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Abstract: Nowadays, mesoporous bioactive glasses (MBGs) are envisaged as promising candidates
in the field of bioceramics for bone tissue regeneration. This is ascribed to their singular chemical
composition, structural and textural properties and easy-to-functionalize surface, giving rise to
accelerated bioactive responses and capacity for local drug delivery. Since their discovery at the
beginning of the 21st century, pioneering research efforts focused on the design and fabrication of
MBGs with optimal compositional, textural and structural properties to elicit superior bioactive
behavior. The current trends conceive MBGs as multitherapy systems for the treatment of bone-
related pathologies, emphasizing the need of fine-tuning surface functionalization. Herein, we focus
on the recent developments in MBGs for biomedical applications. First, the role of MBGs in the
design and fabrication of three-dimensional scaffolds that fulfil the highly demanding requirements
for bone tissue engineering is outlined. The different approaches for developing multifunctional
MBGs are overviewed, including the incorporation of therapeutic ions in the glass composition
and the surface functionalization with zwitterionic moieties to prevent bacterial adhesion. The
bourgeoning scientific literature on MBGs as local delivery systems of diverse therapeutic cargoes
(osteogenic/antiosteoporotic, angiogenic, antibacterial, anti-inflammatory and antitumor agents) is
addressed. Finally, the current challenges and future directions for the clinical translation of MBGs
are discussed.

Keywords: mesoporous bioactive glasses; local drug delivery; bone tissue regeneration; functionalization;
doping with therapeutic ions; osteoporosis treatment; infection treatment; cancer therapy

1. Introduction

Currently, the biomedical scientific community demands new achievements that ren-
der a new generation of advanced bioceramics for bone tissue regeneration. Throughout the
21st century, scientific activity has focused on the development of mesoporous bioceramics
that combine the unique structural and textural properties of silica-based mesoporous
materials (SMMs) with the bioactive behavior of conventional sol-gel bioactive glasses
(BGs) [1]. Discovered in the early 1990s, SMMs found initial application in the field of
catalysis, based partly on novel principle, due to their hitherto unprecedented inherent
features [2-6]. These features comprise: (i) a stable and highly ordered porous network,
showing homogeneous pore morphology (hexagonal or cubic) and regular and tunable size
(2-50 nm), (i) a high surface area (~1000 m?/g), (iii) a high pore volume (~1 cm?/g) and
(iv) a silanol-containing surface that can be functionalized with organic components [7-9].
It was one decade later when the research group headed by Prof. Vallet-Regi reported for
the first time SMMs as drug delivery systems (DDSs) [10]. The results prove the excellent
properties of these matrices to load and release in a controlled manner different therapeutic
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cargoes. This milestone paper marked the beginning of an extensive and exponentially
growing research topic on SMMs as DDSs, which currently keeps on producing thousands
of publications each year [11-26].

On the other hand, SMMs showed in vitro bioactive behavior [27], since an apatite-
like layer was formed on their surface after soaking in simulated body fluid (SBF) [28].
Nonetheless, despite exhibiting a silanol-rich surface and high surface areas and porosity,
SMMs displayed too slow bioactive responses (>30 days) compared with BGs (~3 days).
Several strategies were developed to accelerate the bioactive response of SMMs, such as
phosphorous-doping, which decreased the bioactive response to 15 days [29,30], or adding
small amounts of BGs, which reduced the time of bioactive response to just one day [31].
These pioneering studies introduced SMMs in the field of bone tissue regeneration [32].

However, the major breakthrough in this field was reached through the development
of multicomponent ordered mesoporous materials exhibiting the same composition as
BGs, known as mesoporous bioactive glasses (MBGs) or “templated glasses” [33]. MBGs
constitute a new generation of nanostructured bioceramics displaying unique structural
characteristics, being ordered at the meso-scale and disordered at the atomic-scale [34,35].
Amorphous walls, whose composition (SiO;—CaO-P,05 or SiO,—CaO) is similar to that
of BGs, separate the channel-like pores that are arranged periodically on highly ordered
crystalline structures (Figure 1). Such ordered arrangement of mesopores exhibiting narrow
pore size distributions produces textural properties (surface area and pore volume) roughly
twice those of sol-gel BGs [36-38].

Ordered mesostructure
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Figure 1. Intrinsic characteristics of MBGs. DP: pore diameter; Sa: surface area; VP: pore volume.
Reprinted (adapted) with permission from the reference [39]. Copyright 2010 Elsevier.

The unique textural and structural properties of MBGs produce superior bioactive
responses compared with BGs. Actually, whereas positive bioactive responses of BGs
take place in days, in this new family of MBGs, the bioactive responsive happens just in
a few hours. Initially, the research efforts focused on determining the pivotal roles that
governed the bioactive process in these MBGs. The textural properties of these mesoporous
bioglasses predominated over their composition, oppositely to BGs. Additionally, a fine-
tuning of the porosity and composition elicited bioactive processes with a higher biomimetic
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degree [40]. For deeper details on this topic, the reader is encouraged to look up diverse
review manuscripts reported in the literature [35,37,39,41,42].

The synthesis of these MBGs was not an easy task due to the multicomponent na-
ture of the inorganic system that includes CaO, which hampered the development of
robust ordered mesostructures following the conventional methods of SMMs. The research
groups headed by Prof. Zhao in 2004 [43] and Prof. Vallet-Regi in 2006 [44] solved this
scientific challenge and reported for the first time the synthesis of MBGs in the SiO,—CaO-
P,0Os5 system. This synthesis combined the supramolecular chemistry, using surfactants
as structure directing agents, in this case Pluronic® P 123 (EO20-PO70-EO20) (Basf, Eu-
rope), with the evaporation-induced self-assembly (EISA) process [45], which was revealed
as the cornerstone in the pioneering preparation of MBGs. As in the synthesis of BGs,
tetraethyl orthosilicate (5i(OEt)y, TEOS), triethyl phosphate (P(OEt)s, TEP) and calcium ni-
trate (Ca(NOj3),.4H,0) were used as SiO,, P,O5 and CaO sources, respectively. The process
involved the preparation of a homogeneous solution consisting of the glass precursors and
the surfactant in ethanol-water mixture, acidified with nitric acid (HNOs3) to promote the
hydrolysis of TEOS and TEP. Importantly, in the initial solution, the surfactant has a much
lower concentration than the critical micelle concentration. Progressive ethanol evaporation
increased the concentration of the system, driving the self-assembly of silica—surfactant
micelles and their further organization into a liquid crystalline mesophase. After drying
and surfactant removal, an ordered mesoporous structure of BGs with high surface area
and porosity was obtained.

Additional studies using scanning and transmission electron microscopy (SEM/TEM)
coupled to energy-dispersive X-ray spectroscopy (EDS) showed a uniform distribution
of Ca, Si and P over the MBG structure [46,47]. This homogeneous distribution, together
with the ordered mesoporous arrangement, was used somewhat to justify their improved
bioactivity compared with conventional sol-gel BGs, exhibiting heterogeneous distribution
of elements [48-50]. On the other hand, a systematic study by solid-state nuclear magnetic
resonance (NMR) performed by Prof. Edén’s team on MBGs with different compositions
proved that the pore wall interior was primarily built by a SiO,—CaO glass phase, while P
was present as an amorphous calcium orthophosphate, probably distributed as nanometer-
sized clusters over the pore wall (Figure 2) [51-54]. The key role of these calcium phosphate
clusters on the structural properties and bioactive response of MBGs has been demonstrated
elsewhere [55].
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Figure 2. Structural characteristics of MBG. Solid-state nuclear magnetic resonance (NMR) studies
have allowed to describe the structural features of these materials, where the simultaneous presence
of phosphorous and calcium in the composition forms amorphous calcium phosphate clusters
distributed over the entire structure of the glass (red arrow). These clusters have great relevance in the
bioactivity process of these glasses, as they act as nucleation centers of the apatite-like layer. Reprinted
(adapted) with permission from the reference [51]. Copyright 2008 American Chemical Society.
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The unique properties of MBGs can be manipulated and controlled at the nanoscale.
The nanotechnology applied to bone tissue engineering (BTE) brings up the possibility of
fine-tuning the interaction between biomaterial surfaces and cells. Normally, biomaterials
exhibiting nanodimensions show higher surface energy and reactivity than micrometric
ones [56]. Actually, in the last decade, there has been growing demand of mesoporous
bioactive glass nanoparticles (MBG NPs), which can be fabricated by using different syn-
thesis methods such sol-gel [57] or spray pyrolysis [58,59]. Their diminished size allows
MBG NPs to be integrated into a wide range of biomedical devices such as cements [60],
coatings [61], composite materials [62], scaffolds [62,63] and drug delivery systems [64],
making them ideal nanoplatforms for bone tissue regeneration [65,66]. There are multiple
approaches to synthesize MBG NPs, which allow modulating not only the inherent proper-
ties of MBGs but also their size, morphology and structure, as reported elsewhere [65-70].
In this sense, the possibility to obtain the core-shell structure of MBG may be expanded to
the biomedical field, such as tissue ingrowth, vascularization, nutrient delivery, etc., as it
has been described elsewhere [59,71].

