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Abstract: Biomineralization consists of a complex cascade of phenomena generating hybrid nano-
structured materials based on organic (e.g., polymer) and inorganic (e.g., hydroxyapatite) components.
Biomineralization is a biomimetic process useful to produce highly biomimetic and biocompatible
materials resembling natural hard tissues such as bones and teeth. In detail, biomimetic materials,
composed of hydroxyapatite nanoparticles (HA) nucleated on an organic matrix, show extremely
versatile chemical compositions and physical properties, which can be controlled to address specific
challenges. Indeed, different parameters, including (i) the partial substitution of mimetic doping ions
within the HA lattice, (ii) the use of different organic matrices, and (iii) the choice of cross-linking
processes, can be finely tuned. In the present review, we mainly focused on calcium biomineralization.
Besides regenerative medicine, these multifunctional materials have been largely exploited for other
applications including 3D printable materials and in vitro three-dimensional (3D) models for cancer
studies and for drug testing. Additionally, biomineralized multifunctional nano-particles can be
involved in applications ranging from nanomedicine as fully bioresorbable drug delivery systems
to the development of innovative and eco-sustainable UV physical filters for skin protection from
solar radiations.

Keywords: calcium-based biomineralization; hydroxyapatite nanoparticles; biomimicry;
multifunctional materials

1. Introduction

Biomineralization is a naturally occurring process in which organisms form minerals
and consist in a complex cascade of phenomena generating hybrid nanostructured mate-
rials based on organic and inorganic matter [1–3]. These components are hierarchically
organized from the nanoscale to the macroscopic scale to create a protective and/or load-
bearing structure [4–9]. Resulting structures combine the hardness and pressure resistance,
due to the inorganic phase, and elasticity and tensile strength, due to the organic one.
Indeed, the inorganic phase helps to protect the living organisms (e.g., mollusk shells
or crustacean exoskeleton) and to support organisms (e.g., bones, teeth, and coral skele-
ton) [10–12]. Due to the strict interaction between biomineralized crystals and organic
matter, natural structures are usually very different to the synthetic ones. In detail, the
high level of control over the composition, structure, size, and morphology of natural
structures allows to create very fascinating properties that often overtake those of the
synthetic analogues [13–15]. Organisms use macromolecules (e.g., collagen and chitin) to
control the nucleation and growth of biominerals as well as crystalline form and shape of
inorganic crystals in a process called molecular recognition [2,16,17].
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Biomineralization can be subdivided in two main categories, namely biological in-
duction and biological control. These processes differ for the fine regulation of size, shape
and arrangement of resulting biominerals [2,8,18]. It is no surprise, then, that scientists
are strongly intrigued by these processes that have become a source of inspiration for the
development of highly organized materials with customized properties [19–21].

Mimicking Biomineralization in the Lab

Biominerals compared to natural or synthetic minerals often display excellent me-
chanical and other properties due to their multi-level order, hierarchically organized from
the nanoscale to the microscale. For this reason, in the last decades, researchers have been
trying to reproduce the calcium-based biomineralization processes in laboratory, inducing
the heterogeneous nucleation of the inorganic phase into organic matrix through fine
mechanisms driven by the organic matrix itself. The chemical and physical interaction
between phases confers unique features to the resulting hybrid materials, in a similar way
compared to what happens in the natural biomineralization process (Figure 1). These
peculiar properties cannot be obtained through a simple mixing of the phases [22–24].
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and association of these fibrils confers peculiar structural and mechanical properties to the bone. Within the lab process, a
collagen acidic solution containing phosphate ions (e.g., phosphoric acid) is dropwise added and mixed to a basic solution
containing calcium ions (e.g., calcium hydroxide), promoting the formation of nano-hydroxyapatite crystals within the
collagen fibers. Reproduced from “Biomineralization process generating hybrid nano-and micro-carriers” by E. Campodoni
et al., 2018, Core-Shell Nanostructures for Drug Delivery and Theranostics: Challenges, Strategies, and Prospects for Novel
Carrier Systems, 19–24, (doi:10.1016/C2016-0-03458-7) (Under a Creative Commons Attribution 4.0 International License).

As a consequence, the biomineralization process study, together with other emerging
technologies to synthesize new nanomaterials, has spread into many fields in our life
such as mechanical, electrical [25,26], and environmental [27,28], as well as biomedical
engineering [29,30].

In this review focused on the biomedical field, we aim to provide an overview of
different materials mimicking the natural calcium-based biomineralization process to prove
that, finely tuning some process variables, it is possible to design multifunctional materials.
These materials can be exploited in several applications in order to obtain customized and



J. Compos. Sci. 2021, 5, 278 3 of 24

precise medical tools [31–34]. We will first provide a brief overview of the biomineralization
process: how it happens in nature, and how scientists have translated this natural process
to an in-lab process. Taking into account the wide chosen topic, we decided to focus on
calcium-based biomineralization, more specifically on different applications aside from
bone regeneration, that were poorly or not considered in other reviews. Specifically, we
will discuss biomimetic hybrid material features that can be obtained by modulating
different process parameters, focusing on the materials chemical–physical and biological
features which are essential to make them suitable for biomedical field. Finally, we will
discuss the several applications of these materials besides tissue regeneration, such as
their use for the creation of 3D cancer predictive models or drug testing, as well as on
their use as innovative physical filters against solar radiations or as nano and micro drug
delivery systems.

2. Features of Biomimetic and Hybrid Biomaterials

From its first understanding, calcium-based biomineralization process uniqueness
has attracted high attention due to its applicability in many different fields, especially for
bone tissue engineering and regenerative medicine as well as the mild conditions, i.e.,
physiological temperature, pressure, and pH, in which this process occurs. Thus, the first
step has been trying to translate the natural process into an in-lab process, mimicking the
formation of the natural hierarchically structured organic–inorganic composites. Natural
mineralization is commonly divided into two different groups recognized as “biologically
induced” and “biologically controlled”.

As reported by Weiner and Dove [35], the precipitation of minerals that occurs as result
of interactions between biological components and the environment is termed “biologically
induced” mineralization. In this situation, the chemical conditions of the environment,
such as pH and CO2, indirectly favor the formation of a specific mineral type. The mineral
composition varies consistently with the variation of the environments in which they form,
resulting in different morphologies, water content, element composition, structure, and
particle size.

