a tunable way.
Indeed, the ion release capability, such as the degradation
rate, of the BGs can be adjusted by modifying the glass compo-
sition according to the specific application.*’

The released ions act as enzyme co-factors, either as coen-
zymes or prosthetic groups, influencing signaling pathways
and stimulating metabolic effects involved in tissue for-
mation.* Thus, they can induce intracellular and extracellular
responses.*> However, issues associated with the potential tox-
icity of these ions have to be taken into account.*®

In the past several years a new type of bioactive glass has
been developed: mesoporous bioactive glasses (MBGs) that
possess a higher surface area and a mesoporous structure,** as
pioneered by Yan et al.*> who developed the first Si0,-CaO-
P,05 MBGs. In addition, these glasses are characterized by a
faster degradation rate; hence MBGs doped with metallic ions
can release their therapeutic or antibacterial ions quicker than
non-porous glasses*® and show higher bioactivity.>**>*7:48
MBGs can be used to fabricate very promising TE scaffolds
whose physicochemical and biological properties can be
further improved or modified by the incorporation of
additional doping ions such as copper (Cu),*® lithium (Li),>
strontium (Sr),>"*? or zirconium (Zr).*?

An interesting review about the effect of ion release from
bioactive glasses and glass-ceramics on human osteoblastic
and osteoclastic cells, endothelial cells, and stem cells was
published by Hoppe et al. in 2011,* whereas Lakhkar et al. in
2013 reviewed the role of the most significant ions playing a
role in bone formation, and Sayed Mahmood Rabiee et al. in
2015 systematically reviewed the influence of the addition of
aluminum (Al), magnesium (Mg), fluorine (F), potassium (K),
silver (Ag), strontium, zinc (Zn), and zirconia (ZrO,) on the
chemical, physical and therapeutic properties of both BGs and
glass-ceramics.®® The effect of copper, cobalt (Co), lithium,
manganese (Mn), magnesium, strontium, iron (Fe), and zinc
on the physicochemical and structural properties, and conse-
quently on the biological behavior in vitro and in vivo of silicate
BGs doped with these ions, was reported in a review of
Schatkoski et al.>® In this review, we will further examine the
therapeutic properties of the main doping ions for TE,
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especially for bone TE, and additionally provide an overview of
their effects on bacterial cells, which are often an obstacle to
tissue regeneration by causing severe infections.

The 4585 Bioglass®, its effects and doping

The first bioactive glass that was developed (by Hench and co-
workers in the 1970s) is the 45S5 Bioglass®, a Na,0-CaO-SiO,-
based glass, but modified with a small amount of P,Os, allow-
ing the synthesis of a chemically more labile material with
enhanced bone-bonding ability.>**® The dissolution products
of this glass upregulate the gene expression that controls
osteogenesis and the production of related growth factors.***”
Indeed, the release of critical concentrations of soluble silicon
(Si) (presumably in the form of Si(OH),), calcium (Ca), phos-
phorus (P), and sodium (Na) ions strongly affect the stimu-
lation of osteogenesis and bone metabolism,”® inducing the
activation of a synchronized sequence of genes in osteoblasts,
that undergo cell division and synthesize an extra-cellular
matrix, which mineralizes to become bone,®> as shown by
in vitro®® and in vivo results.®® Moreover, when implanted into
rabbit femurs, micrometric granules of 45S5 Bioglass® were
found to promote more rapid bone growth than granules of
synthetic HA.®® The first investigation about the molecular
interactions of the ionic dissolution products of 45S5
Bioglass® and their physiological environment was done in
2001 by Xynos et al.,’” who observed for the first time that a
solution containing Si, Ca, and P ions can stimulate gene tran-
scription in human osteoblasts (including genes that (a)
encode products that can induce osteoblast proliferation e.g.,
RCL, (b) participate in the dynamic processes of ECM remodel-
ing e.g., metalloproteinases, (c) perform differentiated func-
tions e.g.,, CD44, and (d) promote cell-cell and cell-matrix
attachment), and induce the secretion of GFs, such as insulin-
like growth factor II (a key regulator of osteoblast homeostasis),
and vascular endothelial growth factor (which belongs to the
fibroblast growth factor family and has osteogenic potential).