Indeed, MBGs have been receiving remarkable interest as DDSs, mainly owing to
their superior and tailorable textural properties—surface area, pore volume and pore
size—and their easy-to-functionalize surface. Albeit the term “drug” initially referred to
small therapeutic molecules, such as osteogenic, anti-inflammatory, antibiotic or antitumor
compounds, over the last two decades, it has been extended to include large biologically
active molecules, such as peptides, growth factors, bioactive proteins, enzymes and nucleic
acids (DNAs and RNAs) [72]. Moreover, many research efforts have been devoted to
preparing a wide range of multicomponent MBGs by doping with therapeutic ions, such
as monovalent (Li, Ag, etc.), divalent (Sr, Cu, Co, Zn, Mg, etc.), trivalent (Ce, Ga, Fe, etc.)
or tetravalent (Zr) metal ions [36,73-75]. The addition of these therapeutic ions provide
MBGs not only of well-investigated biological actions, such as osteogenic, antibacterial
and osteogenic, but also of new actions such as anti-inflammatory, antitumor, hemostatic,
antiangiogenic or cancer preventive, among others [41,76,77].

This key duality of MBGs, accelerated bioactive response and drugs/therapeutic ions
release capability, which is schematically depicted in Figure 3, has been the scope of relevant
scientific revisions [35,41,66,72,78,79].
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Figure 3. Main properties of mesoporous bioactive glasses (MBGs). Left: improved bioactive behavior.
Right: ability to load and release drugs/therapeutic ions in a controlled manner. Black arrows indicate
the release of drug molecules; orange arrows show the lixiviation of therapeutic ions.

It is important to keep in mind the opportunity to functionalize these materials, which
permits to adapt their surface to different therapeutic scenarios [35]. Recently, the possibility
to design and prepare surfaces able to inhibit bacterial adhesion has irrupted into the field
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of bioceramics [80]. In this sense, one of the most ground-breaking approaches consist in
modifying the surface of MBGs with zwitterionic moieties [81], which is addressed in this
review aiming at the design of multifunctional bioceramics.

Herein, we review the current trends in the design and development of MBGs for
biomedical applications. Firstly, the paper describes the role of MBGs in the design and
fabrication of three-dimensional (3D) scaffolds for BTE. Another section outlines the differ-
ent strategies to design multifunctional MBGs, including the incorporation of therapeutic
ions in the glass composition and the surface functionalization with zwitterionic moieties
to prevent bacterial adhesion. Authors carry out a deep revision of the mushrooming
research on MBGs-based local delivery systems of a wide range of therapeutic cargoes.
Finally, we tackle the current challenges and future directions for the clinical translation of
these bioceramics.

2. Mesoporous Bioactive Glasses in the Context of Bone Tissue Regeneration

Bone diseases are one of the main challenges facing today’s society, since bone is the
second most transplanted tissue in the world. There are four million operations per year,
and this number is expected to increase due to an aging population and a more sedentary
lifestyle. BTE has emerged as a promising option to solve this problem [82,83]. BTE uses
scaffolds made of biomaterials that mimic bone tissue and serve as a temporary support
for cells for their proliferation or differentiation, which is the starting point in regeneration.
Moreover, it is also feasible to include growth factors to regulate cellular functions that
accelerate such a process. An ideal scaffold for BTE must fulfil the following features[84-86]:
(i) 3D to mimic bone structure and microenvironment for cells to interact and behave in
response to mechanical cues; (ii) biocompatible, i.e., both the scaffold and its degradation
products should be non-cytotoxic and do not elicit any undesirable immune response;
(iii) biodegradable, i.e., the scaffold should be eventually replaced by the extracellular
matrix (ECM) generated; and (iv) hierarchical architecture and osteoconductive activity, i.e.,
the scaffold must be highly porous and interconnected to facilitate the diffusion of nutrients
and oxygen to allow in-growth and outflow of its waste products and cell migration in
its interior. Thus, pore sizes in the 600-200 um range stimulate angiogenesis, whereas
pores around 100-60 um favor osteogenesis; (v) mechanical properties, which should be
similar to the bone replaced, since a scaffold that does not mimic the mechano-regulatory
forces transferred to the cells under physiological conditions may result in unsuitable cells
differentiation and morphology; (vi) cost-effective, simple to produce, scalable and easily
sterilized to allow the translation of the scaffold from the theoretical concept to its final
clinical form. At present, since bone is a very complex tissue, it is difficult to find a scaffold
that collects all the above-mentioned requirements [87,88].

Thus, taking advantage of the intrinsic features of MBGs, numerous research groups are
working on the fabrication of 3D hierarchical scaffolds based on these materials [63,89,90].
However, one of the problems in the design of these scaffolds, considering that mechanical
support is one of the main functions of the musculoskeletal system, is a proper balance
between mechanical properties and porosity, which remains a current challenge [91].

Among the different fabrication techniques to manufacture MBG scaffolds, both the
replication using a macroporous template [92-94] and the porogen-based methodologies [89]
are the pioneering and most widely employed methods. In the first case, polyurethane (PU)
foams are generally used as a macroporous template and are impregnated with a MBG sol
precursor, giving rise to scaffolds with a hierarchical macro/mesoporous structure after
PU template removal by calcination [95]. Concerning the porogen methodology, it uses
different templates, such as surfactants (P123 and Pluronic® F 127 (EO100-PO65-EO100)
(Basf, Europe)) to produce the mesoporosity and methylcellulose (MC) to yield macro-
porosity after porogen removal. The obtained scaffolds displayed bone-like trabecular
structure with a high porosity (>90 vol%) and interconnectivity [63]. In both methodologies,
it is difficult to precisely control the macroporous structure and interconnectivity, and the
mechanical strength of the resulting scaffold is severely compromised.
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More recently, 3D printing (3DP) technologies are receiving growing attention by the
biomedical scientific community [96]. Such technologies, based on computer-aided design
(CAD) and computer-aided manufacturing (CAM), has been used to design and fabricate
scaffolds with a precisely controlled macroporous structure and to meet the expanding
clinical demand for individualized and customized repair of bone defects with specific
shapes [97]. 3DP technology creates the scaffold layer by layer with high reproducibility
and with improved mechanical performance, which make its potentially suitable even
for load-bearing applications [98,99]. In this sense, 3DP has been effectively used in the
fabrication of MBG-based scaffolds for BTE, exhibiting controllable hierarchical porosity
and structure [74,100,101].

Figure 4 displays the main 3DP approaches to fabricate MBG-based scaffolds described
in the literature. In all of them, the preparation of a slurry is a key factor, and an exhaustive
control of its rheological properties is needed to fine-tune the final structural and mechanical
properties of the scaffold [102-108]. At present, there is not a standardized protocol
to prepare a suitable slurry with optimum rheological properties for a continuous and
homogeneous extrusion of the 3DP filament. Such factors are generally typical of the slurry
(used binder, ceramic particle size, concentration, etc.) and characteristic of the printing
process itself (extrusion pressure, temperature, needle tip size, extrusion speed, etc.). In
general, there are different approaches based on either direct or indirect methods (Figure 4),
whose main difference relies on whether the MBG is previously synthetized (indirect) or
not (direct).

Fabrication of MBG 3D scaffolds

Stage 1 Stage 2 Stage 3 Stage 4
Biopolymer addition 3D-printing T PURE
Direct MBG sol ™. — Calcination BIOCERAMIC
method | precursor P ol d 3D-SCAFFOLDS
Robocasting S
_:Zﬁ;iﬁf.ﬁi’ll E
N PVA Slurry
POLYMER-BIOCERAMIC
. B calcmZTion COMPOSITE
Indirect | 3 M %oy\/\)iL 3D-SCAFFOLDS
methods & can
N & 2
Bulk Nanoparticles| = P
Microspheres
Shieny MAGROPOROUS .
PREPARATION SCAFFOLD

Figure 4. Different approaches for the fabrication of MBG-based 3D scaffolds by rapid prototyping techniques.

In direct methods, the sol-gel technology directly offers the possibility to attain a
slurry with suitable extrusion properties by simply acting on aging time of the MBG sol
to match appropriate rheological properties for printing. Therefore, an appropriate slurry
is prepared by adding a binder as MC to the MBG sol and, subsequently, extruded by
3DP technique to obtain a green scaffold. Thus, to remove the organic material (binder
and surfactant) and to obtain the vitreous phase of MBG, the green scaffold is calcined,
resulting in pure bioceramic 3D scaffold with a hierarchical structure with a total porosity
of 60%. Figure 5 schematically illustrates the different ranges of porosity of 3D scaffolds
manufactured by the direct method, where we can observe: (i) giant pores of around
400 pm derived from the porous design itself by the prototyping technique; (ii) macropores
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between 30-80 um with interconnections of 1- 10 pum derived from the calcination process
of ceramic slurry with MC; and (iii) ordered mesopores of size 2-10 nm derived from the
elimination of the surfactant template. The resulting 3D scaffolds offer the advantage of
being exclusively composed by MBG glass, allowing an easy control of the degradation
process and exhibiting excellent osteoconductive and immunogenic properties [109,110].
Moreover, it was proved that it is possible to enhance the osteogenic effect through an
notable increase in osteoconductivity and osteoblastic differentiation by a simple amine
functionalization [110].

Hierarchical

macro-mesoporous
Large macropores: 400—1000 pm

arChlteCth'e Macro Macropores: 30—80 um

Interconnections: 1—10 pm

Total porosity 60 %

v
Nano -[Highly ordered mesopores: 2—10 nm

Figure 5. Hierarchical macro-mesoporous architecture of MBG-based 3D scaffolds manufactured
by rapid prototyping. Up: SEM micrograph showing the hierarchical macroporosity. Down: high-
resolution SEM micrograph and TEM image (as an inset) showing the ordered mesoporous arrange-
ment. Reproduced (adapted) from reference [110]. Copyright 2014 The Royal Society of Chemistry.