In “biologically controlled” mineralization, the organism uses cells that actively take
part in the nucleation, growth, morphology, and final location of the mineral that is
deposited. While the degree of control varies across species, almost all controlled min-
eralization processes occur in an isolated environment. The result can be remarkably
sophisticated, species-specific products that give the organism specialized biological func-
tions. Calcium-based biomineralization can be described with subsequent stages, the first
of which consist of inorganic molecules pre-assembling into ordered structures. Then,
the molecular recognition among the organic and inorganic interfaces controls crystal
nucleation and growth, allowing the formation of subunits. Finally, cells will take part in
the process, forming biominerals with multilevel structure by assembling subunit minerals.
All these steps are controlled by synergistic action of various environmental factors such as
pH, temperature, and organic matrix chemistry [2]. Regarding the matrix, the interaction
between inorganic and organic matrices leads the entire process, resulting in widely differ-
ent results depending on the stereo-chemical and physical interaction occurring among
the two components. This process is affected by different parameters; nevertheless, taking
into account the influencing factors, the process can be transferred into an “in-lab” process
and can even be controlled and directed towards the development of novel materials
endowed with intriguing features. Speaking of organic matrices, it has been proven that
the structural organization complexity highly affects the final biomineralization product,
which might result in a three-dimensional scaffold in the case of highly organized matrices,
or well as flakes or powders in the case of poorly organized matrices [36]. A clear example
of this is given by the mineralization of collagen compared to gelatin. Collagen, with its
multi-level organization, can undergo the biomineralization process without losing its
structure, resulting in a three-dimensional scaffold with different properties depending
on the biomineralization grade [10]. Gelatin, on the other hand, being a lower assembled
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polymer, can be exploited to form low structured biomineralized materials, composed of
hybrid micro-flakes made of clusters of nano-particles [37].

In addition to collagen and gelatin, it is possible to find examples in the literature of
mineralization with different polymer matrices as cellulose, chitosan, alginate, and silk
(Table 1). Ahmed Salama has shown, for instance, how cellulose and its derivatives are
promising candidates for developing and constructing smart organic/inorganic hybrid
biomaterials through a calcium-based biomineralization process [38]. Cellulose/calcium
phosphate hybrid materials, for example, combine the properties of both components, the
functionality and flexibility of the cellulose with the heat resistance and stability of the in-
organic material, to generate compounds that are being exploited for different applications
such as bone regeneration, drug delivery vehicles, dental repair, and adsorption. Chitosan
can be efficiently exploited to produce hybrid composites based on hydroxyapatite [39,40].
These hybrid composites are mainly devised for bone regeneration. Indeed, chitosan shares
some peculiar features with collagen (e.g., a comparable role in the exo- vs. endo-skeleton
and flexibility) [41]. Regarding alginate, a recent work [42]. reported the effect of alginate
and its well-defined oligomers with defined structure on brushite nucleation and growth
for the synthesis of hybrid materials, useful in bioactive agent delivery, wound healing,
and tissue engineering. Growth experiments showed that molecular weight and additives
of alginate affect the crystal growth rates and the growth mechanisms. Finally, Yang and
collaborators [22] have described as silk fibroin as able to facilitate nucleation of the hydrox-
yapatite crystals through its molecular self-assembly, and to create efficient biomaterial
with mechanical and functional properties for biomedical applications.

The ideal scaffold useful to obtain a robust in vivo affinity must be designed with
the final purpose to resemble the 3D architecture, nanostructure, chemical composition
and mechanical properties of the extracellular matrix (ECM) of the native tissue [21]. The
scaffold must be composed of biocompatible materials able to guarantee cells viability,
support of cellular functions and induction of molecular and mechanical signals without
eliciting adverse effects on cells and, consequently, local or systemic undesired responses
in the host [43,44]. Biomineralized substrates influence cells biochemistry by the exchange
in proteins and ions that, subsequently, conditions the 3D microenvironment. This implies
that proteins and ions composition (e.g., calcium and phosphate ratio, collagen, proteo-
glycans, etc.) of native tissue is a crucial parameter to be consider for scaffold design and
synthesis [45]. If materials quickly degrade in vivo, the scaffold fails in its mechanical
support role; conversely, an inflammatory response could be provoked by the foreign
material if the scaffold has an excessively long biodegradation time. Therefore, a controlled
biodegradability is crucial in scaffolds fabrication [46]. Overall, the microarchitecture of the
support should be highly porous and interconnected to provide inwards diffusion of oxy-
gen and nutrients and elimination of waste products in order to meet cellular requirements
for adhesion, growth, differentiation and migration [47].

Porosity generally supports cell migration into the scaffold by promoting interaction
between cells and the available surface area of the scaffold. Pores density and size influence
cellular behavior in a inversely proportional way [48]; as pores size decreases, pores density
increases as well as the surface area available on the scaffold for cells interactions. However,
if pores are too small, cells are not able to penetrate and migrate inside the structure. Indeed,
the pores dimension is able to affect vascularization of scaffolds. A different vascularization
can consequently tune cells differentiation [49–51]. Consequently, scaffolds composition,
but also scaffold porosity, need to be optimized on dependence of the tissue type to interact
with; as example, for bone tissue engineering scaffolds need to contain a mixture of macro-
and micro-pores that allow cells to grow in vivo, facilitating cell-material interaction and
complete scaffold colonization, respectively [52].

Additionally, in vivo mechanical signals (Young’s modulus, compressive strength and
fatigue strength mechanical forces) for cells must be replicated in the scaffold to induce
the correct cellular differentiation pathway. Mechanical stiffness and porosity are often
conflicting physical properties, as the first is inversely related to the other. Consequently,
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finding a good compromise between the scaffold properties for to promote the correct
cellular activity and mechanical integrity is often a hard challenge [53]. The scaffold surface
can be bio-decorated with specific proteins/biomolecules or biomotives to improve its
outcomes on cell adhesion, proliferation, and differentiation. Tissue formation and ECM
deposition are regulated and performed by a wide variety of biomolecules. For this reason,
scaffolds can be enriched by growth factors during their production, assuming a significant
role in tissue engineering applications [54–56], such as improving tissue formation or the
reward of specific biomolecules in pathological conditions [21].

