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Abstract: Mineralized biomaterials have been demonstrated to enhance bone regeneration compared
to their non-mineralized analogs. As non-mineralized scaffolds do not perform as well as mineralized
scaffolds in terms of their mechanical and surface properties, osteoconductivity and osteoinductivity,
mineralization strategies are promising methods in the development of functional biomimetic bone
scaffolds. In particular, the mineralization of three-dimensional (3D) scaffolds has become a promising
approach for guided bone regeneration. In this paper, we review the major approaches used for
mineralizing tissue engineering constructs. The resulting scaffolds provide minerals chemically similar
to the inorganic component of natural bone, carbonated apatite, Ca5(PO4,CO3)3(OH). In addition, we
discuss the characterization techniques that are used to characterize the mineralized scaffolds, such
as the degree of mineralization, surface characteristics, mechanical properties of the scaffolds, and the
chemical composition of the deposited minerals. In vitro cell culture studies show that the mineralized
scaffolds are highly osteoinductive. We also summarize, based on literature examples, the applications
of 3D mineralized constructs, as well as the rationale behind their use. The mineralized scaffolds
have improved bone regeneration in animal models due to the enhanced mechanical properties
and cell recruitment capability making them a preferable option for bone tissue engineering over
non-mineralized scaffolds.

Keywords: bone; tissue engineering; mineralization; biomaterial; scaffold

1. Introduction

1.1. Engineering Bone Scaffolds

The major functions of bone include assisting with movement, providing skeletal support,
protection of critical organs, production of blood cells, mineral storage and homeostasis, and blood pH
regulation. These important functions make bone repair and regeneration critical to restoring patient
functionality following bone injury or damage [1].

During the natural process of bone repair, the first thing to form is a hematoma at the site of
fracture or bone loss. This hematoma serves as the source of various growth factors (interleukin-6 (IL-6),
insulin-like growth factor (IGF), transforming growth factor β (TGF-β), fibroblast growth factor (FGF),
and vascular endothelial growth factor (VEGF)) for bone regeneration [2]. These growth factors promote
the recruitment of mesenchymal stem cells that are committed to the osteoblast lineage, a process
mediated by canonical Wnt/β-catenin pathway [3,4]. The site then undergoes both intramembranous
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and endochondral ossification to form a mineralized callus as a result of the osteogenic cell activities [5].
The mature bone tissue is ultimately regenerated due to the growth and remodeling of this callus [6].
During the beginning of the bone repair process, the recruited mesenchymal stem cells, osteoprogenitor
cells and osteoblasts, need to attach to an osteoconductive scaffold for cell activities to proceed [7].
The absence of such scaffold, whether it be natural or artificial, will hinder bone regeneration and
fibrous tissue may fill the defect prior to bone tissue [8]. In circumstances where a scaffold composed of
the natural matrix, such as when there are remaining bone fragments and periosteum, is not available
a tissue engineered scaffold is indispensable for bone regeneration.

Natural bone consists of an extracellular matrix comprised primarily of collagen fibers,
hydroxyapatite (HA), interstitial fluid, and cells [9,10]. Approximately 10% to 30% of bone is comprised
of a porous, hard, outer layer (i.e., cortical bone), and the remaining 70% to 90% is comprised of a
porous, inner layer (i.e., cancellous bone) [11]. Closely matching these properties of natural bone with
engineered implants is a great challenge when repairing bone defects, as the closer the resemblance,
the greater the chance of the scaffold being accepted by the body and promoting new tissue growth.
As the properties of the outer and inner layers of bone are dramatically different, an ideal bone scaffold
needs to meet varied requirements of mechanical strength and physical structure. The mechanical
properties that close to natural bone will be beneficial for bone scaffolds. [12]. Young’s modulus varies
from 18.6 to 20.7 GPa for cortical bone and 10.4 to 14.8 GPa for cancellous bone [13]. The scaffold
should also be osteoinductive and osteoconductive so that the osteoblasts can adhere and form new
bone [14]. A biomimetic mineral matrix, which increases osteoinductivity and osteoconductivity,
is thus indispensable for proliferation and differentiation of osteoblasts. The scaffold should also
support angiogenesis, as vessels are needed to transport nutrients and oxygen to, and waste products
away from the developing, and eventually matured, bone [15,16]. Thus, a multi-scale, porous scaffold,
with a pore size of at least 100 µm, should be considered as that conveniently allows for blood vessel
development and matches natural bone structure [17]. An ideal scaffold should also be biodegradable
and biocompatible in vivo [12], provide micro-architectures that are similar to natural bone [18],
and should degrade at a rate matching that of the bone regeneration in the host, in order to provide
sufficient space for continued tissue growth [19].

1.2. Conventional Scaffolds for Bone Tissue Engineering

Traditionally, bone grafts such as autografts and allografts, have been used to treat diseased,
degenerated, or defective bone. Although the utilization of bone grafts has had limited success in
clinical practice, these costly procedures have complications, including risk of infection, graft rejection,
and weak osteoinductivity. Therefore, there is a clinical demand for safe, cost-effective, and reliable
alternatives to the current bone grafting materials and techniques [20].

To provide a safer and more effective alternative, the development of bone tissue scaffolds
has been at the forefront of tissue engineering research for the past few decades [21]. The currently
available methods for creating scaffolds use natural or synthetic materials, or a combination of the
two [22,23] (Figure 1). Some of the commonly used natural materials include starch-based polymers [24],
chitosan [25], collagen [26], alginate [27], and calcium phosphate (CaP) of organic origin [28–30].
Synthetic materials used in scaffolds include polyethylene glycol (PEG), polycaprolactone (PCL),
poly(lactic-co-glycolic acid) (PLGA), urethanes, calcium phosphates of inorganic origin [31,32],
and calcium carbonate [33,34]. The primary techniques used to fabricate conventional scaffolds from
these materials are 3D printing, solvent casting, freeze-drying, gas foaming, and electrospinning [35,36].

1.3. Limitations of Currently Available Scaffolds

One of the major challenges of generating bone scaffolds is developing a biomaterial that has
characteristics and functions similar to natural bone. The factors associated with scaffold functionality,
such as porosity, surface and mechanical properties, biocompatibility, and biodegradability are also
very important for developing artificial bone scaffolds. Conventional scaffolds often are limited in these
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factors. For example, a biocompatible and pliable polymer-based scaffold may not be able to induce
osteogenic differentiation, and the ceramic scaffolds may be too brittle for some applications [27,30].
Due to these limiting factors, many of the traditional methods of fabrication and resulting scaffolds
may not meet expectations.Bioengineering 2020, 7, x FOR PEER REVIEW 3 of 24 
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Several factors contribute to the poor long-term performance of currently available bone scaffolds.
First, the incongruity of the mechanical properties of the scaffolds and the bones they are connecting to
can cause stress, thereby hampering bone resorption in the long-term [37]. Second, a lack of appropriate
interactions, depending on porosity and surface properties such as roughness, between the scaffolds
and tissue microenvironments results in a failure to facilitate bi-directional cellular communication,
and thus, tissue growth. For example, non-mineralized hydrogel-based scaffolds are typically unable
to strongly integrate into the host bone. Finally, the poor degradability of current scaffold options can
be an obstacle to continued tissue growth and regeneration as the scaffold continues to take up space
preventing new bone from forming in the scaffolds place [38]. There are scaffolds that are fabricated
with materials, for example bioactive glass, ceramics, or decellularized bone, that can overcome some
of these limitations [39]. However, none of these single component materials are able to address all of
the current limitations of the available scaffolds such as the lack of osteoinductivity and/or adequate
mechanical properties, or their failure to mimic the native bone. For example, these scaffolds made of
mineral-based materials are not tunable and are brittle. However, this limitation can be compensated
for by combination with other polymetric materials. In this study, the approaches that improve upon
current, non-mineralized scaffolds via mineralization are summarized.