Recently, inspired by the direct procedure, Wang et al. described the development
of MBG-based 3D hierarchical macro-mesoporous scaffolds, exhibiting better mechanical
properties than PU-derived MBGs scaffolds. To this aim, they combined sol-gel technology
with polymer-photo curing. In this case, the structure-directing agent (F127) was modified
to perform both self-assembly and UV curing of the MBG sol precursor during 3DP [111].
The resulting scaffolds displayed enhanced interconnectivity, faster in vitro biodegradation
and performance and bone regenerative efficacy in a critical-size rat cranial defect model.

Concerning indirect methods, scientific efforts aimed at combining MBGs with poly-
mer phases, leading to hybrid formulations to engineer multifunctional scaffolds with
enhanced physical-chemical, mechanical and biological properties able to promote bone
regeneration, also in a compromised clinical context, such as osteoporosis and severe
trauma resulting in skeletal non-self-healing defects (Figure 4, indirect method). Such
approaches consist in the prior preparation of MBG powder (bulk, microparticles or NPs)
and subsequent incorporation into a binder solution (polymer or hydrogel matrix) to form
the slurry for extrusion. The concentration of the binder solution as well as the particle
size of the bioceramic will determine the properties rheological of the slurry and the final
structural/textural properties of 3D composite scaffolds.

In the last decade, different kinds of materials have been 3D printed to fabricate
scaffolds, including natural/synthetic polymers and MBG, with the final aim to mitigate
the limitations of the single materials and give full play to their strengths. With this
perspective, different research groups have explored hybrid formulations of MBG and poly
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e-caprolactone (PCL) to produce printed composite scaffolds for application in the field of
BTE [112-116] and drug storage/delivery [106]. In addition, multifunctional 3D scaffolds
by printing formulation of MBG dispersed in polyvinyl alcohol (PVA) and polylactic acid
(PLA) were reported, which, in addition to having good osteogenic properties, can also act
as excellent dosing systems for different drugs [117-120]. MBG particles, although fully
embedded into the different polymer scaffolds, retained their ability to release Ca?* with
fast kinetics and, consequently, promote excellent in vitro bioactivity, as well as cell activity,
in terms of adhesion, proliferation and differentiation.

More recently, the 3DP of naturally derived proteins (i.e., silk fibroin and collagen)
has been proposed in combination with MBGs to enhance the overall bioactivity and
biomimicry of the final composite 3D constructs and, in addition, to better match the
resorption kinetics with the deposition of new bone tissue. For this purpose, Du et al.
reported the fabrication of scaffolds with high osteogenic ability and favorable mechanical
properties by printing layer by layer a formulation of MBG dispersed in silk fibroin (SF) so-
lution [121]. The MBG/SF mass ratio was precisely tailored to obtain a homogeneous paste
characterized by a final viscosity matching the printability window. The study additionally
reported that the stabilization of the printed composite scaffold was achieved by promoting
SF crosslinking in ethanol, favoring the transition from its random coiled form and helix
to water-insoluble beta-sheets. Apatite forming ability and degradation rate of the scaf-
folds were investigated in simulated body fluids, proving that embedded MBGs retained
their excellent bioactivity and that the scaffolds showed suitable degradation properties
tailored by the crosslinking treatment. In vitro assessment of MBG/SF scaffolds revealed
a significantly higher ability to promote human bone mesenchymal stem cell (hBMSC)
proliferation and differentiation. Furthermore, the study reported excellent results in vivo,
where hBMSCs were loaded into the MBG/SF scaffold and subsequently transplanted
into the back of nude mice to test bone regeneration ability. The biological assessment of
the transplanted scaffolds revealed efficient expression of bone morphogenetic protein 2
(BMP-2) as well as bone sialoprotein (BSP), showing significantly higher values if compared
with reference constructs based on MBG/PCL, further proving better potential in terms
of biomimicry.

Composite scaffold with superior biomimetic features can be attained by printing
hybrid formulations based on type I collagen, which as the main organic component of
the bone extracellular matrix is widely known to have distinctive biological properties,
positively influencing cell bio-recognition and adhesion [122].

Based on these premises, Montalbano et al. described the combination of nanosized
Sr-containing MBG and type I collagen to be used as a hybrid biomimetic formulation
suitable for the 3D printing of bone-like scaffolds [123]. To mimic the bone composition in
the final printed scaffolds, the authors referred to the volume percentages of the organic and
inorganic phases in the natural tissue (53 vol % of collagen and 47 vol % of the inorganic
phase), which were considered to define the relative amounts of collagen and MB phases for
the preparation of the printing formulations. Mesh-like 3D constructs were manufactured
while exploiting a supporting gelatin bath and post-printing incubation in genipin solution
enabling crosslinking among the collagen fibers and was optimized in order to provide the
printed scaffold with suitable mechanical strength and degradation rate, while avoiding the
premature release of Sr’* ions. Morphological analyses clearly showed the homogeneous
distribution of MBG nanoparticles throughout the collagen-based 3D structure, with an
arrangement along the protein fibrils, nicely resembling that of the mineral phase within the
native bone matrix (Figure 6). The high bioactivity and the ability to release pro-osteogenic
Sr?* ions imparted by MBG, combined with the morphological and physical-chemical
stimuli imparted by the 3D printed collagen structures, paved the way for the design of a
novel class of multifunctional biomimetic bone-like scaffolds for advanced therapies.
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Figure 6. Field emission scanning and electron microscopy (FESEM) images of type I collagen
containing Sr-MBG nanoparticles. Reproduced (adapted) from reference [123]. Copyright 2020 MDPI.

Currently emerging as an alternative to scaffolding is the use of the injectable materials
that can be inserted with minimally invasive surgery for bone regeneration [124-126].

Fibrin glue (FG), obtained by combining fibrinogen and thrombin solutions, is fre-
quently used as an injectable tissue repairing hydrogel for its excellent biocompatibility,
biodegradability and potential osteogenic capacity [127]. However, due to its rapid degrada-
tion, low mechanical strength and deficient osteoinductivity, pure FG is generally combined
with bioceramic to address these shortcomings [128]. MBG NPs were incorporated into
hydrogels to improve both mechanical strength and osteogenic properties, promoting
improved cell adhesion and early differentiation of osteogenic cells [129,130].

3. Design of Multifunctional Mesoporous Bioactive Glasses

Since their discovery in the 2000s, the evolution in the concept of MBGs as multifunc-
tional materials has been a paradigm shift in the field of bioceramics. Thus, the concept
of MBGs for clinical applications has evolved from a superior bioactive biomaterial to-
wards a multitherapy system for the management of diverse bone-related pathologies by
tailoring their composition and surface functionalization. The possibility to incorporate
therapeutic ions into their composition and functionalize their surface via zwitterionization
without compromising their inherent bioactivity and drug-delivery capability make MBGs
advanced multifunctional platforms for biomedical uses.

3.1. Doping of Mesoporous Bioactive Glasses with Therapeutic lons

Numerous studies have reported that MBGs can be enriched with various therapeutic
metal ions (Sr, Cu, Mg, Zn, Li, Ag, etc.) and loaded with specific therapeutic agents
(e.g., osteogenic drugs, antibiotics, chemotherapeutics, growth factors, etc.), achieving
controllable loading and release kinetics. Co-delivery of ions and bioactive molecules
using a single MBG carrier is highly interesting, as this approach enables synergistic effects
and consequently improves therapeutic outcomes compared with the sole drug or ion
release. In this review, we discuss the state of the art in the field of mesoporous silica-based
materials intended for the co-delivery of incorporated therapeutic ions and drugs with the
aim to exert improved osteogenesis, angiogenesis, antibacterial and anticancer properties.
The analysis of the literature reveals that ad hoc-designed mesoporous nanocarriers enable
the incorporation and release of multiple ions with therapeutically safe and relevant
concentrations, achieving the desired biological effects (both in vitro and in vivo) for the
targeted clinical applications.

With specific reference to the field of bone repair, one of the most appealing approaches
consists of combining in a single multifunctional bioceramic several abilities, including
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osteoconductivity (for the guidance of new bone growth) and the capacity to stimulate
both osteogenesis (for promoting new bone formation) and angiogenesis (for inducing
vascularization). With this challenging perspective, several research groups have explored
the development of mesoporous bioceramics enabled by additional biological functions
through the inclusion of controlled amounts of therapeutic elements, such as Cu, Zn, Ga,
Sr, Li and Ce, while maintaining the necessary bioactivity and biocompatibility, as well as
mesoporous structure and high exposed surface area [41].

Very recently, Boccaccini and co-workers authored a review regarding the in vitro/in vivo
studies of numerous multifunctional MBGs in the form of NPs, microparticles and scaf-
folds for the simultaneous release of bioactive ions and therapeutic molecules, highlight-
ing the potential of this dual-delivery approach in terms of complementary therapeutic
activities [78].