The set of all above-mentioned properties makes the scaffold bioactive, osteoconduc-
tive and osteoinductive in tissue engineering, regeneration and modelling of mineralized
tissue (bones, tooth, tendons, and cartilage). Osteoconductive scaffold can support the
ingrowth of cells into pores, channel or pipes, while osteoinduction refers to the activity
of a contact or soluble material to induce the differentiation of pluripotent stem cells to-
wards specific cells lineage. Achieving these demands, calcium-based biomineralization
process represents an excellent biomimetic manufacturing strategy to obtain hierarchically
designed scaffolds with appropriate mechanical stability, flexibility and a highly porous
and interconnected structure [12,15,57].

Biomineralized nanomaterials represent also a promising tool for different clinical
applications. Nanoparticles as drug carriers for drug delivery involves the linking of drug
molecules to the nanomaterial to guarantee a controlled distribution and release rate of
the drug [58,59]. In this case a good biological activity and biodegradability together with
good stability under close physiological conditions are required. Most of the components
of biomineralized nanomaterials (e.g., calcium phosphate, carbonate and iron oxide) are
naturally present in the body and easily and normally metabolized and absorbed by it;
(3) good biological activity. Biomineralized nanomaterials facilitate loading of active
molecules into the mineral phase by the interaction between biominerals and biomolecules,
making possible to use them for drugs and molecules loading to be used inseveral biomed-
ical practices [1].

Table 1. Influence of physical chemical properties of hybrid materials on in vitro/in vivo behavior.

Physic-Chemical Parameter Scaffold Nanosystems

Biocompatibility Absence of cytotoxicity [44];
Support and stimulation of cellular activity [43]

Absence of cytotoxicity
Support and stimulation of cellular activity [1]

Biodegradability Controlled biodegradability [46] High bioabsorption and biodegradability
Absence of bioaccumulation of ions [1]

Architecture
Stability under physiological condition
Highly porous and interconnected [47]

Hierarchical design structure [9,57]
Stability under physiological conditions [1]

Porosity and pore size Mixture of macro- and micro-porosity [48–52] /
Mechanical properties Mechanical integrity [53] Stability under physiological conditions [1]

Surface properties Support and stimulation of cellular activity
Tissue-specific functionalization [54–56]

Tissue-specific functionalization
Target-specific functionalization [1]

Bioactivity Osteoinductive
Osteoconductive [6,9,57]

Controlled drug release and
distribution [1,58,59]

3. Applications in Biomedical Field: Tissue Regeneration and Many More

Bone is the second most transplanted tissue with four million operations per year, us-
ing different bone alternatives worldwide [21,60]. Calcium-based biomineralization process
is responsible for the formation of natural hard tissues such as bone and teeth [2,9,36,61]
that are composed of extracellular matrix (ECM), several cells types, and water, which
through a fascinating process are able to create a highly organized and hierarchically
structured nanocomposite [13,36,62]. In detail, biomineralized ECM is mainly composed
of plate-like nanocrystalline hydroxyapatite (the inorganic phase) and several organic
components among which collagen is prevailing [63–65].
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ECM highly influences adhesion, proliferation and differentiation of several cells types
such as osteoblasts, bone lining cells, osteocytes as well as osteoclasts [65–67]. Several
factors determine the fascinating and unique characteristic of bone, starting from compo-
sition arriving to structure and porosity, features essential for bone remodeling process.
More precisely, bone tissue is characterized by a dynamic nature which allows to preserve
its healthy condition, thanks to bone remodeling which consist in a dynamic and fine
equilibrium between bone resorption by osteoclasts and bone formation by osteoblasts in
response to biomechanical stimuli [68,69].

However, although this process preserve bone, its self-healing capacity is enough
only to repair small bone damages. Subsequently, in case of extensive bone damage, bone
substitutes are often required. For several decades, the gold standards were autografts or
allografts [36,44]. In the last decade, instead, tissue engineering and regenerative medicine
attention shifted towards development of biological replacements able to mimic and regen-
erate the tissues itself. In this perspective, scaffolds are becoming a fundamental tool for
tissue engineering and regeneration, they indeed act as substrates able to structurally guide
cells and provide anchorage sites, making possible to develop engineered structure made
of a combination of materials and living cells. More precisely, the ideal bone scaffold is a
transient implant that must create an adequate environment for cells to stay viable, attach,
proliferate, differentiate and deposit ECM to replace the damaged or impaired one [70–72].
To do what describe above, scaffolds should resemble the natural bone tissue under differ-
ent points of view, such as composition, structure, mechanical requirements and biological
features. As consequence, to mimic the chemistry and structure of natural bone, biomin-
eralization process is absolutely the most suitable in-lab process to produce biomimetic
biomaterials, in which low-crystalline hydroxyapatite is mineralized on collagen fibrils,
and highly porous scaffolds suitable to promote bone tissue regeneration [13,16,73].

Although this process has touched several fields of our life, biomedical engineering has
surely received more specific attention, ending to be the most investigated. Nonetheless,
recently, the attention has moved towards new advanced applications of mineralized
materials. These applications include: (i) development of 3D predictive models for cancer
study or drug testing, (ii) study of physical filters against solar radiation, (iii) creation of
nano and micro controlled drug delivery systems. Additionally, the introduction of new
fabrication technologies, e.g., 3D (bio) printing, are further extending the applications in
other fields. These features will be discussed in the next sections.

3.1. Biomineralization, 3D Printing and 3D Bio-Printing

Biomineralization has been proven to be an incredible versatile process, exploitable
for multiple purposes in different fields. The same could be stated for 3D printing, that
with its simple basic principle paved the way for realization of incredibly ambitious and
elaborated projects. The combination of these two elements have been giving rise, in the
last decades, to incredible results.

The importance of scaffolds geometry at multiple level, from nano- to macro- scale,
for cells attachment, spreading and viability has been so far well assessed and recognized.
At the macro-scale, it is desirable for the scaffold to assume the defective part shape of the
tissue or organ meant to be replaced or repaired, in order to help the neo tissue to organize
into the required three-dimensional structure [74].

