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(IADR). Sašo is a previous federal president of the Australasian Osseointegration Society (AOS)

and the Australian Society of Periodontology (ASP). He is a Fellow of the International College

of Dentists (FICD), Academy of Dentistry International (FADI), Pierre Fauchard Academy (FPFA)

and International Team of Implantology (ITI Senior Fellow). He has published over 200 papers in

the peer-reviewed literature and leads an internationally recognized research group focusing on

regenerative dentistry and tissue engineering, as well as clinical periodontics and implant dentistry.

Karan Gulati is a Research Group Leader and the Deputy Director of Research at the School of

Dentistry, The University of Queensland. Dr Gulati is a pioneer in electrochemically nano-engineered

implants with over 11 years of extensive research experience using nano-engineering towards various

bioactive and therapeutic applications. He completed his PhD from the University of Adelaide in

2015 and was awarded the Dean’s Commendation for Doctoral Thesis Excellence. His career has

been supported by prestigious fellowships from NHMRC (National Health and Medical Research

Council, Australia), JSPS (Japan Society for the Promotion of Science, Japan), Erasmus+ (Germany)

and the University of Queensland.

Abdalla Abdal-hay is a biomaterials and tissue engineering expert researcher with a strong track

record in the field. His research group (Ali3B) at the School of Dentistry, University of Queensland

focuses on developing advanced biomaterials with multifunctional characteristics that meet the

essential requirements for biomedical applications. Ali’s research is focused on developing functional

biomaterials, nanotechnology, additive manufacturing, and biodegradable metallic implants. In the

last 10 years, Ali has published three book chapters and >70 publications in leading journals in

dentistry and tissue engineering, as well as clinical periodontics and implant dentistry.

vii





Citation: Gulati, K.; Abdal-hay, A.;

Ivanovski, S. Novel Nano-Engineered

Biomaterials for Bone Tissue

Engineering. Nanomaterials 2022, 12,

333. https://doi.org/10.3390/

nano12030333

Received: 18 January 2022

Accepted: 19 January 2022

Published: 21 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Editorial

Novel Nano-Engineered Biomaterials for Bone
Tissue Engineering

Karan Gulati 1,*, Abdalla Abdal-hay 1,2,* and Sašo Ivanovski 1,*

1 Centre for Orofacial Regeneration, Reconstruction and Rehabilitation (COR3), School of Dentistry,
The University of Queensland, 288 Herston Road, Herston, QLD 4006, Australia

2 Department of Engineering Materials and Mechanical Design, Faculty of Engineering,
South Valley University, Qena 83523, Egypt

* Correspondence: k.gulati@uq.edu.au (K.G.); abdalla.ali@uq.edu.au (A.A.-h.); s.ivanovski@uq.edu.au (S.I.)

This Special Issue of Nanomaterials explores the recent advances relating to nano-
engineered strategies for biomaterials and implants in bone tissue engineering. Spanning
across the orthopaedic and dental settings, nano-engineered biomaterials surpass the bone
regeneration and integration performance of conventional macro- and micro-scaled bio-
materials [1–3]. Resorbable biomaterials, including extracellular matrix (ECM)-mimicking
nanofibrous scaffolds fabficated from natural or synthetic sources [4], and nanoscale modi-
fied non-resorbable metal-based implants [5], have shown promising outcomes, as demon-
strated in various investigations [6]. The enabling effective local therapeutic action without
any potential cytotoxicity, while maintaining clinical translatability has further advanced
the fabrication of highly bioactive biomaterials, addressing challenges associated with
conventional counterparts [7].

The aim of this Special Issue is to highlight key nano-engineering attempts that
challenge current clinical standards and advance the domain of bone tissue engineering.
This multidisciplinary Special Issue will inform the readers of the future prospects in
this domain, bridging the gap between research and clinical translation. To this end,
leading scientists across the globe have contributed a total of eight original research,
communication-style research and review papers, presenting novel nano-engineering
strategies that highlight advances in bone tissue engineering.

Hydroxyapatite (HA) is biocompatible and non-immunogenic, and has been widely
applied as a scaffold or towards surface modification for biomaterials/implants [8]. In an
extensive review, Fu et al. detailed inorganic nanomaterial-based therapy with a focus on
Ca-P compounds (nano-hydroxyapatites), nano-silica and metallic nanomaterials (Ti, Mg,
Zn, Au and alloys) that advance biomineralization and bone defect repairing [9]. Next,
Dumitrescu et al. compared the fabrication, characterization and in vitro performance
of nano-hydroxyapatite and xenografts [10]. In this study, powder synthesized from egg
shells and treated with a microwave-assisted hydrothermal technique (HA1), alongside two
commercial xenograft powders, Bio-Oss® and Gen-Os®, were characterized, and the results
revealed that the surface of the HA1 nanoparticles and internal mesopores contributed to
augmented biocompatibility and osteoconduction abilities. Further advancing nano-HA
research, Cestari et al. reported on the extraction of HA nano-powders from cuttlefish
bones, mussel shells, chicken eggshells and bioinspired amorphous calcium carbonate,
which were consolidated into cylindrical pellets (via uniaxial pressing and sintering) [11].
Characterizations involving SEM, XRD, ICP/OES and in vitro cytotoxicity evaluations
confirmed that phase composition depends on the Ca/P ratio and the HA source, and
that cellular functions were influenced (with the best cell adhesion for 900 ◦C sintered egg
shell-derived nano-HA). The abovementioned studies highlighted that biomimetic and
biogenic HA-based nanomaterials hold great promise for bone regeneration applications.

While biomimetic HA may be effective at promoting osteogenesis, mechanical strength
and tissue volume remain challenging. To address this, Choi et al. explored the fabrication
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of a composite hydrogel using biphasic calcium phosphate (BCP) and gelatin methacry-
late (GelMA), and performed preosteoblast proliferation and differentiation assessment
in vitro [12]. The findings showed that the composite maintained the volume/shape of the
hydrogel and upregulated cell viability and bone differentiation ability.

It is known that the inability to achieve high purity and a lack of appropriate fabrication
techniques may limit the application of synthetic HA in bone tissue engineering. Lim
et al. reported on the synthesis of human teeth-derived bioceramics and tested its bone
regeneration potential in mice calvarial defects in vivo [13]. The bioceramics showed no
adverse effects (WST-1 assay) and favourable adhesion of human alveolar bone marrow
stem cells. Further, when compared to controls, the bioceramic-treated defects in mice
calvaria demonstrated augmented vascularization, demonstrating the potential of such
biomaterials in bone regeneration.

It is well established that 3D fibrous scaffolds enable cellular interaction via nanoscale
focal adhesion complexes [14]; however, how osteoblasts respond to such scaffolds and
their downstream events remains unexplored. To this end, Han et al. assessed primary
human osteoblast sensing and responses to polycaprolactone (PCL) fibrous 3D scaffolds
(both aligned and random oriented, fabricated via melt electrowriting (MEW)) [15]. The
authors reported that 3D scaffolds caused immature vinculin focal adhesion formation and
significantly reduced the nuclear localization of the mechanosensor-yes-associated protein
(YAP). Further, compared to random fibers, aligned fibers elongated the cell and nucleus
shape and activated global DNA methylation.

With favourable biocompatibility, corrosion-resistance, biomechanics and ease of
modification, titanium (Ti) is the most popular material choice for orthopaedic and dental
implants [16,17]. However, bare Ti-based implants are bioinert, and in compromised patient
conditions (poor bone quality/quantity), enhanced bioactivity performance is needed to
orchestrate osteogenesis [18]. As a result, surface modification of Ti-based implants using
various topographical, chemical, biological and therapeutic strategies in the macro-, micro-
and nano-scales have been performed [19]. Among these, nano-engineered Ti implants
have outperformed macro-and micro-scale implants by achieving appropriate bioactivity
and therapeutic performance [20–23].

Agour et al. modified Ti implants by dip-coating layers of polyurethane (PU) with HA
nanoparticles (NPs) and magnesium (Mg) particles onto alkali-treated Ti implants [24]. Sur-
face characterization and cell response evaluation (MC3T3-E1 osteoblast-like cells) in vitro
revealed that HA incorporation increased interfacial bonding (between the coating and Ti)
and Mg/HA particles augmented cellular functions, including adhesion, proliferation and
differentiation. The research confirms the influence of incorporating bioactive agents, such
as HA and Mg particles, onto Ti implants for inducing bone formation.

In an interesting study, Otte et al. [25] aimed to address the challenges associated
with Ti and its alloys as biomedical implants, including high cost, low hardness, poor
wear properties and potential side effects associated with Ti ion leaching [26]. The au-
thors developed a TiB nanowhisker-reinforced Ti composite with augmented mechanical
characteristics, including hardness for appropriate biomedical performance. Briefly, a
cost-effective TiB-reinforced alpha Ti matrix composite (TMC) was developed with the
composite microstructure incorporating ultrahigh aspect TiB nanowhiskers. The TMC
characterization revealed an increase of 304%, 170% and 180% in hardness, modulus and
hardness to modulus ratio, respectively. This confirmed the excellent mechanical perfor-
mance of TMC and its potential in biomedical implant applications.

To summarize, this Special Issue in Nanomaterials, entitled “Novel Nano-Engineered
Biomaterials for Bone Tissue Engineering”, showcases the latest nano-engineering research
challenging the current standards in bone tissue engineering. Readers of this Special Is-
sue will understand the current nanotechnology advances, clinical translation challenges
and future prospects, encompassing both resorbable polymeric and non-resorbable metal-
lic biomaterials, that enable controlled and tailored orchestration of osteogenesis at the
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Abstract: Extensive bone defect repair remains a clinical challenge, since ideal implantable scaf-
folds require the integration of excellent biocompatibility, sufficient mechanical strength and high
biological activity to support bone regeneration. The inorganic nanomaterial-based therapy is of
great significance due to their excellent mechanical properties, adjustable biological interface and
diversified functions. Calcium–phosphorus compounds, silica and metal-based materials are the
most common categories of inorganic nanomaterials for bone defect repairing. Nano hydroxyapatites,
similar to natural bone apatite minerals in terms of physiochemical and biological activities, are
the most widely studied in the field of biomineralization. Nano silica could realize the bone-like
hierarchical structure through biosilica mineralization process, and biomimetic silicifications could
stimulate osteoblast activity for bone formation and also inhibit osteoclast differentiation. Novel
metallic nanomaterials, including Ti, Mg, Zn and alloys, possess remarkable strength and stress
absorption capacity, which could overcome the drawbacks of low mechanical properties of polymer-
based materials and the brittleness of bioceramics. Moreover, the biodegradability, antibacterial
activity and stem cell inducibility of metal nanomaterials can promote bone regeneration. In this
review, the advantages of the novel inorganic nanomaterial-based therapy are summarized, laying
the foundation for the development of novel bone regeneration strategies in future.

Keywords: inorganic nanomaterials; bone regeneration; nano hydroxyapatites; nano silica; metal-
lic nanomaterials

1. Introduction

Bone consists of inorganic minerals and organic matrix, and its highly hierarchical
structure ensures excellent mechanical properties to withstand stress [1]. Although bone
can heal itself through dynamic remodeling when suffering minor damage, bone lesions of
critical size that cannot be cured spontaneously are quite common in daily life [2]. Until
now, autologous transplantation is still the gold standard for the treatment of large bone
defects [3]. However, the high incidence of donor sites mobility and the limited volume of
autologous bone grafts limit the large-scale promotion of bone replacement surgery [4]. The
ideal bone graft substitutes should not only imitate the extracellular matrix (ECM) of natural
bone to achieve excellent biocompatibility, more importantly, they must provide strong
mechanical support for the defect tissue. Inorganic nanomaterials possess better mechanical
strength than natural and synthetic polymer scaffolds and can maintain stability for several
weeks in vivo to support the bone healing process in the early stage of regeneration, making
them the most promising candidate for bone graft substitutes. Calcium–phosphorus

Nanomaterials 2021, 11, 789. https://doi.org/10.3390/nano11030789 https://www.mdpi.com/journal/nanomaterials
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compounds, silica and metal-based materials are the most common categories of inorganic
nanomaterials for bone defect repairing. Among them, nano hydroxyapatites (nHAs) are
widely studied due to their high similarity with natural bone apatite [5]. Nano silica has
been proven to establish hierarchical structure and promote bone regeneration through a
biosilicification process [6]. For metal materials, traditional bulk metal scaffolds have been
used for permanent and temporary orthopedic applications [7]. Recently, biodegradable
metallic nanomaterials are able to be manufactured through a 3D printing technology,
namely additive manufacturing (AM), to produce personalized orthopedic implants [8].
According to computer-aided design data, the mechanical properties, pore size, porosity
and surface characteristics of the implant can be perfectly controlled [9]. In this review, the
advantages and applications of the above three kinds of inorganic nanomaterials in bone
tissue engineering will be reviewed (Figure 1).

Figure 1. The main inorganic nanomaterials used for bone tissue regeneration [10–14].

2. Nano Hydroxyapatites

Natural mature bone is composed of minerals, type I collagen, water, small amounts
of other collagen types, noncollagenous proteins and proteoglycans. The minerals mainly
refer to thin plate-shaped carbonated calcium-deficient hydroxyapatites (50 nm × 25 nm in
size, 1.5–4 nm thick), distributed along the collagen fibrils [1]. Hydroxyapatite (HA) has a
Ca/P ratio of 1.67, higher than that of calcium-deficient hydroxyapatites, and is insoluble
in vivo. HA is hard to degrade and has favorable mechanical properties and chemical
binding ability, thus it is mostly used as a nanofiller in polymers to improve the mechanical
strength or coating onto metallic implants to impart bioactivity [15].

2.1. nHA/Polymer Composites

Inspired by the composition and structure of bone, researchers try to mineralize or-
ganic matrix with calcium phosphates, especially nHAs, which are the most stable and
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similar member with natural mineral phase in vivo. It has been shown that mineralization
with nHAs enhanced Young’s modulus of type I collagen from 0.2–7.8 GPa to 11.1–16.3 GPa
(Figure 2a) [16]. In addition to the improvement of mechanical properties, the mineralized
fibrils showed rough surface topography and could promote the osteogenesis of mesenchy-
mal stem cells (MSCs) in vitro and bone defect regeneration in vivo [17,18]. Even though
chitosan had much higher compressive modulus (around 27 kPa) and compressive strength
(around 36 kPa) compared to those of collagen (around 2 kPa and 3 kPa, respectively), nHAs
were still able to significantly increase the mechanical properties of chitosan with compres-
sive modulus of around 43 kPa and compressive strength of 40 kPa, respectively [19]. In
another study, the Young’s modulus of pure chitosan was reported to be approximately
3.0 GPa, while that of nHA/chitosan composite increased to over 3.5 GPa [20]. Similarly,
the addition of nHAs could elevate the ultimate compressive strength of chitosan both in
wet and dry conditions and the fabrication methods of nHA/chitosan composites further
affected the mechanical strength [21]. Silk fibroin is also a natural polymer with compres-
sive modulus of 0.43 MPa, and after being assembled with nHAs, its compressive modulus
became 4 times higher (Figure 2b) [22]. Aside from the abovementioned natural polymers,
the synthetic polymers also need nHAs in the fabrication process. It has been shown that
HA nanorods can increase the elastic modulus and strength of polycaprolactone by approx-
imately 50% and 26%, respectively [23]. However, there was an exception when nHAs were
used to fabricate nHA/poly (ester urea) composite scaffold through 3D printing technology.
The addition of nHAs had no significant influence on compressive modulus, which may re-
sult from the balance between the reinforcement effect and nonoptimized nHA/poly(ester
urea) interaction [24]. Unlike the controversial effect on polymers’ mechanical performance,
nHAs can delay the degradation of poly(D, L-lactic acid)/poly(D, L-lactic- co-glycolic acid)
blends [25]. Impressively, the effect of nHAs on the degradation rate of chitosan was even
higher than that of nanobioglass, which may be attributed to the fine dispersion of nHAs
in composites [26]. The addition of nHAs not only affects the mechanical performance
and degradation rate of organic polymers, but also releases Ca2+ and PO4

3− ions and
regulates osteogenesis and bone regeneration [27]. For instance, the appearance of nHAs
in poly(ester urea) scaffold significantly increased the alkaline phosphatase (ALP) activ-
ity, bone sialoprotein (BSP) and osteocalcin (OCN) expression and calcium deposition of
MC3T3-E1 preosteoblast cells (Figure 2d) [24]. Gonzalez Ocampo et al. also proved nHAs
promoted the cell spreading, ALP activity and matrix mineralization of human osteoblasts
seeded on kappa-carrageenan (Figure 2c) [28]. Furthermore, nHA/polymer composites can
promote bone regeneration in both calvarial defect (Figure 2e) [22] and long bone defect
models [29]. Based on the inspiration from cortical bone and nacre, Feng et al. fabricated
a “brick and mortar” multilayer nHA-based scaffold, which induced not only osteogen-
esis, but excellent angiogenesis as well (Figure 2f,g) [29]. The effect of nHAs coating on
metal-based nanomaterials will be briefly discussed in Section 4.

2.2. 3D Printed nHA-Based Inorganic Nanomaterials

The latest emerging 3D printing technology makes nHAs and other inorganic nano-
materials easy to shape and may help to solve the poor biodegradability and excessive
mechanical properties of biomaterial scaffolds consisting only or mainly of nHAs. Com-
pared with the commercially available particle-type bone substitutes OSTEON 3 (Genoss®),
the 3D printed customizable HA/tricalcium phosphate scaffolds promoted more new
bone formation (Figure 3a) [30]. Even using the same raw materials calcium phosphate
cement and polyvinyl butyral, different solvent of polyvinyl butyral, such as ethanol and
tetrahydrofuran could lead to quite different geometry, microstructure, mechanical proper-
ties and osteoconductivity [31]. nHA/polyvinyl butyral composite scaffold fabricated in
ethanol had 2-fold higher ultimate tensile strength and 3.4-fold higher ultimate compres-
sive strength and promoted the osteogenesis of human primary osteoblasts, compared with
that made in tetrahydrofuran. In addition to internal structure, surface topography and
chemical characteristics also contribute to the bone reparation effect. Wei et al. reported
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that the hexagon-like column array topography of 3D printed HA scaffold promoted the
osteogenic differentiation of human adipose-derived stem cells [32]. Furthermore, this
research group found that the surface modification with strontium ion substitution can
enhance the effect of HA porous scaffold on osteogenesis [33]. Similarly, the ECM derived
from bone marrow MSCs (BMSCs) modified the surface chemistry of 3D HA scaffold
and then improved the ALP activity, osteogenesis-related mRNA expression and calcium
deposition of BMSCs, which finally promoted the bone reparation in rat skull defects
(Figure 3b) [34]. As for the pore size, the HA-based 3D printed scaffolds with 1.4 mm and
1.2 mm pore sizes can promote bone regeneration at 4 weeks in rabbit calvarial defects
while decreasing the mechanical strength, compared with those scaffolds with 0.8 mm and
1.0 mm pore sizes. However, the effect of pore size on bone regeneration was diminished
as time went on to 8 weeks (Figure 3c) [35]. Future research is required to explore better
methods to accurately determine the topography of nHA-based 3D printing scaffolds.

Figure 2. The mechanical and biological properties of nHA/polymer composites. (a) The highly ordered deposited nano
hydroxyapatites (nHAs) provided intrafibrillarly mineralized collagen (IMC) with much higher Young’s modulus than
that of pure collagen (COL) and extrafibrillarly mineralized collagen (EMC) [16]. (b) The addition of nHAs increased
the compressive modulus of silk fibroin significantly [22]. (c) nHA/kappa-carrageenan (κ-CG) enhanced the alkaline
phosphatase (ALP) activity and calcium deposition of human osteoblasts, regardless of the concentration of κ-CG [28].
(d) With the increase of nHAs content, the MC3T3-E1 preosteoblast cells expressed more osteocalcin (OCN) and bone
sialoprotein (BSP) [24]. (e) The nHA/silk fibroin composites promoted the bone regeneration in rat calvarial defects [22]. The
co-inspired scaffold (CIS) which consisted of nHAs and chitosan induced both new bone formation (f) and vascularization
(g) compared with blank and pure chitosan [29]. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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Figure 3. The properties affecting bone regeneration of nHA-based 3D printing scaffolds. (a) Histomorphometric examina-
tion demonstrated that the 3D printed HA/ tricalcium phosphate scaffold (3DS) had better bone reparation effect than both
negative control (NS) and positive control (particle-type bone substitutes, PS) in beagle dog mandibular bone defects [30].
(b) Radiographic analysis showed that 3D hydroxyapatite/extracellular matrix (HA/ECM) composites promoted bone
regeneration in rat calvarial defects after 12 weeks [34]. (c) Both radiographic and histological evaluations exhibited more
new bone formation for 3D printed nHA-based scaffolds with higher pore size only at 4 weeks [35]. *: p < 0.05, **: p < 0.01,
***: p < 0.001.

3. Nano Silica

Nano silica is an important component of bioceramics, and it is widely applied in
bone tissue engineering. According to the definition of the International Federation of
Applied Chemistry, mesoporous materials have a pore size between 2 nm and 50 nm.
Sol-gel method was initially used to synthesize regular pore structure in mesoporous silica
nanoparticles (MSNs) with adjustable pore size [36]. The mesoporous structure offers
good biocompatibility and biodegradability among inorganic nanomaterials [37]. Based
on the exciting characteristics, MSNs are drawing more and more interest in the basic
research of bone tissue engineering. MSNs serve as a kind of drug carrier with excellent
release efficiency, and they also have the biological activity of promoting bone formation.
Therefore, the researchers mainly focus on two aspects of modification: one is to modify the
pore size adapted to functional factors that the mesoporous silicon material can load; the
second is to explore different composite scaffold materials to improve the physiochemical
property and bioactivity of MSNs.

The mechanisms of MSNs that promote bone defect reparation are as follows: (1) the
silicon ions released by hydrolysis can promote the expression of osteogenic-related genes
in osteoblasts (Figure 4a) [13]; (2) the mesoporous structure helps the deposition of HA,
which further promotes mineralization [38]; (3) MSNs induce efficient macrophage uptake
and promote immunomodulatory effects, which are conducive to osteogenic differenti-
ation [39]. Moreover, the efficient uptake is good for drug delivery in bone defect area
in vivo. The efficiency of drug delivery relies on the pore size and superficial chemical
modification. As the controllability of MSN fabrication based on various synthesis methods
has already been testified to load different types of drugs, the characteristics of modified
MSN-drug releasing system are used more and more often in basic research with or without
combined scaffolds.
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MSN loaded-drugs including traditional chemicals, protein and peptides and nu-
cleotides exert positive effects on bone formation. Combining dexamethasone-loaded
MSNs with mineralized porous biocomposite scaffolds induced bone regeneration by
enhancing the osteogenic activity of host BMSCs [40]. Alvarez et al. demonstrated that
ibandronate sodium-loaded MSNs incorporated into the collagen gel had continuous
drug release around 10 days, which effectively inhibited the function of osteoclasts and
promoted the osteogenic differentiation of MSCs [41]. 17-beta estradiol-loaded MSNs
with EDTA modified surface significantly enhanced the efficiency of hormone therapy
for osteoporosis (Figure 4b) [42]. Furthermore, injectable miR222/MSN/aspirin hydrogel
promoted mandibular bone regeneration and induced neurogenesis in the defect area [43].
Therefore, the effectiveness of drug delivery of MSNs is demonstrated by numerous studies
and is a promising strategy for drug-MSN-scaffold-induced bone regeneration. To acquire
maximum loading capacity of drugs, researchers modified the structure of MSNs with
rough or hydrophilic surface, which enhanced the adhesion of the target drug [44]. Based
on previous studies, hollow structure has enough space for drug loading and storage, thus
hollow mesoporous silica materials provide new insight for mesoporous silica-based drug
delivery [45]. However, the simple modification of surface or pore size of MSNs is not
sufficient to realize precise releasing system. Therefore, the incorporation of biomacro-
molecules (organic polymers, macrocyclic molecules, etc.) and MSNs enhances the efficacy
of MSN-drug releasing system.

3.1. Modification of MSN-Based Scaffolds

In order to acquire enough strength, proper morphology and enhanced bioactivity of
MSNs for bone formation, the composites of MSNs and organic/inorganic scaffolds have
been fabricated. Considering the importance of nHAs during biomineralization, numerous
studies have adopted the combination of MSNs with nHAs and testified to the synergistic
effects on bone formation. He et al. showed that MSN/nHA composites enhanced the
adhesion and proliferation rate and osteogenesis-related gene expression of rabbit BMSCs
and new bone formation in rabbit femur defects, compared to MSNs or nHAs alone [46].
Similar co-enhancement effect on osteogenic differentiation of MG-63 cells was found by
Shuai et al. [47]. Furthermore, the existence of nHAs endowed discontinuous pore surface
of MSNs, which induced rapid drug releasing of ciprofloxacin from 32% to 93% in 24 h [48].
Along with nHA-silica nanomaterials, the natural components of extracellular matrix
can induce an increase of cell–scaffold interaction and result in better biocompatibility
and bioactivity of nano silica. In turn, the application of silica reinforced the mechanical
strength, enhanced the water uptake capacity, and fastened degradation rate of matrix
scaffolds [49], which benefited repair of large-scale bone defects. Thus, the application
of matrix components as silica-based scaffolds is attracting the interest of researchers.
Gaihre et al. reported that injectable nano silica–chitosan microparticles performed sig-
nificant enhancement of ALP activity during osteogenic induction of osteoblasts [50]. In
addition, collagen-alginate-nano-silica microspheres improved the osteogenic potential of
human osteoblast-like MG-63 cells by promoting the expression of OCN and BMP-2 [51].
Intrafibrillar silicified collagen scaffold promoted in situ bone regeneration via p38 sig-
naling pathway in monocytes and recruited host MSCs (Figure 4c) [52]. Therefore, it
is a promising method to fabricate nano silica with natural polymer scaffolds for bone
regeneration applications.
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Figure 4. The application of nano silica in bone tissue engineering. (a) The effect of Si ions on osteogenesis-related gene
expression of human bone marrow mesenchymal stem cells (BMSCs). A: blank control (DMEM); B: 10 μg/mL Si ions
in DMEM; C: 50 μg/mL Si ions in DMEM; D–F: A–C solution plus 35 μg/mL dimethyloxaloylglycine, respectively.
*: Comparison between blank and other groups; #: comparison between group B and E, C and F, respectively;
p < 0.05 [13]. (b) Mesoporous silica nanoparticles (MSNs) assisted E2 sustained release, which prevented osteoporosis in vivo.
OVX = ovariectomy; UCHRT = NaLuF4:Yb,Tm@NaLuF4@mSiO2-EDTA-E2 nanocomposites. *: p < 0.05, **: p < 0.01 [42].
(c) Nano silica incorporated collagen fibrils promoted bone regeneration in rat femoral defects. SCS = silicified collagen
scaffold; NC: negative control; SCS + PD: silicified collagen scaffold plus PD098059; SCS + SB: silicified collagen scaffold
plus SB203580; PD and SB are MAPK inhibitors. (i) Micro-CT scans and quantitative results. (ii) van Geison staining.
Bar = 1 mm. (iii) Ponceau trichrome staining. Bar = 200 μm [52]. (d) The osteoconductivity of calcium/magnesium-doped
rhBMP-2-incorporated MSN scaffold in vitro and in vivo. CMMS= calcium/magnesium-doped silica-based scaffolds.
(i) rhBMP-2 increased the osteogenesis-related gene expression of rat BMSCs. (ii) CMMS/rhBMP-2 scaffold promoted bone
regeneration in rabbit femoral defects as demonstrated by micro-CT analysis and histological evaluation. M: materials, B:
bone, F: fibrous tissue. *: p < 0.05; #: p < 0.05 [53].

Furthermore, some studies focus on doped metal ions in nano-silica-based materials.
Dai et al. synthesized magnesium-doped mesoporous silica materials containing recombi-
nant human bone morphogenetic protein-2 (rhBMP-2) with macroporous and mesoporous
structure using polyurethane foam as a template (Figure 4d) [53]. This magnesium-doped
silica material induced osteogenic differentiation of rat BMSCs in vitro and ectopic osteo-
genesis in vivo and also showed a good repair effect in a rabbit femoral defect model with
diameter of 5 mm and depth of 5 mm. Shi et al. demonstrated that copper-doped MSNs
induced robust immunomodulatory effects of murine-derived macrophage cell line RAW
264.7 and promoted osteogenesis of human BMSCs [39]. Recently, rare earth elements, such
as lanthanum- [54], europium- [55] and gadolinium-doped [56] MSNs showed the exciting
ability in osteogenesis of BMSCs and bone regeneration in rat skull bone defects. Despite
the positive results in osteogenesis in vitro, the application of metal ions in nano silica
materials still need more in vivo evidence to demonstrate the effectiveness and biosafety
of such modification of nano silica.

11



Nanomaterials 2021, 11, 789

4. Metallic Nanomaterials

Most traditional bulk metals exhibit much higher mechanical properties and worse
bioactivity than natural bone, which may lead to bone resorption and poor osteointegration
and osteogenesis [9]. Surface modification at nanoscale would help to improve the surface
topography and chemistry of metal implants. In order to balance the gap in mechanical
properties, the researchers tried to build a micro-nano structure to increase the porosity of
metal materials to more than 50% [57]. In the meanwhile, porous materials can promote
the penetration of cells and nutrients and the regeneration of bone and blood vessel when
the pore size exceeds 300 μm [58]. In addition, the metallic nanomaterials are preferably
biodegradable, which means they are expected to gradually corrode in vivo, and the
corrosion products are metabolized or absorbed by cells and/or tissues. After the defects
are repaired, the implants are completely dissolved without residue. In the following
sections, four widely studied metal nanomaterials are introduced.