With regard to the stimulation of osteogenesis and concurrent inhibition of osteoclastic
activity, the dissolution extract of Sr-containing MBGs ions has been widely proved to
provide significant clinical outcomes in terms of bone regeneration potential. In this regard,
a study by the authors allowed to clearly elucidate the effect of released Sr>* ions by
considering the expression of different types of genes involved in the process of bone
regeneration as fundamental markers for the assessment of osteogenic potential [131].
Overall, the in vitro assessment showed that Sr>* release enabled the upregulation of pro-
osteogenic genes COLL1A1, SPARC and OPG and the downregulation of receptor activator
of nuclear factor kappa-B ligand (RANKL) of osteoblast-like cells (Saos-2), confirming
the therapeutic effect of the element for the stimulation of bone remodeling. With the
purpose to widen the overall regeneration potential, Kim and co-workers investigated the
co-delivery of Sr** ion and phenamil (PHE), a small molecule able to significantly enhance
osteogenic functions, incorporated into the mesopores of Sr-modified MBGs [132], proving
the synergistic effect in terms of enhanced osteogenic differentiation of multipotent stem
cells via the bone morphogenetic protein 2 (BMP-2) /small mothers against decapentaplegic
(SMAD) protein signaling pathway. In addition to Sr, the incorporation into the MBG
framework of other trace elements, such as B and Mg, proved to play an essential role in
promoting osteoblast proliferation and in the up-regulation of bone-related genes, also
enhanced by the synergistic combination with osteogenic drugs [78].

Bone regeneration, especially in the presence of open fractures, also requires effective
prevention and fighting the occurrence of bacterial infections that substantially hinder the
physiological healing process. In this context, conventional treatments, including systemic
antibiotic administration, are often ineffective and may result in quite serious complications
leading to extra surgeries. Furthermore, due to the increasing number of antibiotic-resistant
bacterial strains, alternative antibacterial agents, such as bioceramics able to release Cu?t,
Ag* and Zn?* ions, have attracted significant research efforts.

With the aim to combine significant antibacterial properties with excellent bioactivity,
Bari et al. studied the incorporation of different amounts of copper into the Si0,—CaO
framework of MBG NPs [133]. An ultrasound-assisted one-pot sol-gel synthesis allowed
to obtain nanoparticles characterized by very high surface area (up to 550 m?/g) and
containing mesopores throughout their inner structure in the form of a worm-like sys-
tem. The in vitro analysis, using different bacterial strains, Escherichia coli (E. coli) (Gram-
negative), Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis)
(Gram-positive), demonstrated the significant decrease in the viability of bacteria when
cultured with Cu-containing MBG NPs or their ionic dissolution extracts (collected after
24 h of incubation), at variance with the results obtained for MBG without copper. Based on
these results, different mechanisms involved in the antibacterial actions of Cu-containing
MBG have been envisaged. They are mostly attributed to the release of Cu®* ions for
Gram-positive bacteria, at variance with Gram-negative bacteria, whose death resulted
not merely in the attribution to the release of metal ions in solution but most likely the
small size and the high surface-to-volume ratio of NPs, accounting for the activation of
cell death mechanisms. The morphological observation of the biofilm produced by the
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S. epidermidis revealed that Cu-containing MBGs were also able to counteract the biofilm
formation and even favor its dispersion, providing a true alternative to traditional antibiotic
systemic therapies.

Cu-substituted MBGs also promoted angiogenesis processes, which are known to
be key for tissue reconstruction. Paterson et al. successfully demonstrated the combined
pro-angiogenic and anti-bacterial effects of Cu-MBG NPs when tested in an advanced 3D
infected tissue model [134] and, more recently, El-Fiqi et al. have explored the potential
of MBG-based delivery nanosystems for the regeneration of infected tissues through the
multiple co-delivery of bioactive Cu®* and antibacterial /angiogenic/osteogenic growth
factors [135].

As far as antibacterial action is concerned, a post-modification approach to engineer
MBG surfaces by incorporating silver has been proposed by Zheng et al. [136], who reported
full maintenance of a spherical shape, mesoporous structure, high dispersity, and the apatite-
forming ability for Ag-modified particles after surface functionalization. The authors
concluded that at variance with the one-step approach to incorporate silver during the
synthesis of MBG, resulting in NPs suffering from aggregation and inhomogeneity in
size or shape, the post-modification route allowed to retain the overall set of particle
features and to incorporate a silver amount of 2.6 mol%. In the study, the synthesized
Ag-containing MBG did not cause cytotoxicity towards fibroblasts at the concentration
of 1 mg/mlL, and this concentration was taken forward for the antibacterial tests. In the
study, the antibacterial potential of Ag-modified MBG was successfully assessed for the first
time using an advanced 3D-engineered infected tissue model, able to mimic the intricate
interactions occurring in vivo, where bacteria invade and interact with other cell types,
overcoming the limitations associated to the traditional planktonic bacteria models.

The antibacterial action of released Ag* has been further enhanced by loading antibi-
otic drugs (i.e., tetracycline) into Ag-modified MBGs, aiming at achieving a synergistic
multitargeting function, through the activation of different mechanisms (bacteria membrane
rupture and protein inhibition), as described below [78].

In addition to imparting antibacterial ability, the composition of MBGs can be tai-
lored to further improve additional therapeutic effects, such as antioxidant properties of
particular interest to target oxidative stress related to bone remodeling and disease. With
this aim, cerium-containing MBG with a particle size of 100-300 nm has been successfully
developed by using an optimized post-impregnation method to incorporate Ce, whose
amount was tailored by adjusting the concentration of the precursor solution, while avoid-
ing the formation of by-product cerium oxide NPs (nanoceria) [137]. The impregnation
process was optimized by evaluating the influence of temperature and precursor solution
concentration on the incorporation yield and nanocluster formation. Once optimized, the
impregnation protocol allowed an incorporated amount of cerium equal to 2.8 mol%, and
UV-vis and XPS spectroscopy revealed the compresence of both Ce®* and Ce** species,
which accounted for the antioxidant activity. The overall biological characterization ev-
idenced that Ce-containing MBG exhibited anti-inflammatory responses in culture with
macrophages and pro-osteogenic activity in culture with osteoblast-like cells, showing
great potential as building blocks for a variety of advanced biomedical devices, particu-
larly to target inflammatory bone diseases (e.g., osteoporosis) and delayed bone healing,
considering their antioxidant, anti-inflammatory and pro-osteogenic activities.

Ion-substituted MBGs have been also investigated for their anticancer effect induced
by the ion release into the tumor microenvironment, also in combination with sustained
drug release [78]. Among the elements investigated for this purpose, Ga has attracted
interest as a metal ion with anticancer properties, due to its ability to concentrate on highly
proliferating tumor cells, which compared with healthy cells have a higher concentration
of receptors, becoming an attractive target for gallium ions to bind to [41].

Table 1 collects the most representative biologically active ions incorporated into the
MBG-based systems (i.e., micro and nanoparticles and scaffolds), with related therapeutic
actions as well as in vitro/in vivo biological assessments.
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Table 1. Overview of selected MBG-based systems containing biologically active ions and their
exerted therapeutic actions.

Therapeutic

Material Ion . Studies Ref.
Action
Antimicrobial In vitro bacterial viability
MBG NPs Cu?* Angiogenic Biofilm disaggrega- [133]
tion/dispersion
Aortic Ring/CAM assay
Infected 3D tissue model
oy Angiogenic (S. aureus and
MBG NPs Cu Antibacterial Pseudormonas aeruginosa) [154]
Biofilm formation
and disruption
Angiogenesis
(synergic effect In vivo zebrafish model,
MBGs NPs Cu?* ir}:ducgd by Si, Subintestinal vessels (SIVs) [138]
Ca, and P ions)
Angi . In vitro study with hBMSCs
ngiogenesis/ (VEGF expression, osteogenic
MBG scaffolds Cu?t Osteostimulation/ P L & [38]
Antibacterial dlffergn’.aat.l qn),
E. coli viability
Osteogenesis, Osteoblast-like SAOS,
Anticlastogenic Mesenchymal Stem Cells
MBG NPs Sr2* Anti-g In v?vo studies [131,152]
inflammatory Murine macrophage cell line
Osteoblast-like cells,
MBG scaffolds g2+ Osteogenesis MC3T3-E1 (ALP activity, [102,139]
Anticlastogenic osteogenic expression) !
In vivo studies
Antll;‘orilidant, Mouse fibroblast cells,
MBG NPs Ced* inflammatory (?ste(?blast—hke Sa(?s—2 cells [137,140]
. n vitro hemostasis assay,
Osteogenic latelet adhesion
Hemostatic P
. Osteoblast-like cells mouse
MBG NPs Zn* Osteogenic Embryonic fibroblasts cells [141]
MBG Meso- Antibacterial Agar disk diffusion test
macroporous 3D Zn%* (also in synergy ~ Planktonic growth inhibition [142]
scaffolds with antibiotics) Biofilm degradation
Planktonic bacteria model
Antibacterial 3D tissue-engineered infected
MBG NPs Ag* (also in synergy tissue model [136,143]
with antibiotics) In vivo infected dental