From the macro- point of view, especially for pursuing highly challenging goals, as it
can be the regeneration of long bone defects, additive manufacturing has been attracting
great interest. This, as it allows both a precise and controlled spatial-deposition of materials
as well as their easy combination in complex multi-material structure, in addition to the
possibility of creating shape-customized scaffold based on the anatomical site targeted [75].

If the scaffold shape and geometry play a crucial role at the macroscale, the same
can be said for the composition of the material used as ink for the realization of the
three-dimensional structure at the micro- and nanoscale
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Speaking of bone regeneration, the key element lies in the mineral phase, in nature
commonly produced by cells through the calcium-based biomineralization process.

Many approaches have been used through the years to mimic, reproduce, or induce
this process in order to exploit its unique ability within the creation of new materials
suitable for bone tissue regeneration. 3D printing tries to combine the ultimate technology
with the ancient principle of biomimesis. One of the most used approaches has been the use
of different mineral phases, such as hydroxyapatite (HA), within the composition of the ink
or as post-process modification. This, with the intention to not only to emulate, but also to
stimulate the biomineralization, triggers the process by making the cells perceive a suitably
functionalized environment and transforming the material from just osteoconductive to
osteoinductive (Figure 2) [20,76]. In order to stimulate bone regeneration, other biominer-
alized polymers, including silk, a well-known high strength polymer, were exploited as
biocompatible filler for 3D printing [77].

An alternative approach was devised by Romanazzo and collaborators. According to
this strategy, it is possible to promote the formation of mineralized constructs in a support
bath containing live cells and microgels, mimicking the complex and hierarchical structure
of native bone. In these conditions, cells were able to differentiate at the interface of the
constructs, while remaining multipotent in the intervening spaces, opening the potential
for fabricating gradient tissue structures and for future in situ fabrication of bone-like
tissues [78].

In this context, it is easy to understand how coatings to improve prosthetic implants
biomimetic features have been the first to arise, but in recent years this trend has reached
upgraded levels. For instance, Park and co-workers reported an osteoinductive coating
of polydopamine, biomineralized HA, and bone morphogenetic protein-2 of a 3D printed
polycaprolactone (PCL) structure elegantly exploits the advantages of three different strate-
gies to reach noteworthy results. A different approach, which departs from post-process
modifications and moves to the inclusion of biomineralization boosting elements into the
ink formulation, is proposed by Hernandez and collaborators. A complex 3D printed multi-
material system made of PCL and HA-loaded hydrogel for long bone defect regeneration
was developed. In this work, the PCL provided the appropriate mechanical support, while
the hydrogel composition supports cells, promoting biomineralization [75]. Recently, more
unconventional mineral phases, such as graphene oxide (GO) and black phosphorus (BP)
have been used with the same purpose, with promising results [79].

Indeed, Yang and co-workers used an innovative combination of bio-glass and black
phosphorus to devise three-dimensional therapeutic structures for localized photothermal
osteosarcoma treatment and subsequent bone regeneration (Figure 3), profit from black
phosphorus degradation to induce a phosphorus-driven in situ biomineralization [80].

A similar approach, but with different applications was exploited by Lin et al. They
used a biomineralization inspired process to create a synthetic graphene composite with
reshaping and self-healing features which can be used in a large variety of applications,
including energy storage to actuators [81].
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5 days of culture on the same scaffolds; (C) BMSCs proliferation at different timeframes (1, 3, and
5 days of culture) on the porous scaffolds with different HAP amount. Reproduced with permission
from Bioactive and Biocompatible Macroporous Scaffolds with Tunable Performances Prepared Based on
3D Printing of the Pre-Crosslinked Sodium Alginate/Hydroxyapatite Hydrogel Ink by S. Liu et al., 2019,
Macromolecular Materials and Engineering, 304 (4), 11 (doi:10.1002/mame.201800698). Copyright
2019 by John Wiley and Sons.
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Figure 3. Schematic illustration of scaffolds fabrication based on black phosphorous/bio-glass
(BP-BG) and devised for the elimination of osteosarcoma and the subsequent osteogenesis. These
scaffolds were produced by 3D printing a black phosphorus and bio-glass mixture (BP-BG). These
scaffolds can be exploited to promote osteosarcoma cells ablation upon light exposure. Subsequently,
the scaffolds, due to their osteoconductive and osteoinductive properties, can be degraded into the
main components of bone, promoting biomineralization and formation of new bone. Reproduced
with permission from 2D-Black-Phosphorus-Reinforced 3D-Printed Scaffolds: A Stepwise Countermeasure
for Osteosarcoma by Shi et al., 2018, Advanced Materials, 30 (10), 12 [80]. Copyright 2018 by John
Wiley and Sons.

3.2. 3D Predictive Models: From Cancer Study to Drug Testing

The scientific community has recently focused on the design and bioengineering of
innovative 3D culture systems able to overcome the well-recognized inadequacy of con-
ventional bi-dimensional (2D) in vitro models in recapitulating the complexity of in vivo
microenvironment [82–84]. 3D tools and technologies reproduce cellular heterogeneity,
tissue-specific ECM, and biological interactions in a more biomimetic way, providing
in vitro platforms which closely resemble native microenvironment. These biomimetic
materials can be exploited for basic biological studies, drug screening, and reproduction
of viable biological niches for in vivo transplantation. The biomineralization process is
an excellent strategy for the development of advanced biomimetic models, including 3D
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biomaterials, cellular coatings, and nanoplatforms with flexibility, diversity, and utility of
frameworks for a wide variety of applications [85,86].

Ye and co-workers [87] established a rapid biomimetic mineralization approach to
obtain a 3D porous and mineralized hydroxyapatite/collagen composite scaffold for bone
regeneration. By a custom synthesis process based on self-assembled collagen fibrils as fixed
template, the authors created an in vitro 3D bone-like niche seeded with human Umbilical
Cord Mesenchymal Stem Cells (hUCMSCs) with high cell viability, adhesion, proliferation,
and differentiation into osteoblasts due to the mineralized scaffold. A rabbit femoral
condyle defect model was tested to confirm the ability of the viable niche to facilitate bone
regeneration and repair over a period of 6–12 weeks. The mineralized collagen scaffold
seeded with hUCMSCs successfully promoted the healing of bone defect in vivo; as new
bone tissue formed, the scaffold gradually degraded and was absorbed, confirming the
promising use of the hUCMSCs-loaded bone-like niche for in vivo transplantation for bone
tissue regeneration.

