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In this Special Issue entitled “Advances in New Functional Biomaterials for Medical
Applications”, we present a remarkable compilation of research that spans the innova-
tive landscape of biomaterials tailored to enhance medical treatments, diagnostics, and
tissue engineering.

The history of biomaterials is fascinating, reflecting the evolution of human medical
needs and technological progress over time. The beginnings of biomaterial usage can be
traced back to antiquity when various civilizations used natural materials to repair or
replace body tissues. For example, ancient Egyptians used silk threads to suture wounds,
while the Mayans utilized shells as replacements for missing teeth, demonstrating an early
understanding of the necessity to integrate materials with the human body [1].

However, it was not until the 20th century that biomaterials began to be systematically
studied and developed, marking a new era in medicine and engineering. This period saw
the birth of the first generation of biomaterials, focused on biocompatibility and the goal of
serving as passive tissue replacements. Materials used in this stage included metals, such
as titanium and its alloys, ceramics, and synthetic polymers, all designed to withstand the
body’s environment without causing adverse responses [2].

As knowledge in the life sciences and engineering advanced, so did the field of
biomaterials, entering a second generation that emphasized surface functionalization and
active interaction with the biological environment. This stage included the development of
bioactive materials capable of eliciting specific responses from surrounding cells, such as
osteointegration for bone implants [3–6].

Currently, we are in the era of the third generation of biomaterials, characterized by the
development of dynamic and intelligent systems capable of responding to biological stimuli
and performing complex actions, such as controlled drug release, tissue regeneration, and
theranostics. This is the realm of nanobiomaterials, biohybrids, and self-healing materials,
which are opening new horizons in regenerative medicine, personalized therapies, and
health monitoring [4–7].

The ascent of biomaterials reflects an extraordinary journey from the use of rudimen-
tary materials for simple medical needs to the development of advanced technologies
promising to revolutionize how we treat diseases, repair tissues, and improve the quality
of life. It continues to be an expanding field at the intersection of life sciences, chemistry,
physics, and engineering, with limitless potential for future innovations [8,9].

This Special Issue presents a collection of studies that reflects the dedication, creativity,
and collaboration of researchers worldwide. The articles provide valuable insights, inspira-
tion, and a renewed sense of possibility for the future of medical science and patient care.

Crystals 2024, 14, 334. https://doi.org/10.3390/cryst14040334 https://www.mdpi.com/journal/crystals1
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We welcome the reader into a glimpse of the future of healthcare, enabled by the extraordi-
nary advancements in new functional biomaterials. The articles included in this Issue have
been meticulously grouped into categories reflecting their thematic and methodological
coherence, showcasing the breadth and depth of advancements in this rapidly evolving
field. The published articles are detailed in the List of Contributions.

In the domain of Biocompatible Materials and Surface Modifications, two groundbreaking
studies present a path toward revolutionary medical applications. Kang, X. et al., in their
article “Degradable Magnesium and Its Surface Modification as Tumor Embolic Agent for
Transcatheter Arterial Chemoembolization”, unveil the pioneering exploration of degrad-
able magnesium (Mg) particles, both in their native form and modified with poly-L-lactic
acid (PLLA). These particles are investigated for their use as embolic agents in transcatheter
arterial chemoembolization (TACE), a procedure pivotal in cancer treatment. This research
not only underscores the potential of Mg particles in the medical field but also opens new
avenues for the application of biocompatible materials in combating disease. In addition,
a study by Kowalski, K. et al., entitled “Micro Arc Oxidation of Mechanically Alloyed
Binary Zn-1X (X = Mg or Sr) Alloys”, addresses the realm of surface engineering, specifi-
cally targeting the surface modification of zinc-based alloys via micro-arc oxidation. This
technique enhances the alloys’ microhardness, corrosion resistance, and surface wetting
properties, thereby demonstrating their suitability as biodegradable materials. Through
these modifications, the study presents a significant step forward in material science, of-
fering valuable insights into the development of biomaterials that are not only effective
but also safe and sustainable for medical use. Together, these investigations exemplify the
dynamic interplay between material innovation and medical application, showcasing the
transformative potential of biocompatible materials and surface modifications in advancing
healthcare technologies.

In the area of Advances in Bioceramics and Coatings, three articles make significant strides
toward the enhancement of biomaterials for medical use. The study, “Hydroxyapatite–
Barium Titanate Biocoatings Using Room Temperature Coblasting” by Dias, I.J.G. et al.,
heralds a groundbreaking method for augmenting orthopedic and dental implants. Em-
ploying a room temperature CoBlast technique, the authors successfully applied coatings
of hydroxyapatite combined with barium titanate, aiming to significantly improve osseoin-
tegration. This novel approach not only promises enhanced implant stability and longevity
but also underscores the potential of advanced coatings in medical implants. The article by
Gomes, E.d.S. et al., “Influence of Polymeric Blends on Bioceramics of Hydroxyapatite”,
delves into the impact of integrating galactomannan and chitosan blends with hydroxyap-
atite bioceramics. Through this investigation, the study sheds light on how such polymeric
blends can modify the physical and chemical properties of hydroxyapatite, thereby en-
hancing its performance in biomedical applications. This research paves the way for the
development of bioceramics that are more adaptable and effective, offering improved
outcomes in various medical applications. Moreover, the exploration presented by Baldas-
sarre, F. et al., “Structural Characterization of Low-Sr-Doped Hydroxyapatite Obtained by
Solid-State Synthesis”, provides an in-depth look at the enhancement of hydroxyapatite
through strontium doping. Examining the synthesis and comprehensive characterization
of strontium-doped hydroxyapatite, this study contributes valuable insights into how
these modified materials could lead to superior bone regeneration and broader medical
applications. Highlighting the importance of material innovation, this research exemplifies
the continuous quest for biomaterials that offer improved compatibility and functionality
in healthcare.