1.4. Mineralized Scaffolds

Researchers have developed techniques for growing or incorporating hydroxyapatite into
biomaterial scaffolds to enhance bone regeneration [40]. The scaffolds fabricated with this biomimetic
approach are referred to as “mineralized scaffolds”. For the sake of this paper we will not be
considering scaffolds already made of mineral materials, for example decellularized scaffolds, to be
“mineralized scaffolds”. The mineralization process facilitates the deposition of minerals in the presence
of organic molecules created by osteoblasts. It is a naturally occurring event in biologic systems,
although it also can be artificially induced. [41]. For bone tissue engineering, the goal of the artificial
mineralization process is the creation of a modified form of hydroxyapatite (carbonated apatite,
Ca5(PO4,CO3)3(OH)) that is similar to the mineral composition of natural bone [42]. Hydroxyapatite is
primarily formed of calcium and phosphate, with a Ca/P ratio close to 1.67, therefore making Ca2+ and
PO4

3− the most important ions for mineralization [43].
The bioactivity of a specific bone substitute for implantation, as well as its ability to stimulate the

natural healing process within the surrounding tissue, can be significantly enhanced by the creation of
hydroxyapatite deposition on the scaffold [44,45]. This is because the osteoprogenitor cells, which are a
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form of mesenchymal stem cells, and osteoblasts are more likely to attach to a mineralized surface,
which is rough, than a smooth one with the help of thrombospondins and vitronectin. There will
also be an increased secretion of thrombospondins and vitronectin by the already better attached,
and therefore more successful cells, furthering their attachment [46–48]. The early cell attachment to a
mineral matrix, such as a mineralized scaffold, is crucial for bone healing as the differentiated cells are
able to keep recruiting cells of the osteoblast lineage by secreting colony stimulating factors (CSFs),
TGF-β, and bone morphogenetic proteins (BMPs) [46,49]. The mineral matrix allows osteoblasts to
deposit the extracellular collagen that will make up the collagen matrix. Ca2+ and PO4

3− are secreted by
vesicles from within the osteoblasts and precipitate in the environment. Thus, new mineralization will
be achieved when these hydroxyapatite crystals form on the collagen matrix [50]. Therefore, with the
help of the mineralized scaffolds, the cell activity and callus formation are significantly improved for
bone regeneration.

Mineralization can also improve the mechanical properties of a scaffold, which subsequently allows
for the promotion of the differentiation of stem cells and/or progenitor cells towards an osteoblastic
phenotype [51]. According to Wolff’s law [52], the applied load to a defect site is crucial for new bone
development, especially during the maturation of woven to lamellar bone. If a scaffold cannot sustain
the minimal load required to achieve this, then certain key stages of cellular development will not be
met. However, a stiff material like metal can cause stress shielding that will result in the loosening of
the implant and bone resorption causing the implant to fail [53]. Therefore, scaffolds that can provide
the proper, and stable, mechanical properties which closely resemble natural bone, are favorable [54].

Polymeric scaffolds, especially hydrogels and fibers, have evolved as promising biomaterials
for various tissue engineering applications, including bone. These materials are cellularly compatible
and hydrated, and have tunable material properties (i.e., size, shape, swelling, degradation,
mechanical properties, pore size, porosity). However, on their own, they are typically not suitable for
applications in hard tissues such as bone [55]. Naturally derived, synthetic, or composite scaffolds
can be modified to simulate bone properties through mineralization. In this review, the fabrication
techniques (Figure 2), assessment techniques, and application of scaffolds in bone tissue engineering
are summarized.
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2. Fabrication of Mineralized Biomaterials

2.1. Mineralization by Simulated Body Fluid (SBF)

One approach used for achieving biomimetic mineralization, in order to produce a mineralized
scaffold, is to mineralize a polymer construct in simulated body fluid (SBF). SBF is a medium with
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ion concentrations similar to those of human plasma [56,57]. The ion concentration of an SBF solution
affects the amount and growth speed of mineralization of the biomaterial scaffolds. For instance,
a mixture of PCL and cellulose acetate (CA), at various compositions, was used to fabricate nanofibrous
PCL/CA nonwoven membranes [58]. The membranes were incubated in SBF in order for biomimetic
mineralization to occur and the mineral deposition in the resulting mineralized scaffolds was confirmed
by X-ray differentiation patterns and Fourier Transform Infrared Spectroscopy. Pre-osteoblasts were
then seeded on the mineralized scaffolds, which were shown to be biocompatible by a CCK (Dojindo’s
cell counting kit-8) assay which detects the formazan that is produced by the living cells.

Nanocomposites, such as nanofibers, have also been used to construct bone scaffolds that were
then mineralized with SBF. The researchers fabricated poly(lactic acid) (PLA) nanofibers that had
been mineralized in SBF [59]. Osteoblast-like (MG63) cells were cultured on these scaffolds and the
cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay,
which showed the favorable biocompatibility of the mineralized scaffold. The mineralized scaffolds
were then implanted in a rabbit model to treat a femur defect. The in vivo result was consistent with
the in vitro study, in that the mineralized scaffold induced significantly more bone formation in the
defect compared to the non-mineralized implants.

Another type of scaffold, which is composed of titanium with a coating of polydopamine
(PDA) on its surface, inspired by mussels, facilitated mineralization after incubation in SBF [60].
Calcium phosphate agglomerates were formed on the PDA coated titanium surface and were confirmed
to be hydroxyapatite crystals. Another surface coating technique involves the use of negatively charged
functional groups, such as hydrogen phosphate (PO4H2−) or carboxylic acid (COOH−), to chemically
modify the surfaces of tissue engineered scaffolds. The negatively charged functional groups, and thus
modified surface of the scaffold, enhances the minerals’ ability to deposit onto the scaffold. In one study
that was conducted, self-assembled monolayers (SAMs) of alkanethiols containing different terminal
groups were fabricated into a scaffold. A SAM of alkanethiol that contained PO4H2− and COOH−

negatively charged groups induced mineralization and HA nucleation after SBF incubation [61].
Various types of hydrogel-based scaffolds have also been shown to improve with mineralization

in SBF. Mineralization in SBF has been achieved in double network (DN) hydrogels, which were
fabricated from poly (ethylene glycol) diacrylate (PEGDA) and methacrylated poly(gamma-glutamic
acid) (mPGA) [62]. The resulting DN hydrogels exhibited improved mechanical properties (306 kJ/m3

in toughness) as well as low cytotoxicity. Hydroxyapatite-like minerals were formed within the DN
structure and enhanced the mechanical properties further to make the scaffold suitable for bone
regeneration. A gelatin hydrogel was treated by phosphorous oxychloride to form the phosphate ester
of gelatin, and the modified hydrogel was then mineralized via SBF [11]. The degree of phosphorylation
in the scaffold from the phosphorous oxychloride treatment affected the total mineralization of the
scaffold in SBF (Figure 3).