pulp tissue

3.2. Zwitterionization of Mesoporous Bioactive Glasses

As an alternative to the excessive use of antibiotics, the design of surfaces that prevent
the early stages of an infectious process constitutes a modern and promising alternative in
the manufacture of biomaterials [144]. Among the different strategies, the zwitterionization
of the surfaces has arisen as a powerful approach in the design of biocompatible bioce-
ramics capable to inhibit bacterial adsorption, which opens new findings in their range of
applicability [145]. The efforts focused on designing surfaces that, while inhibiting bacterial
adhesion, preserve their bioactive features and allow adequate cell colonization and differ-
entiation, which are key in the regeneration process. In general, the term zwitterionization
implies the surface functionalization with both positively and negatively charged moi-
eties, respectively, resulting in surfaces with zero net charge and high hydrophilicity [81].
Originally, surface zwitterionization consisted of functionalization with polymers contain-
ing positive and negative charges within the same chain [146-148]. Subsequently, it was
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shown that it is possible to confer zwitterionic properties by functionalization with amino
acids such as cysteine and lysine [149,150]. In this case, such surfaces acquire zwitterionic
properties depending on the pH of the medium, which is a breakthrough for more specific
scenarios depending of the amino acid pKa. However, as the zwitterionic polymers, the
amino acid functionalization requires very long processes with many synthesis steps. One
of the real breakthroughs in terms of simplicity and cost-effectiveness consists in simulta-
neous functionalization (bifunctionalization), with organosilanes containing positive and
negative charges, respectively. Such strategies allow tailoring the zwitterionic properties
by changing the molar ratio between both organosilanes, being able to obtain zwitterionic
properties at physiological pH (pH = 7.4) and pH characteristic of a bacterial environment
(pH = 5.5) [151]. The bifunctionalization process was first described by Prof. Che and Prof.
Terasaki for the synthesis of the amphoteric amino acid bifunctional mesoporous silica
for catalytic purposes [152]. This research inspired Prof. Vallet-Regi’s group to design
biocompatible SMMs featuring low bacterial adhesion surfaces due to their zwitterionic
properties. These surfaces exhibited pairs of -NH3%/-COO® and -NH3% /SiO® groups, co-
valently grafted through co-condensation bifunctionalization using appropriate precursor
silanes [153]. Regarding the possible cytotoxicity of these zwitterionic surfaces, in vitro cell
cultures displayed a non-cytotoxic effect and an adequate osteoblastic cell colonization onto
their surfaces. The mesoporous arrangements of these materials allowed the loading and
subsequent release of different antibiotics, exhibiting a sustained drug release during long
periods. In this regard, the functionalization process affected both loading and releasing
capabilities due to the different chemical interactions between the drug and the matrix.

The zwitterionization process has also been applied to other bioceramics such as
hydroxyapatite in powder, forming 3D-scaffolds [154], and as ceramic coatings onto metallic
implants [155]. This has highlighted the versatility of this process for different materials and
forms [156]. Recently, mesoporous silica nanoparticles (MSNs) have been also modified by
simultaneous direct grafting of hydrolysable short-chain amino (-NH3;%) and phosphonate
(-PO3°) bearing silane molecules able to provide zwitterionic surfaces under physiological
conditions [157].

So far, the described bioceramics, whose surface area has been zwitterionized, display
high stability and robustness. However, the challenge has been to create such zwitterionic
surfaces onto MBGs, which are highly reactive and where the bifunctionalization process
can be compromised. For these purposes, MBG surfaces were previously modified di-
rectly post-synthesis with amine groups using (3-aminopropyl)triethoxysilane (APTES)
and subsequently functionalized with Lysine (Lys) through glutaraldehyde (GA) linkage
through amine groups [158]. The surface anchoring of Lys to the MBG surface provides a
zwitterionic nature due to the presence of adjacent amine and carboxylic groups present
on the amino acid. After the zwitterionization process, the structural, textural and reac-
tivity /bioactivity features of MBG are preserved. The resulting surfaces notably reduce
bacterial adhesion up to 99% compared with pristine MBGs, displaying excellent biocom-
patibility in pre-osteoblast cell culture. Figure 7 shows a schematic illustration showing
the characteristics of zwitterionic MBGs bearing in the surface moieties with positive and
negative charge. A histogram showing the bacterial adhesion assay measured through the
number of colonies forming a unit attached to such a surface. Finally, a SEM image showing
a pre-osteoblast attached to the surface of zwitterionic MBG with its typical fusiform shape
emitting anchor-shaped filopodia.
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Figure 7. Performance MBG zwitterionic surfaces and biological characteristics, namely bacterial
adhesion inhibition and osteoblastic-like colonization. Reproduced (adapted) from reference [145].
Copyright 2018 MDPL.

Additionally, surface zwitterionization of Sr-containing MBG NPs was successfully
reported [159] by co-grafting of short-chain organosilanes (aminopropylsilanetriol and
carboxyethylsilanetriol), providing a surface bearing the same amount of positively (NH3%)
and negatively charged (COO®) groups. The functionalization route was optimized based
on the different reaction kinetics of the two precursors, both in terms of concentration
and addition time, and allowed to exhibit the required NH;% /COO® zwitterionic pairs
and net surface charges close to zero at the physiological pH of 7.4, as revealed by ¢-
potential measurements versus pH. In vitro bioactivity was fully preserved by MBG after
functionalization, thus demonstrating that the surface ion-exchange reactions promoting
hydroxyapatite deposition have not been affected by the presence of the silane moieties.
Sr?* release analysis revealed that MBGs after functionalization were able to release the
total amount of incorporated Sr>* with kinetics similar to those shown by the correspond-
ing unfunctionalized samples. The concentration of released Sr** (up to 4.4 ppm) has
proved to have the potential to stimulate an enhanced osteogenic response, without in-
ducing any cytotoxic effect [160]. In vitro assay for the evaluation of non-specific pro-
tein adhesion demonstrated that the successful grafting of the zwitterionic pairs onto
MB surfaces reduced the adhesion of BSA and fibrinogen adhesion up to ca. 85% and
70%, respectively, demonstrating the excellent antiadhesive abilities of the multifunctional
developed biomaterials.

4. Mesoporous Bioactive Glasses for Local Drug Delivery

One of the most important features of MBGs relies on their mesoporous structure,
which allows loading different drugs to be released in a controlled fashion, attending to
clinical needs. Undoubtedly, this characteristic augurs a bright future in their entry into
the clinical practice. As mentioned above, from the structural and textural point of view,
and thanks to their easy-to-functionalize surface, these materials resemble SMMs, widely
explored as DDSs [11]. Due to this similarity, some of the factors that govern both drug
loading and release kinetics from SMMs are extensible to MBGs (Figure 8). However, in
the case of MBGs, their highly versatile chemical composition, due to the presence of Ca
and P in different proportions, together with the possibility of doping with a wide variety
of therapeutic ions, provides a third key factor to take into account in the performance of
these materials as DDSs [36,64,78].



Pharmaceutics 2022, 14, 2636

15 of 32

Doping with ions

Chenmical
Composition

/ $i0,-Ca0-P,05-MO, \

- Surface
Functionalisation

ydrophobisatiol

Textural
Properties «
e \
Mesopore Mesopore
Diamete| Volume
Surface
Area

Figure 8. Pivotal factors that govern the performance of MBGs as drug delivery systems. Reproduced
(adapted) from reference [21]. Copyright 2021 MDPI.
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In this section, we summarize the main research articles focused on MBGs as local
drug delivery carriers. It was organized taking into account the main therapeutic action of
the loaded (bio)molecules.

4.1. Osteogenic and Antiosteoporotic Agents

As an alternative to the excessive use of antibiotics, the design of surfaces that prevent
the early stages of an infectious process constitutes a modern and promising alternative,
and MBGs are ideal local delivery platforms for osteogenic and antiosteoporotic agents for
synergetic bone tissue regeneration, as summarized in Table 2. Among osteogenic drugs,
dexamethaxone (DEX) was chosen by several research groups to carry out loading and
release studies using different MBGs. Zhang et al. used DEX as a model drug and investi-
gated its loading and release behavior from different Sr-containing MBG 3D-scaffolds [102].
High drug loading efficiencies (ca. 50% wt.) were ascribed to hydrogen bonding between
hydroxyl groups of DEX and the surface of the Sr-MBG scaffolds. Additionally, each type of
Sr-MBG scaffold exhibited similar release profiles, with an initial burst effect where 75-85%
of the loaded DEX was rapidly released during the first 24 h, followed by a much more
sustained release. In another work, Wu et al. loaded DEX into B-containing MBG scaffolds
and observed that, although the textural properties (surface area and mesopore volume) of
the resulting materials underwent a slight reduction due to B incorporation, the loading
and release of DEX were not affected [92]. In vitro assays revealed that delivery of B ions
from B-MBG scaffolds for 72 h significantly improved the proliferation and bone-related
gene expression (Col I and Runx2) of osteoblasts. Additionally, the further sustained release
of DEX over 350 h efficiently enhanced alkaline phosphatase (ALP) activity and gene ex-
pression (Col I, Runx2, ALP and BSP) of osteoblasts. DEX and B species release from these
MBG-scaffolds supported synergistic in vitro osteogenic proliferation and differentiation.
El Fiqi et al. fabricated electrospun fibrous scaffolds of polycaprolactone-gelatin (PCL-GE)
incorporating MBG NPs loaded with DEX [161]. In vitro tests in acellular aqueous media
revealed that the scaffolds released significant amounts of Ca?* and Si species, whereas
the release of DEX was highly sustained. Moreover, the proliferation and osteogenic differ-
entiation of rat periodontal ligament stem cells (PDLSCs) significantly enhanced thanks
to the incorporation of MBG NPs into the scaffolds and were synergistically stimulated
after DEX loading. The effects on bone regeneration in a rat calvarium model over 6 weeks,
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investigated by microcomputed tomography and histological stains, demonstrated the
improved osteogenic capability of DEX-loaded scaffolds in vivo.