In the domain of Innovative Synthesis and Characterization Techniques for Biomaterials,
there are two pivotal studies, showcasing the advancements in the methods of synthesis
and the enhanced characterization of biomaterials aimed at optimizing their application
in the biomedical field. The study by Szterner, P. et al., “Morphology Control of Hydrox-
yapatite as a Potential Reinforcement for Orthopedic Biomaterials: The Hydrothermal
Process”, presents an innovative hydrothermal technique for the synthesis of hydroxya-
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patite, a critical material for bone repair and orthopedic applications. By meticulously
controlling the synthesis parameters, the researchers successfully manipulated the mor-
phology of hydroxyapatite crystals. This controlled manipulation underscores the critical
role of the synthesis conditions in developing biomaterials tailored for specific biomedical
applications. The ability to fine-tune the morphology of hydroxyapatite not only opens new
avenues in the design of orthopedic implants and materials but also highlights the intricate
relationship between material properties and biomedical functionality. Complementing
this, “Magnesium-Substituted Brushite Cement: Physical and Mechanical Properties” by
Fleck, S. et al. delves into the effects of magnesium substitution in brushite cements, a
class of calcium phosphate materials renowned for their osteoconductivity and potential in
bone regeneration. This article describes how varying the magnesium concentrations can
significantly alter the physical and mechanical properties of brushite cements, suggesting
avenues for enhancing their application in hard tissue engineering. The findings from this
research emphasize the potential of elemental substitution as a method for optimizing the
performance of biomaterials in medical applications, particularly in the context of bone
healing and implant integration.

In addition, our Special Issue contains a segment on Biomaterials for Theranostics and
Tissue Engineering, where two studies stand at the forefront of integrating biomaterials
with advanced medical applications, specifically focusing on the burgeoning fields of ther-
anostics and tissue engineering. These studies not only highlight the innovative use of
materials for diagnostic and therapeutic purposes but also their crucial role in advancing
tissue engineering strategies. “Nanoscale MOF–Protein Composites for Theranostics” by
Zhou, X. et al. delves into the cutting-edge development and application of nanoscale
metal–organic frameworks (MOFs) combined with proteins to form unique composites
designed for theranostic applications. This research offers a comprehensive overview of
how these nanocomposites can be leveraged for the targeted delivery of therapeutic agents
while simultaneously facilitating disease diagnostics. The versatility, high surface area,
and functionalizability of MOF–protein composites underscore their immense potential in
revolutionizing the approach to disease treatment and monitoring, embodying the essence
of theranostics by merging therapeutic and diagnostic capabilities within a single platform.
Complementing this, the study of Workie, A.B. et al., “An Investigation of In Vitro Bioactiv-
ities and Cytotoxicities of Spray Pyrolyzed Apatite Wollastonite Glass-Ceramics”, presents
an in-depth examination of the bioactive and cytotoxic properties of apatite–wollastonite
glass ceramics synthesized via spray pyrolysis. This article significantly contributes to
our understanding of the potential applications of these bioactive materials in tissue en-
gineering, particularly in bone regeneration. By assessing the materials’ bioactivity and
cytotoxicity, the study provides valuable insights into the suitability of apatite–wollastonite
glass ceramics for use in medical implants and scaffolds, highlighting their effectiveness in
supporting tissue growth and integration.

For the Comprehensive Reviews of Biomaterials’ Applications, we feature a pivotal study
that serves as a cornerstone in understanding the critical role of biomaterials in orthopedic
applications. The comprehensive review, “Effects of Pore Size Parameters of Titanium
Additively Manufactured Lattice Structures on the Osseointegration Process in Orthopedic
Applications”, authored by Alkentar, R. meticulously synthesizes the wealth of current
research focused on the intricate relationship between the design parameters of titanium
lattice structures and their impact on osseointegration and tissue regeneration.

This editorial synthesis encapsulates the essence of each contribution to this Special
Issue, highlighting the collective endeavor to expand the boundaries of biomaterials science
for medical applications. The research presented herein not only paves the way for novel
therapeutic strategies and biomaterials but also lays the groundwork for future explorations
in this dynamic field.

Acknowledgments: The editor would like to thank all the authors and peer reviewers for their
valuable contributions to the Special Issue “Advances in New Functional Biomaterials for Medi-
cal Applications”.
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Abstract: Architected materials are increasingly applied in form of lattice structures to biomedical
implant design for the purpose of optimizing the implant’s biomechanical properties. Since the porous
design of the lattice structures affects the resulting properties of the implant, its parameters are being
investigated by numerous research articles. The design-related parameters of the unit cells for a strut-
architected material are mainly the pore size and the strut thickness. Until today, researchers have not
been able to decide on the perfect values of the unit cell parameters for the osseointegration process
and tissue regeneration. Based on in vivo and in vitro experiments conducted in the field, researchers
have suggested a range of values for the parameters of the lattice structures where osseointegration
is in acceptable status. The present study presents a comprehensive review of the research carried
out until today, experimenting and proposing the optimum unit cell parameters to generate the most
suitable lattice structure for the osseointegration procedure presented in orthopedic applications.
Additional recommendations, research gaps, and instructions to improve the selection process of the
unit cell parameters are also discussed.

Keywords: architected materials; lattice structures; additive manufacturing; optimization; osseointegration

1. Introduction

Bone replacement operations have increased the demand for the development of
metallic biomaterials for implants [1]. Biomaterials gained recognition in the biomedical
field after the meeting on biomaterials at Clemson University, South Carolina in 1969,
due to their ability to improve the quality and longevity of the artificial parts inside the
human body, especially of the implants used in human bone replacement surgeries [2].
The mechanical properties of the biomaterials should match those of the bone under
loading during the activities of daily living (ADL). Bone’s elastic modulus, for example,
varies in range from 4 to 30 GPa according to the type of bone [3], hence, the material
replacing the bone is expected to have a close value in that range. In case of stiffer implant
material, the implant will absorb the whole stress, causing bone resorption around the
implant area which leads to the loosening of the implant [4], commonly known as the
stress-shielding effect.

The reaction of the human body to the implant decides the success or the failure of the
biomaterial and tells how biocompatible it is [5]. Bioactive materials are preferable due to
their integration with the surrounding bone [4]. Hallab et al. [6] emphasized that in order
for the implants to have a long life span, their composing biomaterials should have high
corrosion and wear resistance to avoid releasing non-compatible metal ions causing allergic

Crystals 2023, 13, 113. https://doi.org/10.3390/cryst13010113 https://www.mdpi.com/journal/crystals5



Crystals 2023, 13, 113

and toxic reactions in the implant area. Cobalt-based alloys, stainless steel, and titanium
materials are widely used as biomaterials for implants [7] due to their superior mechanical
properties and their high corrosion resistance [8]. Existing articles [9,10] have shown that
exotic alloys, especially titanium alloys, revealed intense bioactivity properties along with
enhanced bone fixation and durability. For these reasons and their great biocompatibility,
as well as their lighter weight than other materials, titanium alloys have become the
most widely used material in the manufacturing of implants [11]. Bich Vu et al. [12]
evaluated the in vivo and the in vitro compatibility of the Ti6Al4V alloy and confirmed
that it is suitable for use in medical implants. Furthermore, recent studies [13,14] have
proposed the employment of ceramics and synthetic polymers as construction materials
for orthopedic implants.