To further enhance its properties, 45S5 Bioglass® has been
modified by several research groups, incorporating several
different doping ions.®>”®° It was observed that substitutions
of 5-15 wt% B,O; for SiO, or 12.5 wt% CaF, for CaO or indu-
cing crystallization to form glass-ceramics have little influence
on the bone-bonding ability of 45S5 Bioglass®, whereas the
incorporation of small amounts (3 wt%) of Al,O; prevents
bonding to bone.? More details about how ions released from
4585 Bioglass® influence the cell cycle are reported in an inter-
esting review by Hench et al."

Regarding the sodium release from 45S5 Bioglass® and
similar glasses, under certain circumstances, this is very fast
(initial burst release) and can cause a strong increase in pH, pro-
voking an unwanted cytotoxic effect of these BGs, such as cell
death at least under in vitro conditions. Thus, as a potential
alternative, a new sodium-reduced fluoride-containing BG belong-
ing to the CaO-MgO-SiO, system, namely BG1d-BG (with compo-
sition in wt%: 46.1 SiO,, 28.7 CaO, 8.8 MgO, 6.2 P,0s, 5.7 CaF,,
4.5 Na,0), has been synthesized and already been evaluated
in vitro, in vivo and in preliminary clinical trials.®”

Biomater. Sci, 2024,12, 4546-4589 | 4549
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Besides the reduction of sodium content, the addition of
magnesium (Mg) and fluorine has a positive effect on the bio-
logical properties of this novel BG,*” as analyzed afterwards.

Osteogenic properties

In the case of silicate BGs, such as 45S5 Bioglass®, the mecha-
nism for in situ tissue regeneration involves the up-regulation
of seven families of genes that control the cell cycle, mitosis,
and differentiation of osteoblasts and the high silicon concen-
tration could be a major factor in stimulating the fast osteo-
blast growth.® Indeed, silicon has been found to play a funda-
mental role in the mineralization and gene activation of
bone,*” being shown in vitro to increase the intracellular
activity of alkaline phosphatase (ALP) and the mineralization
in MC3T3-E1 cells®® and in vivo to affect skeletal development
in chickens.”

Initially, the first hints that released ions could play a posi-
tive role in bone formation were suggested by preliminary
results on calcium phosphate-based ceramics, which were
modified by incorporating carbonate, magnesium, and fluo-
rine.>* Nowadays a wide number of publications have affirmed
the ability of these and several other ions to stimulate bone
regeneration, as here reported.

For example, calcium mediates numerous effects at the cel-
lular and tissue levels, in particular in bone biology.*’
Calcium, indeed, is one of the most important components of
the mineralized matrix, which acts as a reservoir for calcium
and contributes to the maintenance of the homeostasis of
calcium in the body.”* Moreover, the appropriate concen-
tration of calcium is fundamental for the appropriate calcifica-
tion of the extracellular matrix, which is a critical step in the
formation of mature bone. Furthermore, calcium plays an
important role in bone homeostasis and bone remodeling via
cell signaling pathways, influencing the proliferation and
differentiation of both bone-forming osteoblasts and bone-
resorbing osteoclasts, as well explained in the reviews written
by Hoppe et al.* and Lakhkar et al.>* Indeed, it is possible that
the good osteogenic properties of 45S5 Bioglass® could be
related to the calcium release more than to the release of
silicon,”® although Valerio et al. have observed that a higher
Ca concentration did not increase the osteoblast activity of rat
primary culture osteoblasts treated with the ionic products
from the dissolution of a biphasic calcium phosphate (BCP),
thus in the absence of Si release, but only in case of rat
primary culture osteoblasts treated with the ionic products
from the dissolution of a bioactive glass with 60% of silica
(BG60S), so they suggested that the observed increase in osteo-
blastic proliferation and collagen secretion was related to Si
contact.”! Very high concentrations of calcium (>10 mmol) are
cytotoxic for human osteoblastic cells, and therefore the
proper therapeutic calcium concentration should be found.
Maeno et al. demonstrated that medium (6-8 mmol) and low
(2-4 mmol) concentrations of calcium are suitable for ECM
mineralization and osteoblast stimulation, respectively.”>
Hench showed that a Ca concentration of 60-88 ppm (in com-
bination with a Si concentration of 17-21 ppm) eluted from
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45S5 Bioglass® is critical for the upregulation of several osteo-
genic genes, and consequently for the osteostimulation of
human primary osteoblasts,”® whereas other studies have
shown that Ca concentrations of 88-109 ppm led to a
reduction of Saos-2 osteoblast proliferation.*