In another study, PLGA scaffolds were mineralized in SBF and seeded with bone marrow
stromal (BMS) cells and adipose-derived adult stromal (ADAS) cells before implantation into cranial
defects in mice [63]. Firstly, the mineralized scaffolds greatly enhanced cell attachment and allowed
osteoblasts to produce further mineralization on the scaffolds, compared to no further mineralization
on the non-mineralized scaffolds. Then, BMS and ADAS were able to induce intramembranous bone
formation after 2 weeks of implantation on the mineralized scaffolds. Therefore, the mineralized
scaffolds promoted new bone formation, whereas non-mineralized PLGA scaffolds failed to facilitate
substantial regeneration.

Collagen films and some polymeric scaffolds are too fragile to be used as bone scaffolds, and,
even if mineralized, the apatite coating formed on their surfaces are susceptible to delamination upon
drying [64–67]. In some of these such cases, the minerals formed by incubation in SBF can disintegrate
even under small loads (0.05–1.2 kg) [66]. However, this limitation may be avoided by choosing a
scaffold that is able to support mineralization. Mineralization in SBF can take time, but it is possible to
speed up the process of mineralization in 5× SBF due to the higher ion concentrations. Concentrated SBF
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with collagen (1 g/L) has been used to form a collagen-apatite coating on porous poly(L-lactide) (PLLA)
films [68]. Researchers have revealed the fact that concentrated SBF can accelerate the mineralization
process in vitro. The coating was reported to closely mimic the surface of natural bone.
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2.2. Sequential Mineralization via Deposition of Calcium (Ca2+) and Phosphate (PO4
3−)

Another method of mineralization is sequential mineralization, the deposition of minerals through
consecutive immersion of the scaffolds in an ionic solution. For the purposes of generating bone
scaffolds, these solutions are typically calcium- (Ca2+) and phosphate- (PO4

3−) based [55] (Figure 4).
Collagen matrices presoaked in a PO4

3− solution have been subsequently immersed in a Ca2+ solution
to create crystal polymorphs on the matrices, thus creating mineralized scaffolds. These resulting
scaffolds have shown improved osteoconductivity when implanted into a rat model, compared to
the bare collagen matrices, as the osteoblasts were able to attach on the mineralized matrix and
generate further mineralization. Hutchens et al. (2009) showed the formation of calcium-deficient
hydroxyapatite (CdHAp) after sequential incubation of cellulose scaffolds in 100 mM calcium chloride
(CaCl2) and 60 mM sodium phosphate dibasic (Na2HPO4) solutions [69]. The elastic modulus and
compressive strength were increased by the CdHAp reinforcement and the tensile strength was
decreased. The mineralized scaffold also showed a decreased degradation rate in vitro which indicated
that the CdHAp was chemically bonded to the cellulose fibers.

Through the sequential mineralization of an agarose hydrogel, an enamel-like structure was
created, in the absence of cells or enamel proteins [70]. The supply of Ca2+ and PO4

3− ions, from CaCl2
and Na2HPO4 solutions respectively, induced the formation of the enamel-like structure in this
particular model. The amorphous precursors were formed by the ions that bound to the organic
surface of the hydrogel. Then, the matrix-mediated mesophase transformations induced the oriented
crystallization of the precursors and formed the enamel-like mineralization. Sequential incubation of
polyacrylic acid (PAA) hydrogels in ammonium phosphate dibasic ((NH4)2HPO4) solution and calcium
nitrate (Ca(NO3)2) solution has also been carried out in order to obtain mineralized biomaterials [71].
A similar method of subsequent treatments in calcium and phosphate solutions was used to prepare
mineralized chitosan hydrogels, as they were sequentially soaked first in a CaCl2 solution, and then
in a Na2HPO4 solution. The deposition of minerals was then confirmed to be hydroxyapatite in the
resulting samples [72]. The biocompatibility of these mineralized scaffolds was confirmed using an
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MTT assay, which showed the good cell viability for both mineralized and non-mineralized scaffolds,
which confirmed the mineralization will not affect the biocompatibility of the substrate scaffold.
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collagen (BMC) and traditional mineralized collagen (TMC) were used to repair critical sized cranial
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There is also a very similar method to sequential mineralization that generates the mineralization
using one solution containing both Ca2+ and PO4

3− ions, rather than using two separate solutions.
Gellan gum (GG), which is a negatively charged and naturally derived polymer, has been mineralized
through incubation in an aqueous calcium glycerophosphate (CaGP) solution [73]. The study showed
that mineralized GG hydrogels are suitable for bone tissue engineering. The negatively charged
carboxyl groups in GG causes electrostatic repulsion between the negatively charged groups and the
negatively charged alkaline phosphatase (ALP) molecules that are entrapped in the GG hydrogel. This
repulsion results in the release of the ALP, which then supports bone formation. The Young’s modulus
of the scaffold was increased because of increase in ALP concentration that went along with the
mineralization. As the repulsive forces within the GG hydrogel results in the release of the ALP, which
then recruits osteogenic cells and guide osteogenic differentiation, and the scaffold has an increased
concentration of ALP, the mineralized scaffolds are more osteoinductive. Thus, the mechanically
improved and osteoinductive scaffold can further improve the bone formation. ALP was also used in
another study to hydrolyze β-glycerophosphate in order to release the inorganic phosphate group,
which then further reacted with calcium, from a CaCl2 solution, to cause mineralization of collagen films,
which served as the scaffold [74]. The calcium phosphate phase was identified and the cementoblasts
were cultured on the mineralized scaffolds to show the suitable biocompatibility.

The deposition of Ca2+ and PO4
3− ions is highly effective in mineralizing biomaterials for bone

tissue engineering [67,69,71,72]. However, the source of Ca2+ and PO4
3−, and the concentration of

each solution, can cause the Ca/P ratio to vary dramatically. Thus, extensive experiments need to be
performed to optimize the conditions in order to obtain the favorable Ca/P ratio, close to 1.67, for the
mineral created by sequential mineralization.