The same concept was exploited by Menale et al. [71] in 2019 for a cell-therapy based
strategy. In this case, a biomineralized bone-like scaffold was used as a rationally designed
device conceived to be seeded with cells and subsequently transplanted in vivo to restore
or replace a missing function that cannot be completely renewed by only cells [88]. The
authors used the scaffold as productive factory of bioactive soluble osteogenic Receptor
Activator of Nuclear Factor k B Ligand (RANKL) directly secreted by seeded Mesenchy-
mal Stem Cells (MSCs) on the 3D support [89,90]. The scaffold, obtained through direct
nucleation of magnesium-doped hydroxyapatite (HA) nano-crystals on self-assembling
collagen fibrils (MgHA/Coll) by a pH-driven biomineralization process, showed structural,
compositional, and morphological similarities to the native bone ECM. The biomineralized
scaffold guarantees the development of an in vitro, viable, bone-like niche able to compen-
sate the RANKL factor deficit in Autosomal Recessive Osteopetrosis (RANKL-ARO) once
transplanted in vivo due to the continuous secretion by MSCs; the MgHA/Coll scaffold
promoted the differentiation of MSCs towards osteoclasts [91,92], helping to restore the
physiological functions of bone cells in a RANKL-/- mice.

Recently, the same MgHA/Coll scaffold was used as bone-like ECM to be seeded with
tumor spheroids, called sarcospheres, and parental cells of MG63 and SAOS-2 osteosarcoma
cell lines as enriched Cancer Stem Cells (CSCs) models with the final purpose of obtaining
a 3D in vitro CSC-niche of osteosarcoma (Figure 4) [73]. The material provided specific
physical-chemical and biomechanical stimuli to the critical pluripotent stem cell popu-
lation, giving birth to a 3D predictive in vitro model of CSC-niche of osteosarcoma with
enhanced stemness and niche-related properties compared to those seeded with parental
cells. Through an in-depth cellular and molecular characterization of sarcospheres, and an
optimization of the scaffold resembling tumor ECM, the authors were able to provide a
closely mimetic in vitro platform for tumor studies and CSC-specific drug screening [93].

A novel biomineralization-inspired cancer therapy has recently been developed as
proof-of-concept of advanced nanotechnological therapy. Natural mineral accumulation
is a significant biological process that, in abnormal cases, causes the excessive deposition
of calcium ions in damaged or defective tissues, leading to common pathologies, such as
kidney stones and vascular calcification [94]. The anomalous mineralization can be ex-
ploited as “biomimetic pathological mineralization” onto some tumor cells, such as human
cervical cancer cell line (HeLa), which can selectively assimilate, folate, and concentrate
calcium ions by the overexpression of folate receptor in cancer cells, creating a Cancer Cell-
Targeting Calcification-based therapy (CCTC) as reported by Zhao and co-workers [95].
On this trajectory, a biomineralization-inspired drug free strategy can be used to promote
cell death by creating a calcium phosphate (CaP) mineral cell coating that leads to the
agglutination of tumor cell nuclei without inducing normal cell death [95]. This approach
also showed promising results on metastasis, where the survival rate of pathological mice
improved significantly (up to 80%) due to the suppression of the metastasis by selective
calcification-based substitution of the tumor with curable sclerosis. However, the required
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concentration of calcium ions exceeds physiological levels, thus identifying an innova-
tive biomineralization-inspired material able to specifically accumulate ions in the target
tissue to facilitate calcium mineral nucleation is still a challenge that may be addressed,
for example, by the exploitation of specific ligand/antigens interactions on cancer cell
membranes [95]. Without a doubt, this concept can be used to eventually create in vitro 3D
biomineralized-based scaffolds able to specifically induce tumor cell death.
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Figure 4. Panel of figures of in vitro 3D model of Cancer Stem Cells (CSCs)-niche of osteosarcoma from [73]. (Under a
Creative Commons Attribution 4.0 International License) using biomineralized scaffolds based on collagen and magnesium-
doped hydroxyapatite (MgHA/Coll scaffold) as bone-like ExtraCellular Matrix (ECM). (A) Histological analysis after
Haematoxylin–Eosin (H&E) staining of the MgHA/Coll scaffold seeded with both cellular phenotypes, parental and
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OCT-4 immunolocalization in SAOS-2 sarcospheres in image (B); scale bar 50 µm. SOX-2 immunolocalization in MG63
sarcospheres in image (C); scale bar 25 µm. Blue DAPI: cell nuclei; green: OCT-4; and red: SOX-2.