Hip implant surgeries and revision surgeries are increasing over the years, especially
for people over 60 years old, for whom it was expected to double over the 2020–2050
range [15]. Worldwide, the annual number of hip injuries is expected to be over 6.26 million
by 2050 [16]. A total of 15% of all the fractures in the United States were reported to be
hip fractures, which means an extra 19 billion dollars to the national economy [17]. Slif
et al. [18] performed a review on 225 patients who had 237 hip revision surgeries over a
6-year time period. The study reports 51.9% of the cause of failure to be aseptic loosening;
16.9%, instability; and 5.5%, infection. Therefore, many techniques have been experimented
on to be added to the surface in order to improve the fixation ability of the implant when
inside the human body [19].

Natural bones are porous materials in nature with interconnected pores, and they are
classified based on their density as cancellous/trabecular bone and cortical bone. Cortical
bone is strong and dense with a porosity of 5–10%, while the trabecular bone is more porous
and weak with a porosity of 50–90% [20]. The hip implant usually causes some damage
to the medullary space during the operation and results in a change in the endosteal
circumference [21]. The blood supply in the endostea causes resorption in the cortical bone,
which might lead to a reduction in bone density. More medullary space for the hip implant
proved better for medullary revascularization and improved blood circulation [21,22].
Yang et al. [23] proposed lightening the hip implant to get more surface space to provide
proper medullary revascularization. If added to the implant surface, holes are proven to
connect the inner and outer regions of the implant, thus providing better integration with
the bone [24,25].

The most adopted method for getting the implant lightened and changing its surface
into a porous area is the lattice structure configuration. Architected materials are three-
dimensional structures composed of repeating unit cells that result in a completely porous
body, known as lattice structures [26]. The edges and faces of the cells are usually formed
by the struts and plates/surfaces [27]. The mechanical properties of lattice structures can
be significantly affected by adjusting their defining parameters, such as unit cell topology
or geometry (cell size/length and strut dimension) [28]. Mubasher Ali et al. [29] classified
lattice structures into two main categories: beam-based and surface-based lattice structures.

Although beam-based lattice structures have simpler designs [30], they are chosen to
help increase the efficiency of the material distribution inside the lattice pores [31]. When
the concern is about manufacturability and bone fixation, surface-based lattice structures,
especially triply periodic minimal surfaces (TPMS), offer extra advantages over beam-based
ones. Yan et al. [32] stated that since the inclination of TPMS structures keeps changing
along the 3D-printing process, this makes each layer support the next one in line, thus
improving manufacturability. Designers suggest that the curvature in the surfaces of the
implant directly affects the quality of bone ingrowth [33]. TPMS resembles the natural
human trabecular bone, concerning geometrical topology and dimensional curvature. This
resemblance improves the osseointegration more in comparison with the beam-based
lattices [28].

The deformation of latticed structures is seen as an advantage for energy absorption-
related applications [34], such as implant load bearing. Maskery et al. [35] investigated the
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deformation behavior of Gyroids, a surface-based lattice type, and found that their specific
energy absorption is three times better in comparison with the body-centered cubic lattices,
a beam-based lattice type. Burton et al. [36] indicated that lattice structures have a void
within their structure that can be filled with therapeutic agents without affecting the fatigue
life of the load-bearing of the hip implant.

Additive manufacturing (AM) makes the manufacturing of complex lattice structures
possible due to the layer-by-layer building mechanism [37]. Yan et al. [38] studied the
microstructure and mechanical properties of the lattice structures manufactured via direct
metal laser sintering (DMLS), an AM technology, and stated that the latter outperforms
lattice structures made by alternative manufacturing techniques with the same porosity.
Each AM technique has certain abilities and constraints in the manufacturing of lattice
structures. Cansizoglu et al. [39] investigated the properties of Ti6Al4V lattice structures
manufactured via electron beam machining (EBM), another AM method, using compres-
sion, bending tests, and finite element analysis. The study reported that build angle and
build orientation strongly affected the properties of the lattice structures.

The current study aims to deeply review the latest literature and discuss the research
gaps on the effect of the pore design of the lattice structure on the bone ingrowth pro-
cess. In detail, Section 2 focuses on the narrative review of the bone structures, up-to-date
use of implants, and the biofunctionality mechanisms that activate during implant place-
ment. Furthermore, Section 3 presents the existing architected materials (definition and
classification) coupled with the impact of porosity/relative density on the mechanical
properties of a lattice structure, according to the published literature. In addition, Section 4
summarizes, in a comprehensive review, the results of numerous studies regarding the
effect of pore/porosity of structure in osseointegration processes. Finally, in Section 5, the
main research gaps and current challenges are highlighted along with proposals for future
investigation in the field.

2. Implants, Bone Structure, and Biofunctionality Mechanisms

2.1. Implant Structures and Materials

Since the ancient era, orthopedic implants have been utilized in order to assist and
facilitate bone tissue recovery from injuries [40]. Through the years, the implementation
of implants has evolved in terms of materials, biofunctionality, and structure. In the last
century, the evolution of surgery methods coupled with the development of sophisticated
imaging techniques, such as the computed tomography scan (CT scan), magnetic reso-
nance imaging (MRI), etc., led to great improvements in medical implants generally [41].
Despite the evolution of implants, some basic principles should be followed in implant
development, such as high biocompatibility and the facilitation of tissue regeneration.
In this context, the human implants are classified into three generations based on their
chronological evolution according to the existing literature [42–44], as is shown in Figure 1.
The first generation, the oldest one, includes implants developed only for the purposes of
the fixation and support of the damaged tissue, and they were bioinert without any interac-
tion with the surrounding biological system [45]. In the second generation, the implants’
materials and structure not only offer the proper structural integrity but also facilitate the
diffusion of blood and nutrients, achieving higher biocompatibility [46]. In this category,
the orthopedic hip implants of Trilock type are included with their unique characteristic
of lattice regions inside their structure. The third and more recent generation of implants
consists of implants with the above-mentioned characteristics along with biomimetic and
bioactive structures [43,47]. Furthermore, the implants of the third generation could be
enhanced with the existence of growth factors on their external surface, in the form of
coatings, to accelerate the tissue regeneration process. In addition, it could be constructed
with biodegradable and bioabsorbable materials in order to be absorbed by the human
body and avoid surgery for implant removal [8,13]. These comprehensive reviews [8,13]
analyzed the advantages of the third generation implants to be the biodegradable and
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bioabsorbable construction materials, the hydroxyapatite (HA) coatings of implants, as a
growth factor, and the implementation of biomimetic geometry.