4.1. Ti-Based Nanomaterials
4.1.1. Nanoscale Surface Modification of Ti-Based Biomaterials

Titanium (Ti)-based biomaterials are widely used as permanent implants in orthopedic
surgery and dental implantation because of their high load-bearing properties, nondegrad-
ability and good biocompatibility [59]. Due to the superior corrosion resistance of bulk
Ti and its alloy, they often exhibit slow biological response, low osseointegration rate
and lack of antibacterial properties. Nanoscale surface modification strategies, such as
coating and doping, are effective means to solve the above problems and endow the im-
plants with functionalization. In order to enhance the osteoconductivity, Ding et al. mixed
strontium-incorporated lysozyme solution with Ti substrates and spontaneously formed a
2D nanofilm which could promote the ALP activity and osteogenesis-related genes expres-
sion of BMSCs [60]. The sustained release of Sr2+ from lysozyme nanofilm further facilitated
osteointegration of Ti implants in rat femur bone defect model. Similarly, nano-graphene
oxide (GO) was deposited on Ti surface through ultrasonic atomization spraying technique.
This nano-GO coating induced the osteogenic differentiation of rat BMSCs via FAK/P38
signaling pathways and further accelerated bone regeneration in vivo [61]. Furthermore,
lanthanide mineral-substituted hydroxyapatite nanorods were coated on Ti substrates by
electrophoretic deposition method to mimic the topography and composition of natural
bone [62]. The lanthanide mineral-substituted hydroxyapatite nanorods modified Ti im-
plants had better osteogenic effect in vitro and bone regeneration effect in rat tibia defects.
Compared to the above-mentioned inorganic coatings, human MSC-derived extracellular
vesicles (MSC-EVs) were difficult to be anchored onto pristine Ti. Chen et al. successfully
self-assembled human MSC-EVs onto biotin-doped polypyrrole titanium, which exhibited
osteoinductivity in nude mice ectopic bone formation model with the help of osteoinduc-
tive miRNAs tested in MSC-EVs [63]. As for the antimicrobial activity, Zhang et al., inspired
by the adhesion mechanism of mussel, developed a novel silicon-doped calcium phos-
phate composite coating (Van-pBNPs/pep@pSiCaP) loaded with vancomycin on porous Ti
scaffold via modified surface mineralization process [64]. The functionalized biomimetic
Ti scaffold can prevent the adhesion and proliferation of staphylococcus epidermidis. In
addition to antibiotics, metal ions also have bactericidal activity. Huang et al. fabricated
Cu-containing micro/nanotopographical bioceramic surface through micro-arc oxidation.
The subsequent hydrothermal and final heat treatment can assist Ti implants to induce
proinflammatory M1 macrophage polarization via Cu-transport signaling pathway and
enhance bacterial phagocytosis. [65]. In addition to chemical antibacterial, the researchers
prepared zinc oxide@collagen type I coating to achieve a broad-spectrum antibacterial
effect through the photothermal effect of zinc oxide [66]. Surface modification materials can
also cooperate with metal matrix to promote bone tissue repair. Fu et al. proved that the
silicon-doped hydroxyapatite coating could demonstrate not only enhanced osteogenesis,
but also promote angiogenesis [67].
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4.1.2. Additive Manufacturing of Ti-Based Biomaterials

Traditional bulk Ti implants have the advantages of easy commercial availability and
wide clinical acceptance, but their much higher stiffness than natural bone may cause stress
shielding, leading to bone resorption and implant failure [68]. Although investigators are
committed to improving the surface topography and chemical structure of bulk Ti implants,
the porous structure, essential to the mechanical properties of natural bone, could not be
simulated through traditional manufacture methods. The emergence of AM technologies
is expected to solve this problem fundamentally. The computer-controlled and bottom-up
fabrication process of AM technologies can more easily realize the control of chemical
composition and micro-nano structure, so as to obtain better biomechanical properties to
promote bone regeneration [69]. The elastic modulus of Ti–6Al–4V–10Mo [70], Ti–35Nb [71]
and Ti–50Ta [72] (in wt%) nanomaterials prepared by 3D printing was significantly reduced
to 73–84.7 GPa. The 3D printed, customized Ti implants have been used in craniofacial and
orthopedic applications [73]. A clinical study involving 21 patients demonstrated good
fixation between bone and custom-made 3D-printed Ti implants (with surface area ranging
from 12,146 to 24,980 mm2) and satisfactory skull-shape symmetry without any compli-
cations during the 6 to 24 months follow-up period (Figure 5a) [74]. For tongue cancer
excision with a tumor recurrence, Lee et al. utilized Ti-6AL-4V-ELI medical grade powder
to fabricate a Ti implant with four dental implants based on computer-aided design data
and restored the facial symmetry and occlusion at 5 months after surgery [75]. Impressively,
Ti-6AL-4V-based AM implant with a total volume of 30.7 cm3 was able to successfully re-
place the complicated bone defects of distal tibia and foot caused by motor vehicle collision,
and the patients could basically return to normal life and walk without ambulatory aids
after 6 months [76]. Although there are still early and late complications, cranioplasty based
on AM Ti implants has a higher success rate compared with other techniques [77]. In order
to modify porous Ti nanomaterials based on AM, geometrical cues and surface structure de-
sign were investigated. As the porosity of AM Ti implants increased from 55.51% to 76.14%,
the yield compressive strength decreased from 186.05 ± 1.85 MPa to 51.95 ± 0.62 MPa, and
the elastic moduli decreased from 6.74 ± 0.47 GPa to 0.98 ± 0.03 GPa [78]. Nonetheless,
the sharp decline of mechanical strength did not affect the bone regeneration, which may be
attributed to the optimum porosity. Interestingly, the regeneration results of implanted non-
load-bearing bones (such as the skull) were much worse than those of load-bearing bones
such as the femur, which indicated the importance of stress stimulation [78]. In contrast,
Maietta et al. demonstrated that with the help of finite element analysis, the Ti-6AL-4V
architectural characteristics, such as pore size and shape, could be changed without signifi-
cant alteration in mechanical properties [79]. For biological applications, Zhu et al. proved
that shape- and size-controlled microgroove-patterned Ti surface structure manufactured
by a combination of photolithography and inductively coupled plasma-based dry etching
was beneficial to osteogenesis and bone regeneration [80]. Specifically, R3G7 (ridge width
of 3 μm, groove width of 7 μm and depth of 2 μm) was the most effective micropattern
to promote the osteogenic differentiation of MC3T3-E1 cells and bone regeneration in rat
calvarial defects (Figure 5d). In addition to porosity and micropattern, roughness also
plays an important role. Saruta et al. found that submicro-rough surface (with roughness of
24 ± 1.2 nm) promoted the attachment, proliferation and calcium deposition of osteoblasts,
while micro-rough surface (with roughness of 123 ± 6.15 nm) had the strongest bone–
implant integration in rat femurs [81]. Surface biofunctionalization is also well investigated
to modify AM porous Ti-based nanomaterials. Several kinds of coating including silk
fibroin, calcium phosphate and tricalcium phosphate can promote bone integration and
regeneration both in normal [64,82] and osteoporotic bone defect models [83] (Figure 5b,c).
The vancomycin coating helps to prevent the bacteria colonization caused by the high
surface area to volume ratio of porous Ti implants [82]. On the other hand, a high sur-
face area/volume ratio is beneficial for drug sustained release, such as BMP-2 and silver
nanoparticles [84].
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Figure 5. The biological properties of AM Ti-based implants. (a) Custom-made Ti-6Al-4V-ELI AM implants helped to
reconstruct the skull defect of 21 patients [74]. (b) Silk fibroin and vancomycin coating promoted the survival of MC3T3-E1
cell line seeded on 3D printed Ti implants [82].(c) Silk fibroin and vancomycin coating promoted the calcium deposition
of MC3T3-E1 cell line seeded on 3D printed Ti implants [82]. (d) The micropattern of Ti substrates induced osteogenesis.
(i) SEM images and 3D surface profile of different micropatterns. (ii) MC3T3-E1 preosteoblasts aligned along the ridges in
R3G7 micropattern. (iii) The R3G7 microgroove pattern promoted osteogenesis of MC3T3-E1 cells. (iv) and (v) The R3G7
microgroove pattern induced bone regeneration in rat skull defects [80]. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

As mentioned above, AM Ti-based nanomaterials would have broad application
aspects in bone tissue regeneration. The excellent chemical stability of titanium makes it
difficult to degrade in vivo. Although titanium-based biomaterials are still the mainstream
of current clinical applications, the developments of biodegradable metallic nanomaterials
are promising and necessary.

4.2. Mg-Based Biomaterials
4.2.1. Nanoscale Surface Modification of Mg-Based Biomaterials

Magnesium is the most studied biodegradable metal ion. It has been confirmed that
magnesium ions can induce bone marrow MSCs to differentiate into osteoblast lineage
through canonical Wnt signaling pathway [85]. In distraction osteogenesis model, high-
purity magnesium pins promoted angiogenesis and bone consolidation [86]. Moreover, the
elastic modulus of magnesium is much lower than that of Ti, preventing bone resorption
and implant failures induced by stress shielding. Additionally, the excellent degradability
of Mg makes it an excellent temporary bone fixation device and possible low load-bearing
bone substitute [87]. Degradability is a double-edged sword. In most cases, pure Mg
implants degrade too fast to fully support new bone formation and the rapid release of
hydrogen may interfere with the local microenvironment and hinder bone regeneration.
Therefore, alloys of magnesium with calcium [7], zinc [7], strontium [88] and rare earth (RE)
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elements [89] have been developed to solve the above-mentioned problems. A long-term
clinical study has confirmed the early bone healing and the complete replacement of Mg-
5wt%Ca-1wt%Zn alloy by new bone in the late stage [7]. Fifty-three patients with hand and
wrist fractures were involved in this study. All the patients returned to normal life with
no sign of pain and the Mg-5wt%Ca-1wt%Zn implants were degraded, as confirmed by
radiographic examination within 1 year, demonstrating the controlled degradation of this
kind of Mg-based alloy. Furthermore, in order to reduce the corrosion rate of Mg, various
nanoscale surface coating strategies have been applied to provide Mg-based alloys with
a protective layer [90]. Zhang et al. developed calcium-phosphate-coated Mg−Zn−Gd
scaffolds via chemical deposition method, which could not only repair rat cranial defects
of critical size, but also promote osteogenesis, angiogenesis and the production of neu-
ropeptide calcitonin gene-related peptide from trigeminal neurons in the orbital bone
defect model of beagle dog [91]. Similarly, polycaprolactone and nHA nanocomposites
dual coating via dip-coating and electrospinning could induce bone regeneration in rabbit
femoral defects [92]. Kang et al. fabricated poly(ether imide)–SiO2/nHA-coated porous Mg
scaffold through dip-coating technique, and repaired the bone defect in the femoropatellar
groove model of rabbits due to the proper corrosion rate and enhanced mechanical strength
of hybrid scaffold [12]. In addition, the surface modification by inorganic nanomaterials
can also bring new functions to the implanted scaffold. For example, a functionalized 70-
nm-thick TiO2/Mg2TiO4 nanolayer was fabricated by plasma ion immersion implantation
technique on WE43 Mg-based alloy. The TiO2/Mg2TiO4 coating can promote osteogenesis
of MC3T3-E1 cells and induce twice and six times higher levels of new bone volume (175%)
than those of pristine WE43 alloy (88%) and blank control (28%) in rat femoral defect model.
In the meanwhile, TiO2/Mg2TiO4 nanolayer suppressed bacterial infection and controlled
the degradation behavior [93]. As for the immumodulatory effect, the combination of
fibrinogen and magnesium can lead macrophages to M2 polarization and further promote
osteogenic differentiation of MSCs [94]. In some special bone defect models (such as
osteoporotic fracture), biodegradable Mg-based implants may serve as a sustained drug
delivery system. The calcium phosphate nanocoating ensured the suitable degradation rate
and structural integrity of Mg-based alloy, and the co-delivered magnesium degradation
products and zoledronic acid modulated bone formation and resorption [95].

4.2.2. Additive Manufacturing of Mg-Based Biomaterials

Compared to bulk Mg-based biomaterials, the AM of biodegradable Mg implants is
still quite difficult due to the intrinsic properties of magnesium. Salehi et al. developed a
novel 3D printing technique followed by sintering process to fabricate the Mg-5.9Zn-0.13Zr
alloy with high precision at nano- and micron-scale. This AM Mg-based alloy possessed an
average pore diameter of 15 μm, compressive strength of 174 MPa and elastic modulus of
18 GPa, which were quite similar to those of human cortical bone [96]. Until now, only a
few research groups fabricated Mg alloys through selective laser melting technique [97]
and investigated their mechanical and degradation properties. The biological performances
of AM Mg-based alloys, for instance biocompatibility and regenerative effect in vivo, need
to be further investigated.

4.3. Zn-Based Biomaterials

Zinc is an essential element for humans and plays an important role in many physio-
logical activities. Zinc ions can enter human MSCs with the help of TRPM7 and GPR39, and
then activate cAMP-PKA pathway, thereby ultimately enhancing cell survival/proliferation,
differentiation, ECM mineralization and osteogenesis [98]. The degradation rate of Zn-
based biomaterials is slower than that of Mg, and matches the tissue healing speed. The
mechanical properties of Zn materials are between Ti and Mg, similar to natural bone [99].
Biodegradable Zn alloys, such as Zn-0.8%Li- (Mg, Ag), Zn–2Ag–1.8Au–0.2V and Zn-1Ag
have better mechanical properties, corrosion rates and antibacterial activities than pure
Zn implants, while only certain alloys have modest biocompatibility [100]. After the first
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published work in 2017 [101], a growing number of AM Zn-based nanomaterials appeared.
The mechanical properties of AM porous Zn are similar to those of cancellous bone, and
the degradation rates allow satisfactory bone substitution [102]. Although Zn exhibits
mild cytotoxicity, it is still acceptable [103]. Like Mg, the biological evaluation of Zn-based
biomaterials, especially AM porous Zn and alloys, remains blank.

4.4. Au-Based Biomaterials

Gold nanoparticles (AuNPs) have been widely investigated in biomedical applications,
especially in antitumor therapy and bone regeneration therapy, due to their good biocom-
patibility, photothermal stability and near-infrared absorbance. The size and morphology
of gold nanomaterials are important factors affecting their biological functions. Celentano
et al. have successfully synthesized stable ultra-small gold nanoparticles, anisotropic
gold nanoflowers and twisted gold nanorods by a simple green method and confirmed
the biocompatibility of these AuNPs [104–106]. The addition of AuNPs into poly(methyl
methacrylate)-based bone cement can significantly improve the punching performances
while maintaining stable compressive properties [107]. In addition to better mechanical
properties, as an efficient photothermal agent, AuNPs can eradicate residual tumor cells
after the solid tumor is removed through photothermal therapy [108]. The theory of
photothermal therapy can also be used to treat osteomyelitis. Gold-nanocage-containing
aspirin can convert laser light into heat and realize controlled release of aspirin, which
can perform anti-inflammatory effects on monocytes and promote bone regeneration after
the monocytes eliminate infection [109]. Similarly, Sanchez-Casanova et al. entrapped
heat-activated transgenic cell constructs in near-infrared-responsive hydrogels contain-
ing AuNPs, which can conditionally produce BMP-2 and promote bone regeneration
in vivo [110]. Despite the above progress, it is still necessary to clarify how to co-assemble
AuNPs and biomolecules and form biomimetic hierarchical scaffolds to achieve better
outcomes in the field of bone regeneration therapy.

5. Concluding Remarks and Future Perspectives

Trauma, infection, tumor, degenerative and congenital diseases are the major causes of
excessive bone defects. The current bone tissue engineering is trying to develop new mate-
rials to replace autologous bone grafts to achieve bone regeneration. Novel therapies based
on inorganic nanomaterials, providing excellent mechanical properties and abundant phys-
ical/chemical/biological functions, are complementary to natural biomacromolecules and
polymeric-based materials (Table 1). The development of inorganic nanoparticle/polymer
composites can effectively integrate the respective advantages of inorganic and organic
phases, bringing unlimited possibilities for the development of novel bone substitute mate-
rials. Biomimetic mineralization utilizing nano hydroxyapatites and nano silica is currently
one of the most successful organic material modification processes. Furthermore, with the
progress of technology, precisely designed porous inorganic nanomaterials appear to have
lower stiffness and elastic modulus than traditional bulk materials, making them much
closer to natural bone. Additive manufacturing is the most promising technology to real-
ize computer-aided design and personalized customization. The 3D printed nHA-based
nanomaterials and Ti-, Mg-, Zn-based metals would be able to act as temporary fixations
or permanent implants according to their own characteristics, and eventually be replaced
by regenerated bone tissue. Finally, inorganic nanoparticles are excellent carriers of drugs,
growth factors and genes. nHAs, MSNs and AuNPs are commonly used to carry drugs
into scaffolds and realize sustained release with the controllable degradation of scaffolds.
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Table 1. The advantages and drawbacks of novel inorganic nanomaterial.

Type Advantages Drawbacks

nHA/polymer composites
(1) Enhanced mechanical performance of polymers [16,19–23]
(2) Delayed degradation rate of polymers [25,26]
(3) Enhanced osteogenesis [24,27–29]

Not custom-made

3D printed nHA-based
inorganic nanomaterials

(1) Customized [30]
(2) Flexible mechanical and biological properties [31,32]

Immature design and manufacturing
methods [35]

MSNs

(1) Good biocompatibility [37]
(2) Good biodegradability [37]
(3) Sustained release of silicon ions [13], drugs [40–42],

cytokines and miRNAs [43]
(4) Immunomodulatory effects [39]

Seldom used alone in bone regeneration

Ti-based nanomaterials

(1) High load-bearing properties [59]
(2) Good biocompatibility [59]
(3) AM Ti nanomaterials could change the exorbitant elastic

modulus of traditional Ti materials [69–72] and replace
complicated bone defects [74–76].

(1) Nondegradability [59]
(2) Poor biological response and

anti-bacterial properties [59]

Mg-based biomaterials
(1) Biodegradability [86]
(2) Osteoinductivity [85,86]

(1) Fast degradation and hydrogen
release rate

(2) Low elastic modulus for
load-bearing bone defects [87]

(3) Immature AM technology of
Mg-based biomaterials

Zn-based biomaterials
(1) Biodegradability and suitable degradation rate
(2) Suitable mechanical properties similar to natural bone [99]

(1) Mild cytotoxicity [103]
(2) Immature AM technology of

Zn-based biomaterials

AuNPs
(1) Good biocompatibility [108]
(2) Photothermal stability [108]
(3) Near-infrared absorbance [108]

(1) Seldom used alone in
bone regeneration

(2) The co-assembly of AuNPs and
biomolecules lacks
hierarchical structure
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Abstract: This research focused on the synthesis of apatite, starting from a natural biogenic calcium
source (egg-shells) and its chemical and morpho-structural characterization in comparison with
two commercial xenografts used as a bone substitute in dentistry. The synthesis route for the
hydroxyapatite powder was the microwave-assisted hydrothermal technique, starting from annealed
egg-shells as the precursor for lime and di-base ammonium phosphate as the phosphate precursor.
The powders were characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray analysis (EDAX), transmission
electron microscopy (TEM), X-ray fluorescence spectroscopy (XRF), and cytotoxicity assay in contact
with amniotic fluid stem cell (AFSC) cultures. Compositional and structural similarities or differences
between the powder synthesized from egg-shells (HA1) and the two commercial xenograft powders—
Bio-Oss®, totally deproteinized cortical bovine bone, and Gen-Os®, partially deproteinized porcine
bone—were revealed. The HA1 specimen presented a single mineral phase as polycrystalline apatite
with a high crystallinity (Xc 0.92), a crystallite size of 43.73 nm, preferential growth under the c axes
(002) direction, where it mineralizes in bone, a nano-rod particle morphology, and average lengths
up to 77.29 nm and diameters up to 21.74 nm. The surface of the HA1 nanoparticles and internal
mesopores (mean size of 3.3 ± 1.6 nm), acquired from high-pressure hydrothermal maturation, along
with the precursor’s nature, could be responsible for the improved biocompatibility, biomolecule
adhesion, and osteoconductive abilities in bone substitute applications. The cytotoxicity assay
showed a better AFSC cell viability for HA1 powder than the commercial xenografts did, similar
oxidative stress to the control sample, and improved results compared with Gen-Os. The presented
preliminary biocompatibility results are promising for bone tissue regeneration applications of HA1,
and the study will continue with further tests on osteoblast differentiation and mineralization.

Keywords: biomaterial; bone substitute; apatite; microwave-assisted hydrothermal synthesis

1. Introduction

After blood transfusions, bone grafts are placed on the second position as the most
frequent tissue transplantation used worldwide [1]. Multiple factors determine the occur-
rence of alveolar bone defects, but the most common are osseous deficiency, the resection
of tumors, alveolar bone loss due to periodontal disease, and subsequent tooth loss [2].
Bone defects require rehabilitation, mainly to avoid severe alveolar bone resorption that
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compromises bone quantity, morphology, and quality, which prevents the failure of dental
implant placement, the maintaining of the normal anatomic outline, the elimination of
empty space, aesthetic restoration, as well as drugs encapsulation and delivery [3–5]. Until
now, only the autografts and, partially, allografts could fulfil the desired properties such
as biocompatibility, osteoconductivity, and osteoinductivity for a better bone substitution
ability, albeit entailing important risks [6–10]. Xenografts (mammalian bone source) have
been used for more than thirty years and are still being used with good clinical results,
osteoconductive features, very good biocompatibility, high availability (size and quantity),
and low cost, but also involving many disadvantages [3,11–19].

Therefore, natural sources for biological apatite synthesis have been extended, year by
year, from mammalian bone sources next to fish bones and scales [20–22], egg-shells [23,24],
and exoskeletons of marine organisms (snails, starfish, coral, and seashell) [25–28] or
botanic sources (Calendula flower, Papaya leaf, and orange peel), where all of them need
chemical and thermal preparation before use as a mammalian xenograft. However, the
interest in this topic is still present, a fact proved by several recent publications [23–25].
Mammalian bone, after thermal treatments, provides so-called biological apatite [3,11–19];
egg-shells (hen, crocodile etc.) and marine organism skeletons, including corals and
starfish, are special sources of biogenic calcium carbonate [23–28]; phytogenic calcium
carbonates could be used after the extraction process in the original form, preserving the
porous structure, calcium-rich source, and biomolecules (Ovalbumin, Carotene, Papain,
and vitamins) [10,11].

The great advantages of alloplastic bone substitute consist of a wide range of compo-
sitions, sizes, shapes, textures, synthesis methods, biocompatibility and bioresorbability,
high quantities of availability, and cost-effectiveness [29–32]. Despite these advantages,
they still need improvements in order to enhance their integration into the physiological
environment, their bioactivity, or biotolerance [33–35].

Nowadays, one of the most promising approaches is hydroxyapatite synthesis from
hen egg-shell sources due to the mimetic composition and structure of the carbonated
apatite obtained compared with human bone [36–38]. Such carbonated apatite is prepared
using several routes, including dry methods (solid state [39] and mechanochemical syn-
thesis [40]), wet methods (precipitation [41–43], hydrolysis, sol–gel [44], emulsion [45],
sonochemical [46], hydrothermal [47,48], and solvothermal [49,50]), or high-temperature
methods (pyrolysis, combustion, and microwave heating [50]). Each of the abovemen-
tioned methods induces different morphologies of micro- and nano-size HA particles:
rods [51,52], sheets [53], spheres [54], wires [55], fibers [56], flower, worm, hexagonal prism,
platelet, lath, strip, dandelion, chrysanthemum, rosette, or spheres [20]. Among those, the
hydrothermal method generates conditions for high crystallinity and stoichiometric hy-
droxyapatite synthesis (Ca/P ratio around 1.67) from shells of calcium carbonate precursor,
usually with a rod-like morphology and hexagonal unit cell symmetry [57,58]. Moreover,
combining hydrothermal synthesis (HT) with microwave thermal treatment (MW) was ob-
served to lead to a higher crystal size of HA from egg-shells after only 1–36 min for MW-HT,
compared to several hours when using HT alone; a higher pH (between 9–11) and reaction
time generate a high content of carbonate groups in the resulting HA lattice [53,59–61], but
the high pressure in the synthesis system ensures a high internal and external porosity,
as has been reported only in few papers [60]. Besides, a wide range of morphologies
were obtained only using the two combined techniques for nano-hydroxyapatite synthesis.
Furthermore, the association between the two techniques, HT and MW, was reported to
improve the control of particle size, porosity, and morphology by a better monitoring of
process parameters (time, temperature, and energy), with low energy consumption, low
temperatures (less than 250 ◦C), and short time process cycles [51–61].

In this paper, we compared three categories of biomaterials obtained from natural
sources, two represented by Bio-Oss®—bovine bone and Gen-OS®—porcine bone, bone
grafts already used in dentistry with good clinical results [18,62–64], and the last one
being biomimetic synthetic hydroxyapatite from egg-shells (HA1), synthesized by the
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microwave-assisted hydrothermal technique (HT-MW), after only two hours of treatment
at 200 ◦C. The usage of this unconventional, hybrid synthesis method with microwave
heating has already been reported in the literature with good results. The fact that a natural
calcium source has been proposed as a starting material aims to bring added value to this
work and proposes an alternative to the actual, expensive, commercial materials. Moreover,
the paper is intended as an extensive comparative study between the synthetic material
and the two bone grafts already used in dentistry, highlighting their chemical, structural,
morphological, and biological resemblance.

2. Materials and Methods

2.1. Materials

Gen-Oss® powder was purchased from Tecnoss Dental (Pianezza, Italy). It is a mix-
ture of grinded cortical (20% wt.) and cancellous (80% wt.) porcine bone, obtained by
low-temperature treatment (maximum 130 ◦C) in order to partially burn out the organic
compound of bone, the version with grain sizes of 250–1000 μm.

Bio-Oss® powder was purchased from Geistlich Pharma AG (Wolhusen, Switzerland).
It is a chemically and thermally treated cancellous bovine bone. Hence, grinded bovine
bone was first deproteinized by reaction with the strong alkali medium, and then calcined
at 300 ◦C, the version available with 0.25–1 mm grain sizes.

Hydroxyapatite (HA) was synthesized from a natural calcium carbonate source—hen
egg-shells.

2.1.1. Calcium Oxide Precursor Preparation

Here, 100 g of hen eggshells were harvested from a local poultry and boiled for 4 h in
water with 10 mL of H2O2, for complete removal of the organic part, and then washed with
distilled water, dried in an oven at 60 ◦C, and ground for 15 min. The ground material was
annealed in an electric oven, with a temperature rise rate of 10 ◦C/min, up to a temperature
of 800 ◦C, bearing 3 h, and then slowly cooled to ambient temperature for 24 h.

2.1.2. Hydroxyapatite Preparation

Here, 45 g of annealed egg-shell powder was dispersed in 200 mL of distilled water
and further used as a Ca source. Then, 100 mL of aqueous solution of 38.5% of di-base
ammonium phosphate [(NH4)2HPO4] was prepared and used as a phosphorus precursor.
The two reagents were mixed under continuous magnetic stirring, by dripping di-base
ammonium phosphate over a Ca source at an average speed of 2 mL/min, periodically
adjusting the pH > 11. This value has been reported in the literature to favor the formation
of rod-like hydroxyapatite [30]. The precipitate obtained was maturated in a microwave-
assisted hydrothermal Teflon autoclave.

2.1.3. Microwave-Assisted Hydrothermal Maturation of Hydroxyapatite Precipitate

The precipitate was introduced into a 50 cm3 Teflon vessel with an occupancy rate of
50% [59], being subjected to a hydrothermal-microwave heating treatment as follows: the
temperature increased from room temperature to 200 ◦C at a rate of 35 ◦C/min, where it was
maintained for 30 min, and then slowly decreased back to room temperature. Throughout
the heating cycle, the MW energy supplied to the system varied in the first 5 min of
treatment between 1.2 and 1.6 kW and, during the 30 min at maximum temperature,
the range was <1.0 kW. The pressure in the system increased during the hydrothermal
maturation in the first 40 min, from the initial input value of 16 bar at approximately 20 bar,
remaining around this value also during the cooling period. The maturated precipitate
was filtered and washed with distilled water until pH = 7, and then dried at 60 ◦C for 48 h,
resulting in HA1 powder.
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2.2. Characterisation Methods

X-ray diffraction (XRD) was performed using a PANalytical Empyrean Spectrometer
(Malvern PANalytical, Bruno, The Netherlands), operating in a Bragg-Brentano config-
uration with Cu-Kα (λ = 1.5406 Å). The spectra were recorded at 100 < 2θ < 80◦ with
a scan speed of 0.5◦/min and a step size of 0.02◦. Using the following empirical equa-
tion, Equation (1), the crystallinity degree for every powder diffraction pattern can be
appreciated [46]:

Xc = 1 − V112/300
I 300

(1)

where I300 is the intensity of the reflection crystal plane (300) and V112/300 is the intensity
of the difference between (112) and (300) reflections (which completely disappears in
noncrystalline samples of hydroxyapatite) [65–67].

In order to calculate the average hydroxyapatite crystallite size of Bio-Oss, Gen-OS,
and HA1 powders, the Rietveld method was applied, based on all X-ray diffraction peak
profiles in the pattern, using HighScorePlus 3.0.e software and the pseudo-Voigt function
for the profile refinement procedure [65–67]. The Scherer formula (2) was used to estimate
the crystallite size only along the growth plane direction using a convolution of the Cauchy–
Lorentz probability distribution that is marked in the XRD diagram by an increasing peak
associated with a higher crystallinity degree of the powders [61]:

r =
Kλ

B cos θ
(2)

where r = crystallite size [nm], K = 0.9 constant [61], λ = wavelength of monochromatic
X-ray beam [nm] (λ KαCu = 0.15418 nm), B is the full-width of the peak at half-intensity of
each crystalline plane reflection [rad], and θ is the exact diffraction angle [rad].

Fourier-transform infrared spectroscopy (FTIR) spectra were recorded in the wavenum-
ber range of 4000–500 cm−1, in increments of 1.928 cm−1, using a Nicolet iS50R spectrome-
ter (Thermo Fisher, Waltham, MA, USA), in attenuated total reflection mode (ATR). Each
spectrum was collected at room temperature at a resolution of 4 cm−1, and 32 samples
were scanned between 4000 and 440 cm−1. The obtained results were presented as the
average of the 32 individual scanned samples for each Bio-Oss, GenOs, and HA1 powder
and were compared with the theoretical available data [68–71].

A Quanta Inspect F scanning electron microscope (SEM) (Thermo Fisher, Eindhoven,
the Netherlands), equipped with a field electron emission gun (FEG) and an EDS (energy-
dispersive spectroscopy) detector, was used. The technical parameters were: acceleration
voltage of 30 kV and point-to-point resolution of 1.2 nm.

A TECNAI F 30G2 SWIN transmission electron microscope (TEM) (Thermo Fisher,
Eindhoven, the Netherlands) was used, with a 300 kV acceleration transmission with a
Shottky electron emission, HRTEM point and line resolutions of 2 Å and 1.02 Å, respectively,
60x-1Mx magnification range, and a minimum diffraction angle of ±12◦, equipped with an
EDS probe.

The metal contents of both HA1 powder and egg-shell raw material were determined
by X-ray fluorescence spectra (XRF) using a Thermo Scientific ARL PERFORM’X Sequential
spectrometer, which works under pressure in the He atmosphere, and the purchase was
made according to the Thermo Scientific UniQuant soft, nonstandard method.

In vitro qualitative biocompatibility was performed on a GM0047 amniotic fluid stem
cell line (AFSC), purchased from Coriell Institute (Kenton, NJ, USA) and cultivated at the
Faculty of Veterinary Medicine, Department of Biochemistry (Bucharest, Romania). The
cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, Mis-
souri, MO, USA) supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin
and streptomycin) and changed twice a week. The AFSC cell culture was obtained at a final
concentration of 5 μM and RED CMTPX was added as the cell trace fluorophore. The cells
were treated with Bio-Oss, Gen-Os, and HA1 granular materials and incubated for 30 min,
allowing the chromophore penetration into the cells. The viability and morphology of the
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AFSCs were appreciated after 5 days. The cell phenotype was evaluated by flow cytometry
using specific markers such as SSEA-1, SSEA-4, TRA1–60, TRA 1–81, CD90, CD73, CD56,
CD49E, CD44, CD31, CD105, and CD45. There was no modification in the cell phenotype
after 5 days in the presence of the biomaterials [72,73]. After this period, in order to observe
the cells’ fluorescence, the AFSC medium was washed with phosphate-buffered saline
(PBS) (8.0 g/L of NaCl, 0.2 g/L of KCl, 1.42 g/L of Na2HPO4, and 0.24 g/L of KH2PO4,
pH~7.4). The micrographs were made with a digital camera Olympus CKX 41, driven by
CellSense Entry software (Olympus, Tokyo, Japan).

Two quantitative evaluations of the in vitro cellular bioactivity in contact with the
three biomaterials were performed: Viability and Oxidative Stress Assessments (MTT
and GSH-Glo Glutathione Assays). The GSH-Glo Assay is based on the conversion of a
luciferin derivative (Luc-NT-luciferin dimer) coupled in the presence of glutathione (GSH),
oxygen, enzymes (luciferase and glutation S transferase), and ATP. Adding the marker
of luciferase Ultra-Glo Recombinant Luciferase is necessary to produce luminescence,
which is proportional to the quantity of GSH produced in cells. GSH is the main thiol of
animal cells involved in important metabolic mechanisms such as signaling biomolecules
in redox reactions, the regulation of cell proliferation, and fibrogenesis, and its level is a
measure of the antioxidative stress of cells [74]. AFSCs were seeded for 24 h, at a density
of 3000 cells in 300 μL of DMEM supplemented with 10% fetal bovine serum and 1%
antibiotics (penicillin and streptomycin/neomycin) in 96-well plates. After preparing the
cell culture, the tested biomaterials (Bio-Oss, Gen-Os, and HA1) were put in contact and
incubated for 72 h. The protocol involves the addition of 100 μL of 1X GSH-Glo Reagent and
incubating it at 37 ◦C for 30 min, followed by adding 100 μL of Luciferin Detection Reagent
for another 15 min, also incubated at 37 ◦C. Three independent wells of each sample were
observed on a luminometer (Microplate Luminometer Centro LB 960, Berthold, Germany),
after a good homogenization. The change in density, produced by solubilized formazan,
was appreciated spectrophotometrically (TECAN Infinite M200, Männedorf, Switzerland)
(Thermo Fischer Scientific, Waltham, MA, USA); the absorbance of solubilized formazan
concentration is proportional to the metabolic activity of living cells in the culture. The
human mesenchymal amniotic fluid stem cells (AFSCs) (Vybrant®MTT Cell Proliferation
Assay Kit) were cultured in 96-well plates, with a seed density of 3000 cells/well, in the
presence of analyzed Bio-Oss, Gen-Os, and HA1 powders, into DMEM medium (Sigma-
Aldrich, Saint Luis, MI, USA) with the addition of 10% fetal bovine serum, 1% penicillin,
and 1% streptomycin antibiotics (Sigma-Aldrich, Saint Luis, MI, USA), for 72 h. After the
incubation period, 15 mL of MTT (12 mM) was added and kept for 4 h at 37 ◦C, and using
a pipette, the solution of 1 mg of sodium dodecyl sulphate + 10 mL of HCl and 0.01 M was
appended to the formazan crystals solubilization. The absorbance was measured after 1 h,
in triplicate, using a spectrophotometer at 570 nm [75–78].