Local drug delivery from MBGs is of foremost relevance in the case of hydrophobic
biologically active agents, which in other circumstances experience a broad first-pass effect
and exhibit low oral bioavailability. This is the case of some antiosteoporotic agents, such
as the ipriflavone drug (IPF), an isoflavone derivative, and estradiol (E2), an estrogenic
steroid hormone used via systemic administration in the prevention and treatment of
postmenopausal osteoporosis [162-164]. In the race towards developing local IPF releasing
MBGs-based systems, Vallet-Regi’s team has made significant contributions. In a first
approach, they functionalized 855i0;-10Ca0O-5P,05 (mol%) (5i85) MBG with different
organic groups, such as aminopropyl (Si85NH;), hydroxypropyl (Si85OH), mercaptopropyl
(5i85SH) and phenyl (Si85Ph) [165]. The Si85Ph sample exhibited the highest IPF loading
(11.7% wt.) and the longest-term release (3% IPF after 10 days of test in a low-polar
isopropanol:water medium, in which IPF is highly soluble). These findings accounted for
the prevalence of 7—m stacking interactions between —Ph groups of the host matrix and the
aromatic rings of the guest molecule, over hydrogen bonds between IPF and -NH,, -OH
and -SH present in the other MBGs. Later on, this research group reported the effect of SiO,—
CaO MBG hollow NPs loaded with IPF on osteoblast/osteoclast co-cultures [166]. These
MBG NPs exhibited a hollow core surrounded by a radial mesoporous arrangement at the
shell, which allowed an IPF loading efficiency of 13% wt. Release assays in a low-polar
hydroalcoholic medium revealed that only a minor fraction of the total payload was released
by diffusion through the mesoporous shell and that most of the drug was retained into
the hollow core. The authors pointed out that at the less favorable aqueous physiological
environment IPF would be retained for longer periods. Thus, the total IPF release would rely
on the MBG NPs degradation which, driven by a great ionic exchange with the surrounding
fluids [167,168], would ensure the local long-term pharmacological treatment beyond
the initial fast IPF release. In vitro assays in co-cultures of osteoblasts and osteoclasts
showed that IPF-loaded MBG NPs induced significant diminution in the osteoclast cell
number and resorption activity, without compromising osteoblast proliferation and viability.
Very recently, the dual-osteogenic and angiogenic capability of these nanosystems was
demonstrated in vitro, which avails their potential use as bioceramics in antiosteoporotic
and bone tissue regeneration treatments [169].

On the other hand, Wang et al. developed an innovative delivery technology based
on MBGs for the localized administration of the highly hydrophobic E2 estrogen [170]. To
this aim, they functionalized MBG NPs with B-cyclodextrins (3-CDs), whose hydrophobic
cavity formed an inclusion complex with hydrophobic E2 molecules, and the resulting
NPs were electrospun with SF to produce a nanofibrous mesh with enhanced mechanical
stability. A slow and sustained release, where ca. 76% of E2 was released after 3 weeks,
reduced osteoclast activity, whereas the presence of MBG NPs in SF stimulated osteoblast
proliferation and differentiation.

Nowadays, oral administration of aminobisphonates such as alendronate (ALE) for
osteoporosis is characterized by extremely low bioavailability and high toxicity [171]. Wang
etal. developed amino-functionalized MBG scaffolds, which exhibited twice-higher loading
efficiencies and slower release kinetics than pristine MBG scaffolds [172]. Sustained ALE
release promoted osteogenic differentiation of stimulated osteogenic differentiation of bone
mesenchymal stem cells derived from ovariectomized rats (rBMSCs-OVX) in vitro and
promoted in vivo osteogenesis in an osteoporotic rodent model.

In other research, Liu et al. investigated radial MBG NPs as local delivery systems of
fingolimod (FTY729), an osteoinmmunology drug that promotes osteogenesis [173]. Elec-
trostatic interactions between the negative surface of the NPs and the positively charged
FTY729 favored loading and sustained release. Additionally, the Ca** in MBGs would
chelate the drug on the pore wall, hampering fast cargo release. This nanosystem syner-
gistically promoted osteogenesis and inhibited osteoclast in vitro owing to its capacity to



Pharmaceutics 2022, 14, 2636

17 of 32

promote macrophages polarization towards the anti-inflammatory M2 phenotype. More-
over, its ability to improve bone regeneration was demonstrated in vivo.

Some authors explored the possibility to design MBGs as delivery systems of natural
substances for the local treatment of osteoporosis as an alternative to reduce the side effects
associated to synthetic drugs [174]. Among natural antiosteoporotic agents, icariin (ICA),
derived from the Epimedium plants, which exhibits clinical antiosteoporotic activity in
postmenopausal women [175], was incorporated into MBGs for local treatment of bone
defects [176,177]. Thus, Mosqueira et al. loaded ICA into MBG submicronic microspheres
doped with different Sr?* amounts, observing that the higher the Sr content, the higher the
ICA loading and the faster the release [176]. ICA and Sr?* release from Sr-MBGs promoted
in vitro osteogenic differentiation of bone marrow mesenchymal stem cells (BMMSCs)
isolated from osteoporotic adult rats. In another work, Shen et al. developed composite
scaffolds of SF and MBG NPs for local ICA delivery [177]. The higher drug-loading rate
of 93.3% in the hybrid organic-inorganic scaffold compared with pure SF scaffold (87.2%)
accounted for the strong adsorption capacity of MBG NPs. The long-term ICA sustained
release from the two-component scaffold (~100% after 24 days) promoted osteogenic
differentiation of BMSCs in vitro.

Another osteogenic drug consists on phenamil (PHE), underlined as a powerful small
molecule BMP signaling activator, which enhances osteoblasts differentiation and mineral-
ization [178,179]. This drug is fairly stable under physiological conditions, cost-effective,
less tumorigenic and has diminished side effects related to overdoses compared with bio-
logical therapeutic agents such as growth factors [180]. These reasons motivated Kim and
co-workers to load PHE into Sr-doped MBG NPs, as above-commented in Section 4.2 [132].
This nanosystem allowed for synergistic co-delivery of PHE and Sr?>* BMP signaling agents,
enhancing differentiation and maturation of human MSCs derived from dental pulp in vitro
and stimulating osseous-dentinal hard tissue formation in a mal-calcification rat model
in vivo.

Finally, the local delivery of certain osteogenic peptides, proteins and growth factors
from MBGs also aroused the interest of the biomedical scientific community. The aim
is to increase the in vivo therapeutic efficacy of these biomolecules, which sometimes is
threatened due to enzymatic degradation, non-linear pharmacokinetics, poor solubility and
stability and poor penetration through biological membranes [181]. For instance, Vallet-Regi
and co-workers incorporated the pentapeptide osteostatin (OST), consisting in the fraction
107-111 of the parathyroid hormone-related protein (PTHrP) [182], to confer osteogenic
properties to Zn-doped MBGs [112,183]. In a first study, the authors proved the capacity of
Zn-MBGs loaded with OST to stimulate osteoblastic cell growth and function [183]. Later
on, they developed hierarchical 3D meso-macroporous Zn-MBG scaffolds coated with
glutaraldehyde (GA) crosslinked gelatin (GE) and loaded with OST. When decorated with
human mesenchymal stem cells (hMSCs), these scaffolds enhanced hMSCs growth and
osteogenic differentiation [112].

Local delivery of growth factors from MBGs was also addressed by different research
groups, aiming at overcoming the limitations of clinically available options [184,185]. Berck-
man et al. reported a BMP-2 delivery system consisting of MBG microspheres synthesized
by an aerosol-assisted spray drying method [186]. Long-term and sustained release of
low BMP-2 doses, in vitro cytocompatibility and pro-osteogenic response in human bone
marrow mesenchymal stem cells (hMSCs) and bone-forming ability in pre-clinical assays
envisioned the potential of this system for translation to clinical routine. Kim et al. reported
an alternative approach consisting in enlarging the mesopores of MBG NPs to 6.4-6.9 nm
to allow the efficient loading a BMP-2 plasmid DNA (BMP-2-pDNA) into MBG NPs [187].
The BMP2-pDNA /MBG NPs complexes were efficiently internalized (~73%) in rat BMSCs,
and most of the cells were transfected to express the BMP-2. Later, osteogenesis of the
transfected MSCs was confirmed by the expression of bone-related genes, namely bone
sialoprotein, osteopontin and osteocalcin. For in vivo assays, the transfected MSCs were
delivered at the local level inside a collagen gel to the target calvarium defects in rats,
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showing improved bone regeneration. Recombinant human bone morphogenetic protein-2
(rhBMP-2) was also incorporated into MBGs for sustained delivery purposes. For instance,
Dai et al. incorporated this growth factor into Ca/Mg-doped mesoporous silica scaffolds
(CMMS) [188]. The combined ions and growth factor delivery capability made these scaf-
folds capable of inducing early osteogenic differentiation in vitro (in rat BMSCs) and ectopic
ossification in vivo as early as 2 weeks (in a mouse hind limb muscle pocket model). In
another work, Xiao et al. developed MBG nanotubular (MBG-NT) scaffolds, which mimic
the extracellular matrix (ECM) structure, as rhBMP-2 delivery systems with optimal dose
and minimal side effects [189]. Long-term release of rhBMP-2 from MBG-NT promoted cell
proliferation and differentiation, as demonstrated by ALP activity and osteogenic-related
gene expression of hBMSCs. Recently, Xin et al. prepared an innovative rhBMP-2 delivery
from a composite hydrogel as artificial periosteum [190]. In such a work, rhBMP-2 was
covalently linked on the surface of MBG NPs and then photo-crosslinked together with
methacrylate gelatin (GeIMA). Finally, the resulting GelMA /MBGNs-rhBMP-2 hydrogel
membrane was loaded with thBMP-2 via impregnation. In vitro tests revealed that thBMP-
2 kept releasing for 4 weeks, promoting early osteogenic differentiation. On the other hand,
the Ca and Si ions release continued for more than 4 weeks, promoting not only initial cell
adhesion but also osteogenic differentiation for longer periods. This hydrogel showed great
capacity in long-term osteogenesis and bone tissue regeneration in rat calvarial critical
size defect.