Before the investigation of the effect of structure (porosity) on an implant’s perfor-
mance, it is essential to present the available biomaterials for this application, the bone
structure, and the major phenomena that have been developed on an orthopedic implant
in order to better understand the operating condition. First of all, the term “biomaterials”
refers to materials that interact with biological systems (organs, tissue, etc.), facilitating
the tissue regeneration procedure without any unfavorable consequences, i.e., carcino-
genesis, thrombogenesis, toxicity, irritation, and immunogenesis [14,48]. For orthopedic
applications, metals and metal alloys (titanium, titanium alloys, stainless steel, Co-Cr
alloys) are mainly utilized considering their superior mechanical properties and their
high corrosion resistance [49]; however, some recent studies [48,50] have proposed the
employment of ceramics and synthetic polymers as construction materials. On the other
hand, the structure of a human bone has high geometric complexity, and it is crucial to
analyze it thoroughly in order to improve the implant’s functionality. A typical human
bone consists of three regions: the cortical, the osteon, and the cancellous bones [51,52].
The cortical region is bulk bone tissue located in the external layers of the bone with
high stiffness, more specifically with an elastic modulus ranging from 14 to 20 GPa [53],
offering structural integrity to the bone’s structure. Moreover, cortical bones reach up to
80% of the overall bone mass. The osteon is located in the region between the cortical
and cancellous bone and provides the necessary diffusion canals, such as the Haversian
and Volkmann’s canals, for the circulation of blood and nutrients. Finally, the cancellous
bone has the highest volume in a bone structure; however, it roughly reaches 20% of
overall bone mass due to its extensive porosity that ranges from 50% to 90%. The porosity
consists of stochastic strut lattices with highly variable porosity, lower near the osteon
and cortical bone and higher in the center of the bone [53]. Furthermore, the cancellous
bones provide elasticity, with its elastic modulus ranges between 3.2 and 12.7 GPa [54]
depending on the regional porosity, and energy absorption capabilities on the bone with
sufficient volume from bio-reactions, such as blood cell production, etc. Figure 2 portrays
a detailed illustration of an indicative bone structure [52]. Hence, in the last decade, the
integration of pore structures, such as lattice structures, with architected materials in
implant design has gained increased scientific interest in an attempt to bio-imitate the
bone structure and enhance its biocompatibility.

Figure 1. Description of implant evolution divided into three generations coupled with their main
characteristics [52].
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Figure 2. Indicative image of a human bone structure [52].

2.2. Biocompatibility and Failure Mechanisms for an Implant

In the previous subsection, the classification of medical implants based on their evolu-
tion was discussed coupled with the methods, i.e., biomaterials and advanced structures,
to produce a bone implant with high biocompatibility. Moreover, in order to develop the
optimum pore structure for an implant, it is necessary to understand the major phenomena
occurring in the biological systems with foreign objects such as implants, namely wear,
stress-shielding, and osseointegration [55–57]. In detail, osseointegration is responsible for
the tissue regeneration process and efficiency of the implant, and the other two phenomena
are mainly responsible for the failure of an implant. It is worth mentioning that these
phenomena have a different magnitude in each case depending on several reasons besides
the implant (type of injury, surgical procedure, etc.) [48]. However, the porous structure of
an implant has a severe impact on the regulation of these mechanisms.

Wear is a mechanism of failure for an implant and occurs on the interface between
the bone and the implant [56]. More specifically, during the activity of daily living (ADL),
relative movements between the implant and the bone are observed to lead to the de-
velopment of friction forces on the interface surfaces, resulting in material removal and
bone deformation. Existing studies [56,58] have shown that wear is responsible for the
osteolytic reaction, loosening, and reduction of the implant’s life. All these eventually result
in the implant’s failure. In order to address this issue, the increase of the friction coeffi-
cient between the bone and the implant has been proposed by minimizing their relative
movement. There are two sufficient methods to increase the friction coefficient between
the bone and the implant. The first is the increase of the roughness of implant surfaces
during the manufacturing process, and the second is the employment of superficial pore
structures around the implant, as the lattice structures have revealed an increased friction
coefficient [58]. A commercial example of this method is the Trilock hip implant, which has
demonstrated remarkable durability.

The stress-shielding effect occurs mainly in metal implant applications due to the
superior mechanical properties of metal alloys [59,60]. Human bones are highly adaptive
at loading conditions, increasing their mass in regions with high-stress concentration and
vice versa. Hence, the bone starts to lose its mass and its structural integrity due to the
difference in stiffness between the metal implant and the bone. More specifically, when a
metal implant is employed in the human body, the majority of loads are absorbed by the
metal structure, leading to a low-stress concentration on the bone regions. Combing the
aforementioned observations, the bone can reveal osteopenia or osteoporosis and, in some
cases, even bone fracture. Thus, it is essential to minimize this phenomenon by reducing the

9



Crystals 2023, 13, 113

difference in stiffness between the bone and the metal implant. The reduction of implants’
stiffness can be achieved in two ways. The first is the replacement of the construction metal
with a material with a lower elastic modulus (i.e., stiffness); however, for bone applications,
it is difficult to find a material with enhanced strength and low stiffness. Therefore, in order
to address this phenomenon, the majority of the literature examined the employment of
pore structures/lattice structures within the body of the implant. Lattice structures consist
of architected materials enabling topology-controlled properties [59]. In detail, according
to existing research [61], lattices reveal a lower stiffness than bulk structures for the same
construction material due to the porosity of the structure. Moreover, the reduction in
stiffness could be accurately calculated via the scaling law on the mechanical properties of
the structure, as analyzed in the next section.

Osseointegration is the desired phenomenon for an implant and describes the structural
and functional connection between the bone and the implant [62–64]. In order to facili-
tate the osseointegration effect, the implant should provide the necessary space to diffuse
blood/nutrients and a sufficient surface area for the cell to adhere to and enable cell produc-
tion and regeneration via osteoconductivity. Especially in bone implants, the bone healing
process requires several weeks and enough space, first, for the diffusion of soft callus cartilage
and fibrous tissues which form the premature bone, and then, for the regeneration of hard
bone, also known as hard callus tissue [65]. It is obvious that in order to be able to achieve a
proper bone regeneration procedure, it is essential to employ the porous structures and surface
porosity in the implants. In addition, porous structures offer a high surface area-to-volume
ratio providing extensive surface area for cell adhesion and bioreactions.