3. Results and Discussions

The synthesis strategy for the HT-MW maturation treatment was to control the process
parameters in order to obtain a nanosize single-phase hydroxyapatite powder, with parti-
cles presenting mesopores. The usage of microwave radiation leads to a higher reaction
speed, due to the polarization of water from the aqueous suspension [20]. Consequently,
the treatment duration was reduced to only 30 min and the entire process took place with
energy consumption savings. The maximum temperature of the process was settled at
200 ◦C in order to avoid the formation of secondary phosphate phases, as reported in the
literature [19,20]. A homogeneous nanosize powder can be acquired by using the precipita-
tion and hydrothermal synthesis methods [24,27], but taking care that the treatment time
and temperature do not exceed the conditions for crystal growth velocity [20]. The rod-like
morphology of the synthesized hydroxyapatite particles have been reported [52–54], even
using the solvothermal-MW method, with different organic phosphate precursors [49–52],
and the suspension pH seems to be the decisive parameter [57]. Therefore, the pH was care-
fully kept, during precipitate development, at a high basicity level over 11 by choosing a
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suitable regent. Adopting a high-pressure hydrothermal process (initial 16 bars) combined
with gaseous reaction products, a high porosity of crystals was expected.

Figure 1 (left) represents the XRD pattern of the natural raw material (hen egg-
shells) used for hydroxyapatite synthesis, before calcination, while Figure 2 comparatively
presents the diffraction patterns for all three apatite materials. The XRD pattern in Figure 1
was matched by the calcite (CaCO3) phase with a high degree of crystallinity evidenced
by sharp diffraction peaks. The results are in good agreement with numerous references,
which present egg-shells as a calcium carbonate source [24,25]. In addition, a calcium
content of 96.38 wt.% was observed after XRF examination, made on egg-shells before
calcination.

Figure 1. XRD plot for: (left) hen egg-shell powder before calcination; (right) HA1, Bio-Oss, and Gen-Os powders.

Figure 2. FTIR absorption spectra for xenograft Bio-Oss, Gen-Os, and HA1 powder: (*) absorption
bands for protein functional groups.

According to the reference sheet PDF code 00-009-0432, the sample HA1 consists
of 100% HA, and all characteristic crystalline planes were present with amplitude and
diffraction angles (2θ) corresponding to a hexagonal symmetry hydroxyapatite pattern,
as seen in Figure 1 (right, blue). No other secondary phases were present in the HA1
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sample. For Bio-Oss® (Figure 1 right, red), the following main characteristic crystalline
planes of HA were distinguished: (211) with a maximum amplitude (100%) at 2θ of 31.77◦,
followed by (112) and (300) of 60% at 2θ = 32.19◦ and 32.90◦, respectively, (002) at 25.87◦
(40%), (310) at 2θ of 39.80◦ and (222) at 46.79◦, (213) (18%) to 49.46◦, and (004) to 53.14◦.
Gen-Os (Figure 1 right, green) proved to be the least crystallized sample of the three,
as only the crystalline phase planes (002), (211), (112), and (310) of HA were identified.
Moreover, Gen-Os registered a much smaller intensity and broad X-ray scattering profile
at low diffraction angles, compared with the other two samples. As Gen-Os originated
from porcine bone after thermal treatment at low temperature, the decrease in crystallinity
can be attributed to the possible small numbers of remaining organic components, an
hypothesis that was later confirmed by FTIR analysis (Figure 2). Compared to Gen-Os,
Bio-Oss was better-crystallized, but the exhibited peaks corresponding to the crystalline
planes of HA were smaller in intensity compared to the HA1 powder XRD pattern. From
XRD patterns, applying Equation (1), the crystallinity degree was calculated, proving the
highest crystallinity for HA1 (XC = 0.92), followed by Bio-Oss (XC = 0.56) and Gen-Os
XC = 0.28 [46].

To determine the crystallinity degree and crystallite sizes of hydroxyapatite corre-
sponding to the three samples of bone substitutes, the Rietveld method and Scherer equa-
tion were used [65–67]. To calculate the average size of crystallites, the Rietveld method
is more precise compared with the Scherer equation, because it takes into consideration
all peak separations or the total integrated intensity of groups of overlapping peaks from
the diffraction plot, using a pseudo-Voigt function for a better matching profile of X-ray
diffraction peaks. Using each of the three XRD patterns with the application of the Rietveld
method, the crystallite average size of HA in the HA1 sample was the largest of the three
samples (21.62 nm), almost double compared to Bio-Oss and almost triple compared to
Gen-Os (Table 1), as already suggested by the small width of the HA1 XRD peaks presented
in Figure 1 [65–67].

Table 1. Crystallite average size for HA1, Gen-Os, and Bio-Oss by Rietveld method.

Sample Crystallite Average Size (nm) Standard Deviation Value

Bio-Oss 12.65 1.45
Gen OS 7.52 0.89

HA1 21.62 1.89

Table 2 shows the calculated crystallite sizes for [002], [211], and [300] planes, having
the highest diffraction peaks in each plot for the three samples HA1, Gen-Os, and Bio-
Oss. Even though the (211) plane is associated with the highest-intensity peak for all
samples, its corresponding crystallite sizes are not largest. It can be observed that the
biggest crystallite growth occurs under the (002) plane for samples HA1 and Bio-Oss, of
23.44 nm and 43.73 nm, respectively, which was found in the literature to be typical for
natural bone, where the c axes are the growth direction for collagen fibrils [68]. The Gen-Os
sample shows the smallest crystallite sizes, including under the [002] direction, explained
by the lowest amplitude of all diffraction peaks being registered for this sample (Figure 2
green), perhaps because small hydroxyapatite crystals are shielded by the wrapping of
proteins. The results obtained through both calculation techniques are comparable and
present the same order for increasing the mean crystallite size of Gen-Os < Bio-Oss < HA1.
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Table 2. Crystallite size by Scherer equation for the highest crystalline planes.

Sample FWHM 2 θ (◦)
Crystalline
Direction

Crystallite
Size (nm)

Mean Crystallite
Size (nm)

Bio-Oss
0.347 25.88 [002] 23.44

14.690.856 31.86 [211] 9.64
0.753 32.93 [300] 10.99

Gen-Os
3.874 25.88 [002] 2.10

5.451.351 31.99 [211] 6.13
1.017 33.10 [300] 8.14

HA1
0.186 25.78 [002] 43.73

23.830.752 31.87 [211] 10.98
0.447 33.10 [300] 18.53

The FTIR spectra in Figure 2 are attributed to HA1 (blue line), Bio-Oss (red line), and
Gen-Os (green line) powders. Symmetric vibration bending or stretching of the absorption
bands can be observed for the C-O bond at wavenumbers of 1454, 1420, and 874 cm−1,
which can be attributed to CO3

2− (carbonate ions type B) that substitutes PO4
3− in the HA

lattice. The PO4
3− groups absorption bands identified at 472 cm−1 are characteristic of the

ν 2 inclination of the O-P-O bond, the high-amplitude bands from 572 cm−1, 601 cm−1, and
963 cm−1 refer to the symmetric and asymmetric deformation modes of ν 4 O-OP, while the
intense absorption bands in the range of 1040–1090 cm−1 correspond to the ν 3 P-O [69–71].

The absorption bands from 3356 cm−1 marked with arrow refer to the bending oscilla-
tion modes of [OH]− structurally bound in the HA lattice that is present for Gen-Os but
is overlapped with absorption bands characteristic of proteins or lipid functional groups,
as well as physically adsorbed water. The absence of absorption bands for O-H is men-
tioned in different papers as a characteristic of biological apatite, explainable for xenografts
such as Bio-Oss. In addition, for specimen HA1, the [OH] group absorption band in the
range of 3600–3200 cm−1 is missing, which could prove that the hydroxyapatite synthesis
from the natural source (egg-shells) leads to an analogous composition to bio-apatite from
Bio-Oss. The presence of the [CO3

2−] group in HA1 that substitutes [PO4
3−] groups from

the HA lattice, with absorption peaks reported at wave numbers of 1454 cm−1, 1420 cm−1,
and 874 cm−1 as in natural bone, could be proof of compositional similarity. The strong
absorption band at 874 cm−1 was assigned to the presence of CO3

2− involved in B-type
PO4

3− substitution (ν2[B]), and the absence of a lower intensity for the absorption band
at 880 cm−1 attributed to A-type carbonate substitution (ν2[A] in OH− position) together
with the missing band at around 3570 cm−1 for the stretching mode of OH− could be
another piece of evidence. There are papers that presented methods to appreciate the
content of CO3

2− that substitutes PO4
3− in bio-apatite (C/P), by measuring the amplitude

of the absorption band at 1415–1420 cm−1 (as CO3
2−quantity) and at 1011–1042 cm−1

corresponding to PO4
3− quantity [69–71].

According to this method, the C/P ratio for HA1 was 0.028, that for BioOss was 0.125,
and the highest content of carbonate for GenOs was 0.574, the latter containing a certain
quantity of denatured collagen but without any confusion, and the characteristic absorption
band for carbonyl (CO) group is placed at 1455 cm−1 [69–71].

Besides, absorption peaks at 2920 cm−1 (reported at 2923 cm−1) and 2851 cm−1

are assigned to the stretching vibrations of CH, and wavenumbers of 1230, 1541, and
1648 cm−1 are absorption bands for C-H bonds in (CH2) and (CH3), and C-N, N-H, and
C=O, respectively, for amide I, amide II, and amide III (reported absorption bands with
maximum amplitude at wavenumbers of 1659–1555 cm−1), and 1011 cm−1 (reported at
1035 and 1079 cm−1) is assigned for bond vibrations ν(C–O) and ν(C–O–C), all of which
have been reported for collagen type I [68].

The shape of the grains for the two xenografts resembles fragments of cancellous
or cortical natural bone [18,62,63], while for the HA1 sample, the grains are very small
and of prismatic shape (Figure 3g). At higher magnifications, the SEM images of the
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two xenografts show the characteristic morphology of the extracellular matrix in the
bone tissue, with a very dense structure (Figure 3b,f), HA platelets crystallized in parallel
planes, with nanometric width and 59–62 nm diameter, along with collagen fibers with
hydroxyapatite mineralized on surface (Figure 3 c). For Gen-Os and Bio-Oss, the structure
is caused by organic–inorganic nanocomposite biogenesis. Contrariwise, the HA1 sample
SEM images indicate a soft and fluffy structure characteristic of the crystallization from
precipitate, ultra-fine nanoparticle aggregate structures (5.44–7.69 nm), and no visible
intergranular limits (Figure 3h,i) [74]. In a saturated solution, heterogeneous nucleation
always takes place earlier than the homogeneous one, due to lower nucleus-free energy on
foreign bodies [75].

Figure 3. SEM images for: (a–c) Gen-Os (200×, 10,000×, and 40,000×); (d–f) Bio-Oss (200×, 10,000×,
and 40,000×); (g–i) HA1 synthesized from egg-shells (1000×, 20,000×, and 100,000×).

The chemical elements identified in each sample are presented in the EDS spectra
(Figure 4), and the elemental composition of HA1 and egg-shells before annealing powders
can be observed in the XRF results (Table 3). The identified elements in the Bio-Oss and
Gen-Os sample (C, P, O, and Ca) can be assumed to form a single phase of carbonated
apatite with molar ratios of Ca:P~1.65 and 1.60, respectively. This is a well-known deviation
from a hydroxyapatite unit cell stoichiometry (Ca/P = 1.67), which is in good correlation

31



Nanomaterials 2021, 11, 2289

with the FTIR and XRD analysis results, where the nature of the sample source and the
data is reported in the literature.

Figure 4. EDS spectra for: (red) Bio-Oss; (green) Gen-Os; (blue) HA1 powders.

Table 3. Main elemental constituents of HA1 powder and egg-shells before annealing by XRF.

Identified
Element

Egg-Shell before Calcination HA1

(% wt.) Est. Error (%) (% wt.) Est. Error (%)

Ca 96.38 0.09 69.44 0.23
Na 1.82 0.07 0.627 0.23
Mg 0.980 0.049 0.594 0.044
Px 0.334 0.017 29.14 0.030
Sx 0.233 0.012 0.0540 0.0027
K 0.0669 0.0033 - -
Sr 0.0626 0.0031 0.0381 0.0019
Si 0.0420 0.0027 0.0400 0.0049
Al 0.0185 0.0055 - -
Cl 0.0163 0.0009 0.0134 0.0022
Fe 0.0141 0.0016 0.0092 0.0027

Comparing the results of the elemental analyses from the EDS dispersion spectra,
which have only a qualitative value, the presence of copper in the two xenograft samples
is highlighted, in a higher content at the Gen-Os sample. In addition, an evident carbon
content is observed in all three samples, which may arise from the carbonate groups in
Bio-Oss and HA1, but may have an organic and inorganic nature in Gen-Os. The amplitude
peak corresponding to the C element, found at around 0.3 eV, could be attributed to
graphite conductive tape, too. None of the EDS spectra for any of the three samples mark
the presence of trace elements, as reported in the literature [18,36–38].

Studies in the literature have reported biological apatite derived from bone products
with a Ca/P ratio between 1.50 and 1.85, strongly dependent on bone species and the age
factor [36]. The responsible factors for this stoichiometry deviation are the cationic and
anionic substitutions of calcium, phosphate, or hydroxyl groups from the hydroxyapatite
lattice with trace elements and carbonate or silicate groups, respectively [18]. Using the
EDS spectrum for HA1 (Figure 4), the calculated ratio of Ca/P = 1.69 ± 0.1 exceeds the ratio
of these two elements in stoichiometric hydroxyapatite, with the same ratio being reported
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in the literature for synthesized hydroxyapatite but also for biologic apatite provided from
biogenic sources.

XRF analysis on the synthesized hydroxyapatite sample (HA1) and unannealed egg-
shell powder used as a source for this synthesis (Table 3) showed the presence of important
trace elements in the egg-shell source, kept during all treatments, and also found in a
smaller amount in HA1 nano-powder. Hence, the Na content decreased from 1.82 ± 0.07%
wt. in egg-shells to 0.63 ± 0.23% wt. in HA1, the Mg from 0.98 ± 0.05% to 0.59 ± 0.04%,
and so on. Such elements are known to be of great importance in the biocompatibility
of natural hydroxyapatite and beneficial for the synthesized HA1. Many trace elements
have been reported to substitute Ca ions of biologic HA, such as 0.9%wt Na+ and 0.5%wt
Mg2+; Sr 2+ < 0.1%. PO4

3− groups are also usually substituted by around 4–6% CO3
2− [36].

In fact, bone mineral is a calcium-deficient apatite, where a Ca:P ratio of 1.67 is only the
theoretical value for pure hydroxyapatite [36].

TEM images for Bio-Oss, Gen-Os, and HA1 samples can be seen in Figure 5A–H.
At smaller magnification, crystalline aggregates composed of polyhedral and rod-like
hydroxyapatite particles are observed for Bio-Oss and HA1 samples (Figure 5D orange
arrows and Figure 5G), while for the Gen-Os sample, the rod-like particles are faded by the
presence of remnant collagenous components. The rod-like morphology is confirmed at the
higher magnification (Figure 5B,G), resembling both Bio-Oss and HA1 samples. However,
a higher surface roughness and numerous internal pores can be observed in the HA1
sample (Figure 5C,H, yellow arrows). Figure 6A,B show Bio-Oss particle mean lengths
and diameters of 44.6 nm and 8.3 nm, respectively. Larger particles were measured for
HA1, with a mean diameter of 19.96 nm and mean length of 61.18 nm, and the crystallites
were elongated in the [002] growth direction under the c axis, as also proven by XRD
analysis results (Figure 1 right). The diffraction rings presented in the SAED patterns are
similar for HA1, Bio-Oss, and Gen-Os (Figure 5C.1,E.1,H.1), for each crystalline plane
identified, proving the polycrystalline hydroxyapatite as the main component of the three
samples. The ring associated with the (0 0 2) plane is present in all SAED patterns, which is
characteristic to natural bone due to the collagen fibrils, and is evidence of the compositional
similarity between the three samples [36]. The (1 1 2), (2 1 1), and (3 0 0) planes form three
rings that overlap for all samples, appearing brighter. The diffuse light in the SAED pattern
marks the presence of an amorphous phase in Gen-OS.

For the Gen-Os, a sample of partially deproteinized porcine bone, the TEM images
show the same polyhedral and nano-rod-like morphologies, with a mean length of 88.27 nm
and mean diameter of 12.68 nm, larger than Bio-Oss. A possible explanation for these
findings can be the reminiscence of natural bone proteins under the mineral structure, al-
ready proved by FTIR and SEM analysis. However, the sizes of Gen-Os particles are longer
than those of HA1 (Figure 6A). Studies in the literature have reported bone hydroxyapatite
crystals sizes to be 30–50 nm in length and 15–30 nm in width [36]. The width distribution
of comparative particles is observed in Figure 6 B. In addition, the thinnest hydroxyapatite
rod-like particles are contained by the Bio-Oss specimen (Figure 6B red), with the measured
particle diameters for HA1 being of comparable size as those of Gen-Os.

The obtained results are in good agreement with previous literature studies, which
have associated the morphology of synthetic HA with the hydrothermal conditions [51,52].
Hence, when treated at 150 ◦C for 24 h, needle-like structures are obtained [55], while for
72 h aging, the observed morphology is rod-like [51,52,59]. As could be seen in TEM, the
micrographs associated with the HA1 sample (Figure 5G,H), the nano-rod-like crystals have
high rough surfaces created by hydrothermal MW-assisted treatment of the HA precipitate
without any templates. The rounded pores are irregularly distributed (Figure 5H, yellow
arrow) and present on both the particle’s surface, as well as between grains, having an
average size of 3.3 nm (Figure 6C) [60]. Comparing the TEM image of Bio-Oss in Figure 5C
with the HA1 sample (Figure 5H), an obvious similar roughness of the particle’s surfaces
could be seen, even if their synthesis history is different. Nevertheless, the sample HA1
has a very high internal porosity compared with Bio-Oss (Figure 5C,H yellow arrow).
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Figure 5. TEM images and SAED patterns for: (A–C) Bio-Oss, (C.1) SAED pattern Bio-Oss; (D,E) Gen-Os (rod-like particles-
red arrows), (E.1) SAED pattern Gen-Os; (F–H) HA1 (intra-particle pores-yellow arrows), (H.1) SAED pattern HA1.

High-resolution transmission electron microscopy (HRTEM) images for every three
specimens are presented in Figure 7a–c. This investigation allows the measurement of
crystallites sizes on the selected area, as well as determining the d-spacing of the family of
parallel planes belonging to a crystallite oriented under a certain direction in the polycrys-
talline particle, by measuring the distance between crystallite atom planes. In Figure 7a
(inset), the d-spacing of 5.2881 Å corresponds to (101) Miller’s indices of hydroxyapatite
crystals in the Bio-Oss sample, 2.7131 Å is the d-spacing for parallel planes in direction (300)
in Gen-Os (Figure 7b), while the crystalline plane (112) has a d-spacing of 2.7613 Å for HA1
(Figure 7c). Some differences between the crystallite mean size determined from HRTEM
and those calculated by Rietveld equations with XRD data were observed. A possible
explanation could be the fact that HRTEM images show only part of a particle, with few
crystallites grown under some crystalline planes, while the Rietveld method provides the
mean size of crystallites, taking into consideration all crystalline planes of the sample.
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Figure 6. HA1 (blue), Bio-Oss (red), Gen-Os (green) particles length distribution (A) and width distribution (B); internal
pores size distribution for HA1 sample (C).

Figure 7. HRTEM images for specimens: (a) Bio-Oss (inset, inverse fast Fourier transform); (b) Gen-Os (inset, inverse fast
Fourier transform); (c) HA1 (inset, inverse fast Fourier transform).

The percentage of viable cells after the 72 h incubation period (Figure 8A) was calcu-
lated by taking the ratio between the absorbance recorded on cell cultures in the presence of
biomaterial powders and that of the control sample (CTRL) [76–78]. The metabolic activity
of AFSCs in the presence of HA1 powder proves to be higher than the cell viability in the
presence of the two xenografts, with the lowest viability in the series being registered in
the presence of Bio-Oss powder. However, the one-way analysis of variance (ANOVA),
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followed by a two-tailed t-test with Bonferroni post-hoc correction results, showed that
the differences between Bio-Oss, Gen-Os, and HA1 samples are not statistically significant.
Yet, there is a statistically significant difference between the cellular viability registered in
their presence and the control sample, which contains only AFSCs. Hence, even though the
analyzed powders are inhibited in a small proportion, the metabolic activity of the AFSCs,
HA1 sample proves similar enough with the two commercial xenografts already used as
a bone substitute in dentistry. Consequently, the already mentioned morphological and
structural differences between Bio-Oss, Gen-Os, and HA1 do not greatly influence their
biocompatibility.

Figure 8. (A) MTT assay results (after 72 h incubation) and (B) GSH assay showing the oxidative stress of AFSCs cultured in
the presence of HA1, Gen-Os, Bio-Oss powders, and CTRL sample (only cells); the results are presented as the mean ± S.D.
of 3 replicates; different letters indicate significant differences between each sample; p < 0.05/n (n = 6)-based ANOVA
statistical analysis, followed by a two-tailed t-test with Bonferroni post hoc correction (A).

In the GSH assay, the cytotoxic effect translates into an increased oxidative stress
generated on the cells in the presence of HA1, Gen-Os, or Bio-Oss samples, and for
the control sample, consisting of cells only. An intense AFSC bioactivity leads to more
GSH enzymes coupled to fight against oxidative species, forming glutathione disulfide
(GSSG). The GSH/GSSG molar ratio represents a powerful index of oxidative stress and
disease risk and can be determined by numerous analytical methods, including UV-Vis
spectrophotometry. The measured luminescence is proportional to the amount of GSH
involved in the antioxidative stress, and as shown in Figure 8B, the most stress-free AFSCs
are those in contact with Bio-Oss, with the HA1 sample coming next. The CTRL sample
is placed before Gen-Os, which manifests the strongest oxidative stress on the cell line
cultured, all incubated for 24 h. However, data analysis results showed that the differences
between CTRL, Gen-Os, and HA1 samples are not statistically significant. Yet, there is a
statistically significant difference between the oxidative stress registered in their presence
and the Bio-Oss sample. Even though the Gen-Os and HA1 powders seem to cause an
increase in GSH amount, unlike Bio-Oss, their cytotoxic effect is nonsignificant compared
to cells only (CTRL) and can be considered biocompatible, similar to MTT analysis results.
The GSH test proves once more the biological resemblance between the HA1 sample and
Gen-Os xenograft, but also highlights the atypical behavior of Bio-Oss. Analyzing the
morphological and structural characteristics of Bio-Oss, compared with Gen-Os and HA1,
a prospective correlation with their biological properties arises: smaller particles manage
to diminish the oxidative stress level by restoring the balance between the formation of
reactive oxygen species (ROS) in cells and the capability of the cells to clear these free
radicals; the smallest hydroxyapatite rod-like particles were observed for the Bio-Oss
sample, while the measured particles for HA1 were comparable in size with Gen-Os.

The fluorometric microculture cytotoxicity assay (FMCA) is an in vitro nonclonogenic-
based cell viability assessment used for the cytotoxic and cytostatic measurement effect
of different compounds or biomaterials, after a short time of incubation. The assay is
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based on fluorescein diacetate (FDA) hydrolysis by esterase in cells, keeping intact plasma
membranes [79]. AFSCs were seeded under the described protocol (control cells only)
and in contact with Bio-Oss, Gen-Oss, and HA1 samples, which could be observed as
viable at the fluorescence microscope, after 72 h of incubation, with cells absorbing CMTPX
fluorophores added in the cytoplasm (Figure 9). Fluorescence microscopy images show
that AFSCs are viable and preserve their initial morphology, with homogenous sizes and
density distributions in the culture well plates. No fragmented or dead cells could be
identified on the background in the presence of xenografts and HA1 powders, as well as
without any biomaterials in contact. In addition, from the images, the formation of filopodia
actin-rich protrusions attached by many cells could be seen. As they are usually involved
in numerous cellular processes, including cell migration, wound healing, adhesion to the
extracellular matrix, and guidance toward chemoattractants, it demonstrates that seeded
AFSCs exhibit a good comparable bioactivity for all samples analyzed [79].

Figure 9. Fluorescent microscopy images of Bio-Oss, Gen-Os, HA1, and CONTROL colored with CMTPX fluorophore.

4. Conclusions

Nano-hydroxyapatite (HA1) was synthesized from egg-shells by the microwave-
assisted hydrothermal method (HTMW). From this hybrid, through an unconventional
genesis route, a crystalline, homogenous in dimension, rod-like hydroxyapatite was ob-
tained, after only several minutes, compared to various literature studies that reported
several hours when using a hydrothermal technique alone. The obtained material demon-
strates a mimetic composition, morphology, and structure with the commercial xenografts
Bio-Oss® and Gen-OS®. The fact that the HA1 sample, unlike the two xenografts, proved to
have a very high meso-porosity was noticeable. This could be associated with an improved
biomolecule adhesion and a potential increased osteoconductivity, and could be the cause
for the good results of this sample at all in vitro cytotoxicity assays. Moreover, HA1 can be
utilized in granular form, as well as xenografts, with better bioactivity and osteoconductiv-
ity than the hydroxyapatite-based scaffolds. The HA1 powder thus synthesized has a high
potential for applications in bone substitution, teeth fillers, or drug delivery systems.
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Abstract: Biogenic calcium carbonates naturally contain ions that can be beneficial for bone regen-
eration and therefore are attractive resources for the production of bioactive calcium phosphates.
In the present work, cuttlefish bones, mussel shells, chicken eggshells and bioinspired amorphous
calcium carbonate were used to synthesize hydroxyapatite nano-powders which were consolidated
into cylindrical pellets by uniaxial pressing and sintering 800–1100 ◦C. Mineralogical, structural and
chemical composition were studied by SEM, XRD, inductively coupled plasma/optical emission
spectroscopy (ICP/OES). The results show that the phase composition of the sintered materials
depends on the Ca/P molar ratio and on the specific CaCO3 source, very likely associated with the
presence of some doping elements like Mg2+ in eggshell and Sr2+ in cuttlebone. Different CaCO3

sources also resulted in variable densification and sintering temperature. Preliminary in vitro tests
were carried out (by the LDH assay) and they did not reveal any cytotoxic effects, while good cell
adhesion and proliferation was observed at day 1, 3 and 5 after seeding through confocal microscopy.
Among the different tested materials, those derived from eggshells and sintered at 900 ◦C promoted
the best cell adhesion pattern, while those from cuttlebone and amorphous calcium carbonate showed
round-shaped cells and poorer cell-to-cell interconnection.

Keywords: calcium orthophosphates; nano-hydroxyapatite; eggshell; cuttlefish bone; mussel shell;
amorphous calcium carbonate

1. Introduction

A material is defined as bioactive, or biologically active, when it is capable of gen-
erating an interphase bonding layer across the material–tissue interface, thus improving
the ability to bond directly with the living structure. One strategy to attain bioactivity in
ceramic materials is to mimic the chemistry of the bone tissue and this is why calcium
phosphates and, in particular, hydroxyapatite (HA, Ca10(PO4)6OH2), have been widely
studied for bone regeneration applications. Nevertheless, the main inorganic constituent
of human bone is substantially different from pure HA, as it is a nanocrystalline non-
stoichiometric compound containing sodium, magnesium and carbonate ions together
with significant amounts of other trace elements such as K+, F−, Cl−, Zn2+, Sr2+, Ba2+, etc.
For this reason, it should be more properly referred to as “impure hydroxyapatite” [1] or
“biological apatite” [2]. The presence of the said additional elements has been recognized to
play an important role in bone repair [3] and, for example, Mg2+ and Sr2+ have been found
to improve osteoblasts adhesion and bone formation [4–8]. The impurities, especially of
CO3

2−, also introduce a certain degree of disorder into the crystal lattice that increases the
solubility of the material and, therefore, its resorbability [9].
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The incorporation of additional chemical elements in synthetic HA may be an expen-
sive process, but it can be more compliant if hydroxyapatite is extracted from biological
resources like mammalian bones, fish bones or biogenic calcium carbonates, which are
usually in the form of calcite or aragonite [10]. Cuttlebone-derived aragonite was used to
produce HA by several authors [11–17] after the pioneering work by Rocha et al. [18,19]
who observed good in vitro bioactivity of HA scaffolds derived from cuttlefish bones.
Other biological sources of calcium carbonate used to synthesize HA are eggshells [20–28],
corals [29–31], algae [32] and sea shells [33–39]. Most of these studies report the synthesis
of nanocrystalline calcium-deficient hydroxyapatite (CDHA), with significant levels of
carbonate ions and other impurities, like Mg in eggshell-derived HA [40]. Another form
of calcium carbonate that is found in biological systems is amorphous calcium carbonate
(ACC), which can be stable or can be a transient precursor for the formation of calcite or
aragonite [41], as in the case of sea urchin spines [42] and mollusk larval shells [43]. Due
to its role in bio-mineralization, ACC is a promising material for bone tissue engineering,
but its applicability in this field was considered in only a few studies [44,45] and, to the
authors’ knowledge, not for the synthesis of HA.

Although the bioactivity of naturally derived calcium phosphates has been proven by
in vitro [46,47] and in vivo [48,49] biological tests, the role of calcium carbonate precursors
on the biological behavior of HA is still not completely clear. Kim et al. [50] found that HA
granules derived from cuttlebone promote superior cell proliferation and differentiation
in vitro with respect to synthetic HA and stimulate more new bone formation in calvarial
defects in white rabbits. Nevertheless, they filled the defects directly with HA granules
while HA powder usually needs to be consolidated by a sintering process to develop
minimal mechanical properties.

The sintering of pure HA is usually carried out at temperatures between 1100 ◦C and
1250 ◦C [51], whereas carbonate ion substitutions can lower the densification temperature
to 900–950 ◦C [52]. Unfortunately, this thermal treatment may lead to the loss of some
important properties that are thought to be beneficial for bioactivity: the carbonate content
can be reduced, the nano-crystallinity lost and CDHA transformed into stoichiometric
HA and β-TCP [53]. In this respect, the bioactivity of sintered synthetic HA and fish
bone-derived HA was compared by Mondal et al. [54], who found that cell viability is
basically the same, although osteoblasts seem to be better attached to the fish-HA than to
the synthetic one.

In the present work, we synthesized HA nanopowders, starting from four different
calcium carbonate sources: chicken eggshells (biogenic calcite), cuttlefish bones (biogenic
aragonite), mussel shells (biogenic calcite/aragonite) and synthetic amorphous calcium
carbonate (bioinspired ACC). The powders were then consolidated by uniaxial pressing
and sintering at 800–1100 ◦C and the materials, carefully characterized, were subjected to
cytotoxicity and in vitro cell adhesion tests to point out and compare their bioactivity for
potential use in bone tissue engineering.

2. Materials and Methods

Chicken eggshells (ES), cuttlefish (sepia officinalis) bones (CB) and mussel (mytilus gal-
loprovincialis) shells (MS) were collected as food waste from a local bakery, fish shop and
restaurant, respectively. After washing under tap water, they were boiled in demineralized
water for 10 min, dried overnight at 100 ◦C, ground to powder in a centrifugal mill (Retsch
S100) at 400 rpm for 30 min and then sieved in order to eliminate particles larger than
300 μm. The amorphous calcium carbonate (ACC) was kindly supplied by Amorphical
(Harash St. 11, Nes-Ziona, Israel) as a synthetic powder with the commercial name DEN-
SITY™. Pure stoichiometric HA granules (sHA), powder size 5–25 μm, were achieved by
S.A.I. (Science Application Industry, Saint-Priest, France).

Hydroxyapatite was synthesized from ES, CB, MS and ACC powders via wet
mechanosynthesis and successive drying in an oven. The powders were mixed with
ammonium phosphate dibasic ((NH4)2HPO4, CAS: 7783-28-0, purchased from Fluka,
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Buchs, Switzerland) or phosphoric acid (~85% H3PO4, CAS: 7664-38-2, purchased from
CARLO ERBA Reagents, Cornaredo, Italy), in order to achieve a Ca/P ratio of 1.67. The
mechanosynthesis reaction was promoted by ball-milling the reactants in an aqueous
solution, using a Turbula® mixer and a 250 mL polyethylene bottle filled with zirconia
balls (ball mass = 0.5 g), with balls-to-powder mass ratio equal to 10:1. The resulting
slurry was dried in an oven for 24 h.

In a previous work the effect of the pH, the milling time and the drying temperature on
the mechanosynthesis process efficiency was investigated [55]. According to the obtained
results, the process parameters listed in Table 1 were selected in order to maximize the
efficiency and minimize the processing time and temperature. Therefore, CB and ACC,
that were more prone to be converted into HA, were ball-milled for 30 min and dried at
120 ◦C, while ES and MS needed 4 h milling and 150 ◦C drying temperature. We used
(NH4)2HPO4 as the phosphate provider for CB, MS and ACC, while ES were processed
with H3PO4 to facilitate the reaction by the dissolution of CaCO3.

Table 1. The parameters used during the mechanosynthesis process.