Like calcium, strontium is a bone-seeking agent,** which
can accumulate in high concentration in bone and substitute
for calcium in hard tissue metabolic processes, thanks to the
similarity between these two ions.*® It is preferentially found
in new bones rather than old and more in cancellous than cor-
tical bones®® and, in general, the amount of strontium in the
skeleton is 0.335% of its Ca content.’® Strontium has been
shown to enhance in vitro and in vivo the replication of pre-
osteoblastic cells and the cell osteogenic activity, and simul-
taneously to decrease the activity and the number of osteo-
clasts, leading to a local resorption of bone, by inhibiting the
expression of receptor activator of nuclear factor kappa-B
ligand (RANKL) in mesenchymal stem cells (MSCs).*>”*
Therefore, for its ability to prevent bone loss in osteoporotic
patients, it has been used for many years for the treatment
and prevention of osteoporosis, in the form of strontium rane-
late (SrR), marketed as Protelos®, an approved drug in which
strontium (Sr**) is the active component.”® Sr ions are used as
doping agents to fabricate bioactive ceramics with increased
bone regeneration ability, as shown in many experimental
works.>*7¢78 For example, using the melt-derived method,
Kargozar et al. have synthesized four different glasses, in
which Ca** ions were replaced with Sr** and Co”* in different
percentages, and have observed that the incorporation of Sr**
ions into the glass structure promotes the activity of osteoblast
cells through the induction of osteoblast markers like ALP,
and the incorporation of Co®" (0.5 mol%) does not have any
toxic effect on cells.”* Arepalli et al.”® prepared new Sr-doped
BGs, by partially substituting SrO for SiO, in the Na,O-CaO-
SrO-P,05-Si0, system, and demonstrated that the substitution
of SrO for SiO, is more beneficial than the substitution for
CaO in the glass composition, in terms of mechanical pro-
perties, and viability and proliferation of human osteosarcoma
U2-0S cells. Sr-doped Ca-substituting BGs with the compo-
sition SiO,(75 wt%)-CaO(25-X wt%)-SrO(X wt%), with X =0, 1,
and 5 wt%, were synthesized also by Isaac et al.*® through an
acid sol-gel synthesis, obtaining similar results to the ones of
Arepalli et al., in particular in the case of 5 wt% Sr-doped
glasses, which were shown to enhance ALP activity, OC
secretion, and the up-regulation of RUNX2, OSTERIX (OSX),
DLX5, collagen I, ALP, BSP, and OC mRNA levels, to a greater
extent in comparison with undoped BGs and BGs with a lower
Sr amount. Thus, according to these results, the optimum
level of Sr incorporation is equal to 5 (mol%), but in general,
the range of 2-10 (mol%) seems to be a reliable concentration
of strontium. This was confirmed by Moghanian et al. who
observed that the incorporation of 6 mol% of Sr in zirconium-
doped BGs (60% SiO,, 25% of CaO, 4% of P,0s5, 5% of ZrO,,
and 6% of SrO) was statistically significant for stimulating cell
proliferation, whereas the increase of Sr content up to
12 mol% reduced cell proliferation.'”® The successful healing
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of large fractures of rat bone was, instead, achieved by Wei
et al using porous scaffolds doped with strontium.”
Comparable results about the excellent bone regeneration
ability of Sr-incorporating BGs were obtained by Zhao et al.
who used mesoporous scaffolds composed of Sr-doped BGs
(Sr-MBG  scaffolds) to repair critical-sized rat calvarial
defects,> after previous excellent in vitro results with MC3T3-
E1 osteoblast cells (higher proliferation rates, ALP activity, and
expression of osteogenic markers, type I collagen formation
and bone nodule formation in comparison with Sr-free
scaffolds).”® For further information on Sr-doped silicate,
borate, and phosphate glasses (including the synthesis
methods, structure, reactivity and applications), a review by
Kargozar et al. is available since 2019.%