Table 2. Summary of MBG-based delivery systems of osteogenic and anti-antiosteoporotic agents.

MBGs Nominal

Carrier Composition Drug Loading Capacity Release Behavior Biological Assays Ref.
(80 — 2x)SiO,- .
Sustained release
MBG 15Ca83—2.05 P20s5- Dexamethasone 32225 ug/ g()((x__205)) independent of In vitro with [92]
scaffolds (x=0 22 53an d (DEX) 300Hg /g (x_— 5) B-content up to ~100% human osteoblasts.
o He/g X = after 350 h in PBS.
5 mol%)
Biopolymer Initial burst release of In vitro with
. . ~30% within 24 h, rat PDLSCs.
fﬂiorfours scraftfic:ds 7581812-120/5)Ca0 DEX 63% wt. followed by an almost In vivoin a [161]
IC\/([)BPGOISPS & ot linear release after 28 rat calvarium
days of test in water. defect model
Initial burst release of In vitro with
18% within 10 h, cocultures of
79.45i0,- followed by a slower osteoblasts (human
Hollow core-shell 1 8'1 CaOZ- Ipriflavone 13% wt release up to 25%. No Saos-2) and [166]
MBG NPs 2 5P O (mol%) (IPF) e further release was osteoclasts
T2 Mot observed during 7 days (differentiated
in isopropanol: RAW-264.7
water medium. macrophages)
Beta- cyclodextrin In vitro with
(B-CD)-modified- 80Si0,-15Ca0O- Estradiol Sustained release, MC3T3-E1 and
MBG NPs/silk 5P,05 37.99 ug/mg reaching ca. 76% after 3 [170]
. o (E2) . pre-osteoclasts
fibroin (SF) (mol%) weeks in PBS. RAW 264.7
mesh nanofibers o
Initial burst release of . .
20% during 24 h In vitro with
Amino- 805i0,-15CaO- ca. 277 Juring = rBMSCs-OVX.
. . Alendronate followed by sustained o
functionalized 5P,05 17.1% wt. . In vivo in [172]
o (ALE) release, reaching ~60% .
MBG scaffolds (mol%) rol. frer 280 h an osteoporotic
clease ate rat model.

in SBE.
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Table 2. Cont.

Carrier MgOC;f,pl:)Igirtril;r:‘al Drug Loading Capacity Release Behavior Biological Assays Ref.
Initial burst release of In vitro with
80Si0,-16Ca0- - ~35% f.olloweld bya mBMSCs and
MBG NPs 4P,05 Fingolimod 9.33 ug/ mg * sustained release, RAW 264.7. [173]
(mol%) (FTY720) ’ reaching ~95% after In vivo in rat N
? 300 h in NaCl 0.9%, femoral condyles
pH=74. defect model.
Initial fast release
during 24 h followed by
80Si0y-(16- sustained release up to In vitro with
. . 2 .. 6.89 %wt. (x =10) * 21 d in SBF. Faster BMMSCs isolated
MBG submicronic x)CaO-4P;,0s5- Icariin o .
. 5.53 %wt. (x=5)*  release rate and greater from adult rats with [176]
microspheres xSrO(x =0, 5 and (ICA) 4219 i . d ) d with
10 mol%) 21 Y%wt. (x =0) maximum drug release and without
as the Sr-content osteoporosis.
increases due to the
greater mesopore size.
Silk fibroin 80Si0,-16Ca0O- Sustained and slow
(SF)/MBG 4P,0s5 ICA N.A release up to ~100% In vitro with BMSCs. [177]
NPs scaffolds (mol%) after 24 days in PBS.
Initial burst release of . .
22% at 1h, followed by In Vllt\flosgltfl; I;;lman
. sustained release of 53% s Iro
855i0,-10Ca0O- . o dental pulp.
Phenamil o after 5 h, ~80% after .k
MBG NPs 55rO 29% wit. o In vivo in rat [132]
o (PHE) 30 h and ~90% after - .
(mol%) - . model involving
10 days in a Tris-HCl e
buffered solution mal-calcification
pH = 7.4 ’ conditions.
. OST release profiles
(80-x)SiO,- .
MBGs in bulk 15Ca0-5P,05- . 0.8,0.9 and 0.5 were independent of the In vitro with mouse
. Osteostatin ug/gforx=0,4 Zn-content. Fast release
compacted into xZnO o pre-osteoblasts [183]
. (OST) and 7, of ~75% after 24 h,
disks (x=0,4and . . MC3T3-E1.
7 mol%) respectively reaching total release
after 48 h in PBS.
(80 — OST release profiles
. 0.52,0.71 and 0.62  were independent of the
GA-Gel coated X)510,-15Ca0- ug/gforx=0,4 Zn-content. Fast release
MBGs scaffolds 5P205-xZn0 OST and 5, of ~60% after 1 h, ~90% In vitro with hMSCs. [112]
(x=0,4and ) o
o respectively at 24 h and ~100% at
5 mol%)
96 h
Prolonged and . .
sustained low-dose rg;:;trﬁgvl\;[tg Cs
. BMP-2 release without primary :
MBG 855i0,-15Ca0 .. In vivo in a femoral
. o BMP-2 66.7 ug/mg an initial burst up to 14 [186]
microspheres (mol%) R osteotomy model of
days in either PBS or compromised healing
ms};gczl l;ffer, in female rats.
In vitro with
. BMP-2-plasmid Sustained rat BMSCs.
MBG NPs 8581(212(;110/5)Ca0 DNA 3.5 % wt. BMP-2-pDNA release In vivo in [187]
° (BMP-2-pDNA) up to 2 weeks in PBS. critical-sized calvarial

defects in rats.
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Table 2. Cont.

MBGs Nominal

Carrier Composition Drug Loading Capacity Release Behavior Biological Assays Ref.
24.7 ng/mg
(MBG-NT100) Initial rhBMP-2 burst
and 184.3 ng/mg release of ~63%
MBG nanotubular 80Si0,-15Ca0- (MBG-NT100) for (MBG-NT100) and ~34% In vitro
5P,05 rhBMP-2 rhBMP-2 initial (MBG-NT500) for 3 . [189]
scaffold . with hBMSCs.
(mol%) concentration of days, followed by
100 ng/mL and sustained release >80%
500 ng/mL, up to 28 days in PBS.
respectively.
Long-term sustained In vitro in
g;lﬁﬁéﬁﬂjg 80Si0,-16Ca0O- release with an initial BMSCs cultures.
disk-shaped 4P,05 rhBMP-2 34.5 ng per disk rhBMP-2 release of 38% In vivo in critical [190]
membrane (mol%) after 2 days and ~69% bone defect model of

after 28 days in PBS. the rat skull.

* Values calculated from the drug loading efficiency (%) and taking into account the loading conditions reported
for each research study. Abbreviations: BMMSCs: bone marrow mesenchymal stem cells; GA-Gel: glutaraldehyde
(GA) crosslinked gelatin; GeIMA /MBG NPs-rhBMP-2: MBG NPs covalently grafted with thBMP-2 and photo-
crosslinked with methacrylate gelatin; methacrylate gelatin; hBMSCs: human bone marrow mesenchymal stem
cells; hPDLFs: human periodontal ligament fibroblasts; MC3T3-E1: osteoblastic-like cells from mouse; N.A.: Not
available. PDLSCs: periodontal ligament stem cells; RAW 264.7: monocyte/macrophage-like cells derived from
BALB/c mice; RBCs: red blood cells; rBMSCs-OVX: bone mesenchymal stem cells derived from ovariectomized
rats; Saos-2: human osteosarcoma cell line.

4.2. Angiogenic Agents

Taking into account that bone is a highly vascularized tissue, bone regeneration
strategies should focus not only on promoting new bone formation but also on stimulating
angiogenesis. The ionic degradation products from MBGs in the biological environment
has been proved to stimulate the production of vascular endothelial growth factor (VEGF),
provoke VEGF gene expression in vitro and increase the angiogenesis process in vivo [66].
The combined action of local delivery of angiogenic agents such as growth factors from
MBGs becomes a powerful and efficient y bone tissue regeneration. Delivery of VEGF
from MBGs has been reported [191-193]. Very recently, Schumacher et al. described an
alternative approached based on the immobilization of VEGF in native state to MBGs
using a binding peptide [194]. In vitro assays based on the formation of endothelial cells
in response to this material proved that the growth factor activity was preserved after the
immobilization process. The appropriate angiogenic stimulation ability of this system avails
VEGF immobilization as a promising strategy to circumvent the drawbacks of insufficient
neovascularization in the regeneration of large bone defects.

4.3. Antibacterial Agents

Bone regeneration remains a clinical challenge that demands the combination of di-
verse therapeutic approaches. In this sense, the development of osteogenic and antibacterial
biomaterials to fight potential infection processes emerging from the surgery itself is receiv-
ing growing interest. MBGs are receiving growing interest owing their great versatility, in
terms of composition and drug loading capacity, to design advanced antibacterial therapies,
which has been the scope of different review articles [195,196].