By revising the major phenomena that occur on the bone implant inside the human
body, it is logical to derive the conclusion that the architected materials in the form of
lattice structures provide the necessary properties in order to address them. However, each
architected material has its own unique physical (i.e., pore shape, surface area to volume
ratio, etc.) and mechanical properties (i.e., effective mechanical properties), thus, in the
context of this review, it is essential to analyze the influence of the geometry/pores of
architected materials on the biofunctionality and biocompatibility of an implant.

3. Architected Materials on Biomechanical Applications

3.1. Definition and Classification of Architected Materials

As it was mentioned in the previous section, the implementation of architected ma-
terials, in form of lattice structures, on bone implants offers a series of advantages for
the biofunctionality of the implant. Therefore, there is a need to analyze and classify
the existing architected materials. Architected materials are multiphase and/or cellular
materials in which the topological distribution of the phases is carefully controlled and
optimized for specific functions or properties [66]. Their basic physical properties are the
relative density (ρ) or porosity (p) of the structure, which are derived from the volume of
solid material (VSolid) to the overall external volume of the structure (VBB), i.e., bounding
box. Equations (1) and (2) show how to calculate the relative density and the porosity of
an architected material, respectively.

ρ =
VSolid
VBB

(1)

p = 1 − ρ= 1 − VSolid
VBB

(2)

Depending on the applied relative density of an architected material, three categories
are derived. The foam-like structures with an ultra-low relative density below 5%, the
lattice structures with a relative density from 20% to 50%, which are the most commonly
used architected materials, and the structures with a relative density above 60%, which
have a mechanical response very close to the bulk material [67]. According to the existing
literature [68,69], the relative density of every architected material depends on the ratio of
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two design-related parameters, namely the strut/wall thickness (t) to the length of the unit
cell (l). In detail, based on the nature of the employed architected material, approximate
mathematical formulations have been developed connecting the relative density with the
t/l ratio. Equations (3) and (4) present the abovementioned formulation for two of the most
widespread lattice structures, the struts and the triply periodic minimal surfaces (TPMS). It
is worth noting that C1, C2, and C3 are constants, different for each architected material,
and are derived from the topology of each structure.

Strut-lattice structures : ρ = C1 ·
(

t
l

)2
− C2 ·

(
t
l

)3
(3)

TPMS lattice structures : ρ = C3 ·
(

t
l

)
(4)

After the definition and the analysis of the most crucial parameters for architected
materials, the next step is to classify them based on their geometry, as there is a vast number
of different geometries [70,71]. It is worth mentioning that in the context of this review, the
architected materials with open cells were taken into account due to the creation of diffusion
canals inside the structure, which are essential for biomechanical applications. The first
level of classification concerns the periodicity of the architected material and divides them
into three categories: stochastic, periodic, and pseudo-periodic [70,71]. Open-cell stochastic
architected materials are usually observed in natural structures, such as cancellous bone,
corals, etc. However, they can be artificially developed by employing stochastic algorithms
and geometric loci, such as Voronoi. The examination and regulation of the properties of
these structures are quite difficult processes due to the stochastic nature of the structures.
On the other hand, there are periodic architected materials, also known as cellular materials,
with open cells that consist of a single 3D unit cell that is repeated in the three dimensions.
It is necessary to mention that the 2.5D architected materials (i.e., honeycombs, prismatic,
etc.) were not taken into account in this classification due to the lack of interconnected
canals/pores. Three-dimensional architected materials of strut and TPMS are the most
commonly used lattice structures with interconnected pores, i.e., open cells. Finally, there
are the pseudo-periodic structures that are consisted of the above-mentioned architected
materials with the major characteristic of interaction of the structure’s boundaries with the
lattice structure. Figure 3 presents a detailed diagram with geometry-based classification
for open-cell architected materials [71,72].

Figure 3. Classification diagram of architected materials with open cells based on the geometry [71,72].
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3.2. Influence of Pores on Architected Materials Properties

Having discussed the basic characteristics and classification of architected materials, it
is essential to analyze the influence of pore size/porosity on the physical and mechanical
behavior of a lattice structure. It is obvious that as the porosity increases in a lattice
structure, more void space inside the structure is created, facilitating the potential diffusion
of material. Thus, it is usually proposed that the porosity percentage of a lattice structure
embedded in a metal implant should have a similar value to the porosity of the cancellous
bone, leading to a mean relative density of around 20%. However, this can raise some issues
concerning the implant’s biofunctionality and biocompatibility. The first issue is related to
the degradation of the mechanical properties of the structure due to the increased porosity.
According to existing studies [67,73,74], the degradation of the mechanical properties
(Φ) of a lattice structure follows a scaling/power law strongly influenced by the applied
relative density/porosity. Equation (5) lists the aforementioned scaling law applicable to
the majority of the mechanical properties (elastic modulus, yield strength, etc.).

Φ = C·(ρ)n (5)

where C and n are constants that are dependent on the applied construction material and
the applied architected material. Therefore, the applied architected material defines the rate
of degradation of the properties as the relative density decreases. If the employed cellular
material has low connectivity (n > 2), the rate of degradation is exponential and is observed
in the bending deformation of the structure’s elements, hence this mechanical response is
named bending-dominated behavior [75,76]. Lattice structures with bending-dominated
behavior have relatively low strength and stiffness with enhanced energy absorption
rates. On the other hand, the architected materials with linear degradation (n ≈ 1) of
properties in changes of relative density show high connectivity and reveal high stiffness
and strength [75,76]. This mechanical response is the stretching-dominated behavior, and
this kind of architected material is usually utilized for bone implant applications due to the
high strength requirements. In addition, published research [77] has proved the connection
between the relative density and the available surface area in a lattice structure for certain
architected materials. The available surface area seems to decrease in very low and very
high relative densities. Moreover, TPMS lattice structures, especially sheet-TPMS, reveal a
higher surface area-to-volume ratio compared with the strut lattices, making them suitable
for biomechanical applications [77].

Throughout the process of adjusting the porosity of the lattice structure to fit the
biointegration process, Jayanthi [78] pointed out that the effective compressive strength
of the titanium structure drops with the increasing porosity. Figure 4, along with Table 1,
shows the relationship between porosity and compressive strength for porous titanium
which helps with trading off between the porosity and the required strength.