Being the second most abundant mineral element in the
human body and along with calcium a key component of the
mineralized matrix, phosphorus plays many important roles in
numerous body processes and the release of phosphate groups
(such as orthophosphate PO,*>”, linear species such as pyro-
phosphate (P,0,") and tripolyphosphate (P;0,,°") and cyclic
species like cyclic trimetaphosphate P;0,°7), from BGs, can
enhance tissue regeneration.® The addition of 10 mmol in-
organic phosphorus in a cell culture medium has been shown to
stimulate the expression of key regulator agents for bone tissue
formation, the matrix Gla protein (MGP), in osteoblastic cells.®>
Phosphate-based glasses are an ideal medium for the controlled
release of therapeutic ions, because the weight loss and the
related ion release are generally sustained over time and highly
linear for a wide range of glass compositions and types, dissol-
ving in a congruent and uniform way (due to acid- or base-cata-
lyzed hydration of the polymeric phosphate network), differently
from silicate glasses that dissolve mainly in an incongruent
manner.>* In any case, P could be not necessary for in vitro ECM
mineralization, because even phosphate-free silicate glasses, such
as the sol-gel derived 70S30C (mol%: 70Si0,-30Ca0) synthesized
by Jones et al.,** have been demonstrated to enhance osteoblasts
to mature, differentiate and produce bone-like minerals. Anyway,
the authors of the actual review agree with Hoppe et al® that
these last reported results should not underestimate the impor-
tance of phosphate glasses as therapeutic ion carriers and bone
metabolism regulating agents.

Among others, the skeleton contains a significantly large
amount of zinc, which plays an essential role in the formation
and mineralization of bone,’ as indicated by its accumulation
in the growth plate and its concentration in a line along can-
cellous and cortical bone calcifying fronts. Remarkable for
bone mineralization is also the fact that zinc is a key element
in ALP, an enzyme that is central to the mineralization of bone
matrix.?* The importance of zinc for bone tissue formation is
also confirmed by the negative effects of zinc deficiency, which
is demonstrated to be associated with a retardation of skeletal
growth and alterations in bone calcification.®” In contrast,
positive effects on bone metabolism have been obtained
through dietary supplementation with zinc.*® Moreover, the
activities of matrix metalloproteinases that remodel the col-
lagenous ECM of bone are dependent on zinc. Thus, it is clear
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that zinc can be potentially used as a bone regeneration thera-
peutic agent, as widely discussed in a recent review by
O’Connor et al.*” about the role of zinc in the growth, homeo-
stasis, and regeneration of bone. Various BGs®** " for bone TE
have been doped with zinc, taking advantage of its ability to
influence the osteogenic differentiation of human bone
marrow-derived mesenchymal stromal cells (hBMSC) and the
osteoclastic differentiation of monocyte/macrophages in vitro,
and to encourage the attachment and proliferation of osteo-
blasts, and to inhibit osteoclastic cells.®

Also, magnesium is very important in the bone matrix
(which, in fact, contains 0.72 wt% of Mg®®) and has stimu-
latory effects on the development, mineralization, and main-
tenance of bone.?® It has been shown that the addition of mag-
nesium in bioactive glasses is favorable for human osteoblast-
like cell proliferation and function.* A review of the effect of
Mg ions on glass properties and bone cell response (in vitro
and in vivo) was published in 2012 by Diba.”® Detailed infor-
mation about glass compositions, Mg content (wt%), and the
results of in vitro biological tests are reported in Table III of
that review.”® The applications of Mg-doped BGs in scaffolds,
bone cements, and bioactive coatings are also reviewed.”® The
in vivo osteogenic ability of Mg-doped BGs (with composition
455i0,-3P,05-26Ca0-15Na,0-7Mg0-4K,0, mol%) has been
further confirmed by implanting the BG-derived scaffolds into
surgically created critical-size bone defects in rats, as pub-
lished by Kargozar et al. in 2022.”