2.3. Mineralization by Cells

Cell sheets of osteogenic lineages can be used to obtain mineralized scaffolds for tissue engineering
since certain types of cells naturally deposit minerals in their environment. In thermosensitive Petri
dishes, Flores et al. (2008) cultured periodontal ligament (PDL) cells in osteogenesis media. After the
cell sheet formed a mineralized layer, the cell sheet was lifted by lowering the temperature of the Petri
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dish. The mineralized cell sheets, which acted as mineralized scaffolds, were then implanted in rats to
repair periodontal fenestration defects. The results showed fibrous tissue formation, PDL cell growth
in the mineralized layer of cementum-like tissue, and significant periodontal regeneration [75].

Another method for using cells to fabricate mineralized scaffolds involves the culture of bone
marrow stromal cells, also known as bone mesenchymal stem cells (BMSCs), on 3D scaffolds in flow
perfusion bioreactors. For instance, in one study, BMSCs were isolated from rat bone marrow and then
seeded into a PLLA scaffold. The scaffold was then cultured in a flow perfusion bioreactor with a flow
rate of 0.6 mL/min. A calcified extracellular matrix was generated on the scaffold and confirmed by
an ortho-cresolphtalein complexone method [36,76,77]. The resulting scaffold was able to induce the
upregulation of bone sialoprotein, runt related transcription factor 2 (RunX2), and BMP-2 in BMSCs.
Another study used BMSC sheets to generate mineralized scaffolds [78] (Figure 5). The formation
of minerals within the BMSC sheets by the cells were confirmed by Alizarin red staining after a
two-week culture period, prior to the injection of the cell sheets into polycaprolactone/hydroxyapatite
(PCL/HA) composite scaffolds, which had been placed in critical-sized tibial defects (3 cm) of sheep.
The BMSC sheets were transferred to a syringe using a pipette, injected into the PCL/HA composites
to induce mineralization of the scaffold up to a year. After 3, 9, and 12 months, the mineralized
scaffolds had significantly improved bone regeneration in comparison to the non-mineralized scaffolds.
The Micro-computed tomography (micro-CT) scans showed the complete bridging of newly formed
bone tissue, which entirely filled the defect after 12 months. In contrast, the non-mineralized scaffold
group still had a void where the defect was. The histology study showed the scaffold was well
integrated with the partially regenerated bone close to the native bone, indicating the scaffold was
biocompatible. One limitation, however, is that cell sheets are fragile and difficult to handle, which makes
it difficult for this mineralization technique to be standardized. Nevertheless, mineralization is necessary
for these scaffolds to achieve comprehensive bone regeneration.
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permission from [78].

2.4. Mineralization by Direct Incorporation of Minerals

Minerals can also be directly incorporated into biomaterials to fabricate hybrid scaffolds with
reinforced properties. These mineral-reinforced biomaterials have proven to be useful in bone tissue
engineering applications [1,79]. For instance, a study incorporated hydroxyapatite into poly(lactide/

glycolide) scaffolds in order to obtain osteogenic constructs. The resulting composite scaffolds caused
higher levels of cell adhesion and proliferation, as well as inducing higher osteogenic differentiation
for the adipose-derived stem cells when compared to the non-mineralized scaffolds [80,81].
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The generation of composites with mineralized nano- or micromaterials is an effective strategy
for improving the mechanical properties of biomaterials and rendering them suitable for bone tissue
engineering [82,83]. In a recent study, Wu et al. (2019) reinforced protein-based hydrogels with
chicken eggshell microparticles (ESP) for bone tissue engineering [84]. The compressive strength of the
hydrogels was significantly improved by the addition of ESP and the scaffolds were demonstrated
to be highly osteoinductive. The pre-osteoblasts were encapsulated in the ESP-reinforced hydrogel
and pristine hydrogel. After seven days, the ALP activity of the cells was significantly higher in the
ESP group than the gel group. The osteocalcin expression was also determined by polymerase chain
reaction (PCR) at day 14 as a late osteogenic differentiation maker. The result showed significant higher
gene expression in ESP group as well. These studies demonstrate that scaffolds that are reinforced with
minerals have improved osteogenic activity.

3. Assessment of Mineral Deposition

3.1. Quantification of Mineral Deposition

Thermogravimetric analysis (TGA) is a technique where the mass of a sample is measured over
time while the sample is heated at a specific rate with controlled airflow [85]. Organic materials
usually exhibit mass loss at continuously elevated temperatures, and these mass losses can be
characterized by TGA to provide information about the sample’s composition, thermal behavior, and
thermal stability. This technique has been used in the characterization of the mineral component of
mineralized hydrogels, nanofibers, and other polymeric scaffolds since heating to a certain temperature
(dependent on the scaffold material) removes all components of the scaffold other than the minerals, and
the remaining mass of minerals is determined. The balance of the instrument determines the sensitivity
of TGA, usually 0.1 µg [86], which is sensitive enough to quantify and determine the composition of
the mineral deposition on a scaffold. Douglas et al. (2016) used TGA to show that the incorporation of
ALP into GG hydrogels induced the formation of an appetite-like material at the sub-micron scale.
The GG hydrogels that had ALP and were mineralized experienced better mineralization than the
GG hydrogels without ALP that, when mineralized, experienced less mineralization. The mineralized
samples with or without ALP were heated up to 800 ◦C to identify only the mineral weight, as the rest
of the scaffold had gasified. The percentage of remaining weight at 800 ◦C was significantly higher for
the GG gels with ALP (50%) than without ALP (25%) after 7 days of mineralization. This showed that
there was more mineral growth on the scaffolds with ALP than without, and their study also showed
that increasing the concentration of ALP increased the amount of calcium phosphate deposited onto
the scaffold. This increase in mineral deposition resulted in an increase in the stiffness of the scaffolds
as well [87]. Salama et al. (2017) fabricated a biohybrid material with cellulose grafted soy protein
isolate and then mineralized the material in SBF [88]. TGA was performed to assess and confirm
the formation of hydroxyapatite after the mineralization process. However, TGA may not always be
a feasible characterization technique, specifically if the matrix material of the scaffold has a higher
melting range than that of the minerals.

3.2. Characterization of the Chemical Composition

Fourier-transform infrared spectroscopy (FTIR) has been used for the chemical characterization of
hydrogels [69,73], fibrous scaffolds, [89,90] and polymeric biomaterials [91] in bone tissue engineering.
This technique is utilized to study the chemical functional groups present in the biomaterials [92].
For example, Cao et al. (2013) used FTIR to study artificially created enamel-like structures and
demonstrate the presence of phosphate groups, an important component of natural enamel, on the
etched enamel surfaces [70]. The phosphate groups showed in the 520 to 660 cm−1 and 1037 to 1117 cm−1

regions for their sample, which confirmed the presence of HA. Douglas et al. (2014) used FTIR to
confirm the formation of CaP in hydrogels in the presence of ALP [73]. FTIR has also been used to
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provide evidence of CaP formation in enzymatically mineralized collagen gels [55]. Furthermore,
Vo et al. (2017) used FTIR to determine the formation of apatite-like minerals in a gelable hydrogel [93].