 
Figure 4. Porosity vs. compressive stiffness. Reused with permission from ref. [78]. 2009, Elsevier Ltd.
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Table 1. Compressive stiffness and compressive strength of porous titanium parts. Reprinted with
permission from ref. [78]. 2009, Elsevier Ltd.

Set Porosity
Comp. Stiffness

(GPa)
Ultimate Comp. Strength

(MPa) σ max
Maximum
Load (N)

1 50.75 (10.69) 2.92 (±0.17) 163.02 (111.98) 36,759
2 60.41 (±0.81) 2.68 (±0.12) 117.05 (1554) 25,224
3 70.32 (±0.63) 2.13 (±021) 83.13 (±10.25) 18,985
4 49.75 (±1.00) 0.57 (±0.05) 7.28 (10.93) 1506

To summarize, the properties of an implant with lattice structures are influenced by the
relative density/porosity of the applied architected material. Porosity has a severe impact
on the mechanical performance of the implant. Thus, it is essential for each architected
material embedded in an implant to find the optimum value of porosity/pores in order to
withstand the applied loads while simultaneously minimizing the stress-shielding effect.
Moreover, the porosity of the applied structure should be defined at the proper value in
order to be capable of diffusing the blood and nutrients, but also provide sufficient surface
area to adhere cells for osseointegration and tissue regeneration. For these reasons, the next
section presents a comprehensive review of up-to-date research on the effect of pores on
the biofunctionality and biocompatibility of a bone implant.

4. Effect of Pore Size Parameters on the Osseointegration Process

The process of bone ingrowth into an implanted structure is extremely complicated
and involves a wide range of factors, including cellular and extracellular biological activ-
ities [79]. The fixation stability of the implant is also an important factor in the success
of the osseointegration process [80]. The architecture of the implanted biomaterial with
lattice structures has a significant role in the osseointegration process, which leads to the
conclusion that the unit cell topology, porosity, pore size and shape have a strong effect
on bone ingrowth [81–83]. Arabnejad et al. [84] investigated four samples of two unit-cell
types, Tetrahedron and Octet truss, with parameters from a limited area of selection suitable
for bone ingrowth and set according to previous experiments [85–87]. The selection area
for the Tetrahedron topology was defined by the following parameters: the pore size was
between 50–800 μm, the porosity was at least 50%, and the strut thickness lowest limit
was set to 200 μm, due to manufacturing constraints where most of the commonly used
AM techniques can build lattice materials with a nominal strut thickness of 200 μm [88].
The design limit values for the Tetrahedron type are shown as red lines in Figure 5. It
is worth mentioning that there are AM techniques which are able to fabricate structures
at the nanometer level, such as the two-photon polymerization (2PP) technology; how-
ever, these technologies have specific miniaturized applications and are not applicable for
biomechanical applications on centimeter levels.

For the Octet truss type, the design limits were a 400–800 μm pore size, 50% porosity
and strut thickness of 200–400 μm. The design area of the Octet truss type is shown in
Figure 6.

The samples were then implanted in two mongrel dogs for bone ingrowth monitoring
purposes. The study confirmed the immediate relationship between the parameters of the
unit cells and their strong effect on the osseointegration process [84]. Bragdon et al. [85]
performed eight total hip replacements on eight animals and monitored the improvement
over a three-month period. The study found that pore size and porosity had an obvious
effect on the osseointegration process and stated that latticed implants with a mean pore
size ≥200 μm and a porosity ≥40% were optimal for bone ingrowth, yet the study did
not set an upper limit for the pore size or for the porosity. Through an in vivo study,
Whang et al. [89] set the minimum pore size to allow bone ingrowth to be 100–350 μm, but
did not study the ranges of porosity or thickness of the structures.
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Figure 5. Design area for Tetrahedron topology, with the constraints of manufacturing, pore size, and
porosity. Reprinted with permission from ref. [84]. 2016, Elsevier Ltd.

 

Figure 6. Design area for Octet truss with the constraints of manufacturing, pore size, and porosity.
Reprinted with permission from ref. [84]. 2016, Elsevier Ltd.

In vitro studies showed that pore size had no direct effect on the formation of bones,
but that a lower porosity enhanced bone regeneration. On the contrary, in vivo studies
stated that in an atmosphere where osteogenesis dependent on many processes, such as
vascularization, a higher porosity supported bone ingrowth the best. Pore sizes over 30 μm
are better for the enhanced formation of bone and capillaries [87]. Taniguchi et al. [90]
performed an in vivo study on rabbits where porous titanium implants with pore sizes of
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300, 600, and 900 μm were manufactured by the selective laser melting (SLM) AM technique.
The 600 μm pore-sized implants showed higher fixation and better osseointegration than
the rest of the implants. Bone ingrowth within the 300 μm pore-sized implants was inferior
in cancellous bone in comparison to the other-sized implants. Bone ingrowth into implants
with a porosity of 50% and a pore size of 100–300 μm was able to reduce the stress-shielding
effect dramatically [91]. For orthopedic applications, most implants have an average range
of 400–600 μm for the pore size and 75–85% for the porosity [92]. A group of lattice
structures averaging 430 μm and another group averaging 650 μm were investigated. The
new bone was occupying 42% of the pores in the 4th week, 63% in the 16th week, and 80%
at the end of the year. The bone ingrowth in the large-averaging group was 13% in the 2nd
week, 53% in the 4th week, and 70% by the 52nd week.

Wang et al. [93] tested a trabecular-like lattice structure with 3 different pore sizes of
800, 900, and 1000 μm. In this study, the Ti6Al4V alloy was employed as a construction
material. Elastic modulus was reduced with this type of structure, which helped avoid stress
concentration and enhance proliferation, which, in turn, supports the osseointegration
process. The irregular structure suggested in the study proved to have good mechanical
properties. Research exhibited that the optimum porosity should be over 50% for good
osseointegration, and pore size should be between 100–700 μm to avoid pore occlusion and
to provide enough surface area for cell adhesion [84,94]. Haizum et al. [95] investigated
Gyroid (surface-based lattice) and cube lattice structures (beam-based lattice) manufactured
using SLM of Ti6Al4V alloy with 300–600 μm pore sizes. The study confirmed that a pore
size of 300 μm generated structures similar to the natural bone and they can be used for
orthopedic applications.