Herein, we summarize the recent advances committed to develop MBGs delivery
systems of antibacterial agents, albeit some of the MBGs incorporate therapeutic ions with
well-known bactericidal activity (e.g., Zn%*, Ag*, Cu?", etc.) into their composition. Thus,
in vitro assays in acellular physiological solutions (pH = 7.4, 37 °C) with MBGs exhibiting
different compositions and/or functionalizations were carried out to evaluate loading and
release performances of different antibiotics, such as amoxicillin (AMX) [197], levofloxacin
(LVX) [198], moxifloxacin (MOX) [199], teicoplanin (TEC) [200], triclosan (TCS) [200] or
vancomycin (VAN) [200]. In addition, deeper studies on the biological response of MBG-
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based antibiotic delivery systems were in vitro and/or in vivo evaluated, as discussed
below.

Lee et al. reported the preparation of Ag-doped MBG NPs (855i0,-10CaO-5Ag0 wt%)
as carriers of tetracyclin (TC) [143]. The high TC loading capacity of 33 %wt. was due
to the high mesoporosity of Ag-MBG NPS and to the TC properties, since this positively
charged drug shows high affinity to Ca?* in the MBG. The nanocarriers released in a
sustained fashion multiple ions (Ag*, Ca?* and Si species) and TC drug therapeutically
relevant doses. In vitro antibacterial assays in co-culture E. coli, Streptococcus oralis (S. oralis),
Enterococcus faecalis (E. faecalis) and Streptococcus mutans (S. mutans) planktonic bacteria
indicated that bacteria membrane binding of NPs allowed efficient delivery of Ag* and
TC to the intra-bacterial space, enhancing antibacterial effects of Ag* (membrane rupture)
and TC (protein synthesis inhibition). This complementary antibacterial function inhibited
bacterial growth of all tested strains (even the relatively Ag*-resistant S. mutans and
E. feacalis) at a concentration of 213 pg/mL. In vitro assays proved that NPs internalized
into human dental pulp stem cells (hDPSCs) (~90%) with excellent viability, eventually
promoting odontogenic differentiation due to Ca?* and Si-species released.

In vivo assays in an infected dentin-pulp defect model in rats demonstrated that the
administration of the therapeutic nanosystem produced total bacterial eradication and
efficiently regenerated tissues after 6 weeks. In a very recent work, Jiménez-Holguin et al.
developed hollow bioactive glass NPs (HBNPs) of composition 79.55i0;-(18 — x)CaO-
2.5P;05-xCuO (x = 0, 2.5 or 5 mol%) as loading and release systems of the antibiotic
danofloxacin (DFX) [68]. The DFX loading capacities were 4.2, 5.4 or 5.0 for x = 0, 2.5
or 5, respectively. The adsorption of DFX is similar in the three compositions, being
slightly higher in those doped with Cu. The incorporation of Cu?* into the MBG promoted
DFX loading and sustained release rate, which was explained by means of cation-drug
interactions, as described in the literature for Cu?* and certain drugs [79,201]. The DEX-
loaded HBNPs produced no cytotoxic response in MC3T3-E1 pre-osteoblasts cultures,
even after 3 days of incubation. Finally, this nanosystem showed a synergistic bactericidal
effect against E. coli and S. aureus bacteria in sessile, planktonic and biofilm due to the
combined action of Cu?* and DEX. In another work, the same research group described
the development of Zn-containing MBG scaffolds coated with GEL as carriers of different
independent antibiotics, namely, rifampicin (RIF), VAN, levofloxacin (LVX) and GEN [142].
Molecular modeling, considering antibiotic size and host-guest interactions, explained the
different experimental loading efficiencies. Synergistic bactericidal action due to the release
of Zn?* together with the antibiotic (LVX or VAN against S. aureus and LVX or GEN against
E. coli) was evidenced throughout the eradication of bacteria in both planktonic and biofilm
state. High efficiency using minimal drug doses would contribute to reduce the risk of
antibiotic resistance mechanisms.

4.4. Anti-Inflammatory Drugs

Bone-related diseases are frequently associated with inflammatory processes, and
therefore the possibility of locally delivery of anti-inflammatory drugs into MBGs would
be an added value [202]. In this sense, different MBG compositions together with diverse
anti-inflammatory agents have been formulated. It is important to remark that even the
ionic dissolution products of MBGs exhibit in vitro anti-inflammatory properties, as it was
reported for conventional sol-gel bioglasses [203].

Chitra et al. incorporated acetaminophen (ACE) and ibuprofen (IBU) into Cu-containing
MBGs and evaluated release profiles, showing first-order Korsmeyer-Peppas and Higuchi,
which potentially up-regulate the healing properties in dental applications [204]. On the
other hand, aspirin was loaded into SF/MGSs composite scaffolds, providing an optimal
in vitro drug release over 14 days. Moreover, in vivo assays in mice calvarial defect evi-
denced the synergistic role of MBGs and aspirin in the bone regeneration process [205]. Very
recently, Mo et al. reported the incorporation of naringin (NG), a natural flavonoid with
potent antioxidant, anti-inflammatory and antiapoptotic effect, into MBG NPS to facilitate
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efficient bone regeneration through the regulation of macrophages polarization [206]. To
promote NG loading, MBGs were functionalized with 3-CD, achieving sustained release
within 6 days. In vitro studies revealed that the nanosystem promoted the transformation
of macrophages to the M2 phenotype, inhibiting macrophage inflammatory responses. In
addition, the induced local immune microenvironment synergistically facilitated osteogen-
esis and inhibited osteoclastogenesis. In vivo assays in a rat femoral model revealed the
synergistic effect on the immunomodulation of osteogenesis and osteoclastogenesis owing
to both MBGs and NG.

4.5. Antitumor Drugs

During the last few years, the idea of employing MBGs as delivery system of antitumor
drugs has been gaining growing attention. The reason obeys to the possibility of combining
bone tissue regeneration capability with anticancer treatment in a unique multifunctional
platform [79]. Huge research activity has been committed to evaluate the capability of
MBGs as delivery systems of antitumor drugs. It can be classified in two main groups.
The first one deals with tuning the host-guest MBGs—drugs interactions to achieve higher
control over drug loading and release kinetics and the incorporation of stimuli-responsive
elements to allow on-demand cargo release. Among antitumor drugs, the most frequently
loaded has been doxorubicin (DOX) [207-211], scarcely imatinib [212], curcumine [213]
and daunomycin [214].

The second one relies on the new developments aimed at evaluating the interaction
of MBGs loaded with different antitumor drugs, such as DOX [215-220], camptothecin
(CPT) [221], silibinin [222,223] and mitomycin C [224], with diverse cancer cells.

Although the number of publications into this research landscape has experienced
extraordinary expansion in the last few years, remaining challenges must be overcome
before introducing these bioceramics into clinical trials.

5. Conclusions and Outlook

MBGs featuring similar compositions to conventional bioactive glasses and resembling
the structural and textural properties of mesoporous silica materials make them singular
bioceramics for local drug delivery and bone tissue regeneration.

Since their discovery at the beginning of the 21st century, MBGs as multifunctional
bioceramics have received growing attention by the biomaterials scientific community. Pio-
neering research efforts focused on the design and fabrication of MBGs, whose composition,
textural and structural properties produced optimal bioactive responses. More recently,
MBGs are conceived as multitherapy systems for the treatment bone-related pathologies by
the fine-tuning of composition and surface functionalization.

The possible incorporation of therapeutic ions into the MBGs structure opens up a
huge range of opportunities to design versatile and custom-made bioceramics that fulfil
the highly demanding clinical requirements of bone tissue engineering. Thus, depending
on the specific case, personalized therapies allow not only to address the bone regenerative
process but also to treat other complex pathologies such as osteoporosis or cancer.

The feasibility to carry out surface functionalization of MBGs with zwitterionic moi-
eties provides a benefit in the prevention of bone implant infection. Paving the way towards
their future clinical translation, a mushrooming expansion of the research focused on the
design and fabrication of MBGs-based 3D scaffolds. Among the different technological
approaches to manufacture 3D constructs suitable for bone tissue engineering, increasing
research efforts have been devoted to 3D printing techniques, which allow the design of
customized scaffolds with highly controlled microarchitecture and macropore morphol-
ogy. Nonetheless, despite the exceptional capacity to prompt bone tissue regeneration,
due to their osteoconductive properties and their capability to stimulate osteogenesis and
angiogenesis, pure MBGs bioceramic scaffolds exhibit noteworthy drawbacks, which are
mainly ascribed to the poor mechanical properties of the constructs. Significant efforts
have been committed to fabricate composite scaffolds by combining MBGs and polymer
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phases that provide adaptive mechanical and shape capacity. In addition, wide research
activity has demonstrated the multifunctionality of MBGs which, together with their bone
regeneration capacity, allow the local release of drugs (osteogenic, angiogenic, antibacterial,
anti-inflammatory or antitumor), whose effect can be powered by the ionic degradation
products from MBGs.

Albeit intense scientific activity has been reported by many research groups all over
the world, to the best of our knowledge, no system based on MBGs has received approval
by the U.S. Food and Drug Administration (FDA). The major obstacles hampering the
bench-to-bedside translation are the lack of pre-clinical and clinical studies. Actually,
most studies have been carried out in vitro and in vivo, these last ones in small animal
models, and deeper studies need to be conducted on large animal models, which are much
more human-like.

Finally, the singular properties of MBGs foresee a triumphant entry into the clinical
arena, providing efficient treatments to address the complexity of the bone regeneration
process. This great challenge requires interdisciplinary approaches, involving collabora-
tion between chemists, material scientists, pharmaceutics, biomedical engineers, biolo-
gists/microbiologists and clinicians.
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