However, even ions not naturally contained in bone can
positively affect bone tissue regeneration.

Cerium (Ce) was proved by Zhang et al.”® to display a posi-
tive effect on the proliferation, differentiation, and mineraliz-
ation of primary osteoblasts when cultured in a medium con-
taining Ce®* ions. Indeed, all tested concentrations (1 x 1077, 1
x107%1%x1077,1x107% 1 x107% and 1 x 10~* mol L") of
Ce** promoted the proliferation of primary osteoblasts
whereas their differentiation, adipocytic transdifferentiation
and mineralization depended on the cerium concentration
and on the culture time, with - for example - the differen-
tiation promoted on the first and third day at concentrations
of 1 x107°, 1 x 1077, and 1 x 107° mol L™, but inhibited at
higher concentrations.’® The pro-osteogenic properties of Ce
ions were also confirmed by Zheng et al.,’” who observed the
expression of osteogenesis-related genes in osteoblast-like
Saos-2 cells cultured with Ce-containing BG particles.

Copper is mostly known for its antibacterial properties, but
the reduction of osteogenesis and the lowered mechanical pro-
perties of bones in case of either dietary or genetic copper
deficiency in both humans and animals are clues that copper
could possess also interesting osteogenic properties. Copper
is, in fact, essential for several enzyme-based processes for
bone formation and bone maintenance. Anyway, this does not
explain why the localized or systemic delivery of copper should
be beneficial for the healing and correction of copper
deficiency, but at the same time, it is not possible to deny this
hypothesis without any opposite evidence, whereas results
showing the stimulation of proliferation and differentiation of
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MSCs cultured in osteogenic differentiation medium contain-
ing a Cu concentration around 0.1 mM have already been pub-
lished.’® These results have been confirmed by more recent
results of Westhauser et al. who have cultured mouse bone
marrow-derived mesenchymal stromal cells (BMSCs) in media
containing the ion dissolution products of 70Si0,-25Ca0-5X
where X is CuO or MnO or ZnO (mol%),”" and Rau et al. who
have proved that the Cu-doping of 45S5 Bioglass® (with a com-
position in wt% of 455i0,-24.5Na,0-6P,05-19.5Ca0-5CuO) is
effective in stimulating the early differentiation of MSCs to the
osteoblast phenotype, through the over-expression of anti-
inflammatory interleukins and the reduction of pro-inflamma-
tory interleukins.’® In addition, Lin Y. et al. have confirmed
previous studies showing that the addition of 0, 0.4, 0.8, and
2.0 wt% CuO in silicate 13-93BG scaffolds (with a composition
in wt% of 53Si0,-6Na,0-12K,0-5Mg0-20Ca0-4P,05)
enhance the migration and osteogenic differentiation of
BMSCs.'?® However, it has been demonstrated that at high
concentrations copper may inhibit osteogenesis via the down-
regulation of osteogenic genes such as RUNX2, which is the
main regulator of osteoblast phenotype, as well explained in
the review by Kargozar et al.,'*" which contains an interesting
overview of the effects and applications of Cu-containing BGs
and bioactive glass-ceramics, with detailed information about
glass compositions and dopant concentrations; therefore, the
actual review will not provide further details.

Boron (B) interacts with the performance of several meta-
bolic enzymes and its osteogenic properties are well known, as
broadly reviewed by Balasubramanian et al.>® and confirmed
by various in vitro'® and in vivo studies.'®'®” Indeed,
impaired bone growth and abnormal bone development can
be associated with boron deficiency, both in humans and
animals.’® Optimal levels of boron are, in fact, necessary for
calcium metabolism, which is strongly related to the bone
tissue metabolism process.>® Different compositions of BGs
containing boron, including boron-doped, borosilicate, and
borate glasses, have been synthesized as promising suitable
carriers of boron for bone TE applications.’®'°® Recently, it
was shown that the incorporation of boron into BG scaffolds
leads to a controllable release of boron ions with a significant
improvement in the proliferation and bone-related gene
expression (Col I and RUNX2) of osteoblasts.'®® Recently it has
been shown that certain compositions of borate BGs enhance
osteogenesis to a greater extent than 45S5 Bioglass®, although
these borate glasses contain no Si.> However, a concern associ-
ated with the toxicity of borate ions, (BOj);, released from
borate has been recently raised, because some borate BGs have
been demonstrated to be toxic to cells in in vitro cultures
(especially in conventional “static” conditions, whereas in
“dynamic” culture conditions the toxicity was diminished).>