Triply periodic minimal surfaces (TPMS), a surface-based unit cell type, with a poros-
ity range of 80–90% and a pore size range of 560–1600 μm were investigated for bone
implants. They exhibited a very close structure compared to the trabecular bone in terms
of all biomechanical properties [96]. During a general study, in vivo and in vitro, porous
Ti6Al4V samples of cylinder porous structures with pore sizes 500, 700, and 900 μm were
manufactured using the SLM system. Compression tests, CT scans, and scanning electron
microscope (SEM) scans were performed to analyze and compare with the mechanical
properties of the natural bone. The in vivo study showed that implants with a pore size
of 600 μm helped enhance bone ingrowth maturation and fixation in the host body [97].
When the pore size of the lattice structure is below 200 μm, it becomes hard for the blood
vessels to grow into the pores, which causes a lack of oxygen and nutrients. This, in turn,
reduces the formation of new bone [98]. Table 2 shows a brief summary of all the values of
the unit-cell parameters suggested by the above-mentioned studies.

Table 2. A summary of the unit-cell parameters.

Study
Suggested Pore Size

[mm]
Suggested Strut Thickness

[mm]
Porosity %

Arabnejad et al. [84] 0.2–0.8 ≥0.2 ≥50
Bragdon et al. [85] ≥0.2 - ≥40
Whang et al. [89] 0.1–0.35 - -
Wang et al. [93] 0.1–0.7 - ≥50

Haizum et al. [95] 0.3–0.6
Yan et al. [96] 0.56–1.6 - 80–90

Qichun et al. [97] 0.6 - -
Zheng et al. [98] ≥0.2

5. Research Gaps and Current Challenges

Although lattice structure is widely accepted as a solution to support the osseointe-
gration process, its pore size is still under investigation. As seen in the above-mentioned
literature, the ranges for an optimum pore size differ among researchers. A wide range of
50–1200 μm pore size was suggested by many reports; however, the optimum pore size for
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implants still has not been defined [99]. Most AM techniques have manufacturing limits
that affect the pore size’s lowest value. SLM and EBM, for example, are able to produce a
nominal strut thickness of 200 μm [84]. This limit is dependent on the process [86,88], and
can be lower in different cases [100,101].

Although a high porosity percentage of 50–80% is preferable for better osseointe-
gration, it affects the mechanical properties such as the strength and the stiffness of the
structure [78,102]. As it was mentioned in Section 3, the type of the employed architected
material plays a significant role in the mechanical performance. Besides the fact that many
recent studies have examined the mechanical behavior of various architected materials,
there is a lot of ground that should be covered due to the vast number of existing structures
and the development of new ones with superior properties, such as the hybrid cellular
materials [103,104].

Furthermore, one more aspect that has not been investigated thoroughly yet is the
extracted structure’s porosity in AM of the lattice structure. In detail, as it is commonly
known, all AM techniques fabricate objects with a certain porosity. For example, in the
SLM technique with proper optimization on process-related parameters, this porosity
could be reduced to below 0.5% for bulk specimens [105]. However, studies [106,107] have
shown that during the fabrication of lattice structures, this process-related porosity could be
increased. Thus, it is essential to calculate the extracted porosity based on the implemented
structure (strut-based or surface-based) and evaluate its impact on the osseointegration
processes. Finally, further examinations should be performed on pore structures coated by
growth factors in clinical trials to quantify the influence of both pore structure and growth
factors on the biocompatibility and osseointegration of an implant.

Another less-examined area on the implementation of pore structures on implants is
the role of the post-processing procedure on the outcome. Post-processing could reduce
the roughness and enhance the dimensional accuracy of the implant; therefore, their
influence on the biocompatibility of an implant is an area that should be examined further
in the future.

6. Conclusions

This study reviews the effect of the pore size of the titanium lattice structures
manufactured using AM on the osseointegration process. AM techniques help build
all complex types of unit cells with the option of adjusting the building parameters as
required. Changing the parameters of the unit cells, i.e., strut thickness and pore size,
can significantly affect the mechanical properties of the whole structure. By manipu-
lating these parameters, designers can generate lattice structures that suit the bone to
be replaced.

Most researchers try to investigate the best combination between pore size and strut
thickness to generate an implant with the lattice structure’s porosity, that allows for bone
ingrowth to an acceptable level, hence boosting osseointegration. Based on the literature
discussed above, it is possible to say that, for optimum osseointegration in orthopedic
applications, the best ranges for pore size, strut thickness, and porosity are 500–750 μm,
200–500 μm, and 50–90%, respectively. It is worth mentioning that the strut thickness
lowest value was affected by the manufacturing limit in most of the AM techniques where
the accuracy of manufacturing is at that level.

Yet, no definitive answer for the exact pore size is set. Since each type of bone in the
human body has different mechanical properties, each type of unit cell is being investigated
to have a pore size that results in a structure that matches a specific bone. Gaining some
desired properties seems difficult to achieve without trading some others. Increasing
porosity is hard without decreasing the mechanical strength, a fact that makes investigating
the best pore size more and more necessary.
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Abstract: Strontium-substituted Ca10(PO4)6(OH)2 hydroxyapatite (HAp) powders, with Sr wt%
concentrations of 2.5, 5.6 and 10%, were prepared by a solid-state synthesis method. The chemical
composition of the samples was accurately evaluated by using inductively coupled plasma (ICP)
spectroscopy. The morphology of the samples was analyzed via optical microscopy, while structural
characterization was achieved through powder X-ray diffraction (PXRD) and infrared (FTIR) and
Raman spectroscopy. The PXRD structural characterization showed the presence of the Sr dopant in
the Ca1 structural site for HAp with a lower Sr concentration and in the Ca2 site for the sample with a
higher Sr concentration. FTIR and Raman spectra showed slight band shifts and minor modifications
of the (PO4) bands with increasing the Sr doping rate.

Keywords: hydroxyapatite; strontium; solid-state synthesis; PXRD; FTIR; Raman

1. Introduction

Hydroxyapatite Ca10(PO4)6(OH)2 (HAp) is a calcium phosphate phase widely investi-
gated in materials science owing to its interesting properties of biocompatibility, bioactivity
and osteoconductivity with human biosystems, mainly due to its analogy with the mineral
components of hard tissue, such as bones and teeth [1]. HAp, which naturally crystallizes
predominantly in the hexagonal space group P63/m, is well known for the high flexibility
of its structure [2], allowing cationic substitutions in Ca2+ sites, including monovalent
(Na+, K+, etc.), bivalent (e.g., Ba2+, Mg2+, and Fe2+) and trivalent (e.g., Al3+, Ga3+, and Bi3+)
cations; anionic substitutions in either phosphate or hydroxyl positions, with HPO4 and
CO3 replacing the phosphate group or As and V replacing P; and halogen substitutions
(F− and Cl−) in the (OH)− site [3]. This wide range of substitutions gives rise to many
synthetic materials employed in several applications. We mention just a few HAp prod-
ucts: bioactive coating materials on titanium bone implants [4]; treatment of bone tumoral
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pathologies [5]; maxillofacial applications to support bone growth and remodeling [6]; drug-
delivery nanoparticles in personalized medicine applications [7]; anti-mycotic agents [8].
HAp, in which rare earth cations (RE) partially replace Ca2+ ions, shows significant lumi-
nescent properties [9,10] and results in being an excellent material compatible with living
tissues [11]. Moreover, optical properties have been recently exploited for another class of
calcium phosphates, i.e., β-tricalcium phosphate Ca3(PO4)2 (β-TCP), doped with different
RE cations, which are RE from La (Z = 57) to Lu (Z = 71) [12–14].