The beam area is much bigger for FTIR compared to dispersive instruments, such as
energy-dispersive X-ray spectroscopy (EDS), which means more infrared energy will reach the
detector, and therefore the sensitivity is much higher. Due to this high sensitivity, lower concentration
samples such as 30 ppm can be analyzed using FTIR. One limitation of regular FTIR is that this method
is typically used for qualitative analysis rather than quantitative analysis. However, the attenuated total
reflection (ATR)—FTIR is an effective way to perform quantitative analysis for mineralized samples [94].

EDS performs localized chemical analyses by bombarding a solid sample with a focused beam
of electrons [95]. EDS is a powerful method for determining the elemental composition of, as well
as the relative abundances of the elements in, the material tested. EDS has been used to evaluate the
formation of mineral deposits in both hydrogels [9,62,93] and fibrous scaffolds [96,97]. For example,
Tomomatsu et al. (2010) used EDS to show that mineral directing gelator (MDG) peptide-based
hydrogels induced the formation of hydroxyapatite in the presence of CaCl2, β-glycerophosphate,
and ALP as previously described [74]. EDS is performed together with scanning electron microscopy
(SEM) as researchers need SEM to locate the point of the material that is being analyzed, as well as to
generate the electron beam. The EDS resolution is based in the SEM instrument and the result may also
be affected by the astigmatic beam [98].

Inductively coupled plasma-optical emission spectrometry (ICP-OES) uses the emission spectrum
of a sample to identify, and quantify, the elements that it contains. More specifically, the constituent
elements can be identified by their characteristic emission traces, and then quantified by the intensity
of those traces [99]. The sensitivity of ICP-OES varies from 0.05 µg/L to 200 µg/L for different elements,
and the precision is outstanding (0.3–2% RSD). However, there are limitations when using ICP-OSE for
non-metallic elements as they are on the lower end of the sensitivity spectrum. The required liquid
form of the sample may also limit the use of this technique in some cases. Using a dissolution method
to generate the minerals is essential when considering using ICP-OES.

In mineralization studies, ICP-OES has been used to confirm the presence of Ca and P, as well
as to quantify these minerals [74,88]. For example, Douglas et al. (2017) used ICP-OES to determine
the chemical composition of the minerals in the study’s mineralized hydrogels, confirming the
presence of Ca, Mg, and P. [100]. In this study, ALP-loaded GG hydrogels were mineralized via
incubation in a medium containing Ca glycerolphosphate and/or Mg glycerolphosphate. The effects of
the mineralization medias with different ratios of Ca glycerophosphate:Mg glycerophosphate were
then compared, also using ICP-OES.

3.3. Characterization of the Crystal Structure

X-ray diffraction (XRD) is a technique used for determining the atomic and molecular structure of
a crystallite material [101]. After irradiating samples with X-ray, different X-ray diffractions appear,
which represent the different atomic distribution within the sample. XRD has been used to identify
and analyze the (002) and (112) typical reflections for crystalline structures of minerals on the surfaces
of hydrogels [9,73], polymeric, and fibrous scaffolds [96,97]. The crystalline structure is crucial to
examine because it has important implications in rendering the scaffolds more osteoinductive and
osteoconductive. Crystalline apatite is more stable environment in that it degrades more slowly than
amorphous apatite [102,103]. The slower degradation rate ensures the long-term osteoinductivity and
osteoconductivity of the mineralized scaffold and prevents the over-saturation of the environment that
can be caused by the quickly dissolving amorphous apatite. The fast degradation of the mineralization
can also result in a burst release of the degradation product, which may lead to undesirable outcomes.
Moreover, at the beginning of bone regeneration, only amorphous apatite is created by the recruited
osteoblastic cells and thus is responsible for the cells’ bonding to an osteoconductive scaffold [7,103].
The cells can hardly form bone tissue with mature crystalline hydroxyapatite without any form of
natural or artificial scaffold, such as bone fragments or artificial crystalline hydroxyapatite.
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The presence, and overall orientation, of the crystalline phases of the mineral layers in mineralized
scaffolds have previously been evaluated by XRD [9]. XRD was also used to show the presence of HA
nanocrystals in hydrogel scaffolds [73], and to differentiate between the crystal structures of fluorapatite
(FA) and HA [70]. In another study, Furuichi et al. (2006) fabricated a calcium phosphate-based organic
polymer composite, with a hierarchical structure, via the calcification of a poly(acrylic acid) hydrogel.
The group then used XRD to demonstrate the formation of layered structures comprised of HA
crystals [71]. XRD is known for its sensitivity, resolution, straightforward operational procedure,
and speed. XRD is also able to provide quantitative analyses when given the standard reference
of a pure material. For some instruments, the powder size of the sample is critical, and this may
limit the range of applications if the sample from the scaffold cannot be ground finely enough [104].
The crystal structure that is identified using XRD is crucial in the evaluation of the success of biomimetic
mineralization as the HA in natural bone is in crystalline form.

3.4. Surface Characterization

Scanning electron microscopy (SEM) is a conventional electron microscopy approach used for
surface structural characterization of materials [105,106] (Figure 6). By scanning the surface with a
focused beam of electrons, images of the material’s surface are produced to reveal topographical
and compositional information [12]. In another study, the morphology of enamel regeneration based
on mineralized agarose hydrogels was characterized by SEM in a time-dependent manner [70].
The continuous growth of prism-like crystals on the enamel was observed every two days. SEM has
also been used to determine the layered structure that results from the precipitation of calcium
phosphate on cross sections of poly(acrylic acid) hydrogel scaffolds containing ALP [71]. The ALP
facilitated the CaP formation in SBF, as shown by the significant increase in the CaP clusters in the
SEM images.

Bioengineering 2020, 7, x FOR PEER REVIEW 11 of 24 

crystalline hydroxyapatite without any form of natural or artificial scaffold, such as bone fragments 
or artificial crystalline hydroxyapatite.   

The presence, and overall orientation, of the crystalline phases of the mineral layers in 
mineralized scaffolds have previously been evaluated by XRD [9]. XRD was also used to show the 
presence of HA nanocrystals in hydrogel scaffolds [73], and to differentiate between the crystal 
structures of fluorapatite (FA) and HA [70]. In another study, Furuichi et al. (2006) fabricated a 
calcium phosphate-based organic polymer composite, with a hierarchical structure, via the 
calcification of a poly(acrylic acid) hydrogel. The group then used XRD to demonstrate the formation 
of layered structures comprised of HA crystals [71]. XRD is known for its sensitivity, resolution, 
straightforward operational procedure, and speed. XRD is also able to provide quantitative analyses 
when given the standard reference of a pure material. For some instruments, the powder size of the 
sample is critical, and this may limit the range of applications if the sample from the scaffold cannot 
be ground finely enough [104]. The crystal structure that is identified using XRD is crucial in the 
evaluation of the success of biomimetic mineralization as the HA in natural bone is in crystalline 
form. 