The effect of fluorine on the regeneration of hard tissues
such as bone and teeth is controversial. Concentrations of
25-500 ng ml™" of fluoride ions have been demonstrated to
stimulate osteoblast cells whereas concentrations of more than
500 ng ml™' can suppress osteoblast activity."'° In fact, high
fluoride doses can be toxic for cells, causing oxidative cell
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damage'"" and leading to dental and skeletal fluorosis.'*?
Alkasite, an alkaline calcium fluorosilicate BG without phos-
phate, based on the system SiO,-CaO-Na,O-CaF,, can be used
as an additive in resin composites for dentistry applications.
Clinical trials confirmed that it offers better mechanical, aes-
thetic, and technical performance in comparison with resin-
modified glass ionomer cements.'™

For a decade, lithium has been suggested as a novel thera-
peutic ion for bone TE. In 2011 Khorami et al.®* synthesized
different lithium-containing Bioglass®-based glasses, by sub-
stituting 0-12 wt% Li,O for Na,O. They found that the prolifer-
ation rate and ALP activity of newborn rat calvaria-derived
osteoblastic cells cultured on Li-substituted glasses were
higher than those of Li-free glasses in a dose-dependent
manner. Many other experimental results studies are now
available, as well as reported by Durand et al.'**

Manganese has been shown to support the proliferation of
osteoblastic cells.”™"*® In 2014 Miola et al.** reported the syn-
thesis of new BGs belonging to the system SiO,-P,05-CaO-
MgO-Na,0-K,0 doped with different amounts of manganese
oxide (MnO) and their good osteogenic properties. Cellular
tests performed on these Mn-doped BGs, up to a concentration
of 50 pg em™? (ug of glass powders/cm® of cell monolayer),
showed that the presence of Mn was not cytotoxic for MG-63
osteoblasts (cultured for up to 5 days with the synthesized Mn-
doped glasses) and allowed a good proliferation, differen-
tiation and spreading of osteoblasts on Mn-doped glasses, as
shown by the ALP increase, expression of some bone morpho-
genetic proteins (BMPs), and calcium deposit.''*> However, in
some compositions at high concentrations, Mn can have cyto-
toxic effects on bone MSCs.”*

Niobium (Nb) is very biocompatible and has been shown to
reduce the cytocompatibility of biomaterials."'® It is also
associated with an increase in ALP activity and enhanced calcifi-
cation in bone defects."’” Therefore, the incorporation of Nb in
bioceramics is of great interest. Among the several incorporation
methods, the sol-gel synthesis is the most promising in the case
of niobium addition, because the adopted lower processing temp-
eratures avoid the formation of strong bonding as in the case of
the melting process, thus not causing a reduction in glass solubi-
lity and degradation, as shown by de Souza Balbinot et al.*® who
have synthesized sol-gel Nb-doped BG powders and scaffolds. An
increase in cell mineralization related to the formation of a
higher area fraction of mineralized nodule was observed after 14
days in the case of Nb-doped BG powders (in 5 mg concentration)
when compared with BAG (p < 0.05)."*° The synthesized Nb-
doped scaffolds presented an even higher mineralized area when
compared with Nb-doped powders, probably because of increased
interface interactions related to macroporosity,'*® and an increase
in cell mineralization already after 7 days in comparison with
undoped scaffolds, whereas no statistical difference was found in
the cell proliferation rates between powders and scaffolds and in
the case of the addition of niobium,''® as instead found by
Pradhan et al.'"*®

45S5 Bioglass® doped with titanium (Ti) synthesi