Raw Material Label Milling Time Phosphate Provider Drying Temperature

DENSITY™ ACC 30 min (NH4)2HPO4 120 ◦C
Eggshell ES 4 h H3PO4 150 ◦C

Mussel shell MS 4 h (NH4)2HPO4 150 ◦C
Cuttlebone CB 30 min (NH4)2HPO4 120 ◦C

The as-synthesized HA powders were then consolidated by uniaxial pressing and
sintering. About 0.1 g of each powder was pressed with 2 tons in a 5 mm diameter
cylindrical die using a Specac manual hydraulic press. The pellets were heated at 10 ◦C/min
in a muffle furnace (Nabertherm P330), maintained at the selected sintering temperature for
2 h and free cooled in the oven. The sintering temperature was set for each material after
some preliminary dilatometric tests on the green pellets, in order to densify the powders
while retaining some porosity. The sintering temperature was set to 800 ◦C for ACC–HA,
900 ◦C for ES–HA, 1000 ◦C for MS–HA and 1100 ◦C for sHA. For CB–HA two temperatures
were selected, 900 ◦C and 1100 ◦C. For practical convenience, the final materials were
named after the calcium carbonate precursor and the sintering temperature as follows:
ACC-800, ES-900, MS-1000, sHA-1100, CB-900 and CB-1100.

The crystalline phases of calcium precursors, as-synthesized powders and sintered
pellets were characterized by x-ray diffraction (XRD). The CaCO3 powders spectra were ac-
quired in reflection geometry with an Italstructures IPD3000 X-ray diffractometer, equipped
with a Co anode source (Kα radiation 1.78892 Å), a multilayer monochromator to suppress
k-beta radiation, fixed 100 μm slits and an Inel CPS120 detector over 5–120◦ 2-theta range
(0.03 degrees per channel). The as-synthesized powders and sintered pellets, instead, were
analyzed using a Rigaku IIID-max, Cu anode source (Kα radiation 1.5406 Å), 5–110◦ 2-theta
range, scan step 0.05◦ and step time 2 s. The spectra were then analyzed with the Rietveld
software Maud [56], using the following crystal phases downloaded from the database
COD [57]: calcite n. 4,502,443 [58], aragonite n. 2,100,187 [59], HA n. 4,317,043 [60], β-
TCP n. 1,517,238 [61], CPP (Ca2P2O7) n. 1,001,556 [62], CaO n. 9,006,712 [63] and CaOH
n. 1,000,045 [64].

The Ca and P content and the presence of other elements in the calcium carbonate
precursors and in the as-synthesized powders were determined with inductively cou-
pled plasma/optical emission spectroscopy (ICP/OES), using Spectro Ciros Vision CCD
(125–770 nm) and hydroxyapatite ultrapure standard (>99.995% trace metal basis, Sigma–
Aldrich, St. Louis, MO, USA). The samples were solubilized in ultrapure nitric acid
(70 vol%, Sigma–Aldrich, St. Louis, MO, USA) and diluted with pure water (obtained
by reverse osmosis, σ < 0.1 μS cm−1). The emission lines chosen for the analysis were
184 nm for Ca and 178 nm for P. The analyses of the other elements shall be considered as
semi-quantitative, only.
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The internal porosity and surface morphology of the sintered pellets were observed
with a JEOL JSM-5500 scanning electron microscope (SEM) using secondary electrons, after
Pt/Pd metallization with a QuorumQ150TES sputtering equipment. The density of the
sintered pellets was estimated by weighting and measuring 5 samples per type, using a
caliper and a laboratory scale.

The cytotoxicity of the sintered pellets was evaluated using human lung fibroblasts
cell line (MRC5), expanded and cultured under standard conditions (37 ◦C and 5% CO2) in
minimal essential medium (MEM—Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
10% of inactivated fetal bovine serum (Euroclone, Pero, Italy), supplemented with 1% of
L-glutamine (Euroclone, Pero, Italy), sodium pyruvate (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), non-essential amino acids (SigmaAldrich, St. Louis, MO, USA), and
antibiotic-antimycotic (Euroclone, Pero, Italy). All samples were sterilized by autoclave.
LDH cytotoxic assay (Thermo Fisher Scientific, Waltham, MA, USA) was performed to
measure the amount of lactate dehydrogenase (LDH) released by cells during cell death.
The test was performed following the European Standard EN ISO-10993-12:2004 and 10993-
5:2009. Specifically, all samples without cells were incubated in medium without phenol
red and with heat inactivated serum for 72 h (conditioned medium). After incubation, the
conditioned medium was pursed on MRC5 cells at 70% of confluence, previously seeded at
a density of 5000 cell/well in a 96-well plate and incubated for 48 h. Positive and negative
controls were represented by fully lysate cells and cells cultured in standard medium,
respectively. After the incubation, all samples were prepared following the manufacturer’s
instructions and the LDH amount released in the medium was measured using a Tecan
Infinite 200 microplate reader (Tecan Group, Männedorf, Switzerland), recording the
absorbance at 490 nm and the background at 680 nm. Five replicates were tested per
each condition.

Cell adhesion was evaluated by confocal analysis (A1 Laser Microscope, Nikon In-
struments Europe BV, Amsterdam, The Netherlands) using a human osteosarcoma cell
line (MG63). The sterilized sintered pellets were placed in a 96-well culture plate and
seeded with 6000 cells/well. The cells were cultured at 37 ◦C with 5% CO2 in a culture
media composed of MEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 10%
fetal bovine serum (Euroclone, Pero, Italy), 1% sodium pyruvate (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), 1% non-essential amino acids (Sigma-Aldrich, St. Louis,
MO, USA), 1% L-glutamine (Euroclone, Pero, Italy) and 1% of antibiotic/antimycotic (Eu-
roclone, Pero, Italy). All samples were observed at day 1, 3, and 5 after seeding. Before
the confocal analysis, the specimens were fixed with 4% paraformaldehyde for 40 min at
each time point, and later cell membranes were permeabilized with Triton X-100 at 0.2%.
The cellular nuclei and the cytoskeleton were stained with 4, 6 diamidino 2 phenylindole,
dilactate (DAPI—SigmaAldrich, St. Louis, MO, USA) and I-Fluor 488 (Abcam, Cambridge,
UK), respectively.

3. Results and Discussion

3.1. Materials Characterization

The XRD spectra of the raw materials (Figure 1a) and the corresponding quantitative
phase analysis (Table 2) show that eggshells (ES) are composed of 100% calcite, cuttlebones
(CB) of 100% aragonite and mussel shells (MS) of a mixture of ~70/30 calcite/aragonite.
The amorphous structure of ACC, instead, is revealed by the two broad bands at about
35◦ and 53◦ (Co Kα radiation) [65]. The diffraction spectra of the synthesized powders
shown in Figure 1b confirm that all materials were converted into hydroxyapatite, with
about 7 wt% residual calcite only in the case of MS. The width of the HA peaks indicates
that the crystals are nanosized, as confirmed also by the Rietveld analyses, which pointed
out crystallite sizes of 13 nm (ES–HA and MS–HA), 20 nm (ACC–HA) and 25 nm (CB–HA).
In addition, the high relative intensity of the (002) peak at 25◦ with respect to the (211) one
at 31◦ suggests a preferential growth along the c-axis for all materials [66].
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Figure 1. XRD spectra of the (a) raw materials and (b) synthesized powders.

Table 2. The phase composition (wt%) of the raw materials, synthesized powders and sintered pellets determined with Rietveld analyses.

Raw Material Synthesized Powder Sintered Pellet

Label Phase Composition Label Phase Composition Label Phase Composition

ACC 100% amorphous
CaCO3

ACC–HA 100% HA ACC-800 ~85% β-TCP,
~15% CPP

ES 100% calcite ES–HA 100% HA ES-900 ~50% HA,
~50% β-TCP

MS ~70% calcite,
~30% aragonite MS–HA ~93% HA,

~7% calcite MS-1000 HA,
<3% CaO

CB 100% aragonite CB–HA 100% HA
CB-900 100% HA

CB-1100
~90% β-TCP,

~5% HA,
~5% CaOH

sHA - - - sHA-1100 HA,
<3% CaO

The sintered pellets show a different crystal structure with respect to the synthesized
powders, as shown in Figure 2 and summarized in Table 2. First of all, the crystallites
dimension is no longer nanometric but they become micrometric (>200 nm). MS-1000 and
CB-900 maintain the hexagonal HA structure but the preferred orientation is attenuated
(MS-1000) or even completely nullified (CB-900).

The results of the ICP/OES analyses are summarized in Table 3. Significant levels of
Na (1.5%) and P (~2%) were found in the raw ACC powder; Mg is present (~0.4%) in the
eggshell and Sr (~0.2%) in the cuttlebone. Traces of Na, Mg and Sr were detected in all
biogenic CaCO3, while K was found only in CB and ES. The amount of Ca and P measured
in the synthesized HA powders yields to Ca/P ratio lower than 1.67 for ACC–HA, CB–HA
and ES–HA, pointing out that these nanopowders are constituted by calcium deficient
HA (CDHA). MS–HA and sHA, instead, are characterized by a Ca/P ratio larger than
1.67. It has to be said that, since it was not possible to completely dissolve the biogenic
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HA powders in nitric acid solution during the preparation of the samples, the results
may slightly deviate from the reality, and for this reason the data are presented with an
estimated error of ±0.02. Other very limited impurities (<50 ppm) were also found in the
materials like Cl in ACC and CB; Ba in CB and ES; Zn in CB; Fe, Si, and Mn in MS.

Figure 2. XRD spectra of the sintered pellets: (a) sHA-1100, MS-1000 and CB-900; (b) ES-900, CB-1100 and ACC-800.

Table 3. The concentration of the fundamental elements and Ca/P molar ratio in the raw materials (CaCO3) and synthesized
powders (HA) as determined by inductively coupled plasma/optical emission spectroscopy (ICP/OES) analysis.

P Ca/P Molar Ratio Na K Mg Sr

CaCO3 HA CaCO3 HA CaCO3 HA CaCO3 HA CaCO3 HA

ACC 2.0% 1.28 ± 0.02 1.5% 1.4% <0.1% - - - <0.1% <0.1%
MS <0.2% 1.76 ± 0.02 0.3% 0.3% <0.1% - 0.1% 0.1% 0.1% 0.1%
CB <0.2% 1.64 ± 0.02 0.7% 0.9% 0.1% 0.1% <0.1% 0.1% 0.2% 0.2%
ES <0.2% 1.58 ± 0.02 0.1% 0.1% 0.1% 0.1% 0.4% 0.3% <0.1% <0.1%

sHA - 1.71 ± 0.02 - <0.1% - <0.1% - <0.1% - <0.1%

The results of the XRD analyses can be correlated with the amount of P and Ca
measured by ICP/OES in the HA powders, considering the CaO/P2O5 phase diagram [67].
In the presence of water, 100% HA is expected with Ca/P = 1.67, while 100% β-TCP is
formed with Ca/P = 1.5. For a Ca/P ratio between these two values both phases are
expected following the lever rule. Accordingly, ES–HA transforms from CDHA to biphasic
HA/β-TCP when sintered at 900 ◦C (ES-900), in the proportion expected for Ca/P = 1.58,
which is 50/50. Conversely, CB–HA, with Ca/P = 1.64, maintains the hexagonal HA
structure after heat treatment at 900 ◦C (CB-900), but transforms into ~90% β-TCP, ~5%
HA and ~5% CaOH when treated at 1100 ◦C (CB-1100).

The different behavior of eggshell- and cuttlebone-derived HA might be related to
the different content of bivalent cations, with Sr2+ being mainly present in CB and Mg2+ in
ES. In fact, it is known that both magnesium and strontium stabilize the crystal structure
of β-TCP, at the expense of HA [68–70]. Nevertheless, their effect is different, because
cations with ionic radii larger than Ca2+, such as Sr2+, can be incorporated in the apatite
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structure to a much greater extent than those with a smaller ionic radius like Mg2+ [1].
Magnesium is thought to inhibit apatite crystal growth, to stabilize β-TCP with respect
to α-TCP [71] and to lower the temperature at which CDHA transforms into a biphasic
mixture of β-TCP and HA [72]. Therefore, the presence of Mg in ES–HA could be the reason
for ES–HA to transform partially into β-TCP at 900 ◦C while CB–HA does not. However, it
is surprising that CB–HA, when sintered at 1100 ◦C, is composed mainly by β-TCP, when
the phase diagram predicts the prevalence of HA (~85% HA). The extra amount of calcium
results instead in the presence of a small amount of CaOH. It is possible that the Sr2+

content caused a deviation from the expected behavior by favoring the formation of β-TCP,
although the reason for the CaOH formation is still unclear. One possible explanation
could be the non-homogenous distribution of Ca2+ and PO4

3− ions, which can determine a
Ca/P ratio larger than 1.67 in certain areas, leading to the formation of calcium hydroxide.

When calcium and phosphorus are present in proportions larger than 1.67, the phase
diagram predicts the presence of CaO together with HA, as a result of the extra amount
of calcium. Accordingly, the XRD spectra of sHA-1100 and MS-1100, whose powders are
characterized by Ca/P equal to 1.71 and 1.76, respectively, revealed the presence of a small
amount of CaO. Moreover, the as-synthesized MS–HA powder contains ~7% of unreacted
calcite, probably because of the insufficient amount of phosphorus.

As for ACC–HA, the measured Ca/P ratio is 1.28, which falls into a region of the
phase diagram where, instead of HA, a mixture of β-TCP (Ca/P = 1.5) and CPP (calcium
pyrophosphate, Ca2P2O7, Ca/P = 1.0) is expected [67]. Accordingly, ACC–HA converts into
~85 wt% β-TCP and ~15 wt% CPP upon sintering at 800 ◦C (ACC-800). Nevertheless, if we
predict the Ca/P ratio based on the phase composition determined by the Rietveld analyses
as in [73], we obtain Ca/P = 1.41 instead of 1.28. This discrepancy could be explained
by considering that phosphorus is also present in the initial ACC raw powder (Table 3),
most probably because it was added to stabilize the amorphous phase [74]. It is possible
that said phosphorus content was detected by ICP/OES but it was not fully available for
the formation of calcium phosphates, being, for example, in a form that is different from
PO4

3− ions. This could explain the discrepancy between the Rietveld analysis and the
Ca/P ratio measured by ICP/OES, taking also into account that Ca and P in CDHA are
rarely in proportions lower than 1.30 [75].

The morphology of the fracture and external surfaces of the sintered pellets are shown
in Figure 3. Well-developed necks among particles are visible in all samples, although
the densification is clearly not complete, as confirmed also by the density measurements
reported in Table 4. As expected, CB-1100 reaches a higher densification with respect to
CB-900, the relative density being ~85% and ~75%, respectively. The grains of CB-1100,
visible on the material surface, look slightly bigger than those of HA-1100, even if the
density is very similar. This could be correlated with the recrystallization process from
CDHA to β-TCP that occurred simultaneously with the densification in CB-1100, while
HA-1100 showed grain growth without recrystallization.

The density measurements and SEM analyses also show that the densification of ACC-
800 is comparable to that of MS-1000 (Table 4) and its grain size is very similar to CB-900
and MS-1000 (Figure 3). The fact that ACC–HA densifies at lower temperatures with
respect to biogenic HA powders could be explained by the presence of some amorphous
CaCO3 that could favor sintering, remaining unreacted after the synthesis process, but not
being clearly revealed by XRD.

The SEM micrographs also show that, for all materials, most of the pores have dimen-
sions of about 1 μm or less, therefore it can be assumed that they are not perceived as holes
by the cells, which have dimensions close to 100 μm. However, the presence of micrometric
pores is thought to be beneficial for the interaction of the bioceramics with the cells [76].
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Figure 3. SEM images of the sintered materials: fracture surfaces (a–c,g–i); external surfaces that come into contact with the
cells (d–f,j–l).

Table 4. The bulk and relative density of the sintered pellets.

ACC-800 MS-1000 CB-900 CB-1100 ES-900 sHA-1100

Bulk density (g/cm3) 2.19 ± 0.03 2.18 ± 0.08 2.33 ± 0.03 2.78 ± 0.03 2.06 ± 0.02 2.82 ± 0.08
Relative density (%) 71 ± 1 69 ± 2 74 ± 1 91 ± 1 66 ± 1 89 ± 2

3.2. In Vitro Biological Evaluation

LDH assay was performed to evaluate potential cytotoxic effects. After 48 h in-
cubation, the conditioned medium in contact with cells was tested and the results are
shown in Figure 4. According to the European Standard EN ISO-10993-12:2004 and
10993-5:2009, samples are considered cytotoxic when the LDH amount released into
the medium is equal to or above 30%. As shown, all tested conditions were below
the threshold of cytotoxicity. Indeed, LDH released did not exceed 8%, demonstrating
that HA derived from chicken eggshells (biogenic calcite), cuttlefish bones (biogenic
aragonite), mussel shells (biogenic calcite/aragonite), and synthetic amorphous calcium
carbonate (bioinspired ACC) do not exhibit any cytotoxic effects on MRC5 cells.

Based on the cytotoxicity results, the same formulations were tested to study the
preliminary cell adhesion at day 1, 3 and 5 after seeding, using the MG63 osteosarcoma
cell line as cellular model. Cell adhesion was studied by confocal microscopy and the
nuclei are stained in blue (DAPI staining) and cell cytoskeletons in green (I-Fluor488).
As shown in Figure 5, at day 1, all conditions exhibited round shape cells and, among
them, low cell adhesion can be detected in MS-1000 and CB-1100. At day 3, HA-1100
and ES-900 show a sensible improvement in the cell adhesion pattern, with an elongated
cell morphology. Conversely, on CB-900, CB-1100, and ACC-800, at day 3, the adhesion
is lower. Only the sample MS-1000 does not exhibit any differences at day 3 compared
to day 1. Differently from what observed at previous times, at day 5, almost all the
conditions show good cell adhesion, but with different shapes. In detail, evident cellular
elongations are visible on HA-1100 sample at day 5 (clearer in the zoom, Figure 5). Cell–
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cell interconnections are easily visible and some cellular clusters can also be detected.
Good cell adhesion and long-shaped cytoskeletons can be observed also on CB-1100,
ES-900 and MS-1000, without the formation of clusters. However, as is clear from the
zoom for MS-1000 at day 5 in Figure 5, the adhered cell’s morphology is clearly different
from the other conditions since the cell cytoskeleton is more stretched and elongated.
Lastly, CB-900 and ACC-800 are the only two samples exhibiting poor cell adhesion with
the prevalence of round cellular shape.

Figure 4. The LDH levels of the sintered pellets. The cytotoxicity threshold (30%) is indicated by the
dashed line.

In general, in all samples cell adhesion density increases upon culture as well as
cell–cell interconnections, and cells are homogeneously distributed, with the exception of
HA-1100, where clusters can be observed. If the samples obtained from natural resources
are compared, ES-900 induces the fastest and highest cell density and CB-900 the lowest
cell–cell interconnection. Considering the cell adhesion morphology, adhered cells are less
spread on ACC-800 and CB-900, with the opposite effect being shown by CB-1100, ES-900,
and MS-1100.

It is well known that ions play an important role in bone biology, cell spreading
and adhesiveness. Among the different ions, besides zinc and calcium, magnesium can
contribute to the adhesion and spreading of MG63 cells [77,78]. ICP analyses revealed
the highest concentration of magnesium on ES-900 and this might explain the good cell
adhesion pattern obtained on the eggshell-derived material. Conversely, ACC-800 showed
the highest concentration of phosphorous and the presence of only sodium. The absence of
magnesium among the other ions might have negatively affected cell adhesion and shape.
In addition, although strontium is reported to have a beneficial effect on bone structural
strength and osteoblast differentiation [78], in this preliminary test only early cell adhesion
was studied. For this reason, even if cuttlebone-derived samples showed the highest
strontium concentration, it cannot be directly correlated with the results obtained, and
differentiation studies need to be performed. Moreover, the effect of HA and β-TCP phases
on cell adhesion is difficult to correlate. In detail, in spite of the fact that low cell adhesion
was detected in CB-900 composed of only the HA phase, the other samples, presenting
the same HA phase, showed a good cell adhesion pattern, the opposite being revealed
for β-TCP. Indeed, the best cell adhesion was observed on ES-900, which is a biphasic
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material (50/50 HA/β-TCP). Besides ionic and phase composition, the morphology of the
surfaces where cells are seeded is probably relevant. The difference between the CB-900
and CB-1100 is visible via SEM imagery, and this might be sensed by cells in a different
way, affecting their behavior.

Figure 5. Confocal images of the cells adhered on the sintered pellets at day 1, 3 and 5 (the latter also
with zoomed images).
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4. Conclusions

Nanocrystalline hydroxyapatite derived from cuttlefish bones, eggshells, mussel shells
and amorphous calcium carbonate can be synthesized and subsequently consolidated be-
tween 800 ◦C and 1100 ◦C to obtain bioactive calcium phosphate nanomaterials. The
resulting crystalline phases (mainly HA, β-TCP and CPP) depend not only on the Ca/P
molar ratio but also on the specific biogenic source, most probably due to the presence of dif-
ferent ionic species, like Mg2+ in eggshell-derived HA and Sr2+ in cuttlebone-derived HA.

The produced materials revealed the absence of any cytotoxic effect and good cell
adhesion properties. Among the different calcium carbonate sources, eggshell-derived
HA promotes the best cell adhesion and proliferation, which are comparable with those of
pure HA, but without the formation of clusters. Cuttlebone- and mussel-derived HA also
support cell adhesion well, while ACC- and cuttlebone-derived HA (sintered at 900 ◦C)
show poor cell–cell interconnections.

In conclusion, the results show that the considered biogenically and biomimetically
derived materials are valid and compatible sources for producing materials suitable for
bone regeneration application.
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Sr-containing composite scaffolds: Effect of structural design and material formulation towards new strategies for bone tissue
engineering. Compos. Sci. Technol. 2020, 191, 108069. [CrossRef]

5. Liu, D.; Nie, W.; Li, D.; Wang, W.; Zheng, L.; Zhang, J.; Zhang, J.; Peng, C.; Mo, X.; He, C. 3D printed PCL/SrHA scaffold for
enhanced bone regeneration. Chem. Eng. J. 2019, 362, 269–279. [CrossRef]

6. Landi, E.; Uggeri, J.; Medri, V.; Guizzardi, S. Sr, Mg cosubstituted HA porous macro-granules: Potentialities as resorbable bone
filler with antiosteoporotic functions. J. Biomed. Mater. Res. Part A 2013, 101, 2481–2490. [CrossRef]

7. Sader, M.S.; LeGeros, R.Z.; Soares, G.A. Human osteoblasts adhesion and proliferation on magnesium-substituted tricalcium
phosphate dense tablets. J. Mater. Sci. Mater. Med. 2009, 20, 521–527. [CrossRef]

8. Holzapfel, B.M.; Reichert, J.C.; Schantz, J.-T.; Gbureck, U.; Rackwitz, L.; Nöth, U.; Jakob, F.; Rudert, M.; Groll, J.; Hutmacher, D.W.
How smart do biomaterials need to be? A translational science and clinical point of view. Adv. Drug Deliv. Rev. 2013, 65, 581–603.
[CrossRef]

9. Supová, M. Isolation and preparation of nanoscale bioapatites from natural sources: A review. J. Nanosci. Nanotechnol. 2014, 14,
546–563. [CrossRef]

10. Akram, M.; Ahmed, R.; Shakir, I.; Ibrahim, W.A.W.; Hussain, R. Extracting hydroxyapatite and its precursors from natural
resources. J. Mater. Sci. 2014, 49, 1461–1475. [CrossRef]

53



Nanomaterials 2021, 11, 264

11. Lee, S.J.; Lee, Y.C.; Yoon, Y.S. Characteristics of calcium phosphate powders synthesized from cuttlefish bone and phosphoric
acid. J. Ceram. Process. Res. 2007, 8, 427–430.
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Abstract: In the field of bone tissue, maintaining adequate mechanical strength and tissue volume
is an important part. Recently, biphasic calcium phosphate (BCP) was fabricated to solve the
shortcomings of hydroxyapatite (HA) and beta-tricalcium phosphate (β-TCP), and it is widely studied
in the field of bone-tissue engineering. In this study, a composite hydrogel was fabricated by applying
BCP to gelatin methacrylate (GelMA). It was tested by using a mechanical tester, to characterize
the mechanical properties of the prepared composite hydrogel. The fabricated BCP was analyzed
through FTIR and XRD. As a result, a different characteristic pattern from hydroxyapatite (HA)
and beta-tricalcium phosphate (β-TCP) was observed, and it was confirmed that it was successfully
bound to the hydrogel. Then, the proliferation and differentiation of preosteoblasts were checked
to evaluate cell viability. The analysis results showed high cell viability and relatively high bone
differentiation ability in the composite hydrogel to which BCP was applied. These features have been
shown to be beneficial for bone regeneration by maintaining the volume and shape of the hydrogel.
In addition, hydrogels can be advantageous for clinical use, as they can shape the structure of the
material for custom applications.

Keywords: hydrogel; tissue engineering; biphasic calcium phosphate nanoparticle (BCP-NP); bio-
compatibility; biodegradable; gelatin methacryloyl (GelMA); visible light

1. Introduction

Currently, the most common method for repairing damaged bone tissue is to implant
bone-graft material directly into the defect. Additionally, in order to recover the defective
area in the clinical environment, bone tissue is regenerated, using guided bone regeneration
(GBR), and then treatment through implants is performed. Clinically available bone-graft
materials are often provided in powder form. These powdered implants are mixed with
saline or blood, to maintain their shape. The powdered bone-graft material can be easily
applied to small bone defects. However, In the case of large defects, it is difficult to
maintain the shape, due to weak adhesion by blood or saline solution. In these situations,
auxiliary materials such as metal (titanium, magnesium, etc.) mesh are used to maintain
shape. However, there are still some limitations related to the prolongation of the infection
and recovery period after treatment and the delivery of biological mediators for tissue
regeneration [1,2]. Membranes based on natural hydrogels show great potential in tissue-
engineering applications, due to their tunable physical properties. In addition, the natural
hydrogel-based membrane is in the spotlight, as an alternative for the delivery of various
controlled substances in vivo due to micro-level control, increase in mechanical properties,
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and control over decomposition rate. For example, a study [3] on dental regeneration by
encapsulating cells fabricated by using a dentin-derived hydrogel was reported. Another
study [4] reported the development of hydrogels based on photopolymerized gelatin
containing cells by visible light (VL), using a dental transition device. Gelatin methacryloyl
(GelMA), manufactured by substituting natural polymers, is a compound synthesized by
adding a methacrylate group to the amine and hydroxyl groups of gelatins. However, in
addition to the biocompatibility and expansion ratio, which are basic characteristics of
gelatin, it has a motif that is degraded by RGD peptide (arginine-glycine-aspartic acid)
and Matrix Metalloproteinase (MMP) related to cell adhesion [5,6]. Gelatin-methacrylic
anhydride (GelMA), in which a methacrylate group is added to the gelatin amine group,
can be used to manufacture a hydrogel by photocrosslinking. GelMA hydrogel using
photo-crosslinking showed good biocompatibility in the body, due to its high biological
properties [7]. In addition, it is widely used in tissue engineering, through cell culture and
drug delivery, in consideration of properties similar to the extracellular matrix (ECM) [8,9].
However, compared to other polymers, such as alginate and polylactic acid hydrogel, the
mechanical properties are significantly lower [10–12]. Therefore, in order to apply GelMA
to bone-tissue regeneration, it is necessary to improve the mechanical strength by adding
other materials. GelMA nanocomposites were developed by using synthetic bones, such
as hydroxyapatite (HA) or β-tricalcium phosphate (β-TCP), and many studies have been
conducted to improve bone function [13,14]. HA is known as the main component of
bones and has high biocompatibility and strength, which complements the strength of
other minerals (β-TCP). The composite material containing HA particles and HA showed
good regeneration ability in the bone-defect model, but after degradation, HA remained in
the regenerated site and could not be completely replaced by new bone [15]. Moreover,
delayed biodegradation can interfere with bone remodeling [16]. On the contrary, β-TCP
can be easily degraded in the body, activates bone conduction through micropores inside
the body to form new bone, and is known to cause complete bone regeneration, because
it does not remain in the tissue [17]. Biphasic calcium phosphate nanoparticles (BCP-
NPs), which are a mixture of HA and β-TCP at 60/40 wt%, are known as a composite
material that can compensate for the disadvantages of HA and β-TCP, which are synthetic
bone materials [18]. Recently, a hydrogel system containing biphasic calcium phosphate
has been studied for effective bone regeneration. Lei Nie et al. reported that BCP-NP-
conjugated chitosan/gelatin hydrogel, combined with the bone marrow mesenchymal stem,
exhibits an excellent bone formation reaction. Omar Faruq et al. demonstrated excellent
osseointegration and improved bone formation by incorporating BCP-NP into hyaluronic
acid/gelatin hydrogels [19,20]. However, further studies to confirm the effect of these
hydrogel systems directly are required. In this study, we designed composite hydrogel after
directly fabricating BCP-NP and combining it with the GelMA hydrogel. The composite
hydrogel was chemically crosslinked by photopolymerization, using visible light, and
formed a physical bond with BCP-NP. The prepared composite hydrogel was analyzed
for physical and chemical properties, and biocompatibility was confirmed through an
in vitro test.

2. Materials and Methods

2.1. Materials

All materials used in the synthesis of GelMA (Type A gelatin, Methacrylic anhydride
(MA), dialysis tubing, high-retention seamless cellulose tubing (12–14 kDA MWCO, 40 mm
diameter), Dulbecco’s phosphate-buffered saline (DPBS) Dialysis tubing closures), fabri-
cation of hydrogel (Triethanolamine (TEA), Eosin Y disodium salt, N-Vinylcaprolactam
(VC)), fabrication of biphasic calcium phosphate nanoparticles (BCP-NP) (calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O, and ammonium phosphate dibasic ((NH4)2HPO4) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
Moreover, α-MEM (Minimum Essential Medium Eagle-α), 10% fetal bovine serum (FBS),
and antibiotics (penicillin/streptomycin) used for the cell experiment were purchased
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from Gibco BRL (Invitrogen Co., Carlsbad, CA, USA). Cell proliferation and activity were
evaluated, using CCKi-8 (Enzo Life Science Inc., New York, NY, USA) and a TRACP & ALP
assay kit (TakaRa, Kyoto City, Kyoto Prefecture, Japan).

2.2. Equipment

To confirm the substitution of GelMA, a nuclear magnetic resonance (1H-NMR) spec-
trum was recorded, using JNM-ECZ600R (JEOL, Akishima City, Tokyo, Japan) installed in
the Center for University-Wide Research Facilities (CURF) at Jeonbuk National University.
Fourier transform infrared spectroscopy (FTIR, Frontier (Perkin Elmer, Waltham, MA ,
USA)) was used to measure the molecular bonding structures and spectroscopic proper-
ties of hydrogels and other materials. The crystal phase of BCP-NP and polydopamine
contained in the hydrogel was analyzed qualitatively and quantitatively. This was graphi-
cally plotted by using X’PERT-PRO Powder (PANalytical, Malvern, British). The crystal
phase of BCP-NP was observed, using a Bio Transmission Electron Microscope (H-7650,
HITACHI, Marunouchi, Chiyoda-ku, Tokyo, Japan), at a magnification of 100,000–200,000,
with 100 kV of acceleration voltage. The hydrogel morphology was analyzed, using a
Field-Emission Scanning Electron Microscope (FE-SEM; SU-70, HITACHI, Japan) and
energy-dispersive X-ray (EDX) spectrometer (OCTANE PRO, AMETEK®, Burwin, PA,
USA). The mechanical properties of the hydrogel were evaluated by using a universal test-
ing machine (Instron 5569, Instron, Norwood, MA, USA), and cell proliferation and activity
were evaluated, using an ELISA reader (Molecular Devices, EMax, San Jose, CA, USA).
Additionally, thermogravimetric analysis was evaluated by using SDT Q600 (WATERS,
Milford, MA, USA).

2.3. Synthesis of GelMA and BCP-NP

GelMA was synthesized by previously reported methods [8,21], using gelatin type A.
Briefly, 10% (w/v) of gelatin was added to DPBS and dissolved completely at 60 ◦C. Then,
MA (0.8 mL MA to 1 g gelatin ratio) was added to the gelatin solution and stirred at 50 ◦C
for 3 h. The reaction was terminated by diluting the solution 5 times by volume. This was
followed by dialyzing for 1 week, using a 12–14 kDA cutoff dialysis pack in deionized
water, at 40 ◦C. The dialyzed GelMA solution was freeze-dried, at −78 ◦C, for 5 days,
and the resulting white GelMA foam was stored in a freezer, at −20 ◦C, before use. The
preparation method for BCP-NP is as follows [22]. First, 75.0 mL of 0.5 M calcium nitrate
tetrahydrate (Ca (NO3)2·4H2O, Sigma-Aldrich (St. Louis, MO, USA)) solution was slowly
added to 50 mL of 0.5 M ammonium phosphate dibasic ((NH4)2HPO4, Sigma-Aldrich
(St. Louis, MO, USA)). The mixture was adjusted to a 9.5 pH and allowed to react at 55 ◦C
for 30 min. The resulting slurry was aged for 40 h at 25 ◦C, to form stable BCP-NP. Then,
BCP-NPs were centrifuged, freeze-dried, and stored in a freezer, at −20 ◦C, before use.