3.4. Surface Characterization 

Scanning electron microscopy (SEM) is a conventional electron microscopy approach used for 
surface structural characterization of materials [105,106] (Figure 6). By scanning the surface with a 
focused beam of electrons, images of the material’s surface are produced to reveal topographical and 
compositional information [12]. In another study, the morphology of enamel regeneration based on 
mineralized agarose hydrogels was characterized by SEM in a time-dependent manner [70]. The 
continuous growth of prism-like crystals on the enamel was observed every two days. SEM has also 
been used to determine the layered structure that results from the precipitation of calcium phosphate 
on cross sections of poly(acrylic acid) hydrogel scaffolds containing ALP [71]. The ALP facilitated the 
CaP formation in SBF, as shown by the significant increase in the CaP clusters in the SEM images. 

 
Figure 6. SEM images for the SBF-mineralization of bioglass 45S5-incorporated electrochemically 
aligned collagen (BG-ELAC) scaffolds. (D–F) showed increased mineralization crystals compared to 
the smooth surfaces of (A–C), respectively. Adapted with permission from [105]. 

Transmission electron microscopy (TEM) is another microscopy technique, using a beam of 
electrons that transmits through a sample to produce an image. TEM captures details at the atomic 
level, which provides detailed information, such as about the crystal structure of the minerals 
forming on the hydrogel, polymeric, or fibrous scaffold that is being imaged [107]. TEM has been 
used to demonstrate the presence of hydroxyapatite nanoparticles in layered scaffolds. Researchers 
have fabricated a layered structure using PAA and then mineralized that scaffold using sequential 

Figure 6. SEM images for the SBF-mineralization of bioglass 45S5-incorporated electrochemically
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Transmission electron microscopy (TEM) is another microscopy technique, using a beam of
electrons that transmits through a sample to produce an image. TEM captures details at the atomic level,
which provides detailed information, such as about the crystal structure of the minerals forming on the
hydrogel, polymeric, or fibrous scaffold that is being imaged [107]. TEM has been used to demonstrate
the presence of hydroxyapatite nanoparticles in layered scaffolds. Researchers have fabricated a layered
structure using PAA and then mineralized that scaffold using sequential mineralization with Ca2+ and
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PO4
3− solutions. The formation of hydroxyapatite nanoparticles on the scaffold, without a specific

crystallographic orientation, was then confirmed by TEM [71].
Both SEM and TEM provide high resolution images with an optimal spatial resolution around

1 nm and 50 pm, respectively [108]. Because of this, electron microscopy is widely used and considered
indispensable for characterizing the surface structure of modified tissue engineering scaffolds. However,
the sophisticated sample processing for non-conductive material may limit the use of electron
microscopy for some bone scaffolds. Moreover, to expose the cross-section of a tiny structure is difficult
and the assistance of other characterization techniques is required [109].

3.5. High-Resolution 3D Imaging

Micro-CT imaging is a nondestructive imaging method that generates images and measurable
parameters of a sample within a 3D space [18,110]. High-resolution micro-CT has been commonly
used to image and analyze cancellous and cortical bone morphologies, allowing for their comparison
to biomimetic scaffolds [111,112]. This technique can also provide quantitative measurements such
as the volume-to-surface ratio of the pores in the scaffolds, which is difficult to obtain using other
techniques [112]. Lin et al. (2003) used micro-CT to analyze poly(L-lactide-co-DL-lactide) hydrogel
scaffolds and quantified the micro-architectural parameters as a function of the polymer concentration
prior to mineralization in order to help predict both mineralization success and compressive mechanical
properties post mineralization [113]. With increasing polymer concentrations, the volume fraction
decreased consistently due to the micro-architectural changes in the average strut thickness, spacing,
and density. The utilization of micro-CT demonstrated that these biodegradable, porous polymer
scaffolds with micro-architectural features could facilitate vascular invasion and cellular attachment
with biomimetic mechanical properties comparable to those of cancellous bone. Micro-CT provides
researchers with a 3D image of the examined sample, and both the volume and density of the
scaffold or bone tissue can be quantified. A high-resolution micro-CT can contribute 9 nm resolution.
However, the high dosage of X-ray radiation that is associated with micro-CT is not recommended for
living animals [114,115].

3.6. Mechanical Testing

The mechanical properties, such as compressive strength, tensile strength, and stiffness, of the
scaffolds affect the macroscopic mechanical environment that provides the physical stimulation that
the bone cells require for regeneration [7]. A successful bone scaffold should be able to provide
adequate and stable stiffness that increases the cell migration velocity and then supports callus
formation [116,117]. The dynamic mechanical analyzer (DMA) is widely used to determine the
mechanical strain and stress response of a sample to applied compressive, and tensile forces [118].
Based on the strain and stress, Young’s modulus (stiffness), compressive strength, and tensile strength,
can be determined for scaffolds [119]. For bone scaffolds, the compressive strength and tensile strength
represent the maximum force to break the scaffold in compressive and tensile ways, and the Young’s
modulus is usually used for indicating the stiffness of materials [120].

DMA is a high sensitivity technique for mechanical testing [121]. The ramping force can be set
from 0.0001 N to 18 N, and the force resolution is 0.00001 N [122]. DMA is appropriate for analyzing
a broad range of materials, in a broad range of temperature (−150 to 600 °C) [123,124]. For example,
Yang et al. (2017) performed mechanical testing of their mineralized double network hydrogel [62].
The compressive testing showed the enhanced stress, strain, and toughness of the mineralized samples.
Rauner et al. were able to mineralize double network hydrogels, which were fabricated with triethylene
glycol dimethacrylate (TEG) and poly-N,N-dimethyl acrylamide (PDMA), in CaGP solution with the
help of ALP [125]. The goal of this study was to increase the stiffness of the hydrogel scaffold to make
it more suitable for bone tissue engineering. The physical stimulation such as compressive load is
needed for osteogenic lineage cells to differentiate, and the bone scaffold should be able to provide such
support [126]. DMA was used to determine the change in Young’s modulus (stiffness) of the scaffolds
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being mineralized over time. The stiffness was increased after the scaffolds had been mineralized for
four days.

Though the literature has suggested than an increase in the bulk stiffness of a scaffold directly
leads to an increase of bone regeneration [127], stress shielding is a concern for metal scaffolds, which
have an innately high stiffness. Pobloth et al. designed two mechanical distinct mineralized Ti mesh
scaffolds (soft and stiff) based on the mechanical testing technique to show how stiffness affects bone
regeneration [128]. The two types of scaffolds were then implanted in a critical sized (4 cm) tibia defect
in a sheep model, and the bone regeneration was monitored from four weeks to 24 weeks. The softer
scaffold showed less stress shielding effect and achieved earlier and greater bone regeneration than the
stiffer scaffold. However, many mineralized scaffolds are not based in a metal scaffold and thus are
starting off far softer and require mineralization to reach a level of stiffness that makes them adequately
able to support bone regeneration.