Microcalcifications (MCs) also serve as diagnostic markers for breast cancer; breast
cancer screenings (e.g., mammography) frequently rely on MCs, and their chemical com-
position (e.g., calcium phosphate, apatite, calcium oxalate, etc.) is associated with tumor
malignancy [96,97]. However, due to the absence of sufficiently predictive 3D tumor
models, little is known about how they form in the body, their effective role in cancer
progression, or how cancer cells are involved in the mineralization process. Therefore,
Vidavsky and co-workers [98] exploited the role of biological induction of biomineral-
ization [99] for developing in vitro 3D model of breast tumor MCs to study the cellular
pathways involved in MCs formation as a function of malignancy potential. Mammary
multicellular spheroids were obtained by parent MCF10A benign human breast epithelial
cell line, MCF10DCIS.com [100] and MCF10CA1a [101] which derived from MCF10A and
possessed ductal carcinoma in situ (DCIS) and invasive tumors characteristics, respectively;
together, these three cell lines allow the modeling of varying stages of breast cancer, ranging
from non-malignant (MCF10A), pre-cancerous (MCF10DCIS.com), to invasive phenotype
(MCF10CA1a) allowing us to investigate the correlation between cell phenotype and MCs
formation. To ensure the physiological relevance of the model, the authors cultured cells
in ultra-low attachment conditions with media that contained calcium, magnesium, and
phosphate concentrations similar to the human body, but lacked any osteogenic agents in
order to observe the real malignancy potential of spheroids just by the development of MCs.
Obtained spheroids had diameters larger than 300 mm with low cell viability at the core
due to limited diffusion of oxygen and nutrients (Figure 5A). Interestingly, no particles are
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observed in the MCF10A spheroids (Figure 5B–D). Moreover, apatite MCs were primarily
detected within viable cell regions in the shells and their number and size increased with
malignancy potential of the spheroids; conversely, alkaline phosphatase (ALP) decreased
with malignancy potential, while osteopontin (OPN) increased. These findings support the
induction of a mineralization pathway by cancer cells in a manner that is linked to their
malignancy potential. This work offers an innovative exploitation of the mineralization
process, which allows us to both create more reliable 3D stage-specific cancer models by
inducing specific-MCs as indicators of malignancy potential and, consequently, use these
platforms to deeply investigate cancer pathways.
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Figure 5. Panel of figures of in vitro 3D culture model of breast cancer microcalcifications from [98]. (A) A schematic description
of the proposed mineralization pathways in the 3D in vitro breast cancer model of various tumor stages; while OPN expression
levels increase, ALP expression levels decrease with an increase in malignancy potential of cell line. Viable cell region in light blue,
necrotic core in gray, and calcification in red. (B–D) Mineralized particles in pre-cancerous MCF10DCIS.com spheroids core by SEM
magnified section in images; EDS spectrum in image C of asterisk-marked area showing the presence of calcium (Ca), phosphorus (P),
and sulfur (S). SRF maps of a spheroid section showing S, P, and Ca distribution in image (E). Ca K-edge XANES of the particle
marked in (E) and a hydroxyapatite standard in image (F). (G–N) Characterization of non-malignant MCF10A (G,I,K,M) and invasive
MCF10CA1a (H,J,L,N) spheroids at day 13 of culture; light microscope (G,H), 3D reconstructed volumes of spheroids (I,J), H&E
histological staining (K,L), and nanoCT data stained with iodine of the spheroids cross section (M,N). All the figures of this panel are
reproduced with permission from Studying biomineralization pathways in a 3D culture model of breast cancer microcalcifications by Vidavsky
et al., 2018, Biomaterials, 179, 12 (doi:10.1016/j.biomaterials.2018.06.030). Copyright 2018 by Elsevier.

In conclusion, few studies exploited biomineralization-inspired process for various
useful biomedical applications, from cancer modelling [73] to diagnosis markers [98],
showing the need to deeply investigate the potential used of this process independently
from conventional applications.
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3.3. Physical Filters against Solar Radiations

Sunlight is essential for our well-being; it is responsible for regulating our internal
clock, metabolism, immune systems, and for vitamin D production, essential for healthy
bones. Nevertheless, it is well-known that excessive exposure to the solar radiations can
cause serious damage to human health [102]. In particular, UVA (320–400 nm) and UVB
(290–320 nm) radiations are the main radiations to interact with the human body, and their
hazard relies in their ability to generate reactive oxygen species (ROS), which cause skin
photo-aging, sunburn, dermatitis, and can also evoke long-term health effects, such as
malignant tumors [103,104]. In this regard, the use of sunscreens composed of effective UV
filters as protective barriers, absorbing harmful UVA and UVB radiation, has become a
very important topic on which research is paying an increasing attention. UV filters can be
divided in two main classes, chemical or physical filters, but nowadays physical filters are
considered more attractive for sunscreens. Indeed chemical filters, despite having different
advantages [105], were proven to increase environment pollution [106], and resulted to
be harmful for human health [107]. For these reasons, physical filters, especially titanium
dioxide (TiO2) and zinc oxide (ZnO) [104], being able to shield the skin from both UVA and
UVB radiation, are the most commonly used. However, these also have some important
limitations, especially regarding their size and photocatalytic properties (Table 2). Indeed,
to decrease the difficult spreading and whitening effect on the skin, the particle size is
reduced to the nano-size range [108]. This entails that these particles are able to penetrate
deep layers of skin, causing phototoxic reactions [109]. Furthermore, TiO2 is known for its
high photocatalytic activity, generating reactive oxygen species (ROS), which can oxidize
and degrade other ingredients in the formulation, raising safety concerns [110]. Finally,
the main problem, relating all common UV-filters, is that, being mainly used on the beach,
the components of the cream are often released in water, causing damage to the marine
environment, coral blenching, and bioaccumulation in the fauna [111]. Considering all these
issues, attention is shifting towards the development of effective and safer UV-physical
filters for both humans and the environment.

Recently, Battistin and co-workers [112] reported a new class of UV-physical filters
through the combination of a common physical filter, TiO2, and dihydroxyphenyl benzimi-
dazole carboxylic acid (Oxisol) [113], an antioxidant molecule with booster effect. Boosters
can be small molecules, polymers, or other particles, that act on the rheological properties
of the formulation, but can also synergistically interact with the UV filters through antioxi-
dant mechanisms or interfere with the electronic processes of UV radiations absorption.
In particular, this work reported that Oxisol, functionalizing the surface of TiO2, is able
to increase the UV-protection, and also to stabilize TiO2 nanoparticles, preventing their
penetration to deeper skin layers. Furthermore, its booster activity, by means of antioxidant
effects, allows a reduction in physical filter content in sunscreen formulation and a signifi-
cant lowering of photocatalytic effect, typical of TiO2. Nevertheless, Oxisol is considered
as a low eco-sustainable sunscreen product. Thus, alternative, safer, and eco-sustainable
sunscreen products are currently under investigation.

In the last years, the sector of sunscreens shifted attention towards formulations con-
taining calcium phosphates (CaPs), especially hydroxyapatite (HA), the main component
of animal bones, due to their excellent biocompatibility, non-toxicity, and ability to partially
absorb UV radiation (Table 3) [114]. In the literature, there are some works related to
hydroxyapatite as physical filter; for instance, Rehab and collaborators [115] reported the
synthesis of ascorbic acid-modified, nanosized HA, stabilized with polyvinylpyrrolidone
(PVP), to act as a potential biocompatible and safe constituent of sunscreens. In detail, the
incorporation of the antioxidant ascorbic acid (vitamin C) [116] in HA particles maximizes
photoprotection against UV damage and removes reactive oxygen species (ROS), while
PVP prevent nanoparticles aggregation avoiding their skin permeation.