2.4. Preparation of GelMA/BCP-NP Composite Hydrogel

GelMA hydrogel was fabricated by visible (VL), using photopolymerization with
Optilux Demetron curing light (Kerr Inc., Danbury, CT, USA). In distilled water containing
TEA 1.88% (v/v) and VC 1.25% (w/v), different concentrations of freeze-dried GelMA (7%,
15% (w/t)) were dissolved. Eosin Y sodium salt with 0.05 mM concentration was prepared
separately in distilled water. The TEA/VC solution containing GelMA (7%, 15% (w/t)) was
mixed with Eosin Y, before crosslinking to form the final precursor solution. The precursor
solution prepared to form hydrogel was pipetted at 1 mm intervals between two glass slides
and exposed to visible (VL) for 120 s, at a distance of 5 cm. The GelMA/BCP-NP mixture
was prepared as a composite hydrogel, through the same process as above. Briefly, BCP-NP
was added to the GelMA aqueous solution containing TEA/VC. After that, ultrasonic
treatment was performed for 2 h, to uniformly disperse BCP-NP in the solution. The
dispersed solution was mixed with Eosin Y, to carry out the photopolymerization. The final
precursor solution formed polymerization by visible light, for 120 s, to form a composite
hydrogel. The resulting hydrogel was labeled GelMA-XX, according to the concentration
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of GelMA. BCP is labeled as GelMA-XXBYY, according to its weight (example: GelMA-
7, GelMA15, GelMA15B0.1, and GelMA15B10). The prepared samples were stored in a
refrigerator, at −20 ◦C, until use. A schematic diagram of the synthesis of GelMA, based on
the reaction of gelatin with methacrylic anhydride and photo-initiator, is shown in Figure 1.

Figure 1. Schematic diagram of network structure formation on (a) gelatin methacryloyl, (b) gelatin
methacryloyl hydrogel, and (c) biphasic calcium phosphate nanoparticles (BCP-NPs)-bonded gelatin
methacryloyl hydrogel.

2.5. Characterization of BCP-NP and Composite Hydrogel

To confirm the crystal phase of samples were freeze-dried for 1 day and cut into the
appropriate sizes, for analysis, by FE-SEM, FTIR, and XRD. FTIR analysis was performed
within the wavelength 4000–500 cm−1 (KBr), using the attenuated total reflectance (ATR)
method. BCP-NP and fabricated hydrogels were analyzed by XRD in a 20–60◦ range, with
a 2◦ per minute gap at 60 kV. For FE-SEM, samples were sputter-coated with platinum and
measured under an acceleration voltage of 10 kV.

2.6. Mechanical Analysis of GelMA Composite Hydrogel

For compression tests, GelMA and GelMA composite hydrogels of varying composi-
tions were prepared as cylindrical samples with a 15 mm diameter and 2 mm thickness,
which were measured by using a universal testing machine (Instron 5569). Hydrogels used
for the measurement were hydrated in deionized water, for 24 h, and the experiment was
performed at the maximum hydration condition. For accurate measurement, the sample
was fixed between two parallel plates, and a 500 N load cell was mounted until fracture
at a speed of 0.5 mm/min. The measured data were obtained, using Bluehill 2 software,
and the modulus of elasticity was calculated at the first 10% strain of the curve in the
stress–strain curve.

2.7. Hydrogel Degradation Rate Evaluation

The evaluation of the degradation rate of the prepared hydrogel and composite
hydrogel was performed according to the following method [11]. Then, 25 U/mL−1 of
collagenase (TypeII, Worthington Biochemical Co.) was prepared in PBS, 0.5 mL each was
added to the hydrogel sample, and then gently shaken on a shaker, at 37 ◦C. After that, the
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hydrogel samples were taken out at various times, and the dried weight was measured.
The results are expressed as (Mt/M0)1/2, where M0 is the initial weight of the hydrogel,
and Mt is the dry weight measured at time, t.

2.8. Thermogravimetric Analysis of Hydrogel (TGA)

GelMA and composite hydrogels were used for TGA. Hydrogel was freeze-dried after
freezing at −80 ◦C. The thermal behavior of the samples was carried out on an SDT Q
600 unit, with a 10 ◦C/min heating lamp, from 25 to 600 ◦C.

2.9. Cell Viability

Cell experiments were conducted in this study by using the MC3T3-E1 preosteoblast
that was provided by ATCC (American Type Culture Collection). For the culture medium,
10% FBS of a nutrient component containing antibiotics was added to an α-MEM medium.
Cell culture was performed in an incubator (3111, Thermo Electron Corporation, Waltham,
MA, USA), at 37 ◦C, in a 5% CO2 atmosphere.

2.9.1. Water-Soluble Tetrazolium Salt (WST) Assay

The proliferation capacity of MC3T3-E1 cells against the prepared composite hydrogel
was measured, using a water-soluble tetrazolium salt (WST-8) assay (ALX-850, Enzo Life
Sciences, Farmingdale, NY, USA). After a hydrogel is swelled to the maximum hydration,
it was cut to a 10 mm diameter and placed in a glass bottle, followed by sterilization by
autoclaving at 121 ◦C for 20 min. The sterilized sample was immersed in the medium
for 1 h and then placed on the 12-well plate. The MC3T3-E1 cells were cultured for 3
and 5 days, at a cell density of 1 × 105 cells mL−1. After 3 and 5 days, the medium was
removed, and a 400 μL mixed solution containing water-soluble tetrazolium salt reagent
and the α-MEM medium was dispensed and then stored in the 5% CO2 incubator. After
90 min, 100 μL was added to a 96-well plate, and the absorbance was measured at 450 nm,
using the ELISA reader (Molecular devices, Emax, San Jose, CA, USA).

2.9.2. Alkaline Phosphatase (ALP) Activity

ALP activity was evaluated, using the TRACP & ALP assay kit. The TRACP & ALP
assay kit can detect the activity of acidic phosphatase (ACP) and alkaline phosphatase
(ALP), respectively. In this study, it was used to detect ALP, an enzyme marker in os-
teoblasts. The cell culture method is the same as the method used in the WST assay. After
7 days of incubation, the differentiation of the preosteoblast cells was evaluated through
the expression of ALP activity. The plates and composite hydrogels were washed, using
saline. After that, the P-nitro-phenyl phosphate (pNPP) solution containing the ALP buffer
solution and the extraction solution was added, following the kit protocol, and was allowed
to react in the incubator, at 37 ◦C, for 1 h. After reaction completion, the ALP activity
was evaluated by dispensing 100 μL of the solution in a 96-well plate and measuring the
absorbance at 405 nm, using the ELISA reader.

2.10. Statistical Processing

Statistical analysis for all experimental results was conducted by using one-way anal-
ysis of variance with the Tukey test. A p-value lower than 0.05 was considered statistically
significant (* p < 0.05, NS p > 0.05).

3. Results

3.1. Synthesis and Characterization of GelMA Macromers

The 1H-NMR spectra of gelatin and gelatin methacryloyl are shown in Supplementary
Materials Figure S1. Compared with gelatin, derivatization by methacryloyl reaction was
confirmed in the GelMA. In methacrylic anhydride, the shift of methacrylate protons was
found at 1.8 ppm. In GelMA, a decrease in signal was observed at 2.9 ppm, due to the
reaction of lysine amino acid and methacrylic acid. In addition, an increase in 5.4 and
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5.7 ppm signals of gelatin methacryloyl was observed by the integrated lysine amino acid.
The degree of methacrylate substitution (DOS) of GelMA was calculated by comparing the
2.9 ppm protons of unmodified gelatin and modified gelatin, and the calculated equation
is as below (1) [23].

DOS = 1 − (lysine methylene proton of GelMA)/(lysine methylene proton of gelatin) × 100% (1)

3.2. Chemical Properties

The FTIR spectra of hydroxyapatite (HAP) and Tri-calcium phosphate (TCP) for
comparison between gelatin hydrogel and composite hydrogel with BCP-NP and BCP-NP
are shown in Figure 2a,b. In GelMA-15, the characteristic bands of hydrogels, such as NH
amino band (1550 and 1650 cm−1), OH band (3200–3500 cm−1) and carbonate band (1425
and 1450 cm−1) were observed. In GelMA-15B10, it was confirmed that the intensity of the
O-H band and N-H amino band decreased due to the incorporation of BCP-NP. In addition,
an increase in the 1030 cm−1 band, which is a strong band assigned to the stretching of PO
for HPO4

2− and PO4
3−, and a newly generated 890 cm−1 band was shown. Compared to

the HAP and TCP graphs, the graphs of different aspects could be confirmed in BCP-NP. A
single phosphate band between 500 and 600 cm−1 is observed in HAP and TCP, but shows
two well-decomposed phosphate bands in BCP-NP. In addition, only the BCP-NP was
able to observe the band allocated to the stretching of PO (890 cm−1) and the characteristic
band (1343 cm−1) caused by the bending of POH. The results of the XRD analysis for the
hydrogel and BCP-NP are shown in Figure 2c,d. It was confirmed that the peak of the
prepared BCP-NP coincided with the peak of the previous paper, and a mixed peak of HAP
(25.9◦, 31.8◦, 46.7◦, and 49.5◦) and β-TCP (25.9◦, 33.6◦, and 53.2◦) was observed [22]. The
peak of BCP-NP was not observed in GelMA-15; only a hydrogel peak at a certain level
was observed. In GelMA-15B10, both the peak of BCP-NP and the peak of hydrogel were
included. In particular, all HAPs showing high peak values were observed, and no peaks
of β-TCP, which are low peaks, were observed. In comparison between nanoparticles, most
similar peak values were observed in BCP-NP, HAP, and TCP. However, the HAP and TCP
(about 27◦ and 29◦) peaks divided into two were merged into one, in the BCP-NP, showing
a β-TCP peak, and it was confirmed that the HAP and TCP peaks observed between 34◦
and 35◦ disappeared in the BCP-NP.

3.3. Morphological Analysis

The surface shape of the composite hydrogel containing BCP-NP and GelMA-15 is
shown in Figure 3. The surface of GelMA-15 contracted by light polymerization did not
show any pore shape and has an irregular structure in the form of a spider web (Figure 3a,b).
GelMA-15B0.1 shows some regular surface shape, due to electrostatic attraction between
hydrogel and BCP-NP due to the application of a small amount of BCP-NP (Figure 3c,d).
In GelMA-15B1, it was possible to confirm the appearance that an appropriate amount of
BCP-NP was covering the surface (Figure 3e,f). In addition, the BCP-NP was not evenly
distributed on the surface and was able to confirm the sporadically clustered form. GelMA-
15B10 was able to confirm that the entire surface was covered as an excess of BCP-NP was
applied, and a more even surface was confirmed than for GelMA-15B1 (Figure 3g,h). EDX
results for each hydrogel group are presented in Supplementary Materials Figure S2.
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Figure 2. FTIR and XRD analysis of hydrogels (GelMA-15, GelMA-15B10, BCP-NP) and Nano-particles (BCP-NP, HAP, and
TCP); FTIR; (a) hydrogels, (b) nano-particles/XRD, (c) hydrogels, and (d) nanoparticles.

3.4. Mechanical Properties

It is known that a composite hydrogel containing BCP-NP can easily control its
mechanical properties, according to the weight of BCP-NP [24]. For confirmation, a
mechanical strength test was performed by varying the weight of BCP-NP (0.1, 1, and
10 mg). The stress–strain graph obtained through the compression test is shown in Figure 4a.
GelMA-15B0.1 showed no significant difference between GelMA-15 and maximum stress.
However, it was found that the maximum stress of GelMA-15B1 was greatly improved,
and that of GelMA-15B10 was about twice that of GelMA-15B1 and about 17 times that of
GelMA-15. The compression modulus of the composite hydrogel containing BCP-NP and
GelMA-15 is shown in Figure 4b. The compressive modulus was determined by the slope
of the elastic region of the stress–strain curve. Like the stress–strain curve, as the ratio of
BCP-NP increased, the compression ratio (4, 6, 81, and 93 kPa) was shown, and statistically
significant differences were shown in all groups (p <0.05). In particular, GelMA-15B1
showed a large increase of about 20 times, compared to GelMA-15, and GelMA-15B10
showed a difference of about 23 times. In addition, this result was shown to be similar to
the previous stress–strain data, and the data for each group are shown in Supplementary
Materials Table S1.
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Figure 3. FE-SEM images on surface of (a,b) GelMA-15 and (c,d) GelMA-15B0.1, (e,f) GelMA-15B1
and (g,h) GelMA-15B10 hydrogels, at different magnifications (×100 and ×500). Red area: surface
morphology according to BCP capacity increase.

 

Figure 4. Graphs of (a) compressive stress–strain curve and (b) compressive modulus on the GelMA-15, GelMA-15B0.1,
GelMA-15B1, and GelMA-15B10 groups.

3.5. Thermal Properties

The thermal properties of the hydrogel were carried out through a thermal analyzer.
The TGA curve shows that the hydrogel began to lose integrity between 50 and 450 and
the mass decreased (Figure 5a). In particular, the hydrogel containing BCP-NP showed
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a reduced mass loss from 350 ◦C, under the influence of BCP-NP. The final mass loss of
all hydrogels was identified as −87% for GelMA-15, −85% for GelMA-15B0.1, −84% for
GelMA-15B1, and −80% for GelMA-15B10, respectively. It was confirmed that a large
amount of weight loss occurred through the DTG curve (Figure 5b). The first degradation of
the hydrogel started between about 50 and 100 ◦C, and the composite hydrogel containing
BCP-NP showed a greater loss than the single hydrogel. However, at 200 to 417 ◦C, where
large weight loss occurs, the composite hydrogel containing BCP-NP showed lower weight
loss than GelMA-15. For example, the red square in Figure 5b shows that the composite
hydrogel containing BCP-NP has lower mass loss than GelMA-15. The DSC curve showed
several endothermic peaks and occurred largely between 50 and 100 ◦C. (Figure 5c). In
particular, the endothermic peak of the composite hydrogel containing BCP-NP moved to
a lower temperature than GelMA-15 (90 ◦C). For example, GelMA-15B10 showed a peak at
75 ◦C, due to an increase in the BCP-NP content in the hydrogel.

Figure 5. Thermal properties analysis of GelMA-15, GelMA-15B0.1, GelMA-15B1, and GelMA-15B10 hydrogels. (a) Thermo-
gravimetric (TG) and (b) derived thermogravimetric (DTG) analysis. (c) Differential scanning calorimetry (DSC) curve.

3.6. Enzymatic Degradation

Hydrogels using gelatin have been confirmed to be biodegraded by enzymes, because
gelatin contains a functional sequence that is stimulated by collagenase [8,25]. Therefore,
to investigate the biodegradation effect of the composite hydrogel applied with GelMA
and BCP-NP for enzymatic degradation, it was treated with collagenase type II. The
remaining hydrogel was measured at a predetermined time (2, 4, 6, 8, 10, 15, 24, and
48 h). Figure 6 shows a graph of (Mt/M0)0.5 versus t. Moreover, (Mt/M0)0.5 represents
the amount of degradation for the hydrogel, at the specified time, t, for the hydrogel and
composite hydrogel. There was no difference in the degradation rate in all hydrogels,
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until the initial 2 h. However, from 8 h, GelMA-15 and hydrogel containing BCP-NP
showed a large difference in degradation rate. In addition, GelMA-15, GelMA-15B0.1, and
GelMA-15B1 groups were all degraded based on 15 h, and only the GelMA-15B10 group
showed stability against enzymes for up to 48 h. The breakdown of the hydrogel is affected
by the enzymatic cleavage of the GelMA gelatin backbone. However, the application of
BCP-NP showed that the binding of the GelMA network and the BCP-NP could delay the
enzyme cleavage by linking the chains of GelMA.

Figure 6. Biodegradation characteristics of GelMA-15, GelMA-15B0.1, GelMA-15B1, and GelMA15-
B10 induced by treatment with collagenase type II (25 U/mL−1).

3.7. Cell Viability against Preosteoblasts

Various concentrations of GelMA (7% and 15%) and GelMA-15B10 were selected for
cell activity evaluation, and a control group in which only cells were dispensed was added
for comparison. The results of cell proliferation were expressed in %, based on the control
group (Figure 7a). As a result, during the initial three and five days, all groups improved
more than 150%, as compared to the control group. However, there was no significant
difference in GelMA-7, GelMA-15, and GelMA-15B10 (p >0.05). Cellular differentiation was
confirmed through the expression of ALP activity (Figure 7b). Similar to the previous cell
proliferation results, after seven days of culture, all hydrogel groups showed higher ALP
activity than the control group, and showed a statistically significant difference (p <0.05).
When comparing the hydrogel groups, GelMA-7 and GelMA-15B10 showed significantly
increased ALP activity, as compared to GelMA-15 (p <0.05). However, there was no
significant difference between GelMA-7 and GelMA-15B10 (p >0.05).
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Figure 7. Proliferation (by water-soluble tetrazolium salt (WST)) and differentiation assessment (by
alkaline phosphatase (ALP)) of MC3T3-E1 cells on the GelMA-7, GelMA-15, GelMA-15B10, and
Control(con) groups after (a) three and five days of culture for WST assay and (b) seven days of
culture for ALP assay.

4. Discussion

Synthesis of the substituted GelMA monomer by combining gelatin with MA con-
firmed the presence of methacrylate bound to the gelatin skeleton through 1H-NMR
analysis. In Figure S1, no acrylic protons (6.1 ppm) were identified, and the discovery of
GelMA’s typical methacrylate proton C (5.4 ppm) and proton B (5.7 ppm) shows that MA
was successfully grafted onto the gelatin skeleton. In addition, it was confirmed that the
increase of 1.8 ppm and the decrease of 2.9 ppm, which are reactions of lysine protons in
GelMA, were produced when COOH− of MA was combined with NH− of gelatin [26,27].

The photo-crosslinkable hydrogel to which BCP-NP is physically bound was prepared,
using a photo-initiator (TEA/VC/Eosin Y) mediating visible light. When exposed to UV
rays, cells themselves and their functions are impaired, which may lead to tumors or
cancers, so we tried to exclude them from the study [12,28]. Irgacure-2959 could not be
activated with visible light because of its low water solubility and limited molar absorption.
Although LAP has high water solubility and cellular compatibility, it has low activity
in the visible range (405 nm) and high activity in the ultraviolet range (365–385 nm),
making it unsuitable for use as an activation initiator in the visible range [29]. In particular,
considering the effective wavelength (420–480 nm) of a dental-curing device that can be
used clinically in tissue engineering, the possibility of using a cutting type photo-initiator
is limited. To solve this problem, Eosin Y, known as an uncut photo-initiator, was used.
Eosin Y not only minimizes the safety issues related to UV light, but can also be quickly
activated with the effective wavelength used in dental-treatment systems. In addition,
TEA and VC were used as co-initiators and monomers, respectively, to aid in free radical
photoinitiation [30].

FTIR is known to be the most practical method for comparing organic compounds.
The produced hydrogel and nanoparticles were further confirmed through FTIR and XRD
analysis. The composite hydrogel was compared with GelMA-15 by selecting GelMA-
15B10. The comparison of GelMA-15 and GelMA-15B10 in FTIR was confirmed through the
fingerprint area. The fingerprint area is allocated in the area of 500~1500 cm−1 and is useful
for comparison because it shows a unique pattern for organic compounds [31]. The binding
of BCP-NP could be confirmed through the newly created PO stretching band (890 cm−1)
and phosphate band (500–600 cm−1) (Figure 2a). Moreover, to confirm the generation of
BCP-NP, comparison with HAP and TCP was conducted. BCP-NP and other nanoparticles
also showed different properties (Figure 2b). HAP and TCP showed similar bands, but it
was confirmed that only BCP-NP exhibited characteristic bands related to PO and POH [32],
which confirmed that the production of BCP-NP was successful. GelMA-15B0.1 showed a
wrinkled shape, instead of a hole shape, by mixing a little BCP-NP. However, as a result of
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observing the surface by using FE-SEM, the presence of BCP-NP could not be confirmed
(Figure 3c,d).

The ability to maintain shape and mechanical properties during the material replace-
ment and bone regeneration processes is the most ideal feature of guided bone generation
and bone-graft materials. Hence, it is essential to maintain a balance between the degree of
material degradation and bone formation. Achievement of improper mechanical strength
results in the inability of the material to maintain its shape. Mimicking bone-forming
tissues is an important strategy used to prepare biomimetic hydrogels for bone-tissue
engineering. Approximately 35% of natural bone is made of organic substances (mainly
type 1 collagen), while approximately 65% consists of inorganic substances (nanocrystalline
calcium phosphate, HAP, and TCP) [33]. The composite hydrogel group containing BCP-
NP showed higher stress, compared to the single hydrogel (Figure 4a). This seems to be
because BCP-NP is bound to the hydrogel and acts as a crosslink to increase the strength of
the material. The compressive elastic modulus also showed a tendency to increase as the
ratio of BCP-NP increased. These results showed a tendency to agree with the previous
stress–strain curve. In addition, the increase in the elasticity of the hydrogel can be an
index, showing that it can resist external pressure when implanted at a defect site.

The thermal behavior of hydrogel samples for various thermal applications was
characterized based on TGA (Figure 5). From the results of TGA and DTG, all hydrogels
showed some mass loss up to 100 ◦C, which corresponds to dehydration, the thermal
behavior of GelMA-based hydrogels. It is known that the mass loss of the hydrogel
starting at 200 ◦C (Figure 5a) is mainly due to hydrogen bonds between molecules and
the breakdown of molecular side chains of the gel component [34]. The observed thermal
behavior of the hydrogel is due to previously published performance, and the addition of
BCP nanoparticles to the polymer matrix did not significantly alter the polymer’s thermal
properties. This indicates a large weight loss of the entire sample because the decomposition
process of GelMA-15 has already ended at about 375 ◦C, and in the case of the composite
hydrogel containing BCP-NP, the degradation process ended at the same temperature
as GelMA-15. However, the BCP-NP integration was confirmed due to the result of
the remaining mass loss of the sample. Bone-regeneration conditions are determined
by the interaction between the cells at the site of the bone defect and the surface of the
implant material. When the composite hydrogel is implanted, the immune system will
recognize the antigenic determinants provided to the hydrogel, and the immune system will
probably reject the transplant [35]. Thus, one of the success factors for hydrogel application
is to reduce immune rejection and increase the biocompatibility of biomaterials. The
cell compatibility of the hydrogel was confirmed by using mouse-derived preosteoblasts
(MC3T3-E1 cells) and cell proliferation and differentiation tests (Figure 7a,b). The higher
the concentration of GelMA, the stronger the mechanical properties, but the lower the
cell activity. In the previous literature, it was confirmed that a hydrogel with a GelMA
concentration of 7–8% exhibits high cellular activity [36]. In this study, a hydrogel with a
GelMA concentration of 15% was prepared, and a GelMA concentration of 7% hydrogel
was additionally prepared to compare cell activity. Cell proliferation was not significantly
different in all hydrogel groups but increased significantly compared to the control group.
However, the differentiation of cells by ALP activity showed different results. As reported
in the previous literature, GelMA-7 showed better cell differentiation than GelMA-15, and
a statistically significant difference was also confirmed. However, GelMA-15B10 showed
better cell differentiation than GelMA-15, and there was no significant difference from
GelMA-7. It can be seen that BCP-NP contributed to increased cell differentiation. Bone
tissue has a hierarchical structure ranging from macroscopic to nanoscale, and many studies
have attempted to mimic it. It is also known that hydrogels provide a dynamic environment
similar to that of the extracellular matrix [37,38]. In this study, nanosized BCP-NP was
contained in a composite hydrogel, and a nano-shaped surface was provided for cell
adhesion. BCP-NP is known to stimulate cellular activity by stimulating the proliferation
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of hMSCs [39] but is expected to sufficiently affect preosteoblasts (MC3T3-E1) and promote
cellular activity.

5. Conclusions

In this study, a hydrogel applicable to bone-tissue engineering was fabricated, using
gelatin methacrylate with excellent biocompatibility, and characteristics were evaluated
by applying BCP-NP. According to the analysis, the nano BCP-NP is a mixed form of HA
and b-TCP, and characteristic spectra and peaks of BCP-NP were confirmed through XRD
and FTIR. The composite hydrogel (GelMA-15B10) improved mechanical properties and
increased up to 23 times more than GelMA-15. In addition, through enzymatic degradable
analysis, it was confirmed that the composite hydrogel has better durability than the single
hydrogel. The visible light initiator and BCP-NP used in the hydrogel production showed
good results for preosteoblast cells (MC3T3-E1), and, in particular, BCP-NP improved cell
differentiation in the hydrogel. Based on these results, the composite hydrogel to which
BCP-NP is applied not only has stability against biodegradation but is expected to be used
as a material applicable to the field of bone-tissue engineering in the future.
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Abstract: Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is one of the most promising candidates of the
calcium phosphate family, suitable for bone tissue regeneration due to its structural similarities
with human hard tissues. However, the requirements of high purity and the non-availability of
adequate synthetic techniques limit the application of synthetic HAp in bone tissue engineering.
Herein, we developed and evaluated the bone regeneration potential of human teeth-derived
bioceramics in mice′s defective skulls. The developed bioceramics were analyzed by X-ray diffraction
(XRD), Fourier-transform infrared (FTIR) spectroscopy, and scanning electron microscopy (FE-SEM).
The developed bioceramics exhibited the characteristic peaks of HAp in FTIR and XRD patterns.
The inductively coupled plasma mass spectrometry (ICP-MS) technique was applied to determine the
Ca/P molar ratio in the developed bioceramics, and it was 1.67. Cytotoxicity of the simulated body
fluid (SBF)-soaked bioceramics was evaluated by WST-1 assay in the presence of human alveolar bone
marrow stem cells (hABMSCs). No adverse effects were observed in the presence of the developed
bioceramics, indicating their biocompatibility. The cells adequately adhered to the bioceramics-treated
media. Enhanced bone regeneration occurred in the presence of the developed bioceramics in the
defected skulls of mice, and this potential was profoundly affected by the size of the developed
bioceramics. The bioceramics-treated mice groups exhibited greater vascularization compared to
control. Therefore, the developed bioceramics have the potential to be used as biomaterials for bone
regeneration application.

Keywords: human tooth powder; bioceramics; biocompatibility; bone regeneration; vascularization

1. Introduction

Total hip replacement surgery is a massive burden globally due to its tremendous negative
impact on the socioeconomic scenario. The total number of hip replacement surgeries in the United
States is anticipated to increase more than 1.5 times (~174%) by 2030 [1]. These alarming statistics
might force the healthcare community to develop an advanced hospital management model for many
patients in a limited space [2] and develop alternate implant material for effective hip replacement
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surgery [3,4]. Various kinds of bone grafts are utilized to reconstruct bone defects caused by disease
or trauma [5]. Autografts are considered a “gold standard” for the bone replacement application.
The distinct advantage of histocompatibility without disease transfer risks makes the autografts ideal
for bone repair [5,6]. However, their limited availability forces researchers to develop alternative
and adequate bone substitutes. Black phosphorus (BP) consists of a single phosphorus element,
a homolog to the inorganic constituents of natural bone, and can be applied to treat bone defects [7].
Calcium phosphate-based bioceramics, such as hydroxyapatite (HAp), β-tricalcium phosphate, etc.,
are considered suitable bone graft materials due to their structural and chemical similarity to human
bone [8]. These materials are also used as a bioactive coating, bone cement, or in drug delivery
applications. Bone contains nanometer-sized crystalline calcium phosphate with dimensions of
~5–20 nm width and 60 nm length [9,10]. Various reports are available highlighting the nano-bioceramic
potential for bone tissue applications [11,12].

It has been observed that nanocrystalline HAp powders promote osteoblast adhesion, proliferation,
and vascularization [13–16]. The promising features of nanocrystalline HAp, including better
biocompatibility, lack of inflammatory, immunity reactions, and improved osteo-integrative potentials,
have appealed to the researchers to fabricate nano-structured scaffolds that mimic natural bone
properties [17]. Nanomaterials exhibit fascinating and superior mechanical, optical, and electronic
properties due to their high surface-to-volume ratio and specific structural properties that do not occur
in micro and/or macro-sized analogs [18]. A significant advancement in the fabrication and application
of nanomaterials has been achieved. However, nano-calcium phosphate′s practical applications
are still far in the future due to the unknown nano-toxicity and lack of a “standardized” approach
to monitor nanomaterial toxicity [19,20]. Various methods, like sol–gel synthesis, co-precipitation,
mechanochemical synthesis, hydrothermal reaction, and microemulsion technique, have been applied
for the synthesis of nanocrystalline HAp. Among these synthesis techniques, the synthesis quantities are
significant concerns, and most of them are restricted to synthesis in small amounts [21]. Therefore, it is
necessary to develop an alternative method for synthesizing nanomaterials from natural sources,
such as mammalian bone, aquatic sources, shell sources, and mineral sources with improved
biocompatibility [22].

We previously evaluated the effects of the sintering temperature for the formation of calcium
phosphate-based bioceramics from human teeth for tissue engineering applications. The results
indicated that the sintering temperature plays a crucial role in the characteristic properties of the
developed bioceramics [23]. Herein, we developed the different sizes of bioceramics from human
teeth through heat treatment and comparatively evaluated their bone regeneration potential with
commercially available Bio-Oss® (Geistlich Pharma AG, Wolhusen, Switzerland), which is often applied
as a bone implant. The developed bioceramics exhibited the Ca/P ratio of 1.67, close to the commercially
available HAp. The biocompatibility of prepared samples was monitored by WST-1 assay in the
presence of human alveolar bone-derived mesenchymal stem cells (hABMSCs). The cells were healthy
and properly adhered to the developed bioceramics. Improved bone regeneration was observed in the
defected skulls of mice with the prepared bioceramics, and this potential is profoundly affected by the
size of the sample. Higher vascularization occurred in bioceramics-treated mice groups than the control,
showing the developed material′s potential for enhanced bone regeneration. The vascularization
density was high nano-sized bioceramics compared to micro-sized and commercially available Bio-Oss®

material. Therefore, the bone regeneration potential of the developed bioceramics can be fine-tuned by
taking different particle sizes.

2. Methods

This study has four sections; (a) preparation, (b) analysis of the samples, (c) in vitro, and (d) in vivo
investigations related to bone regeneration efficiency.
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2.1. Preparation of Nano-Calcium Phosphate Bioceramic

Human teeth (18–35 years, Numbers-15) were received from the Department of Oral and
Maxillofacial Surgery, Dental Hospital, Seoul National University, Republic of Korea. All procedures
for teeth handling were performed under the regulation of an experimental protocol permitted by
the Institutional Review Board (IRB) of the Dental Hospital, Seoul National University, Seoul, Korea
(IRB No. CRI05008), and informed consent was obtained from each donor. Herein, we performed
the 15 donors′ pool to eliminate the donor-specific variability. The received teeth were washed with
distilled water to remove the soft tissues from the surface and dried at 50 ◦C for 48 h in an air oven.
The dried teeth were crushed into powders, and crushed powders were heated in an electric furnace
(ST-01045, Daihan Scientific, Seoul, Korea) at 1000 ◦C with a heating rate of 10 ◦C/min for 2 h in air
atmosphere. The heat-treated samples were pulverized with a miller (A10, IKA-WERKE, Nara, Japan),
followed by the separation of the developed bioceramics by a sieve (Sieve/Shaker, Daihan Scientific).
The diameter of the developed bioceramics occurred in the range of ~50–500 nm. The obtained
bioceramics were treated and scrutinized with a NanoSizer Fine Mill (Deaga Powder Systems Co. Ltd.,
Seoul, Korea) to obtain the nano-sized bioceramics. The sterilization of the samples was performed in
an autoclave, followed by cleaning with ultraviolet treatment. The simulated body fluid (SBF) was
initially used to evaluate the biomineralization potential of the developed bioceramics (n = 3) for
different periods (6 and 12 months) at 37 ◦C. The chemical compositions of the SBF are given in Table S1.

The SBF solution was kept under mild conditions of pH and near to physiological temperature.

2.2. Phase and Microstructural Characterization of Nano-Calcium Phosphate Bioceramics

The microstructure and particle size of fresh and SBF-soaked bioceramics (n = 3) were analyzed
by a field emission scanning electron microscope (FE-SEM, SUPRA 55VP, Carl Zeiss, Oberkochen,
Germany). For this, the sample (fresh and SBF-soaked) powders were coated by a BAL-TEC SCD005
sputter coater for 250 s at 15 mA. The compositional analysis of the fresh and SBF-soaked bioceramics
was performed by using energy-dispersive X-ray (EDX) spectroscopy at 30.0 kV. The phase analysis of
the fresh bioceramics was accomplished by X-ray diffraction (XRD) (Bruker D5005 X-ray Diffractometer,
Kassel, Germany) at room temperature using Cu Kα as the radiation source with a scan speed of 1◦/min
in the range of 10–90◦ and an angular range (2θ) (generator was 40 kV, 40 mA and λ (radiation) was
1.5406). The X-ray fluorescence (XRF) spectroscopy (Bruker S4 Pioneer, Karlsruhe, Germany) was used
to determine the Ca/P ratio in fresh bioceramics and commercially available HAp using a Rh X-ray
source and helium atmosphere. The Fourier-transform infrared (FTIR) spectroscopy (Nicolet 6700,
Thermo Scientific, Madison, WI, USA) was performed to determine the functional groups present in
fresh and SBF-soaked bioceramics in the range of 400–4000 cm−1. The thermal stability of the fresh
bioceramics was evaluated through thermal gravimetric analysis (TGA) (SDT Q600, TA Instruments,
New Castle, DE, USA) with a 10◦/min heating rate from room temperature to 1400 ◦C.