4. Applications of Mineralized Biomaterials in Bone Tissue Engineering

4.1. Mineralized Bone Scaffolds with Improved Osteoconductive and Osteoinductive Activity

Mineralization is an efficient way to improve the mechanical properties and bioactivity
of engineered bone scaffolds, thus increasing their osteoconductive and osteoinductive activity.
Minerals are stronger than the initial scaffold material, thus enhancing the mechanical properties of the
entire scaffold. They also provide better attachment sites for the osteogenic lineage cells to differentiate
and proliferate to form new bone tissue. Researchers have mimicked the composition of natural bone
through mineralization of scaffolds, prior to their cellularization, in order to fabricate better functioning
bone grafts (Table 1).

Biomimetic scaffolds have mechanical and structural properties that are more supportive to
osteogenic lineage cells, their mineral composition supports further natural mineralization by the cells,
and these scaffolds have increased acceptance by the body. For example, polyacrylic acid/hydroxyapatite
(PAA/HA) composites exhibited mechanical properties that were similar to those of natural bone thus
improving the scaffolds’ functionality [71].

Various types of bone scaffolds have been fabricated to demonstrate the importance of
mineralization [60]. In one study, Ti foil, bio-glass, paper, and poly(methyl methacrylate) (PMMA)
were coated with polydopamine and mineralized by SBF, and then seeded with pre-osteoblasts.
The mineralized biomimetic surfaces of these scaffolds demonstrated improved cell adhesion.
The pre-osteoblasts generated ECM that was attached on the mineralized biomimetic surface and
proliferated. The ECM served as new matrix for new cells to attach, as well as allowing for cell-cell
communication. The high cell viability showed the non-cytotoxic behavior of the mineralized scaffolds.

Enzymatically mineralized gellan gum-based hydrogels have also been shown to be suitable for
bone regeneration [73]. ALP was loaded into the hydrogels and assisted mineralization in calcium
glycerophosphate solution for two and six days. The resulting amount of mineral deposition on
the scaffolds was determined using TGA, which showed the ALP improved the mineralization
significantly on day six. Human fibroblasts were then cultured on the scaffolds to demonstrate
the cytocompatibility using an MTT assay. The in vitro cell culture experiments revealed high cell
attachment and proliferation.

Another study showed that mineralized PLGA scaffolds facilitate the osteogenic differentiation of
adipose-derived adult stromal (ADAS) cells as the ADAS on the mineralized scaffolds initiated
intramembranous bone formation in the critical-size skeletal defects in a mouse model [63].
After 12 weeks, complete bony bridging was formed within the critical sized defect (5 mm) and
the new bone consisted of 92–99% implanted stem cells.
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Table 1. Representative studies using mineralization approaches for bone regeneration.

Scaffold Substrates Mineralization Method Main Experiments Results Advantages Disadvantages Reference

Type I collagen fiber
Sequential mineralization

by calcium and
phosphate solutions "

Calculation of steric
energies and elastic

energy storage

The elastic modulus was
improved, and more elastic
energy was stored for the

mineralized fiber

The method can be applied
for various proteins to

fabricate true biomimetic
material

The mechanical properties
are low for these fibers

Landis et al., 2006
[26]

Bacterial cellulose hydrogel
Sequential mineralization

by calcium and
phosphate solutions

Mechanical testing, XRD,
FTIR, and SEM

Calcium-deficient
hydroxyapatite was formed

The mineral structure similar
to natural bone apatite

The tensile strength was
decreased for the mineralized
sample and the compressive

strength was not tested

Hutchens et al.,
2009 [69]

Ti, stainless steel, Si, gold, glass,
poly(styrene)poly(methyl

methacrylate),
polydimethylsiloxane. Si3N4,
filter paper, nylon membrane

filter, and
polytetrafluoroethylene

Polydopamine was coated
on the surfaces of the

substrates. The coated ones
were then incubated in SBF

SEM, TEM, XRD,
high-resolution

dispersive Raman
microscope and

pre-osteoblast culture

Natural inorganic crystalline
hydroxyapatite was formed

on the surfaces of
all substrates

This method enables the
hydroxyapatite formation on

various synthetic
biomaterials with favorable

cell viability

For some materials, this
method is not the most

effective way

Ryu et al., 2010
[60]

Peptide amphiphile (PA) fiber Combining PA solution
with CaCl2 solution

Regeneration of a
critical-size femoral
defect in a rat model

The phosphorylated serine
residues promoted

mineralization and therefore
enhanced bone regeneration

The scaffold can regenerate
bone tissue in a defect that

will not heal on its own

The mechanical properties
are low for these fibers

Mata et al., 2010
[129]

Chitosan/PEGDA hydrogel Incubation in SBF SEM, TEM, XRD, FTIR
and TGA

Crystalline hydroxyapatite
was form on the porous 3D

hydrogel network

The bulk mineralization is
achieved for the

biomimetic scaffold

The in vitro or in vivo study
should be performed for the

osteoinductivity and
osteoconductivity for

the scaffold

Zhong and Chu,
2012 [56]

PCL/cellulose acetate nanofiber Incubation in SBF Cell viability assay
and SEM

The mineralization improved
mechanical properties and

ensured the excellent cellular
compatibility

Osteoblasts showed good
attachment on the nanofibers

and normal spreading
morphology

The mature osteoblasts were
directly used in this study.

The osteoinductivity remains
unknown for this scaffold

Joshi et al., 2015
[58]

PCL/HA coated with
calcium phosphate

BMSCs from sheep were
cultured and to engineer

cell sheet. After the scaffold
was implanted in the defect,

the BMSCs were the
injected to the defect

Regeneration of a
critical-size tibia defect in

a sheep model

Large amount of regenerated
bone tissue and complete

bridging of the defect for the
BMSC group

This method not only
provided the mineralization

for scaffolds, but also
delivered primary cells

A secondary surgery is
needed. Though the cell
sheet was injected, the

animals were
under anesthesia

Berner et al., 2015
[78]
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Table 1. Cont.