Another type of HA-based sunscreen has been shown by Morsy and co-authors [117],
who developed a multifunctional hydroxyapatite-chitosan (HA-chitosan) gel that works as
a natural antibacterial sunscreen agent for skin care. Through the simple coprecipitation
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method, thus avoiding use of toxic or high-cost materials, nanosized HA particles trapped
within the chitosan matrix were obtained. HA acts as a physical filter against solar radiation,
while chitosan acts as polymer matrix, able to avoid the agglomeration of particles and
to prevent skin penetration. Additionally, chitosan acts as a natural antimicrobial agent,
preventing skin wound infections caused by excessive sun exposure. Both works [115,117]
focused on the intrinsic photoprotective capability of hydroxyapatite, combining it with
other compounds to improve its absorption range in the UV region and to bypass the main
drawbacks related to this kind of material, such as nano-size and whitening effect.

However, several studies on HA [118,119] showed its lattice has the particular ability
to be modified through the doping with ions (such as Mg2+, Sr2+, CO3, Fe2+/3+, Zn2+,
and Ti4+), thus making it a multifunctional product, adaptable according to the requests.
Due to this, in the specific case of sunscreens, some works have reported that doping HA
with appropriate ions can lead to an increase in the value of protection factor without
necessarily having to combine other external components. In 2010, de Araujo et al. [120,121]
developed, through a chemical precipitation process, four different hydroxyapatites doped
with Cr3+, Fe3+, Zn2+, and Mn2+ ions, having better absorption properties than pure HA
in the UV region. Mostly, iron and manganese-doped HA showed the best absorption
features in the UV range, necessary to be an effective sunscreen, without creating problems
of toxicity or photocatalytic effect. Inspired by the previously published results [120,121],
another work [122] has reported an iron-doped HA-based material containing both Fe ions
(Fe2+/Fe3+) substituted into the hydroxyapatite lattice and iron oxide in hematite (α-Fe2O3)
form, successfully developed from waste fish bones with a simple treatment. This was the
first time an HA-based sunscreen has been synthetized, formulated in cream, and validated
as proof of concept. In detail, the introduction of iron ions in the HA lattice allowed an
increase in the absorption range in the UV-region, creating an effective physical filter, no
photoreactivity, and a potential safe option for cream formulation, starting from waste
by-products with several environmental benefits. Although iron is able to improve the
photoprotective abilities of hydroxyapatite, several studies reported that titanium has a
greater shielding power [123,124].

On the other hand, taking into account the photocatalytic problems associated with
the use of titanium dioxide within sunscreens, some recent works shifted attention to-
wards titanium as Ti4+ ions, developing titanium-doped hydroxyapatite. Yasukawa and
Tamura [125] were the first to demonstrate the effective protection from solar radiations of
titanium-hydroxyapatite suspensions combined with cerium ions (TiCeHA). In particular,
it was revealed that the Ti4+ ions and Ce3+ ions absorbed another range of UV: UVB and
UVA, respectively. Therefore, the simultaneous use of these ions further enhances the
UV absorptive ability and by changing their contents in TiCeHA it is possible to create a
physical filter suitable for shielding from UVA and/or UVB. Given the potential of these
compounds, it would be interesting to evaluate the development of a new UV-physical
filter composed of titanium-doped hydroxyapatite and biopolymers obtained by a nature
inspired calcium-based biomineralization process [126]. Considering the problems associ-
ated with “classic” commercial sunscreen, having a physical filer not only able to shield
solar radiations, but also safe for the human body and eco-friendly, could be the solution
to overcome the main UV-filters drawbacks.
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Table 2. Advantages and drawbacks of some physical filters.

Physical Filter Advantages Drawbacks

TiO2-Oxiol [112]
• Booster UV-shield
• Stabilize nanoparticles
• Antioxidant effect

• Low ecosustainable
• Photocatalytic effect
• No biocompatible

HA-Ascorbic Acid [115]
• High UV-shield
• No toxic residual (ROS)
• Biocompatible

• Low chemical stability

HA-Chitosan [117]

• Antibacterial activity
• Low-cost material
• Biocompatible
• Eco-sustainable

• Low UV-shield

ions-doped HA (Cr3+, Fe3+,
Zn2+, Mn2+,

Ti4+) [120,121,125]

• Biocompatible
• High UV-shield
• Eco-friendly
• No photocatalytic effect
• Stabilize nanoparticles

Table 3. Differences between chemical, physical and hydroxyapatite (HA)-based physical filters.

Chemical Filter Physical Filter HA-Based Physical Filter

• Absorb UV-rays [105];
• Not degradable [106];
• Lypophilic [107];
• Partial penetration of UV-rays in the skin [107];
• Harmful for the environment [106].

• Reflect UV-rays [104];
• Not degradable [106];
• Cause whitening effect [108];
• Avoid penetration of UV-rays [104];
• Photocatalytic effect [110];
• Nanoparticles penetration [109];
• Harmful for the environment [111].

• Absorb and reflect UV-rays [114];
• Biodegradable [126];
• Avoid whitening effect [127];
• Ecosustainable [114];
• No-photocatalytic effect [127];
• Avoid particles penetration [127].

3.4. Nano and Micro Drug Delivery Systems

Bioceramics are widely used as components of implants for bone and teeth restoration.
Nowadays the advanced processing techniques and the new synthesis strategies allow the
incorporation of drugs, bioactive molecules, or cells within them or on their functionalized
surfaces. In this regard, bioceramics and biomineralized materials can be exploited as
drug delivery or controlled release in several applications, such as nanomedicine, wound
healing, and bone regeneration [128,129].