2.3. Cell Culture and Maintenance

The hABMSCs were received from the Korean Cell Line Bank (KCLB; Seoul National University,
Korea), and cell culture was performed according to the method described by Gronthos et al. [24].
Briefly, the cells were cultured in α-minimum essential media (MEM) containing 10% fetal bovine serum
(FBS, Welgene Inc., Gyeongsan, Korea), 10 mM ascorbic acid (L-ascorbic acid), 1% antibiotics (Anti-Anti,
100×, Gibco-BRL, Gaithersburg, MD, USA), and sodium bicarbonate (Sigma-Aldrich, St. Louis, MO,
USA) at 37 ◦C in a humidified atmosphere with 5% CO2 (Steri-Cycle 370 Incubator, Thermo Fisher
Scientific, USA) for desired periods. Passage three hABMSCs were used for in vitro experiments.

2.4. Cytotoxicity Evaluation

The indirect cell viability of hABMSCs was evaluated by WST-1 assay (EZ-Cytox Cell Viability
Assay Kit, Daeillab Service Co. Ltd., Seoul, Korea) in the presence of the developed bioceramics as
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reported earlier in somewhere else [25]. In brief, the extraction media were prepared by soaking the
samples in a serum-free media (SFM), and incubated for 24 h. The cells (1 × 104) were seeded in 96-well
plates in SFM and incubated at 37 ◦C and 5% CO2 environment for 24 h. After this, the media were
changed with the extracted media and further incubated for 24 h. The media without any extract
were considered as control. After 24 h of incubation, the cultured cells were washed with PBS and
treated with 10 μL of WST-1 dye and further incubated for 2 h. The formed formazan concentration
was measured with a spectrophotometer (Victor 3, Perkin Elmer) at 450 nm (reference wavelength
625 nm). All experiments were performed in triplicate (n = 3, size ~60 nm), and values are expressed
as mean ± standard deviation (SD).

2.5. Cell Morphology

The adhesion behavior of hABMSCs in the presence of the prepared bioceramics was evaluated
through FE-SEM after 1 and 7 days of the treatment. Briefly, the cells were seeded in a 35 × 10 mm
culture disc in the presence of the developed bioceramics (n = 3, size ~60 nm) and incubated at 37 ◦C
and 5% CO2 conditions. The cultured cells were washed with PBS and fixed with 4% paraformaldehyde
(PFA) (Sigma-Aldrich, USA) for 1 h at 4 ◦C. The fixed cells were washed with PBS and treated with
ethanol. The samples were sputter-coated with platinum, and images were captured by an FE-SEM.

2.6. Animal Care, In Vivo Bone Formation and Vascularization Study

The imprinting control region (ICR) (male, 32–34 g, six weeks old) mice were purchased from
Orient Bio, Gapyeong-gun, Korea. All mice were kept in an insulated and soundproof room at an
ambient temperature of 21 ± 2 ◦C, with a constant relative humidity of 35 ± 2% with an automatically
controlled 12 h light and 12 h dark cycle (lights off at 20:00 h). Sufficient amounts of food and
water were supplied to the mice for their care. The experimental mice were divided into two groups
(Group = 2, and total mice = 6). The one group represented the negative (without any treatment) and
positive control (with commercially available Bio-Oss®, size 0.25–1 mm, Geistlich Pharmaceutical,
Wolhusen, Switzerland), and the other group showed the experimental conditions with different sizes
of bioceramics. The in vivo study was performed as reported in an earlier work [23]. Briefly, the mice
were treated with ether, followed by the intraperitoneal supplement of 0.3–0.4 mL of 20 mg/mL Avertin
(Sigma-Aldrich, USA) for anesthetization. The 5% iodine solution was used to disinfect the mice
skull. After this, a 1–1.5 cm sagittal incision was created very carefully on the scalp with a sterile
surgical blade, followed by creating a critical defect (~5 mm diameter) in the central area of the calvaria
bone. The pockets were cleaned with surgical gauze, filled with commercially available Bio-Oss®,
and different bioceramics sizes for four weeks. The pocket with no sample was considered as a negative
control. The soft tissue was repositioned and sutured carefully after the implantation of the materials.
After the four weeks of treatment, the animals were sacrificed with isoflurane, and each sample
was recovered and treated with 4% formalin (paraformaldehyde in 1× sterile PBS). No leaching was
observed from one implant site to the neighboring site after four weeks of treatment. For histological
analysis, hematoxylin and eosin (H&E) staining was performed. Decalcification of the newly developed
calcified tissue was done with a 10% aqueous formic acid solution. The decalcified section images
were taken by a light microscope (BX-50, Olympus Optical Co., Tokyo, Japan). All experiments were
performed under the guideline of the approved animal protocol.

2.7. Micro-Computed Tomography (μCT) Analysis

The μCT was performed to analyze the prepared bioceramics in vivo bone regeneration efficiency,
as previously described [26]. Briefly, the treated skull was excised, cleaned, and fixed by 4% PFA,
and visualized by a μCT analyzer (Spectra Lago X, Tucson, AZ, USA) at 20 μm resolution. The images
were captured, and the new bone formation was examined.
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2.8. Statistical Analysis

Statistical analysis was carried with one-way ANOVA using the Origin Pro 9.0 software (Origin
Pro v9.0, Origin Lab Corp., Northampton, MA, USA). All experiments were performed in triplicate
(n = 3), and the results are expressed as mean ± standard deviation (SD). Statistical significance was
considered as * p < 0.05.

3. Results

The microstructural characteristics of human teeth-derived bioceramics were examined through
FE-SEM measurement, and the morphologies are presented in Figure 1a. The particle diameter of the
prepared bioceramics occurred in the range of 50–500 nm (Figure 1b). The FE-SEM morphologies of
SBF-soaked bioceramics after different time intervals are presented in Figure 1c,d. The SBF-soaked
bioceramics exhibited the deposition of the granular particles on their surface. The elemental
composition of commercially available HAp and prepared bioceramics was determined by X-ray
fluorescence (XRF) spectroscopy, and the results are given in Table 1. It was noted that the Ca/P
molar ratio was 1.67. Teeth powders contain some low-level metal impurities (i.e., Na, Mg, Al,
K, Zn, Fe, Cu), which may be attributed to traces supplied by the chemical reagents or biomass
trace elements. The EDX spectra of fresh and SBF-soaked bioceramics are shown in Figure 2a,b.
The EDX result indicated that the bioceramics were mainly composed of calcium (Ca), phosphorus (Pa),
and oxygen (O). The trace amounts of other elements, such as magnesium and chlorine, were also noted
in the SBF-soaked bioceramics. The elemental analysis of fresh and 12-month SBF-soaked bioceramics
through energy-dispersive X-ray (EDX) spectroscopy is given in Table 2. The EDX elemental mapping
of human teeth-derived bioceramics is given in Figure 3. The obtained results indicated that the O, P,
and Ca were the main constituents of the developed bioceramics, and they were uniformly distributed
in the sample.

Figure 1. Surface morphology of human teeth-derived bioceramics through heat treatment; (a) the
FE-SEM image of fresh sample; (b) particle size distribution curve of fresh bioceramics (n = 3,
50 particles); (c) the FE-SEM image of SBF-soaked bioceramics (6 months); and (d) the FE-SEM image
of SBF-soaked bioceramics (12 months) (Scale bar = 10 μm).
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Table 1. The determination of percentage element composition for commercially available HAp and
human teeth-derived bioceramics through X-ray fluorescence (XRF) spectroscopy and their Ca/P
molar ratio.

Product Ca5(PO4)3(OH) Bioceramics

Ca 39.9 36.66
P 18.5 16.40

Ca/P Ratio 1.61 1.67
Na - 0.79
Mg - 0.60
Al - 0.04
Si - 0.07
Cu - 0.01
Cl - 0.20
K - 0.03

Zn - 0.14
Sr - 0.03
Y - 0.04
Zr - 0.60
Ag - 0.02
Fe - 0.01
S - 0.03

Figure 2. The energy-dispersive X-ray (EDX) profile of the prepared bioceramics; (a) fresh;
and (b) SBF-soaked bioceramics (12 months).

Table 2. Elemental analysis of human-teeth derived bioceramics under different conditions through
energy-dispersive X-ray (EDX) spectroscopy.

Composition (%)

Element Fresh Bioceramics SBF-Soaked Bioceramics (12 Months)

Calcium 35.70 40.50
Phosphorus 16.70 16.66

Oxygen 47.60 39.91
Sodium - 1.23
Chlorine - 1.09

Magnesium - 0.61
Total 100.00 100.00
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Figure 3. (a) The EDX elemental mapping of human teeth-derived bioceramics; (b) calcium;
(c) phosphorous; and (d) oxygen (a merged image is shown at the center).

The XRD pattern of human teeth-derived bioceramics is shown in Figure 4. The XRD pattern
resembled the previously reported pattern of HAp, indicating that heat treatment facilitates the
formation of natural HAp from human teeth [27]. The XRD peak at 2θ = 33.3◦ suggested the existence
of the CaP moiety in developed bioceramics [28]. The presence of the different functional groups in
bioceramics was examined through the FTIR spectroscopy. The FTIR spectra of fresh and SBF-soaked
(12 months) bioceramics are shown in Figure 5. The FTIR results are identical to the HAp pattern [27].
The appearance of several peaks in the regions of 3532, 2530–2329, 1640–1620, and 960–570 cm−1

matched the corresponding absorption peaks of HAp. The appearance of these peaks indicated the
presence of different ions such as phosphate (PO4

3−), hydroxyl (OH−), and carbonate (CO3
2−) in

bioceramics. The thermal stability of the developed bioceramics was determined through TGA, and the
obtained thermogram is given in Figure 6. The TGA curve shows the ~5% weight loss in the lower
temperature region (up to 200 ◦C). A small endothermic transition was observed in this region in
the DTA curve, but no noticeable weight loss was noted in the range of ~400 ◦C to 600 ◦C. However,
a continuous weight loss was observed above 600 ◦C. The total weight loss of the bioceramics was
~12% at 1400 ◦C.
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Figure 4. The XRD pattern of human teeth-derived bioceramics through heat treatment.

Figure 5. The FTIR spectra of fresh and SBF-soaked (12 months) bioceramics.

Figure 6. Thermal stability of human teeth-derived bioceramics; black line for TGA curve and blue line
shows their derivative curve for fresh bioceramics under inert condition (N2 atmosphere).

Cytotoxicity of fresh and SBF-soaked bioceramics (6 months) was monitored by WST-1 assay in
the presence of hABMSCs after 24 h of incubation, and the results are given in Figure 7a. No adverse
effects were observed on hABMSCs in the presence of fresh and SBF-soaked bioceramics, indicating
their biocompatibility. The FE-SEM morphologies of the hABMSCs cultured on developed bioceramics
at different periods are shown in Figure 7b,c. The cultured cells were healthy and proliferated under the
experimental treatment, showing their biocompatibility. Bone regeneration potential of the developed
bioceramics was evaluated through in vivo transplantation experiment using six-week-old imprinting
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control region (ICR) male mice. The groups without any treatment and with commercially available
Bio-Oss® were considered as negative and positive control. The bioceramics (micro and nano-sized)
treated groups were taken as experimental groups. The images of in vivo transplantation are shown in
Figure 8a,b. No inflammation was observed around the transplanted area after four weeks of treatment,
suggesting that the developed bioceramics were nontoxic and biocompatible. Rapid bone regeneration
occurred in the presence of developed bioceramics, and this efficiency was intensely affected by the
size of the developed bioceramics. The H&E staining process was performed to assess the histological
analysis of the conducted experiment after four weeks of transplantation, and the results are given in
Figure 9. The formation of new connective tissues and capillaries was observed around the transplanted
area after four weeks of treatment, and its density was high in bioceramics-treated groups compared to
the control and commercially available Bio-Oss® (Figure 9c,d). Various real-time non-invasive imaging
techniques were applied to detect the bone-healing or correct placement during the implantation.
These were X-ray computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound
(US), which can monitor the natural repair and the fate of host–materials interaction, in vivo [29].
CT images of the defected male mice skulls under different experimental conditions are shown in
Figure 10. This work was different from our previous work, where we had evaluated the effects of
sintering temperature on the formation of calcium-based bioceramics for tissue engineering [23].

 
Figure 7. Cytotoxicity evaluation of human teeth-derived bioceramics; (a) indirect cell viability data
after 24 h of treatment with the extracted media of fresh and SBF-soaked bioceramics (12 months);
(b,c) the FE-SEM morphologies of the cultured cells in the presence of fresh bioceramics after 1 and
7 days of treatment at low magnification (1000×); and (d,e) high magnification (3000×), respectively.
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Figure 8. Images of in vivo transplantation; (a) with negative and positive control; and (b) in the
presence of different sizes of bioceramics.

 

Figure 9. Hematoxylin and Eosin (H&E)-stained images of human-teeth derived bioceramics;
(a) negative control; (b) positive control; (c) with micro and nano-sized bioceramics; and (d) in
the presence of nano-sized bioceramics after four weeks of transplantation (Scale bar: 50 and 100 μm)
Here, NB, P, BV, and FT indicate the new bone, periosteum, blood vessel, and fibrous tissue, respectively.
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Figure 10. Micro-computed tomography (μCT) images of the defected mice skull in the presence of
indicated materials after four weeks of transplantation; (a) control, (b) Bio-Oss, (c) micro-bioceramics,
and (d) nano-bioceramics (Scale bar: 2 mm). The percentage bone healing was ~7 ± 2.08, 92 ± 3.27,
88 ± 4.70, and 95 ± 2.14% for the control, Bio-Oss, micro, and nano-bioceramics, respectively.

4. Discussion

Bone graft materials should have osteo-inductive potential to achieve optimal bone regeneration
results. Their selection depends on clinical considerations and patient morbidity. The autogenous
bone graft is considered the gold standard in the graft materials due to its inheritance osteo-inductive
property. However, it has several disadvantages, including graft material availability, increased grafting
time, blood loss, and additional cost [3]. The allogenic bone graft has better availability than autograft
and does not require the second surgical procedure, but there is a chance of disease transmission and
adverse immune responses, limiting its broad applicability [3]. Allogenic bone grafts are considered to
be superiorly osteoconductive but weakly osteo-inductive and non-osteogenic [30]. Allogenic bone
grafts can be obtained from living donors (femoral head), multiple organ donors, and post mortem
donors (bone). The most important step in reducing immunogenicity and disease transmission is fluid
pressurization to eliminate bone marrow and cellular debris. The detailed medical, social, sexual,
and behavioral history of allograft donors is performed to further detect disease transmission risk
factors. The number of the intraoral donor site depends on the quantity, geometry, and type of the
bone required for reconstruction [31].

Therefore, we need an alternative and safe substitute for bone grafts. Synthetic bioceramics can
be applied as a bone grafts substitute, but its limited availability and toxicity are serious concerns.
Hence, finding an alternate source of biocompatible ceramics will increase their application in the
tissue engineering sector. Herein, the bioceramics developed from human teeth were used as a
bone reconstructing material in vivo. The fresh bioceramics demonstrated a particle-like morphology,
while a rough surface and partially porous structure were in SBF-soaked bioceramics. The sintering
kinetics played an important role in the size of the bioceramics. It was observed that the pore size
and crystal morphology of material obtained from human and bovine bone samples were profoundly
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affected by the calcination temperature [32]. The bioactivity studies in SBF showed granular particle
morphology due to the calcification of the samples in the media, and the ball-like apatite layer was
also observed in the FE-SEM images, which proved the bioactivity of the samples. The elemental
mapping analysis enabled the information related to the uniform distribution of the elements and the
inhomogeneity in fresh and SBF-soaked bioceramics [33]. The appearance of the sharp peaks in the XRD
pattern showed the crystalline nature of the developed bioceramics, which was extensively influenced
by the sintering temperature. An enhancement in the crystallinity was reported earlier in bovine
bone-derived HAp by increasing the calcination temperature 600 ◦C to 1000 ◦C [34]. A decrease in the
crystallinity occurred above 1000 ◦C in Hap, owing to the decomposition of HAp into β-TCP [35,36].
Therefore, 1000 ◦C is assumed as a suitable calcination temperature for the formation of crystalline
HAp. The Ca/P ratio in the developed bioceramics was determined by XRF analysis, and it was 1.67.
This value is close to the commercially available HAp (1.61) [37]. SBF-soaked bioceramics exhibited a
broad FTIR absorption peak of –OH compared to fresh bioceramics due to the presence of adsorbed
moisture moiety [38]. As evidenced in the TGA curve, the weight loss was due to the removal of
moisture moiety from the sample [39], further supported by a small endothermic transition in this
region in the DTA curve. The continuous weight loss from the samples above 600 ◦C can be attributed
to the dehydroxylation of HAp and its conversion to whitlockite [40]. No exothermic peaks occurred
in the developed bioceramics, indicating the sample′s high purity [41].

Fresh and SBF-soaked bioceramics had no adverse effects on hABMSCs, indicating their
biocompatibility. It is well-known that cellular activity is significantly affected by material properties
such as surface roughness, texture, and surface chemistry [42,43]. They can change the cell′s proliferation
by changing the physico-chemical interactions between the material surface and cells through ionic
forces [44]. Cell adhesion potential offers the information associated with the biomaterial′s possible use
as an implant [43]. The FE-SEM images indicated that the cells were healthy and adhered adequately
to flattened osteoblast-like morphology connected by the filopodia. The cell density was increased
with increasing the culture time. In vivo study demonstrated that the bone regeneration efficiency
was high in bioceramics-treated groups compared to the control, which was more significant in
nano-sized bioceramics. This was probably due to their superior biocompatibility. The size effects
of hydroxyapatite nanoparticles on human osteoblast-like MG-63 cells were also studied by Shi et al.
They observed that the hydroxyapatite with the smallest diameter exhibited superior cellular activity
in their macro-analogs [45]. It has been noted that nano-sized HAp incorporated composites mimicked
natural bone conditions and supported better growth and proliferation of human osteoblast cells [46].
Nano-sized HAps are widely used in the field of tissue engineering for the rapid regeneration of bone
tissues. However, selecting a suitable material for these applications still poses a challenging task for
the researcher [47]. The osteogenic potential of calcium phosphate (CaP)-based bioceramics was earlier
reported, and this potential is profoundly affected by the bone-like apatite layer formation and the
absorption of protein on the surface of the materials [48,49]. The CaP-based bioceramics are considered
bioactive materials and have excellent biocompatibility and osteo-conductivity potential. The phase
composition and porosity extensively influence the osteo-conductivity of the materials.

HAp and other CaP-based bioceramics can regulate cell differentiation via the osteogenic process
and promote bone tissue regeneration. Enhanced vascularization was observed in bioceramics-treated
groups and their density further increased in nano-sized bioceramics-treated mice. Micro CT and
histological analysis suggested that the defected mice skulls were nearly filled with new tissues in the
presence of developed bioceramics compared to the control. Following the X-ray images, the micro
and nano-sized bioceramics-treated groups showed better integration with the native bone after four
weeks of transplantation (Figure 10). The HAp has a porous structure, facilitating the infiltration and
migration of osteoblast cells from host bone to the defected sites [50–52]. No donor-to-donor variability
issues were observed in the bioceramics developed to use as an implanted biomaterial. This study was
limited to evaluating the bone regeneration potential of bioceramics derived from waste human teeth.
However, more detailed clinical studies are required to assess any adverse effects of the developed
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bioceramics to allow their commercial applications. The limitations of biological-derived ceramic bone
grafts are their batch variability, which can be minimized by the pooling of the donor sources [53]. It has
been observed that the donor-specific variabilities such as cell proliferation, cell viability, and osteogenic
differentiation occurred in human mesenchymal stromal cells (MSCs) obtained from different donors,
which restricted their wide applicability. Several factors, like donor′s age, sex, disease, and hormone
status, are responsible for the donor-specific variability. Therefore, the pooling of human MSCs from
different donors is applied to minimize the donor-specific variabilities. This approach has already been
utilized in the past and can be used in bone tissue engineering [54]. Hence, our work demonstrates
that heat treatment facilitates the formation of a useful bioactive material from waste human teeth
for the rapid regeneration of bone tissues, and derived nano-sized bioceramics can be considered a
suitable material for tissue engineering.

5. Conclusions

This study investigated the preparation and characterization of calcium phosphate-based
bioceramics from human teeth. The FTIR spectra indicated the presence of characteristic peaks
of the HAp, which was also confirmed through the XRD pattern. The appearance of sharp diffraction
peaks in XRD suggested their crystallinity. The Ca/P molar ratio was determined through EDX and
XRF techniques, and it was 1.60 and 1.67, respectively, which is closed to the commercially available
hydroxyapatite (1.61). An enhancement in the Ca/P molar ratio (1.80) was observed in the SBF-soaked
sample rather than in the fresh due to the calcification in SBF conditions. The particle size of the
prepared bioceramics occurred in the range of approximately 50–500 nm diameter. No adverse effects
were noted on hABMSCs in the presence of developed bioceramics, indicating their biocompatibility.
The cells were healthy and appropriately adhered to the developed bioceramics.

Additionally, improved bone tissue regeneration occurred in the presence of prepared bioceramics
rather than in the control, and commercially available Bio-Oss® demonstrated their superior osteogenic
potential. This potential is significantly affected by the size of the bioceramics. Based on these findings,
we concluded that nano-sized calcium phosphate-based bioceramics have great potential for bone
tissue application.
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Abstract: Cells interact with 3D fibrous platform topography via a nano-scaled focal adhesion
complex, and more research is required on how osteoblasts sense and respond to random and
aligned fibers through nano-sized focal adhesions and their downstream events. The present study
assessed human primary osteoblast cells’ sensing and response to random and aligned medical-grade
polycaprolactone (PCL) fibrous 3D scaffolds fabricated via the melt electrowriting (MEW) technique.
Cells cultured on a tissue culture plate (TCP) were used as 2D controls. Compared to 2D TCP, 3D
MEW fibrous substrates led to immature vinculin focal adhesion formation and significantly reduced
nuclear localization of the mechanosensor-yes-associated protein (YAP). Notably, aligned MEW
fibers induced elongated cell and nucleus shape and highly activated global DNA methylation of
5-methylcytosine, 5-hydroxymethylcytosine, and N-6 methylated deoxyadenosine compared to the
random fibers. Furthermore, although osteogenic markers (osterix-OSX and bone sialoprotein-BSP)
were significantly enhanced in PCL-R and PCL-A groups at seven days post-osteogenic differentiation,
calcium deposits on all seeded samples did not show a difference after normalizing for DNA content
after three weeks of osteogenic induction. Overall, our study linked 3D extracellular fiber alignment
to nano-focal adhesion complex, nuclear mechanosensing, DNA epigenetics at an early point (24 h),
and longer-term changes in osteoblast osteogenic differentiation.

Keywords: microgeometry; mechanobiology; global DNA methylation; osteoblast mechanosensing

1. Introduction

In the native bone milieu, osteoblasts can sense their local structural microenvironment
to form focal adhesions and initiate “outside-in” mechanotransductive signals, leading
to extracellular matrix formation along the cellular direction [1–3]. Biomaterial substrates
with two dimensional (2D) or three dimensional (3D) structures as biophysical cues have
a critical influence on mammalian cell phenotype, proliferation, adhesion, and differen-
tiation [1,4–7]. Comprehensive studies have demonstrated that 2D substrates generate
“outside-in” mechanotransductive signals that permit cells to sense and respond dynami-
cally to their surrounding microenvironment [8,9]. Specifically, a 2D nanoscale grooved
model established on titanium-alloy substrates by laser ablation demonstrated that the
unique bone matrix formation orthogonal to mouse osteoblast cell alignment was facili-
tated by 3D nano-sized focal adhesion (FAs) maturation [2,3]. Furthermore, a previous
study showed that 2D collagen hydrogels regulate histone modification and non-coding
RNA [1]. Forces that are generated by nano-scaled FAs (such as vinculin [10]) are then
transmitted to the cytoplasm, nucleus (via nuclear mechanosensor–YAP/TAZ [11]) and
chromatin, through physical links on the nuclear membrane and the mesh-structured nu-
clear Lamin A/C network [12]. This process, in turn, may govern epigenetic mechanisms,
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as well as transcription activation and repression, thus influencing cell behavior and cell
differentiation fate [1,13,14].

Epigenetics (including DNA methylation, histone modification, and non-coding RNA)
refers to heritable changes in gene expression that do not involve changes to the DNA
sequence, but rather act through chemical alterations of DNA that induce rapid inactivation
or activation of genes [15,16]. DNA methylation involves the addition of methyl groups
to either cytosine or adenine at specific sites in the DNA sequence and is dynamically
regulated by methyl writing enzymes (DNA methyltransferases (DNMTs)) and methyl
erasing enzymes (ten-eleven translocation methylcytosine dioxygenase (TETs)) [16,17].
The most common form of DNA methylation is 5 methylcytosine (5mC) and 5mC can
be demethylated by TETs to become 5-hydroxymethylcytosine (5hmC). Beyond 5mC and
5hmC, N6-methyladenosine modification in DNA (m6dA) is the most common DNA
modification. The evidence shows that DNA methylation is associated with osteogenic
differentiation of mesenchymal stem cells [18,19] and periodontitis disease pathogene-
sis. [20] The concept of 2D biomaterial physical features acting as epigenetic cues has
been proposed [13,21], thus, it is important to investigate the effect of a micro-scaled fiber
arrangement (random or aligned) within the 3D structure of the biomaterials that can lead
to DNA hypo-or hyper-methylation when compared to a 2D substrate.

The biomaterial-based 3D structure provides a closer representation of in vivo con-
ditions compared with a conventional 2D system. A 3D poly(l-lactide-co-caprolactone)
(PLCL) membrane with aligned nanofibers induced an increased histone H3 acetylation
and H3 methylation compared to random fibers in mouse ear fibroblasts [22]. However, the
sensing and response of human osteoblasts to micro-scaled fiber deposition (aligned and
random) remain poorly understood. The present study aimed to investigate 3D mechanobi-
ology in terms of focal adhesion and nuclear mechanotransduction, as well as global DNA
epigenetics in human osteoblasts. In this study, a medical-grade polycaprolactone (PCL)
fibrous scaffold with random and aligned fibers as 3D substrates was fabricated by melt
electrowriting (MEW) technology. MEW precisely places continuous PCL fibers onto a col-
lector plate, as dictated by computer-aided design software [23,24]. PCL was selected due
to its relative abundance, low cost, low immunogenicity reactions [25–27], FDA approval
for use in humans [24], and more recently, for its use in tissue regeneration applications.
Our study not only provides new insights in understanding the roles of cellular mechanics
in modulating the cell fate and cell differentiation of osteoblasts, but also paves the way for
using PCL 3D MEW fibrous substrate cell cultures as an ideal platform to investigate 3D
mechanobiology and epigenetics in osteoblasts.

2. Materials and Methods

2.1. 3D PCL Porous Membranes Fabrication and Characterization

The PCL 3D fibrous substrates with two geometries (random and aligned fibers) were
manufactured using medical-grade polycaprolactone (PCL, Purasorb PC 12), as previously
described [28]. Briefly, melt electrowriting mode was utilized using a melt electrospinner:
spinneret size of 23 G, temperature of 75 ◦C, an extrusion pressure of 180 kPa, a distance
spinneret-collector of 10 mm, a voltage of 8 kV, and a stage speed of 1000 mm/min. The
random fiber (PCL-R) fibrous substrates were fabricated by reducing the stage speed to
200 mm/min to allow buckling of the jet to obtain a random pattern. Aligned fibers (PCL-
A) were fabricated by collector modifications where the theoretical pore size was 200 μm.
The thickness of both PCL-A and PCL-R was approximately 80 μm.

Scanning electron microscopy (SEM; JEOL 7001f, NeoScope JCM-5000 Benchtop SEM,
JEOL Pty. Ltd., Sydney, Australia) operating at a voltage of 5 kV was used to characterize
the fabricated 3D fibrous substrate morphology following gold coating for 75 s (~10 nm
coating thickness). The fiber diameter and pore size were calculated using ImageJ software
(1.51V, National Institutes of Health, USA) as described previously [28]. Briefly, SEM
images and optical images were taken and fiber center-to-center distance was measured as
the pore size, along with fiber diameter.

90



Nanomaterials 2021, 11, 2943

For mechanical testing, the sample (6 mm long and 10 mm wide) was placed into the
grips and tested using a Univert universal tester (Cellscale, Waterloo, Canada) fitted with a
10 N load cell and at a cross-head speed of 5 mm/min at room temperature. Three replicate
samples were tested for each design. The tensile modulus was calculated from the initial
linear section of the tensile curve from stain ranging from 1–8%).

2.2. Human Primary Osteoblast Culture and Differentiation

The isolation and culture of primary human alveolar bone-derived osteoblasts (hOBs)
were performed according to published protocols [29–31]. All participants involved who
underwent third molar extraction gave informed consent and the Human Ethics Commit-
tees of the University of Queensland approved the research protocol (Approval number
2019000134). hOBs were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-
Invitrogen) supplemented with 10% vol/vol fetal bovine serum (FBS; Thermo Scientific
Australia, Sydney, Australia) and 50 U/mL penicillin and 50 mg/mL streptomycin (P/S;
Gibco-Invitrogen) at 37 ◦C in a humidified CO2 incubator. For osteogenic differentiation,
cells were cultured in an osteogenic DMEM medium containing 10% FBS, 50 μg/mL ascor-
bic acid, 3 mM β-glycerophosphate, and 10 nM dexamethasone (Sigma-Aldrich, St. Louis,
MO, USA). Cells sourced from two patients at passages 4–5 were used for all experiments.
Cells cultured on polystyrene tissue culture plates (TCP) were used as 2D controls.

3D PCL fibrous substrates were treated with 2 N sodium hydroxide (NaOH) for 1 h be-
fore coating with FBS in order to enhance cell seeding efficacy, as described previously [32].

For immunostaining and global DNA epigenetics, the cells were seeded at a density
of 3000 cells per 1 × 1 cm2 porous membrane for 24 h.

2.3. Immunofluorescence Staining

Immunofluorescent staining was performed as previously described [8,33,34]. Briefly,
hOBs were fixed in 4% PFA at room temperature for 10 min and then permeabilized with
0.05% Triton X-100 in PBS containing 320 mM sucrose and 6 mM magnesium chloride.
After blocking with 1% bovine serum albumin, 0.1% Tween-20, 0.3 M glycine, 10% goat
serum (Gibco) in PBS for 1 h, primary antibodies (Vinculin, 1:400, sc-73614, Santa Cruz
Biotechnology; Lamin A/C, 1:200, sc-376248, Santa Cruz Biotechnology; YAP, sc-101199,
Santa Cruz Biotechnology, Dallas, TX, USA) were incubated for 1 h at room temperature.
After three PBS-Tween 20 washes, AlexaFluor-488 [H+L] secondary antibodies supple-
mented with AlexaFluor-conjugated phalloidin and DAPI were added for 1 h at room
temperature. Images (>15 cells) were acquired with a Nikon confocal microscope (Nikon,
Tokyo, Japan).

2.4. Focal Adhesion, Nucleus and Nuclear YAP Data Analysis

For morphological analysis of focal adhesion, vinculin staining images (>15 cells)
were processed and analyzed in Fiji-ImageJ software (1.51V, National Institutes of Health,
USA, v1.8.0). In this analysis, FAs were detected as bright clusters of vinculin, with FA
numbers, percentage of FAs containing F-actin and FAs length [8]. Nucleus area, circularity,
and aspect ratio (major axis/minor axis) were calculated from LAMIN A/C images using
ImageJ software. Nuclear YAP/TAZ (%) were scored as predominantly nuclear versus
evenly distributed/predominantly cytoplasmic, as previously described [8].