Scaffold Substrates Mineralization Method Main Experiments Results Advantages Disadvantages Reference

Cellulose grafted soy
protein isolate Incubation in SBF FTIR, TEM, XRD, TGA,

and cytotoxicity tests

Rod-like nanocrystal
hydroxyapatite was formed

on the scaffold with good
biocompatibility

The soy protein isolates
successfully modified the
cellulose and induced the

mineralization

The mechanical testing and
bioactivity of the scaffold

remain unknown

Salama et al., 2017
[88]

Collagen, chitosan, poly(lactic
acid), and

poly(lactic-coglycolic acid)

Calcium and phosphate
solutions were added to the

polymer solution
before crosslinking

XRD, SEM, TGA,
mechanical testing and
biocompatibility testing

The micro-sized porous
structure with

nanohydroxyapatite crystals
were created for the scaffolds
with good biocompatibility

The micro-nano structure is
beneficial for combining bone

morphogenetic protein
which will enhance the bone

regeneration

The degradation rat of
different materials, as long as
the formed nHA, may have
unexpected impact on bone

regeneration

Zou et al., 2019
[40]

Gelatin based hydrogel
Micro-sized eggshells were

added to the polymer
solution before crosslinking

SEM, mechanical testing,
and real-time polymerase

chain reaction for
osteogenic

differentiation makers

The eggshell micro-particles
were well embedded in the

hydrogel network and
induced the osteogenic

differentiation of
pre-osteoblast

The eggshells improve the
mechanical properties of the
weak hydrogel substrate and
provide natural minerals as a

common kitchen waste

The high cell activity induced
by the eggshells may result in
a faster biodegradation rate

of the hydrogel substrate

Wu et al., 2019
[84]
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Bio-integration of implants into the existing tissue is another crucial parameter that aids in tissue
regeneration. For example, a chitosan sponge was fabricated and BMP-7 and pyrophosphatase was
encapsulated in the sponge [130]. The pyrophosphatase induced the mineralization of the scaffold.
The mineralized scaffold was then injected to fill the 6 mm segmental defect in the femur of a
rat model. The minerals and the BMP-7 in the scaffold were shown to serve as a chemoattractant
for BMSCs that can guide cell migration. The osteogenic cell recruitment is essential to initiate
bone regeneration and mineralization not only attracts cells, but also further improves the cell
attachment. Mata et al. (2010) fabricated peptide amphiphile (PA) hydrogels with phosphoserine
residues, which can nucleate hydroxyapatite crystals [129]. Arginylglycylaspartic acid (RGD) was also
incorporated into the hydrogels to further improve the cell attachment. These mineralized hydrogels
were then used to repair critical-sized femoral defects (5 mm) in rats and showed similar, and
slightly improved, outcomes compared to allogenic bone grafts. The mineralized RGA-PA hydrogel
showed 24.8 mm3 of bone volume regenerated while the allograft showed 23.6 mm3. This result
confirmed that these mineralized scaffolds were biomimetic and could be used as a substitute to
natural bone grafts, a current conventional treatment option. The biomimetic scaffolds produced by
mineralization techniques can also overcome some of the drawbacks that natural bone grafts have,
such as the immune response associated with rejection in allografts and the secondary surgery needed
for autografts. The mineralization approach can be applied to various types of biomaterials including
hydrogels, inorganic scaffolds, and fibers, and produces bone scaffolds with improved surface and
mechanical properties as well as osteoinductive and osteoconductive properties.

4.2. Drug Delivery

Mineralization can also be used for drug delivery applications in vivo, in conjunction with
scaffold implantation. This is to help decrease infection rate by providing antibiotics or to promote
growth by delivering supporting growth factors. The porosity of composite scaffolds makes these
materials suitable delivery vehicles for controlled drug release. For drug loaded mineralized scaffolds,
the release profile is tunable, as the release rate of the drug is directly related to the drug’s affinity
to the minerals and the degree of mineralization can be controlled. [131]. One example involved the
use of CaP coated PLGA microparticle composites for the delivery of Simvastatin [132]. The CaP
coating endured the controlled disintegration of the polymer and therefore controlled the drug release.
Future studies may be needed for this scaffold to show osteoinductive and osteoconductive properties.
In another study, CaP-reinforced, macroporous, chitosan scaffolds were fabricated by a thermally
induced phase-separation technique [133]. An antibiotic compound, gentamicin sulphate, was then
loaded into the scaffolds. The porous structure of this composite resulted in improved, extended drug
release in an in vitro test when compared to the scaffolds without the CaP particles.

Mineralization is also a feasible method for incorporating water-soluble, anti-bacterial agents into
polymer scaffolds [134]. For example, researchers loaded antibiotic ciprofloxacin in a hydroxyethyl
methacrylate scaffold, and then incubated the scaffold in SBF for mineralization [135]. The mineralized
scaffold was then shown to release the antibiotic, as well as support cell growth and osteogenic
differentiation of rat bone marrow mesenchymal cells. Similarly, for alveolar bone regeneration,
one group electrospun PLGA/collagen/gelatin nanofibers and mineralized the fibers in 10X SBF [136].
The deposited minerals allowed growth factors (bone morphogenetic protein-2, platelet-derived growth
factor, and fibroblast growth factor-2) to be loaded onto the nanofibers. The mineralization, and the
released growth factors, promoted the regeneration of bone to fill a critical-sized alveolar defect in a
rat model after four weeks. Mineralization on its own not only supports osteogenesis but can also be
used to facilitate in-situ drug release. Scaffolds that release small biomolecules such as growth factors,
are beneficial for the recruitment, proliferation, and differentiation of cells, which are important for
tissue engineering.
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5. Conclusions and Further Directions

Mineralized scaffolds are promising candidates when it comes to implantable biomaterials for
bone repair and regeneration. Future mineralization studies should focus on the mechanisms through
which mineralized scaffolds interact with the native environment in order to best improve bone
regeneration. Better understanding these mechanisms will likely lead to higher functioning scaffolds.
Existing mineralized scaffolds have been shown to improve osteoblast adherence and proliferation,
as well as to have osteoinductive properties for the differentiation of pre-osteoblasts and progenitor
cells. However, in these reports, researchers did not discuss the possibility that the mineralized scaffolds
could also serve as stem cell niches where osteogenic cells could attach and further differentiate in vivo.
Furthering scaffolds’ ability to recruit the progenitor cells from the broken end of periosteum would
allow the healing process to be accelerated due to intramembranous osteogenesis [137].

The effects of scaffold mineralization on biodegradation, cytotoxicity, and mechanical properties
should be carefully evaluated for engineering the bone tissue. Drawbacks can occur when an amorphous
mineral has a burst degradation [103] causing a rapid increase in the environment’s calcium ion
concentration which can be toxic to the local cells. Other commonly used non-mineralized materials
such as metals, ceramics, and polymers will not have this potential limitation.

The minerals deposited in 3D scaffolds by mineralization processes can disintegrate before
scaffold degradation occurs. Further work is necessary to ensure strong adhesion of the minerals to
the scaffolds [60,138–141]. Biodegradation rates influence the rates at which the mechanical properties
change over time. An ideal bone scaffold should be able to provide the proper mechanical support
for 12 weeks and degrade after there is complete bone regeneration. The material properties of the
scaffolds also need to be further studied to optimize the porosity and pore size for cellular applications.
The potential immune response to the minerals should also be considered when implementing
mineralization [142]. If the mineral particles are not surrounded by bone-forming cells, they could
become encapsulated by foreign-body giant cells. In that case, chronic inflammation would significantly
hinder regeneration of the bone. The effect of mineralized scaffolds on long bone defects has not yet
been investigated extensively.

Mineralized scaffolds are promising alternatives to non-mineralized biomaterials for bone tissue
engineering. The presence of minerals augments the mechanical and surface properties of 3D scaffolds,
as well as their osteoinductivity and osteoconductivity, thus improving their regenerative abilities for
repairing diseased or damaged bone.
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