Local antibiotic release is a promising and effective procedure for delivering drugs
at the implantation site. With this strategy, antibiotic was loaded on a scaffold in order to
both promote bone regeneration and to prevent common bacterial infections happening
after surgery. In this way, scaffolds act as carriers for local antibiotic release to avoid
following implant removal due to osteomyelitis (Figure 6) [130]. Different drugs can be
loaded into the scaffolds, including anticancer drugs. For instance antitumoral drug-loaded
scaffolds can be used to restore large bone defects after tumor extirpation, resulting in
tumor inhibition with low levels of systemic toxicity [131–134].
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Often, in orthopedic, maxillofacial, and dental surgery, whether the defect size is com-
plex or irregular, bioceramic beads are used to induce bone tissue regeneration [135–137].
In the last decades, some research has been focused on the possibility, not only to promote
tissue regeneration due to bioceramics beads, but also to modify the functionalization of
them with several active molecules such as antibiotics, anticancer agents, and osteogenic
agents to act themselves as drug delivery vehicles [129,138–140].

Ceramic component contributes to the mechanical stability and bioactivity of the
structure; however, its adsorption of drugs often is featured by weak bonds leading to an
initial burst release [140–142]. To overcome this issue, polymers can be added, forming
a composite material endowed with a fine chemical and physical control of the drug
adsorption and release [143,144]. These polymeric and bioceramic phases can be used
as separated phases or as a single mixed phase. For example, hydrogel/bioceramic core-
shell beads can be developed, by means of concentric nozzles or microfluidics exploiting
both advantages of the two phases; polymers can preserve the drug, avoiding an initial
excessive release, whereas ceramics contribute to the mechanical stability and bioactivity
of the structure for a synergic and effective loading and sustained release of proteins [145],
or drugs [146] (Figure 7), as well as cells [147].

For example, Raja and co-workers fabricated a multifunctional core-shell bead struc-
ture featured by a hydrogel shell composed of alginate including cells around a ceramic
core made of α-tricalcium phosphate (α-TCP) loaded with Quercitin dihydrate, a well-
known phytochemical used for the treatment of osteoporosis [129]. The core-shell beads,
immersed in PBS, lead to the formation of bone-like low-crystalline apatite from α-TCP
that provides structural integrity to the bead, along with a surface for the growth of cells
embedded in the hydrogel shell. Researchers demonstrated a slow release of quercetin
throughout the entire 120 days testing period, together with the formation of a homogenous
cell layer on the ceramics structure, due to cells loaded into the hydrogel. Finally, they
showed that in the region in which hydrogel and ceramics are strictly in contact, cell growth
was specifically increased, highlighting the potential of the core-shell model for further
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material–cells interaction study [129]. This kind of composite belongs to promising class of
materials able to load different types of drugs and cells to produce highly biofunctional
beads, which provide an effective bone substitute for both drug delivery and bone tissue
regeneration [8,147,148].
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Moreover, calcium-based biomineralization paves the way to promising and very
interesting materials where ceramics composites are nucleated onto the organic phase,
as previously described, creating a single and very reactive phase that combines the
advantages of the two phases. Furthermore, thanks to the possibility of introducing
doping ions into apatite lattice, the resulting phase will be featured by different and new
functionalities, in addition to those normally occurring in vivo, such as high bioactivity,
biocompatibility, and biodegradability. Doping with magnesium or Zn ions, for example,
is possible to confer antimicrobic properties essential to prevent bacterial infection or in
wound healing [149,150].

The encapsulation of antibiotics in nanocarriers such as bioceramics allows the elim-
ination of microorganisms by releasing a high antibiotic dose at a target site before the
development of resistance [151]. Furthermore, many researchers demonstrated that ions
present in hydroxyapatite can promote the antibacterial activity of the device. For instance,
Ain and co-workers demonstrated that vancomycin-loaded HA had a slower release in
comparison with pure vancomycin and also an enhanced antibacterial activity due to the
presence of ions in the HA structure [140].

On the other hand, doping with Fe ions results in an interesting superparamagnetic
apatite phase, able to be exploited in diagnostic field as a contrast agent or therapeutic
field, due to the possibility to move it by an external magnetic field or to release drugs by
means of magneto-shaking [4,139,152,153].

Concerning that point, Patricio and collaborators have developed a bio-hybrid mi-
crosphere obtained through the biomineralization of iron-doped hydroxyapatite (FeHA)
within an organic matrix. In this case, the organic matrix is an animal-free recombinant
peptide based on human type I collagen (RCP) enriched with RGD motif. The resulting
material is bioresorbable, biocompatible, and can enhance cell adhesion. Through the fine
tuning of the emulsification process, the resulting hybrid microsphere is endowed with a
monomodal size dispersion, low crystallinity, and superparamagnetic properties typical of
FeHA [4,23,154–156].

The resulting microspheres displayed excellent osteogenic ability with human mes-
enchymal stem cells, and were able to provide a slow release of recombinant human bone
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morphogenetic protein-2 (rhBMP-2) within 14 days. Furthermore, the release profile can be
finely tuned by application of pulsed electromagnetic field, thus highlighting the potential
of remote controlling the bioactivity of the new micro-devices, an interesting feature for
their application in precisely designed and personalized therapies.

To conclude, the administration of therapeutic agents is still a major concern of
medicine, as the systemic dose prescribed needs to be high to ensure the suitable dose in
the target area, causing several collateral effects. The synergy between bioceramics and
drugs therapy has paved the way to several possibilities, especially in bone pathologies,
anticancer therapy, and heart diseases [157–159].

4. Conclusions and Future Perspectives

Biomimetic approaches are very promising for the design of advanced and multifunc-
tional materials. The application of self-organization has wide potential for the tailoring
structure, composition, properties, and function of materials from nano- to macroscale.
Additionally, the calcium-based biomineralization process can be finely tuned by changing
the environmental conditions (e.g., pH), doping ions, and organic network. Biomineralized
materials can be tailored to address specific issues, including devising of materials for
regenerative medicine, as well as 3D predictive models and development of drug deliv-
ery systems. Furthermore, these hybrid materials display an excellent resource to devise
physical filters able to prevent UV-light-induced danger.

We believe this review will point out the future development of calcium-based biomin-
eralization process for the creation of materials in several applications. Indeed, some issues
need to be addressed, including the industrial production scale up and the sustainability—
both economic and environmental—of the production.
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