2.5. DNA Isolation and Global DNA Methylation Analysis

Genomic DNA was extracted using the PureLink™ Genomic DNA Mini Kit (In-
vitrogen™, ThermoFisher Scientific, Sydney, Australia) according to the manufacturer’s
instructions. Briefly, the cells from the various groups (three replicates) were suspended in
lysis buffer and RNase A and Proteinase K were added to remove the protein and RNA. The
quality and quantity of the DNA were determined by a NanoDrop One spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA).
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Global methylation analysis of 5 methyl cytosine (5mC), 5-hydroxymethylcytosine
(5hmC), and N 6-methyladenosine (m6A) for DNA was performed by using a Global
DNA Methylation Assay Kit (5mC, ab233486, Abcam, Cambridge, UK) Global DNA
Hydroxymethylation Assay Kit (5hmc, ab233487, Abcam, Cambridge, UK), and an m6A
DNA Methylation Assay Kit (ab233488, Abcam, Cambridge, UK), as per the manufacturer’s
instructions. Briefly, sample DNA positive controls at six different concentrations (to
generate a standard curve) and negative control were mixed with DNA binding solution
and incubated at 37 ◦C for 60 min. After washing three times with 150 μL washing buffer,
5mC/5hmC/m6 antibodies, along with a signal indicator and enhancer solution, were
added and incubated at room temperature for 1 h. After washing with wash buffer five
times, 50 μL developer solution was added and incubated for 3 min at room temperature
until the positive control with the highest concentration turned blue. Subsequently, 50 μL of
stop solution was added to each well for 2 min to stop the enzyme reaction. The absorbance
was measured at 450 nm within 2 min on an Infinite Pro spectrometer.

The global methylation level of all DNAs was calculated using the following equations
as described previously [20]:

5mc/5hmC % =
Sample OD − Negative Control OD

Slope × S
× 100% (1)

m6A % =
(Sample OD − Negative Control OD)/S
(Positive Control OD − NDC OD)/P

× 100% (2)

where, the slope (OD/1%) was determined from the standard curve using linear regression;
S is the amount of input sample DNA in ng; P is the amount of positive input control in ng;
OD is the optical density.

2.6. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Quantitative reverse transcription-polymerase chain reaction (RT-qPCR) was used to
measure the mRNA expression of osteogenic markers: alkaline phosphatase (ALP), osteopontin
(OPN), runt-related transcription factor 2 (RUNX2), OSX, and BSP. The primers are listed
in Table 1. Total RNA was isolated using a PureLink™ RNA Mini Kit with on-column
DNase treatment (Invitrogen™, ThermoFisher Scientific, Sydney, Australia) according to
the manufacturer’s instructions. cDNA was synthesized from 200 ng RNA using a First
Strand cDNA Synthesis Kit (ThermoFisher Scientific, Sydney, Australia). Quantitative PCR
(qPCR) reactions were prepared in a total volume of 10 μL with PowerUp SYBR Green
Master Mix (ThermoFisher Scientific, Sydney, Australia) and 0.1 mM forward and reverse
primers. StepOnePlus PCR equipment (Applied Biosystems) was used to run the samples,
with 2 min at 95 ◦C, then 40 cycles of 3 s at 95 ◦C and 30 s at 60 ◦C, followed by a melt curve.
Relative mRNA expression was analyzed using the 2−ΔCT method, after being normalized
with two housekeeping genes (18s rRNA and GAPDH).

Table 1. Primers used in this study.

Forward Primer (5′-3′) Reverse Primer (5′-3′)
ALP TCAGAAGCTAACACCAACG TTGTACGTCTTGGAGAGGGC
OPN TCACCTGTGCCATACCAGTTAA TGAGATGGGTCAGGGTTTAGC

RUNX2 GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG
OSX GCAAAGCAGGCACAAAGAAG CAGGTGAAAGGAGCCCATTAG
BSP AGGCTGAGAATACCACACTTTC GGATTGCAGCTAACCCTGTAT
18s TTCGGAACTGAGGCCATGAT CGAACCTCCGACTTCGTTC

GAPDH TCAGCAATGCATCCTGCAC TCTGGGTGGCAGTGATGGC
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2.7. Alizarin Red S Staining

For the differentiation assay, cells were seeded at a density of 10,000 cells per 1 × 1 cm2

fibrous substrates for three weeks before Alizarin Red S staining for calcium mineral
formation from three replicates. Samples were incubated with a 40 mM Alizarin Red S
solution (pH 4.1) for 15 min and images were taken using a Nikon microscope. Then, 10%
of cetylpyridinium chloride (200 μL) was used to dissolve the staining and the absorbance
was measured at 540 nm in an Infinite Pro spectrophotometer.

The DNA content of each sample was measured using a PicoGreen dsDNA quanti-
tation kit (Invitrogen), according to our previous work [28]. Alizarin Red S absorbance
was normalized with DNA content from each well to further measure the relative cal-
cium content.

2.8. Statistical Analysis

All data are displayed as the mean ± standard deviation (SD). The statistical differ-
ences between TCP, PCL-R, and PCL-A were determined in GraphPad Prism 9.0 software
(GraphPad Software, San Diego, CA, USA) using a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests. A p < 0.05 was considered statically significant.

3. Result and Discussion

3.1. Focal Adhesions Are Altered on Aligned Fibers on a PCL Porous Scaffold

The majority of the current literature has investigated the effect of 2D biomaterial
cues (such as topography) on understanding cell behaviour via mechanosensing and epi-
genetics on a given cell type [35–37]. There is limited knowledge of how fiber alignment
regulates cellular/nuclear mechanosensing and epigenetics in osteoblasts. The present
study successfully fabricated a PCL fibrous scaffold with aligned and random 3D topo-
graphical microenvironments for osteoblast cellular and nuclear mechanics by the additive
manufacturing, MEW, fabrication technique.

SEM images (Figure 1a) demonstrate the 3D PCL fibrous scaffolds with random (PCL-
R) and aligned (PCL-A) fibers fabricated by MEW. As the fabrication parameters were
consistent, the fiber diameters of random and aligned fibers did not show any significant
changes (p < 0.05). The PCL-R diameter size was 19.9 ± 4.1 μm, whereas PCL-A was
18.1 ± 2.5 μm (Figure 1b). The pore size (distance between fibers from center to center)
was comparable between both random and aligned fibers (PCL-R: 207 ± 39 μm; PCL-
A: 202 ± 15 μm). The obtained fiber diameters results were in good agreement with our
previous work [28]; however, the PCL-A group’s pore size was smaller than ours [28]. This
may be caused by technical variations during different manufacturing batches, while our
PCL-R and PCL-A had similar pore sizes (~200 μm) since scaffold pore size is one of the
critical factors directing adhesion and differentiation [38,39]. Additionally, mechanical
testing demonstrated that the randomly organized membranes were softer than the aligned
fibers with a respective tensile modulus of 32.5 ± 0.4 kPa and 56.7 ± 22.5 kPa, respectively.
Aside from the osteoblasts investigated in the current study, these 3D platforms can be
applied to other cell types for mechanotransduction and epigenetics research.

Given that cell morphology drastically changes in a 3D microenvironment vs. 2D
substrate, the question arises as to whether the molecular mechanisms of 3D mechanotrans-
duction also differ. The architecture of adhesion complexes in 3D matrices is remarkably
different from those of cells in 2D TCP cultures [40], which is in line with the results
in the current study. Although nano-scaled FAs (i.e., a key FA protein and ‘molecular
clutch’–vinculin [41]) composition is comparable between 2D and 3D microenvironment,
actin fibers and FAs in 3D are reduced and smaller compared to the 2D situation [42]. The
primary hOBs were cultured on 2D (tissue culture plate-TCP) and 3D geometries (random
and aligned PCL porous membranes coated with fetal bovine serum) for 24 h. The data
demonstrated a significant cell shape difference between the groups (spread on PCL-R
and TCP groups, elongated on PCL-A group). The FAs in hOBs on 3D (both random and
aligned) porous scaffolds were mainly detected at the corners or sharp angles formed
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by adjacent melt electrospun written fibers (yellow arrows), with significantly reduced
vinculin (a key focal adhesion protein) numbers (Figure 2b), fewer FAs containing F-actin
fibers (Figure 2c), and mature vinculin (>10 μm; Figure 2d) when compared to the 2D TCP
substrate. Furthermore, there were more FAs numbers and less mature FAs in hOBs on the
random porous membranes than the aligned porous membranes (Figure 2b,d).

Figure 1. SEM images (a), fiber and pore size quantification (b,c) of electrospun 3D polycaprolactone (PCL) porous scaffold
with different geometries using the melt electrospinning direct writing mode. Scale bar in a: 200 μm. ns: no significant
difference between PCL-R and PCL-A groups.

Our data demonstrated that the 3D microenvironment (for both random and aligned
PCL porous scaffold) led to significantly reduced numbers and smaller vinculin FAs in
human osteoblasts compared to 2D TCP (Figure 2), which was in agreement with previous
reports although using 3D hydrogels [40,42,43]. Whereas FAs adopted a spindle shape on
the 2D TCP, our data showed that 3D FAs were round-shaped (Figure 2a) and were mainly
located in the vicinity of optus angles between the PLC fibers, which is consistent with
data from 2D micropatterning [44]. Fewer FAs numbers (Figure 2b) and elongated nucleus
(Figure 2a) were detected in the aligned PCL porous membranes, given that the cell and
nucleus need to accommodate the change in cell shape, which is in accordance with cell
shape in aligned nano-PCL fibers [22,44,45]. It is worth noting that cells may interact with
multiple fibers at the corner of the PCL-A scaffold, while most of the cells might adhere to
a single fiber in the PCL-A group with less surface area than random fibers where cells can
interact with more than one fiber.
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Figure 2. Osteoblast cell shape and focal adhesion on the 3D PCL groups and 2D TCP at 24 h. Representative confocal
images (a) and quantification (b–d) of vinculin in hOBs (>15 cells per group per donor). * PCL fibers; arrows: focal adhesions
(FAs); Scale: 50 μm in low-magnification, 10 μm in zoom. * p < 0.05, ** p < 0.02.

3.2. The Effect of Fiber Alignment on Nucleus Mechanosensing

Besides the cellular mechanosensing, the nucleus is mechanosensitive and linked
mechanically to the extracellular matrix via the cytoskeleton that transmits forces to
the nuclear envelope (via LAMIN A/C protein) and mediates the cell’s genome and
epigenome [12,46]. Our data demonstrate that LAMIN A/C was detected in both 2D and
3D, although the aligned fibers led to an elongated nucleus with enhanced LAMIN A/C
fluorescence (Figure 3a). YAP is a known key mechanotransductive transcription factor
that contributes to the retention storage of the mechanical ‘memory’ of past cell–matrix
interactions [11]; our previous research showed that in 2D substrates, higher vinculin
expression led to higher nuclear YAP accumulation and nuclear mechanical tension at an
early point (24 h) and was associated with increased osteogenic differentiation in human
mesenchymal stem cells [8,45]. LAMIN A/C and YAP were stained for hOBs on the 3D
porous scaffolds and TCP (Figure 3). Higher nuclear LAMIN A/C expression with a
significantly smaller, elongated nucleus was found on the aligned PCL fibrous substrates,
where nuclear shape, area, circularity, and aspect ratio were similar between the PCL-R
and TCP groups. It was noted that YAP was mainly localized in the nucleus in 2D culture,
while there was a significantly reduced nuclear YAP (%) expression in both 3D groups
(Figure 3a,e), suggesting that the nucleus is “softer” in the 3D PCL porous membranes
compared to the 2D TCP.
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Figure 3. Nuclear LAMIN A/C, yes-associated protein (YAP) expression (a) and quantification of nuclear area (b), circularity
(c), aspect ratio (d) and nuclear YAP localization (%) (e) in hOBs after 24 h. Scale in (a): 50 μm. *** p < 0.001, ****, p < 0.0001.

It has previously been demonstrated that nuclear YAP/TAZ interacts with the TEAD
transcription factor and recruits the nucleosome remodelling deacetylase complex on target
genes, causing histone deacetylation [47]. However, it is unclear whether YAP localization
would alter DNA epigenetics, in terms of global 5mC, 5hmC, and m6dA methylation.

3.3. DNA Epigenetics Is Modulated by Fiber Alignment

To explore the link between nuclear stiffness and global methylation, the effect of
different fiber alignment on 5mC, 5hmC, and m6dA expression in hOBs was determined at
24 h. The comparison between random and aligned fibers showed that a mixture of spread
and round cell nucleus was observed in the PCL-R group, while the PCL-A group led to a
stretched cell with an elongated nucleus (Figure 4a), which is in line with cells cultured on
random and aligned chemically cross-linked gelatin fibers in a PCL fibrous substrate [45].
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Figure 4. Representative nuclei (a), global 5mC (b), 5hmC (c), and m6dA (d) methylation changes in
hOBs on different fiber aligned membrane after 24 h. Scale in (a): 50 μm. m6dA: N-6 methylated
deoxyadenosine; 5mC: 5-Methylcytosine; 5hmC: 5-Hydroxymethylcytosine. Data: mean ± SD.
** p < 0.02, *** p < 0.001.

Global methylation results indicate no significant difference between TCP and the
random group in global 5mC, 5hmC, and m6dA methylation. However, the aligned PCL
fibers led to increased global hypermethylation for 5mC (Figure 4b), 5hmC (Figure 4c), and
m6dA (Figure 4d) compared to both 2D TCP and PCL-R groups.

3.4. Cell Differentiation on Different Fiber Aligned Porous Membranes

Our previous research showed that in 2D substrates, higher vinculin expression led
to higher nuclear YAP accumulation and nuclear mechanical tension at an early point
(24 h), with increased long-term (3-week) osteogenic differentiation in human mesenchy-
mal stem cells [8,45]. Our data showed that 3D PCL scaffolds led to significantly decreased
FAs (Figure 1a) and nuclear YAP localization (Figure 3a,e), compared to the 2D groups.
Long-term osteogenic differentiation was performed on PCL-R, PCL-A, and TCP groups
for one and three weeks in osteoinductive media. Osteogenic markers (ALP, OPN, RUNX2,
OSX, BSP) on different substrates were performed by RT-qPCR after 1-week osteogenic
differentiation. The results showed that PCL-A group had significantly increased gene
expression of osteogenic markers such as ALP, OSX, and BSP compared to 2D TCP. More-
over, ALP and RUNX2 were significantly enhanced in the PCL-A group in comparison
to the PCL-R group. However, in contrast to the gene expression patterns, Alizarin Red
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S staining showed that all three groups enabled the osteogenic differentiation in hOBs
(Figure 5b,c) and the quantification of the ARS normalized by DNA content did not result
in any significant difference (Figure 5d).

Figure 5. Gene expression of osteogenic markers (a) after 1-week osteogenic culture. * p < 0.05,
** p < 0.002; *** p < 0.0002 vs. TCP, # p < 0.05, ## p < 0.002 between PCL-R and PCL-A. Alizarin
Red staining (b,c) and quantification (d) of hOBs after 3-week osteogenic differentiation in ran-
dom or aligned PCL porous scaffolds. Scale for image (b): 50 μm. ns: no significant difference.
(e) Schematic illustration of osteoblast response to fiber alignment via altered focal adhesion, nuclear
mechanosensing, and global methylation.

In 2D substrates, it is well-known that higher nuclear YAP and FAs are associated
with enhanced osteogenic differentiation and mineralization in MSCs [8], but it is unclear
whether this applies to 3D microenvironments in osteoblasts. Our results showed a differ-
ent trend that lower nuclear YAP and fewer FAs (24 h post-seeding) in the PCL-A group
led to higher gene expression of early osteogenic markers (7-day post osteogenic differenti-
ation), with no change in calcium mineralization after 3-week osteogenic induction. This
contrary trend between mechanotransduction and osteogenic differentiation may explain
that osteogenic differentiation and mineralization may be modulated by other complex
mechanisms, which requires more studies to explore the underlying mechanisms.
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The study has its limitations: (1) different fiber (nano- and micro-scaled) and pore
size (20–200 μm) of 3D mPCL scaffolds were not included to compare cell behaviour; and
(2) more assays are required to confirm the osteogenic capability of 3D PCL scaffolds.
Future studies with various fiber diameters, pore sizes, and more differentiation assays
should be considered.

Taken together, the results indicate that aligned fibers within 3D PCL fibrous substrates
lead to reduced nano-scaled focal adhesion and nuclear YAP localization compared to 2D
TCP. Furthermore, aligned 3D fibers lead to an elongated cell and nuclear shape, resulting
in hypermethylation of 5mC, 5hmC, and m6dA compared to random fibers. This altered
cellular/nuclear mechanosensing and DNA epigenetics may provide new insights into
the endpoint differentiation outcome between 3D random and aligned porous membranes
(Figure 5e). However, more studies using cutting-edge techniques such as methylated DNA
immunoprecipitation (MeDIP) next-generation sequencing are required for investigating
the whole methylome signature. Hence, changing the local microenvironment via different
fiber alignment may be an effective strategy for altering nuclear stiffness and epigenetics
in hOBs.

4. Conclusions

Although there is still much unknown about how biophysical cues of random and
aligned 3D fibrous substrates can impact nuclear signaling, the present study may advance
our understanding of random and aligned fibers modulating the epigenetic regulation of
osteoblast cells through mechanotransduction. In addition, our findings suggest that fiber
alignment acts as an epigenetic factor that affects cell and nuclear mechanosensing, and ex-
tended exposure to defined geometric microenvironments may lead to changes in the hOBs
phenotype and fate determination of osteoblast cells. Our results highlight the importance
of understanding how 3D geometric physical aspects with random and aligned fiber physi-
cal cues can alter cellular/nuclear nano-mechanics and DNA epigenetics. Future studies
using other cell types are required to determine how 3D mechanotransduction may be
harnessed to develop novel biomaterials for tissue engineering and regenerative medicine.
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Abstract: The aim of this study was to form a functional layer on the surface of titanium (Ti)
implants to enhance their bioactivity. Layers of polyurethane (PU), containing hydroxyapatite (HAp)
nanoparticles (NPs) and magnesium (Mg) particles, were deposited on alkali-treated Ti surfaces using
a cost-effective dip-coating approach. The coatings were assessed in terms of morphology, chemical
composition, adhesion strength, interfacial bonding, and thermal properties. Additionally, cell
response to the variably coated Ti substrates was investigated using MC3T3-E1 osteoblast-like cells,
including assessment of cell adhesion, cell proliferation, and osteogenic activity through an alkaline
phosphatase (ALP) assay. The results showed that the incorporation of HAp NPs enhanced the
interfacial bonding between the coating and the alkali-treated Ti surface. Furthermore, the presence of
Mg and HAp particles enhanced the surface charge properties as well as cell attachment, proliferation,
and differentiation. Our results suggest that the deposition of a bioactive composite layer containing
Mg and HAp particles on Ti implants may have the potential to induce bone formation.

Keywords: magnesium and its alloys; hydroxyapatite; surface modifications; titanium implants;
corrosion analysis; biocompatibility; bioactivity

1. Introduction

Titanium (Ti) and its alloys are extensively used in orthopedic implants due to their
favorable corrosion resistance, biocompatibility, machinability, and load bearing capabil-
ity [1–3]. However, because of the bioinert nature of titanium, the osseointegration of Ti
implants is relatively slow and can be compromised in sites of limited bone quality and
quantity. Various methods of surface modification of Ti implants using physical, chemical,
and biochemical treatment methods have been previously established [1,2,4,5], with the
aim to enhance osseointegration of the Ti implants and promote their local bioactivity.
Previous studies have shown that good surface wettability enhances the attachment, prolif-
eration, and differentiation of osteoblasts and their precursors, leading to enhanced bone
healing [4,6–11]. Additionally, surface chemistry plays an important role in the early stages
of bone formation, with the greatest benefits derived from osteoconductive materials, such
as hydroxyapatite HAp (Ca10(PO4)6(OH)2). HAp has been widely used for bone tissue
engineering due to its excellent biocompatibility, bioactivity (chemical bonding ability
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with natural bone), slow in situ biodegradability, high osteoconductivity, osteoinductive
potential, non-toxicity, and immunomodulatory properties [12,13]. However, HAp coat-
ings are often problematic due to the low bonding strength of pure HAp coatings and Ti
substrates [1,10,14–21]. The difference in the thermal expansion coefficients of Ti and HAp
can cause delamination of the coating, leading to the failure of implants clinically.

Recently, magnesium (Mg) alloys or Mg coatings on metallic substrates were in-
troduced in medical applications [1,22,23]. Our recent publication [4] showed that the
incorporation of Mg particles into a biodegradable polymer not only enhanced the surface
wettability, but also improved cell attachment and proliferation. We thus speculated that a
composite polymer film composed of biodegradable metallic Mg particles and HAp NPs,
successfully deposited on alkaline-treated Ti surfaces using a simple and cost-effective
dip-coating method, is an efficient method to enhance the surface biocompatibility of Ti
implants and subsequently improve osseointegration. The incorporation of HAp NPs
within the polymer matrix may be capable of enhancing the interfacial strength between
the alkali-treated Ti substrate and the polymer matrix by promoting increased hydrogen
bonding and inducing superior adhesion. Previous studies have verified the strong interfa-
cial strength between sodium titanate hydrogel layers formed on alkali-treated Ti and HAp
particles [24–26]. In addition, HAp NPs present within the polymer matrix can become
entrapped in the microporosity of the alkali-treated Ti surface, thus establishing mechani-
cal interlocking with the Ti substrate. Furthermore, the incorporation of Mg particles in
a biodegradable polymer matrix is advantageous as the release of acidic byproducts of
polymer degradation can be compensated through the increase in pH facilitated by the
dissolution of Mg [27–30]. Barrère et al. [31] demonstrated that the existence of Mg in an
apatite (a phase of HAp) [13] coating of a titanium surface strengthened the adherence of
the coating through the Mg ions, promoting further apatite precipitation.

Therefore, the aim of the present study is to incorporate both Mg metal and HAp
NPs into a biodegradable polymer matrix and subsequently dip-coat a thin layer of this
composite onto Ti substrates to enhance their bioactivity. Herein, polyurethane polymer
(Pu) was utilized as a polymer matrix because it has a moderate degradation rate, good
biocompatibility and exhibits a natural self-healing property [32]. In the present study,
5 wt.% synthesized HAp NPs [33] and 10 wt.% Mg microparticles [4,12] were incorporated
into a PU polymer matrix before deposition through dip-coating onto alkali-treated Ti
substrates. The morphological properties, chemical composition, surface roughness, wet-
tability, adhesion strength, interfacial bonding, and thermal properties of the composite
coating layer were investigated. Furthermore, MC3T3-E1 osteoblast-like cell adhesion,
proliferation, and alkaline phosphatase (ALP) activity was studied in response to coated
and uncoated Ti substrates.

2. Materials and Methods

The present study used a commercially pure titanium (c.p. Ti) sheet (William Gregor
Ltd., London, UK), which was cut in a square shape with dimensions of 12 × 12 × 2 mm3.
The sample preparation included grinding, polishing, and cleaning, according to previous
publications [10,34–38]. Untreated samples were then etched in H2SO4:HCl:H2O = 1:1:1
volume ratio at 60 ◦C for 1 h to increase the surface roughness [39]. The hydrophilicity was
enhanced by subjecting the etched samples to alkaline treatment using the same procedures
as described elsewhere [35,36,39]. Briefly, the samples were immersed in 100 mL of an
aqueous solution of 5 M NaOH at 60 ◦C for one day. Before further analysis, the samples
were rained three times in distilled water and dried at 50 ◦C for 24 h at atmospheric
conditions [10]. A HAp nanopowder was prepared using a wet chemical procedure, as
described previously [4,12,33,40]. Further details on the preparation process of HAp is
shown in the Supporting Information. Scanning electron microscope (SEM) image and
X-ray Diffraction (XRD) profiles of the synthesized HAp powder are shown in Figure 1a,b.
The average diameter of the HAp particles was 120 ± 30 nm.
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Figure 1. Scanning electron microscopy (SEM) images and X-ray diffraction (XRD) patterns of:
(a,b) HAp, (c,d) Mg powders.

Coating process: Polymer solution containing 15 g of PU pellets (54,600 Da molecular
weight, Estane skythane X595A-11, Lubrizol Advanced Material, Inc., Co., Ltd., Seoul,
Korea) was dissolved in 100 mL dimethylformamide (DMF, Loba Chemie PVT. LTD.,
Mumbai, India). Mg powder with a purity of 99.9% (Kt, Sigma-Aldrich, St. Louis, MO,
USA) and particle size range from 40 to 140 μm (SEM morphology and the XRD profile of
the as-received Mg particles are shown in Figure 1c,d) was added into the PU solution at
10 wt.% (based on the PU weight contribution). Furthermore, 5 wt.% of HAp NPs, again
based on the PU amount, was added into the Mg-particles/PU suspension solution.

Prior to the dip-coating process, all treated and untreated samples were pre-heated
over a heating plate at 200 ◦C for 10 min to remove entrapped air and moisture from the
surface. After this preheating process, the samples were immersed in the prepared solutions
for about 30 s to facilitate wettability on the surface. Both dipping and withdrawing were
performed at the same speed (2.0 mm·s−1) by a dip-coating machine (EF-5100, E-Flex,
Bucheon, Korea), as displayed in Figure 2. The coated sheet was then hung in a vacuum
oven (10 mbar) at 40 ◦C for 12 h. The drying temperature was selected based on the
glass transition temperature of PU [41,42]. Due to the vertical orientation of the hung
sample, there was an outflow of solution from the substrate that could affect the thickness
of the coating film. However, previous studies have shown that the coating uniformity is
improved when the sample is dried in a vertical rather than horizontal orientation [43–45].
Four groups of samples (S0–S3) were prepared and investigated. Table 1 describes the
characteristics of the four groups. Characterization and cell culture experiment are shown
in the Supporting Information for further details.

Table 1. Designation of sample groups used in this study.

Sample Designation Description

S0 Alkaline-treated Ti
S1 Plain PU film coated on alkaline-treated Ti
S2 Mg-particle/PU composite film coated on alkaline-treated Ti
S3 Mg- HAp/PU composite film coated on alkaline-treated Ti
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Figure 2. The dip-coating process and the considerable electrostatic intermolecular interaction between the polymer coating
and the Ti substrate at the PU polymer side chain. Dotted line indicates electrostatic interaction.

3. Results and Discussion

The XRD curves of the surface of Ti treated with 5 M NaOH solution at 60 ◦C for
24 h are displayed in Figure 3. A small peak with a broad signal on the 2-theta axis at
around 24◦ was observed. For the S0 group, outstanding peaks due to the α-phase of
Ti always existed in the diffraction patterns [46]. Broad, small, and low intensity peaks
were detected in the XRD profiles around the two-θ angle of 58◦, which was due to the
presence of an amorphous sodium titanate hydrogel layer with an atomic ratio similar to
the Na2TiO3 phase formed by NaOH treatment, as illustrated in previous studies, including
ours [33,46,47]. This is likely due to the significant chemical reaction that occurred after
the NaOH treatment of the commercially pure Ti surface. However, a previous study [46]
did not show the formation of a Na2TiO3 gel layer on the surface of Ti, which is in contrast
with the present study. This further verifies the well-optimized parameters for NaOH
treatment of Ti samples in the present work. The morphological properties and high surface
area of the Na2TiO3 formed layer (as shown in Figure 4a) are the reason for the obtaining
improvement in adhesion of the subsequent PU polymer coating, which will be discussed
later. SEM (Figure 4b) and XRD (Figure 3) observations suggested the presence of a new
layer of sodium titanate on the surface of S0, which is likely associated with enhanced
adhesion performance of the coated films [10]. Figure 5a,b shows the Mg microparticle and
HAp nanoparticle distribution within the PU matrix.

 

Figure 3. X-ray diffraction profiles of the coated samples. The formation of Na2TiO3 gel layer at
two-theta with an angle of 58◦, incorporation of Mg microparticles and HAp NPs within PU film at
2-theta, 36◦, 48◦, 57◦ for Mg particles and 32◦ for HAp NPs are illustrated by dashed vertical Dotted
marks over the XRD profiles.
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Figure 4. SEM images and their corresponding EDS profiles of S0 (a,b), S2 (c,d), and S3 (e,f) samples. The analysis of the
corresponding SEM image are presented as insets of corresponding panel.
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Figure 5. Optical microscopy images showing the distribution of Mg particles (a) and Mg-particles/HAp (b) throughout
the PU layer.

The phase composition of the PU film coated on the untreated and treated Ti surfaces
was also investigated using the XRD technique. From the obtained results, it was found that
the formation of weak, broad peaks refer to the polymeric phase profile on the Ti surface
(see the left-hand side of XRD curves in Figure 3). In addition, the XRD of the composite
coated films (S2, S3) showed weak peaks at approximately 34◦, 36◦, 48◦, 57◦, indicating
the deposition of magnesium particles, and at about 32◦, indicating the deposition of HAp
particles [30]. SEM images (Figure 4) showed that the S2 group had a smooth and dense
morphology, while the S3 group had well-developed upright (columnar) morphological
structures, created on the alkaline Ti surface. The surface composition of the coated samples
was analyzed by EDS, as depicted in Figure 4d, f. From the EDS analysis, it was confirmed
that the Mg (Figure 4d) and HAp particles (Figure 4f) were successfully doped into the PU
polymer coating layers. The thickness of the measured coating layer ranged from 8.14 to
9.74 μm, as shown in Figure 6.

 

Figure 6. SEM of the cross-section of the composite layer coating on the Ti surfaces, indicating the
coating thickness.

The thermal stability of the plain PU coating and the composite coating was inves-
tigated using thermogravimetric analysis (TGA), as shown in Figure 6. It appeared that
the addition of the Mg particles (Figure 7) improved the thermal stability of the PU as
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compared to the plain PU (Figure 6, S1). Additionally, the TGA thermogram indicated
a similar single step degradation pattern for both S2 and S3. The char yield was higher
for S3, which was due to the presence of the inorganic component of HAp. The glass
transition temperature for the S3 group, at 50 ◦C, was marginally higher than that of the
S2 group, potentially due to greater secondary interactions and the presence of an addi-
tional metal salt. This increase can reasonably be attributed to the coordinated interaction
between oxygen and metals/metal ions. The melting point, around 167 ◦C, appeared to
be influenced by the diol component or due to an ordered urea hydrogen bond formation.
This may occur due to formation of amine in the presence of residual water/moisture.
Finally, the peak around 320 ◦C indicated degradation. The improvement in degradation
temperature in the composite groups is due to the excellent thermal stability of the Mg
microparticles capsulated within the PU polymer matrix. In addition, the differential
scanning calorimetry (DSC) scans (Figure 7) illustrate a slight shifting of the endothermic
peaks and heating enthalpies of the coating groups, which is correlated with the melting
of PU hard segments [48]. This might suggest typical interactions between the crystalline
regions of PU and the Mg particles that enhance the stabilization of the dynamic thermal
properties of the composite films.

Figure 7. Simultaneous thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) of the three experimental
groups comprising plain: (a–c) heat flow and (d–f) residual weight of plain and composite layers coated on Ti substrates.

It has been widely reported that coatings can easily delaminate due to a weak adhesion
strength, significantly affecting the performance and stability of such coated biomedical de-
vices [49]. In medical device development, adhesion stability between the metal substrate
and coating is, therefore, vital to the successful use of implant. The degree of adhesion
between the polymer layer and Ti substrate depends intimately on the stability and subse-
quently longevity of coatings. In the present study, the crosscut (known as tape) adhesion
test was conducted to investigate the samples’ coating adhesion quality. Table 2 demon-
strates the mean of the adhesion performance measurements. Interestingly, as expected, the
S2 and S3 groups showed superior adhesion performance (5B, Table 2). It is assumed that
the increased surface hydrophilicity (wettability) and the morphological changes caused
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by the alkali treatment improved the interfacial strength between the PU molecules and
the treated Ti substrates.

Table 2. Cross-cult adhesion test results of Mg particles/PU and HAp-Mg particles/PU composite coatings formed on
alkali-treated Ti (assessed by ASTM (D3359, 2010), a standard protocol).

Samples
Rating of Extent of Adhesion as per

ASTM (D3359, 2010)
Percent Area Removed *

Surface Appearance after Adhesion
Testing

S2 5B 0% (none)

S3 5B 0% (none)

* Percent area removed was determined based on the classification of adhesion test results of D3359 ASTM standard for measuring
adhesion by tape test, according to the following criteria: 5B: The edges of the cuts are completely smooth; none of the squares of the lattice
are detached.

The degree of surface roughness and charge (wettability) directly influence coating
adhesion, with increased surface polarity and roughness resulting in increased reactivity
between the substrate and coating. For example, we observed that very fine needle-like
hairs were produced on the alkali-treated Ti (inset of Figure 1a). The high surface area of
these features appeared to directly improve the adhesion of the deposited PU film [10]. The
incorporation of HAp NPs and Mg microparticles into the PU film did not show negative
effects on the adhesion performance of the deposited composite film, but instead also
improved the adhesion strength.

It is well-known that the adhesion properties between a polymer coating and a metallic
surface involves either physical or chemical bonding. In this case, chemical bonding
involves a chemical interaction between the deposited PU molecules and species on the
alkali-treated Ti surface. Indeed, the surface polarity of the Na2TiO3 gel layer formed on the
Ti is higher than the untreated Ti surfaces, where the surface comprises an inert amorphous
titanium dioxide film. The conversion of the Na2TiO3 gel layer to titanium-hydroxide (Ti-
OH) after contact with an aqueous environment (such as water vapor) has been reported in
our previous work [39], showing that this type of reaction is thermodynamically reasonable.
The presence of OH on a treated Ti substrate may confer interesting properties to the Ti
surface. For instance, the alkali-treated Ti surface may conduct as a base when in contact
with a PU film. It is therefore suggested that the PU film, which has an acidic group,
might strongly interact with the Na2TiO3 gel layer. These properties make this treatment
a very attractive method to enhance the performance of polymer coatings. In fact, this
kind of interaction may directly enhance the adhesion strength, as it has been illustrated
that electrostatic force develops at the interface between materials that possess different
electronic band structures [50]. Thus, the adhesion strength/bonding is strong in the case
of the deposition of PU film on the active treated Ti surface.

This phenomenon can be discussed in light of the large number of free ends on
the chain of PU, as it has been well discussed in our previous report as well [4], which
provide a large number of free carboxyl groups for electrostatic interactions with the
alkali-treated titanium surface, as shown in Figure 2. To support our hypothesis, Fourier-
transform infrared spectroscopy (FTIR) analyses were used to investigate the molecular
level interaction between the film coatings and substrates, as shown in Figure 8. A PO4

3−
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peak (566 cm−1) was present in the S3 group, similar to the one present in HAp. As is the
case with biological HAp, peaks for carbonate (1411 and 1136 cm−1) were also present in
the S3 group sample. The wide peak around 3361 cm−1 for the S1 and S2 groups were due
to the presence of both hydrogen bonds and a free –NH functional group. After the addition
of HAp, there was an increase in absorption due to the H-bonded –NH. The peak around
3500 cm−1 indicated the presence of –OH groups, which remained broad due to hydrogen
bonding. The peak around 2927 cm−1 indicated –CH stretching. The sharp peak around
1136 cm−1 indicated the presence of the free –C=O group of S0, which reduced upon the
addition of Mg (S1-Mg). When HAp was added, the peak again increased, indicating a
shifting of interaction from Mg (with –C=O), to Mg with HAp. The peak around 1100 cm−1

indicated the presence of an ether linkage, while a peak for Mg(OH)2 was also present at
510 cm−1 in both S2 and S3 group samples [51].

Figure 8. FT-IR spectra in transmission mode of a typical sample surface, comprising Ti coated with PU with and without
Mg and HAp particles, after a 5 M NaOH chemical treatment at 60 ◦C for 24 h of the Ti samples.

The evaluation of cell/biomaterial interactions through the assessment of in vitro
cytotoxicity test is one of the most fundamental initial tests for developed biomaterials [52].
Furthermore, the successful attachment of cells is an important part of this process and
can strongly affect the subsequent cellular and tissue response. Figure 9 shows the cell
morphology after three and five days of cell culture. The obtained images show the
differential interaction of the cells with the different surfaces (some focusing issues arose
from partial film detachment during the fixing, staining and dehydration processes).
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Figure 9. SEM images of MC3T3 osteoblastic cells lines cultured for three and five days on the treated
and treated Ti surfaces of S0 (a,d), S2 (b,e) and S3 group (c,f). Scale bar 20 μm.

For the S0 group, only a few, after three days of culture and after five days poorly
spread cells were observed, no additional changes in cell morphology were noticed
(Figure 9). The coating remained intact throughout the culture period. In the S2 and
S3 groups, there were similarly no defects, detachments, or other degradations in the
coating after 5 days of culture (Figure 9b–f), and a clear cellular spreading was observed,
particularly in group S3. These results suggest that the S3 group had the most cytocompati-
ble characteristics among the tested groups (Figure 9e,f). The S0 group possessed a higher
surface roughness (1.110 ± 0.015 μm) than the S2 group (0.611 ± 0.020 μm), which would
typically indicate that it should have superior performance in terms of cell migration,
spreading. However, the S2 group surface also possessed a lower stiffness than the S1
surface, and indeed previous studies [53] showed that cell migration and focal adhesion
are regulated by substrate flexibility. A study by Pelham and colleagues [54] found that
cell spreading/migration could be guided by surface topography and physical interactions
between the cell and the materials’ substrate. Their study concluded that changes in tis-
sue rigidity and flexibility could play an important role in controlling cell spreading and
migration. Additionally, cell spreading, and focal adhesions were affected by a change in
mechanical properties of the extracellular matrix (ECM), which influenced cytoskeletal
stiffness in vitro [52]. Ti-based implants possess a high stiffness that is responsible for the
commonly problematic stress shielding phenomenon (i.e., there is a poor integration of
the Ti implant with surrounding host tissues). Overall, it appears that the PU coating of
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alkali-treated Ti surfaces may regulate the adhesion and interactions of osteoblastic cells
and the substrate.

Results of the MTT-assay confirmed that cell proliferation occurred over the 3 and
5 days of cell culture (Figure 10a). On day 3, it was observed that the S0 samples showed
less cell proliferation than the S2 and S3 samples. After 5 d of culture, all groups showed a
significant increase, and maintained over 80% viability. It has previously been reported
that the formation of sodium titanate on the surface of Ti implants that are implanted in
the body may have a harmful effect on cellular response because of the excessive release of
sodium ions and the formation of narrow pore spaces [55]. We also observed that the Na+

ions released from the alkali-treated Ti surfaces had a negative effect on cell proliferation,
despite the surface having an increased hydrophilicity [2]. However, the biocompatibility
of the material was improved after coating, particularly with the S3 group samples, which
performed the best of all of the groups.

 
Figure 10. (a) Cell proliferation assay after 3 and 5 d of culture and (b) Alkaline phosphate activity (ALP) (U/mg protein)
after 8 and 14 d of culture; cells were seeded on coated alkaline treated Ti samples (n = 3, * indicates p ≤ 0.05).

Alkaline phosphate (ALP) is an early marker of osteoblast differentiation. We observed
a clear increase in ALP activity after 8 and 14 d of culture, with ALP activity showing
a significant increase in group S3 by day 14 (Figure 10b). Overall, the best outcomes in
terms of cell proliferation and differentiation were observed in group S3. This observation
indicates that there is a positive correlation between Mg2+ ion release into the media and
an increase in osteogenic response.

The effect of Mg2+ ions on bone growth and bone formation was recently investi-
gated [56]. The studies of the role of Mg2+ ions in accelerating bone formation have showed
that the ions not only enhance bone adhesion and bone healing but also aid in the regulation
and acceleration formation of bone marrow cells through the enhancement of BMP-receptor
recognition, Smad signaling pathways, and/or the upregulation of neuronal calcitonin
gene-related polypeptide (CGRP) [57,58]. The stimulation of bone formation by Mg2+ ions
has been widely reported including ours, primarily through enhancing the activity of
osteoblast, including adhesion/attachment, growth, and differentiation of these cells [30].
Mg2+ ions are actively involved in the process minerals formation to control bone forma-
tion and resorption [23]. Accordingly, the hypothesis that the S3 samples would increase
MC3T3-E1 proliferation and differentiation compared with S0 samples, is accepted. Finally,
it appears that coatings of both plain PU and PU doped with metallic Mg particles in a
thin film deposited on a Ti implant are safe and effective in an in vitro cell culture model.
Using a HAp/Mg/PU film coating on the Ti implants also further increased the level of
osteoblast cell proliferation and differentiation, benefiting from the synergistic effects of
both Mg and HAp. We have planned future work to investigate the microenvironment
of the coated implants more comprehensively, and furthermore plan to conduct in vivo
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studies where we evaluate the coating durability, and the osteogenesis, osteoinduction,
and osseointegration of these implants.

4. Conclusions

In this study, alkali-treated Ti substrates were coated with thin films of PU, PU with
Mg particles, and PU with Mg and hydroxyapatite (HAp) particles using a dip-coating
technology. The coatings were stable and did not delaminate from the implant surfaces.
The use of dip-coating technology allowed us to create novel composites, introducing
biologically compatible metal particles (Mg) and HAp onto alkali-treated Ti in a short
time using a facile process. The morphology of the modified Ti surface interacted very
favorably with the HAp NPs, increasing the adhesive strength between the substrate and
the coating. Additionally, the surface charge (wettability) of the HAp NPs appeared to
improve the interfacial strength by interacting with the sodium titanate gel layer formed
on the treated Ti substrates. The HAp/Mg/PU group achieved the most positive effects in
terms of enhancing preosteoblast adhesion, proliferation, and differentiation, which can
be attributed to the bioactivity and biocompatibility of both the HAp particles and Mg2+

ions released from the metal particles. Overall, our results suggest that HAp/Mg/PU
coated alkali-treated Ti is highly suitable as a biodegradable and bioactive orthopedic
implant material.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: Titanium and its alloys have been employed in the biomedical industry as implants and
show promise for more broad applications because of their excellent mechanical properties and low
density. However, high cost, poor wear properties, low hardness and associated side effects caused by
leaching of alloy elements in some titanium alloys has been the bottleneck to their wide application.
TiB reinforcement has shown promise as both a surface coating for Ti implants and also as a composite
reinforcement phase. In this study, a low-cost TiB-reinforced alpha titanium matrix composite (TMC)
is developed. The composite microstructure includes ultrahigh aspect ratio TiB nanowhiskers with a
length up to 23 μm and aspect ratio of 400 and a low average Ti grain size. TiB nanowhiskers are
formed in situ by the reaction between Ti and BN nanopowder. The TMC exhibited hardness of above
10.4 GPa, elastic modulus above 165 GPa and hardness to Young’s modulus ratio of 0.062 representing
304%, 170% and 180% increases in hardness, modulus and hardness to modulus ratio, respectively,
when compared to commercially pure titanium. The TiB nanowhisker-reinforced TMC has good
biocompatibility and shows excellent mechanical properties for biomedical implant applications.

Keywords: nano-composite; microstructure; nanoindentation; bone implants; powder metallurgy

1. Introduction

As our population ages the need for effective bone implants as treatments for arthritis and other
joint-related pain is of growing importance [1,2]. Current projections indicate that in the United States
replacement surgery for hips and knee arthroplasties will increase by over 600% to more than 4 million
operations by 2030 [3]. Many of these surgeries arise due to failure of the original implant and need for
a second replacement surgery which can lead to several associated health concerns. Pure titanium
(CP-Ti) stands out as a good material for load-bearing joint replacements because of its strong specific
properties, corrosion resistance and good biocompatibility [4,5]. However, poor wear resistance of
Ti limits its usefulness as the removal of the surface of the implant over time not only contributes to
the breakdown of the implant but can also lead to inflammation and related immune responses in
the affected area [6]. Attempts to improve strength and wear resistance of Ti through alloying has
introduced elements which are prone to leach out over time into the body, limiting their safe use and
lifetime [7]. A Ti-based material that retains the aforementioned strengths in biocompatibility and
corrosion performance with increased hardness and wear resistance will be a strong candidate as an
implant material.

One possible avenue for improving the wear properties is by the surface treatment of Ti,
typically with a coating of hydroxyapatite, by methods such as dip coating, plasma spraying and
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electrochemical deposition [8–11] amongst others. Hydroxyapatite is a constituent of hard tissues
and so interfaces well with the human body when implanted [12]. However, these coatings add an
additional cost to the already expensive manufacture of Ti implants and in addition have low bond
strength to Ti and are prone to peel off during long-term service [4]. With these facts, producing an
uncoated Ti component with strong wear properties is desirable.

Titanium matrix composites (TMCs) have many of the desirable properties for bone implants,
with significantly improved hardness and wear properties when compared to CP-Ti. By reinforcing
with stiff and strong ceramic particles or fibres, Ti has shown significantly improved strength, hardness
and wear resistance [13–19]. In addition, many of the most promising reinforcements (TixB, TiC and
TixN) can be manufactured ‘in situ’ meaning that the reinforcement phase is formed during processing
(typically facilitated by a reaction at high temperature), which reduces overall process steps and leads
to strong bonding at the reinforcement interface [20–22]. Among these materials TiB stands out, as it
naturally forms a hexagonal whisker morphology which offers an improved strengthening effect when
compared to particle reinforcement [23]. TiB is also thermodynamically stable for room temperature
operations, leading to stable overall mechanical properties.

There are important concerns about the safety and biocompatibility of whisker reinforced
composites for implant materials. Several studies have sought to investigate the cytotoxicity and
osteointegration of cells on TiB composites. A 29 vol% TiB whisker reinforced CP-Ti TMC has been
tested for biocompatibility and has shown, amongst other results, to have a H index similar to CP-Ti
and approximately a third of Ti-6Al-4V indicating that the TiB had no adverse effect on biocompatibility
and is not cytotoxic [24]. Similarly, a TiB-TiN Ti6Al4V coating has been shown to have strong
biocompatibility and good osteointegration with 15 wt% BN addition [25]. Further, towards dental
implant applications, human gingival fibroblasts and osteoblasts on a CP-Ti sample coated with a
TiB whisker composite showed similar performance to CP-Ti only indicating their suitability as a
biomaterial with up to 10 wt% B addition [26]. Subsequently, studies on the corrosion behaviour
of TiB whisker reinforced composites have shown that TiB composites exhibit stronger passive film
formation and reduced corrosion when compared to CP-Ti in simulated body fluids (Hank’s solution
37 ◦C) [27]. This suggests that TiB reinforced composites will remain stable without significant corrosion,
preventing leaching of harmful foreign elements. There is very little chance that TiB nanowhiskers
will be released into the body. The strong bond between the Ti matrix and TiB produced by an in
situ reaction has been shown to significantly reduce fibre pullout and improves the safety of these
materials [28]. Further study is required in this area and ‘in vivo’ studies are recommended to identify
any potential hazards of TiB nanowhisker-reinforced composites, particularly when subjected to long
periods of articulating wear. However, these early studies show that TiB nanowhisker-reinforced
TMCs have strong potential to be a safe, viable and long-lasting biomaterial for implant applications.

CP-Ti samples have found strong industrial application as biomedical implants particularly in
low wear areas like the femoral stem [28]. However, there are two key problems that need to be
addressed. Firstly, a high hardness and wear resistant material is required for high wear and articulating
applications such as the femoral head [29]. Secondly, the complexity of coatings coupled with the
risk of poor bonding at the surface increases the cost and can reduce the lifetime of coated implants,
leading to expensive and dangerous replacement surgery [4]. TiB reinforced matrix composites are in
a position to overcome these challenges as a single material can fill the role of a wide range of load
bearing implants and with relatively low cost and long lifetime. However, there is a need to develop a
thorough understanding of the manufacture of these composites and the optimization of the in situ
reaction before they can find useful industrial application in the biomedical industry.

In this study, we demonstrate a cost-effective method to manufacture high aspect ratio TiB
nanowhisker reinforced TMCs for load bearing biomedical applications, with mechanical properties
investigated by nanoindentation.
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2. Materials and Methods

In this study, TMC samples were prepared by a process of powder mixing followed by cold
compaction and vacuum sintering. CP-Ti gas atomized spherical powders (0–45 μm) were combined
with BN hexagonal nanopowders (65–75 nm). One batch of samples was produced with 5 vol% BN
and another with 10 vol% BN. Powders were then mixed, compacted and vacuum sintered using the
same method as previously reported [15]. Samples were sintered at peak temperatures ranging from
1050 to 1200 ◦C with the holding times ranging from 2 to 6 h to facilitate the in situ reaction between Ti
and BN for the formation of TiB. The furnace heating and cooling rate was fixed at 2 ◦C/min for all
samples. In addition, to reduce the risk of chloride impurities and oxidation, samples were sintered on
a bed of yttrium oxide and surrounded with blocks of sponge Ti.

The microstructural characteristics of the manufactured samples were analysed using scanning
electron microscopy (SEM, Hitachi SU3500, Brisbane, Australia) and transmission electron microscopy
(TEM, Hitachi HF5000, Brisbane, Australia). To prepare samples for SEM imaging, conventional
metallographic polishing techniques were used with some SEM specimens etched in a modified Kroll’s
solution (86% H2O, 10% HNO3 and 4% HF) for 30 s. TEM specimens were prepared by two methods.
Firstly, bulk samples after sintering were deeply etched with the modified Kroll’s solution for 3 min
before being ultrasonicated in ethanol to extract and disperse nanowhiskers in solution. This solution
was then dripped onto standard carbon grids, so isolated nanowhiskers could be investigated and
measured. Secondly, TEM lamellae were prepared from bulk sintered samples with a FEI Scios
Dual Beam FIB using a standard Ga ion beam cut and lift out technique [30]. Sample phases were
characterized using a Rigaku SmartLab X-Ray diffractometer (XRD) with a 9 kW rotating Cu anode
source. 45 kV and 200 mA were used to generate a 300 μm beam with data recorded by continuous
scan from 20–80◦ 2θ angle in 0.02◦ increments.

Mechanical properties of the manufactured samples were investigated by nanoindentation tests
using a Hysitron Triboindenter with a Berkovich probe. Nanoindentation was chosen in favour of
tensile tests because local property measurement facilitates the study of TiB size and microstructural
effects, without being affected by other sample variables present in sintered samples, such as porosity.
A 12 mN load was chosen as tests conducted with this load in a previous work gave mechanical
properties on CP-Ti comparable to that obtained from tensile tests [15]. Oliver–Pharr (OP) analysis
was used to determine hardness (H) and reduced elastic modulus (Er) from the load (P)—depth (h)
curve. Elastic modulus (E) was then calculated using Equation (1) as shown below, where vi and Ei are
the Poisson’s ratio and elastic modulus of the diamond indenter (0.07 and 1140 GPa) and v and E are
the samples Poisson’s ratio and elastic modulus. Details of OP analysis method can be found in [31].
Samples were tested with at least 100 indents in a 10 × 10 matrix with 10 μm spacing to ensure the
result was not affected by the plastic zone of the adjacent indents.

1
Er

=
1− v2

E
+

1− v2
i

Ei
(1)

3. Results and Discussion

3.1. Powder Mixing

Powder mixing plays an important role in the manufacture of composite materials [32].
Firstly, proper mixing ensures a uniform distribution of the reinforcement phase in the product
part, leading to more uniform mechanical properties. Secondly, when considering in situ processes,
well-mixed powders have a higher and more consistent contact area between the two powders which
will undergo the in situ reaction. Strong interfacial contact between the reacting particles reduces the
risk of any particles remaining unreacted after processing and increases the nucleation rate, acting
to refine the microstructure [33]. Figure 1 shows the powders before and after mixing, in which
Figure 1a shows the BN nanoparticles as purchased from Nanografi. The BN particles have a plate-like
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morphology, up to 100 nm in diameter and with a typical thickness of <10 nm. Figure 1b is a low
magnification SEM image showing the spherical CP-Ti powders used in this work. Figure 1c,d are
secondary electron (SE) and back-scatter electron (BSE) images, respectively, showing the powders after
mixing for 4 h in a low energy Turbula shaker mixer with a 3:1 ratio of steel balls [15]. Figure 1c shows
the fine BN powders are well distributed across the surface of the CP-Ti and similarly in Figure 1d,
where dark patches are indicative of BN. It is clear from this image that BN has been distributed around
the surface of CP-Ti particles. Figure 1c also shows some BN plates embedded into the Ti particle which
will further promote their in situ reaction. In addition, it is clear that BN nanoparticle agglomerates
like those shown in Figure 1a were largely broken up during mixing. Therefore, this mixing process
has been effective to distribute BN.

 

Figure 1. TEM and SEM images of powders before and after mixing: (a) TEM image of boron nitride
powder as received; (b) SEM image of CP-Ti powder as received; (c) secondary electron SEM image of
powders after mixing; (d) back-scatter electron image of powders after mixing.

3.2. Microstructure

Figure 2a is a low magnification TEM image showing a nanowhisker extracted from a sample
sintered at 1050 ◦C for 6 h with an inset high magnification image. This particular nanowhisker
had a length and diameter of approximately 18.4 μm and 47 nm, respectively, which was measured
along with several others from each set of sintering conditions to obtain the average aspect ratios
of the nanowhiskers in each sample. As shown in our previous study these whiskers are TiB [15].
However, to analyse the effect of BN concentration on the chemical nature of the samples, XRD was
conducted on a CP-Ti + 10% BN powder sample and then the same powder after sintering at 1150 ◦C
for 6 h with subsequent surface etching (Figure 2b). Each peak in the powder sample was indexed
by either hexagonal BN or hexagonal αTi. The XRD peaks in the sintered sample were all indexed
by orthogonally-structured TiB and αTi (Figure 2b), leading to two key findings. Firstly, no BN was
detected in the samples after sintering, either in XRD or visible in SEM and TEM imaging, showing that
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all BN has undergone the in situ reaction. Secondly, TiN was also not detected in XRD or SEM and TEM
imaging. TiN is regularly present as a product of the reaction between Ti and BN in rapid melting and
solidification processes such as laser engineered net shaping (LENS) [25]. However, in slow heating
and cooling solid-state processes, such as the furnace sintering employed in this work, no TiN is
observed [34,35]. Nitrogen has a wide range of solubility in CP-Ti, >8 wt% at 1050 ◦C but approaching
<0.1 wt% at room temperature [36]. Furnace cooling (2 ◦C/min) allows the sample to achieve the
low temperature equilibrium state with very low solute nitrogen, which was not detected by XRD or
EDS in this work or previous studies [15]. The combination of the low solubility of nitrogen at room
temperature, the achievement of room temperature equilibrium in slow cooling processes and the
absence of detected TiN leads to the conclusion that the nitrogen from BN in this work is lost to the
atmosphere during processing.

 

Figure 2. (a) TEM image showing a nanowhisker extracted from 10% BN sample after sintering at 1050
◦C for 6 h, with inset high magnification image for measuring whisker diameter; (b) XRD pattern of
10% BN powder before sintering and after sintering at 1150 ◦C for 6 h.

In order to study the effect of BN concentration SEM images were taken at similar magnification
for each of the sintering conditions used. Figure 3a shows a 5 vol% BN TMC sintered at 1200 ◦C for 6 h
and etched for 30 s to reveal details of the microstructure around grain boundaries. For comparison,
Figure 3b–d show 10 vol% BN TMCs sintered for 6 h at 1050 ◦C, 1150 ◦C and 1200 ◦C respectively,
before 30 s etching. Each microstructure shows Ti grains with nano and microwhiskers of TiB. In order
to investigate the effect of reinforcement, two batches of TMC powder were prepared, one with 5 vol%
BN and one with 10 vol% BN. The 5 vol% BN sample sintered at 1200 ◦C includes mostly microwhiskers
with average length of approximately 20 μm and diameter of 1 μm (see Figure 3a). Similarly, when the
concentration of BN is doubled to 10 vol% with the same sintering conditions, TiB whiskers exhibit a
similar structure with average length of approximately 18 μm and diameter of 0.8 μm (see Figure 3d).
This comparison shows that up to 10 vol% of BN, the fraction of BN has little effect of the formation
and growth of TiB.
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Figure 3. TEM and SEM images showing as-sintered TMC microstructure after etching: (a) SEM image
of 5 vol% BN TMC sintered at 1200 ◦C for 6 h; (b) SEM image of 10 vol% BN TMC sintered at 1050 ◦C
for 6 h; (c) SEM image of 10 vol% BN TMC sintered at 1150 ◦C for 6 h; (d) SEM image of 10 vol% BN
TMC sintered at 1200 ◦C for 6 h; (e) SEM image of 10 vol% BN TMC sintered at 1100 ◦C for 6 h; (f) TEM
image of FIB cut lamella from 10 vol% BN TMC sintered at 1100 ◦C for 6 h with inset indexed selected
area electron diffraction patterns of TiB and α-Ti.

In addition to the effect of composition, the impact of processing temperature was investigated.
Interestingly, when comparing Figure 3b–d a clear increase in the lateral dimension of TiB whiskers is
observable. After sintering at 1050 ◦C, as in Figure 3b, there are very few TiB whiskers with a diameter
greater than 100 nm. Despite significant clustering of TiB, there is a propensity for TiB to remain as
nanowhiskers after processing at 1050 ◦C. TiB in the TMC sample sintered at 1050 ◦C for 6 h had
an average diameter of 50 nm and length of 19 μm. By comparison, as temperature is increased to
1150 ◦C the number of TiB microwhiskers is increased, while still having significant amounts of TiB
nanowhiskers (shown in Figure 3c). The TiB in the sample sintered at 1150 ◦C for 6 h has an average
diameter of 65 nm and length of 23 μm. As temperature is further increased to 1200 ◦C, as shown in
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Figure 3d, few TiB nanowhiskers are observed, with the majority coarsened to microwhiskers. It is clear
that between 1150 ◦C and 1200 ◦C the coarsening of TiB becomes active. This temperature range is
consistent with previous studies [14,15], which were conducted on TMCs with lower boron additions
indicating that the fraction of TiB present, up to 10 vol%, in the sample has little effect on the critical
coarsening temperature.

Figure 3e shows the microstructure of the TMCs produced by this method. After the removal
of the Ti in the grain boundary a network structure of TiB interconnecting the Ti grains is observed.
The use of low-energy mixing, fine BN and a solid-state sintering operation serves to preserve the
structure. As TiB is formed in situ during sintering it grows from the surface of Ti particles into the
adjacent particle acting as a grain boundary reinforcement. This microstructure is consistent with
that observed in previous works [14,15,37–39]. The TiB present in the grain boundary also serves
to restrict the grain growth of Ti grains as is commonly observed in slow heating/cooling processes
like furnace sintering [37]. The average grain size in each 10 vol% BN sample was approximately
7 μm. A primary detriment to the furnace sintering approach is the coarsening of the grain structure.
Therefore, the formation of TMCs by this method, which restricts grain size to a minimum, is of
strong benefit.

Figure 3f and insets show a TEM image and selected area electron diffraction (SAED) patterns.
Here, a section of a TiB nanowhisker with (011) atomic planes can be observed, indicating that the TiB
nanowhisker is a single crystal. The provided SAED patterns provide evidence that the nanowhiskers
are TiB with the typical orthorhombic structure, while Ti is present in the HCP structured alpha phase.
As expected, no β-Ti was observed in the sample, only α-Ti, due to the slow cooling rate (2 ◦C/min)
allowing for the sample to achieve the equilibrium alpha phase. This thermodynamically stable
microstructure is beneficial for long service bone implants as there is less risk of microstructural and
therefore property changes over time [40].

3.3. Mechanical Properties

α-Ti has excellent corrosion resistance and promotes rapid osteointegration because of a stable
TiO2 film, where OH- ions present in this surface layer react with ions present in the bone structure like
Ca2+ and PO4

3− to aid adhesion [7]. These properties make α-Ti a strong candidate for bone implants.
However, the poor fatigue performance and overall low strength have limited the application of CP-Ti
and other α-Ti alloys in load bearing implants [7]. A TMC with an α-Ti matrix may offer improved
strength and wear properties whilst retaining the corrosion resistance and biological interfacing benefits
of α-Ti.

Table 1 presents both results from nanoindentation tests along with mechanical property results
from other works. When calculating average E and H, values outside two standard deviations above
the mean were rejected. This step was taken as surface damage and contamination can lead to large
errors in results when performing nanoindentation [41]. Table 1 shows that our TMC samples exhibit
high E and H values when compared to both CP-Ti and other TMCs, even when a higher reinforcement
fraction is used. Most notably, the H/E ratio of samples is very high. The ratio of hardness to modulus is
directly related to wear resistance and strain to failure [42]. The 10 vol% BN sample sintered at 1150 ◦C
for 6 h has the highest H/E ratio of 0.062, almost twice that of CP-Ti. The ratio H3/E2, called yield
pressure, is associated with yield strength [42,43]. The 10 vol% BN sample sintered at 1150 ◦C for 6 h
has the highest H3/E2 ratio (0.041 GPa), which is an order of magnitude higher than that of CP-Ti and
significantly higher than reported TMCs.

There are several contributing factors to the high performance of our TMCs, one of which is the
previously described formation of a network microstructure with reduced grain size. As grain size is
reduced, TiB grown in the grain boundary is sufficiently long to grow across the Ti grains, as can be seen
in Figure 3. This leads to the improved local property measurement by nanoindentation throughout Ti
grains, due to the strengthening effect of TiB. In addition to the increase in hardness and elastic modulus
observed, there is an expected increase in bulk material strength as per the Hall–Petch relationship due
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to reduced grain size [44]. Also, network microstructures have previously been shown to improve both
strength and ductility of TMCs [15,21,38,45,46]. Another key factor contributing to the performance of
our TMCs is the high aspect ratio of TiB nanowhiskers, particularly in 10 vol% BN samples. The aspect
ratio of TiB in samples sintered at 1150 ◦C and lower is approximately 400. It is well understood that
increasing the aspect ratio of the reinforcement phase increases the strengthening efficiency of the
reinforcement [23]. However, typically, when the fraction of reinforcement is increased, clustering of
the secondary particles prior to the in situ reaction leads to coarsening of the reinforcement phase
and, therefore, a decreasing of the strengthening efficiency [33]. In this work, BN fraction showed
no effect on the size of TiB, with high aspect ratio TiB nanowhiskers present when 10 vol% BN was
used. Figure 3b–d show several fine TiB nanowhiskers grouped together which had not coarsened to
microwhiskers. Previous studies have shown that there is a critical temperature for the coarsening of
TiB between 1150 and 1200 ◦C with low TiB fraction (less than 5 vol%) [14,15]. It is clear from this study
that TiB retains this critical temperature for coarsening when volume fraction is increased to 10 vol%.
Analysis of the formation reaction and coarsening of TiB in detail through in situ microscopy studies
may provide necessary information to assist with the design of optimum manufacturing processes,
both in solid and melt methods. The combination of increased volume fraction of TiB and maintaining
ultrahigh aspect ratio nanowhiskers plays an important role in the enhanced properties of our TMCs.

Table 1. Summary of key results from nanoindentation tests, with results from other works
for comparison.

Sample
Composition

Process Parameters
Hardness/St.
Dev (GPa)

Elastic
Modulus/St.
Dev (GPa)

H/E H3/E2 (GPa) Reference

CP-Ti 1200 ◦C—6 h 3.43/0.29 94.4/2.3 0.036 0.005 This work

CP-Ti SLM 120 J/mm2 2.39 102 0.023 0.001 [47]

Ti + 5 vol% BN 1200 ◦C—6 h 7.50/0.70 147.7/15.4 0.051 0.020 This work

Ti + 10 vol% BN 1050 ◦C—6 h 10.01/1.42 170.7/21.0 0.059 0.034 This work

Ti + 10 vol% BN 1150 ◦C—6 h 10.48/1.23 167.9/17.2 0.062 0.041 This work

Ti + 5 vol% TiB2 SLM 120 J/mm2 3.33 122 0.027 0.003 [47]

Ti + 5 vol% TiB2 SPS 1150 ◦C—5 min 4.1 - -

[48]Ti + 5 vol% TiB2 SPS 1250 ◦C—5 min 4.3 - -

Ti + 25 vol% TiB2 SPS 1150 ◦C—5 min 7.1 - -

Ti + 25 vol% TiB2 SPS 1250 ◦C—5 min 10.1 - -

Ti + 24 vol%TiB SPS 1100 ◦C—5 min 8.2 1 162.6 0.050 0.021
[49]Ti + 38.5 vol%TiB 1200 ◦C—5 h 9.7 1 190.5 0.051 0.025

Ti + 20.6 vol%TiB HIP 1200 ◦C, 120
MPa—5 h 8.0 1 169.5 0.047 0.018

1 Originally reported as Vickers hardness, converted to GPa.

4. Conclusions

To summarize, a TiB nanowhisker-reinforced α-Ti matrix TMC was produced using a method
of low energy mixing, cold compaction and furnace sintering. This TMC demonstrated increased
strength and wear performance, addressing the two key weaknesses presently facing the use of α-Ti
for biomedical implants. Overcoming these challenges is a critical improvement for the development
of affordable long-lasting biomedical implants to reduce the number of replacement surgeries required.
Analysis showed that TiB is present as nanowhiskers with high aspect ratio in samples sintered at 1150
◦C or below with relatively high volume fraction, up to 10 vol% BN. TiB nanowhiskers were observed
to coarsen only when the sintering temperature was increased to 1200 ◦C, even in high volume fractions
of BN, shedding light on the in situ reaction process and how it can be manipulated to achieve a refined
reinforcement phase. The combination of high aspect ratio TiB in high volume fraction, a fine grain α-Ti
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matrix and a network microstructure led to an increase in hardness and reduced modulus of more than
300 and 170% respectively when compared to CP-Ti. By improving these key properties while retaining
the strong osteointegration and corrosion resistance of an α-Ti matrix these TMCs are a strong candidate
for the future of long-lasting load bearing implants. The TMCs produced in this work progress towards
addressing the current challenges facing the biomedical implant industry by providing insight into:
TiB reinforced TMCs, the in situ reactions at play and their optimized manufacture. Materials such as
these will be vital to the next generation of high-performance load-bearing biomaterials.
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