In the last few years, there has been a rising interest in the study of strontium-
substituted hydroxyapatites. Strontium is typically associated with beneficial effects on
bone tissue metabolism and osteoporosis treatment [15], although in some particular cases,
i.e., in the treatment of postmenopausal osteoporosis, the occurrence of cardiovascular
side effects were observed [16]; mechanisms of distribution of strontium in bone were
reviewed by [17]. Analogously to bone applications, Sr-HAps are largely applied for teeth
repair and cure. For example, they are employed in cement pastes for enhancing dentin
remineralization [18], and in general, they are studied for their antibacterial properties [19].
Such biocements are often made by a biphasic calcium phosphate combination of HAp
with β-TCP, given that it was observed that the addition of β-TCP enhances the poor
mechanical properties of synthetical hydroxyapatite [20]. The applications of Sr-HAp in
oral care products are also worthy of mention, such as tooth whitening, oral biofilm and
toothpaste [21], while the substitution of Sr in Ag/Sr-HA nanoparticles can effectively
alleviate the negative effects of Ag and enhance the biological activity of HAp [22]. In
addition, the biological activity of Sr-substituted HAps coated on different scaffolds, e.g.,
magnesium alloys [23], titanium components [24] and poly(l-lactic acid) (PLLA) [25], has
been highlighted, and the HAp biocompatibility has been improved for possible clinical
applications. From a structural point of view, Sr2+ has been shown to enter into both
Ca2+ cationic sites of HAp (nine- and seven-coordinated) due to the non-negligible ionic
radius difference (Ca2+ = 1.00 Å, Sr2+ = 1.18 Å), with a preference for the Ca1 site at low Sr
concentration and for the Ca2 site at high Sr concentration (5% at.) [26]; the presence of Sr2+

results in a general perturbation of the lattice, increasing cell parameters and modifying
the mean size of crystal domains [27]. Lastly, about the different synthesis methods for
hydroxyapatite compounds, in a previous work by us, we have observed how the degree
of HAp crystallinity increased with solid-state reactions unlike wet chemistry methods [9].

The aim of the present work is to synthesize low-Sr-content HAp powders (dopant
wt% concentrations of 2.5, 5.6 and 10%) and to provide an extensive multimethodological
characterization based on morphological investigation via optical microscopy, chemical in-
vestigation via inductively coupled plasma (ICP) spectroscopy and structural arrangement
by powder X-ray diffraction (PXRD), completed by Rietveld refinement, Fourier transform
infrared (FTIR) and Raman vibrational spectroscopies. This paper contributes to effectively
clarifying studies related to the structural characterization of HAps to enable their possible
advanced applications.

2. Experimental

A solid-state reaction process was carried out for synthesizing a single phase of
pure hydroxyapatite (HAp) and strontium-doped hydroxyapatite (Sr-HAp). A mix of
homogeneous and stoichiometric quantities of calcium and phosphorous powders as
precursors was used in pestle and mortar; HAp powder was prepared by mixing the
compositions of the calcium and phosphorous at a molar ratio 1.67. A mixture of powders
of CaCO3 (MW = 100,089 g/mol, 40.04% Ca), CaHPO4 (MW = 136,082, 22.76% P) and
SrCO3 (MW = 147.63, 59.35% Sr) was pressed uniaxially into pellets 2 mm thick and 13 mm
in diameter under a load of 1.75 t for 40 s. All chemicals used were purchased from
Sigma–Aldrich, St Louis, MO, USA, with a purity higher than 98%. Finally, the pellets
were sintered at 1250 ◦C for 12 h in a Nabertherm programmable furnace to enhance the
interfacial bonding and the rate of diffusion of ions and crystallize the product. Heating
rates of 20 ◦C/min (20–200 ◦C), 13 ◦C/min (200–1250 ◦C) and 12 h at 1250 ◦C and a cooling
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rate to room temperature of 5 ◦C/min were adopted. The samples, with theoretical Sr
weight percentages of 0 (i.e., pure HAp), 2.5, 5.6 and 10%, were relabeled all along the text
as Dop0, Dop1, Dop2 and Dop3, respectively. Reactions achieved for Dop0 synthesis are
as follows:

6CaHPO4 + 4CaCO3 = Ca10(PO4)6(OH)2 + 4CO2 + 2H2O (1)

Reactions achieved for Dop1–3 syntheses are as follows:

6CaHPO4 + (4 − x)CaCO3 + xSrCO3 = Ca10−xSrx(PO4)6(OH)2 + 2H2O + 4CO2 (2)

Accurate chemical analysis performed using inductively coupled plasma–optical
emission spectrometry ICP-OES (PerkinElmer OPTIMA 2000™ DV, Co. Ltd., Shelton,
CT, USA) provided total concentrations of Ca, P and (for Dop1–3) Sr ions in the powder
samples, previously subject to acid dissolution (see below). The samples, after drying,
were in the weight range of 100~110 mg and were dissolved in 5 mL of 65% (v·v−1) nitric
acid and ultrapure water (up to 100 mL) for Dop0 and Dop1 samples and 5 mL of 65%
(v·v−1) nitric acid with 3 mL of aqua regia and ultrapure water (up to 100 mL) for Dop2
and Dop3 samples. Aliquots of each of these solutions were diluted and brought to volume
in a 100 mL volumetric flask containing the internal standard (1 mg·kg−1 of yttrium) in 3%
(v·v−1) nitric acid or aqua regia. The calibration was checked using the external standard
method with multielement (Ca, P and Sr) solutions ranging from 0.01 to 10 mg. L−1 in a
3% (v·v−1) nitric acid aqueous solution (for Dop0 and Dop1) or 3% (v·v−1) aqua regia (for
Dop2 and Dop3) with correlation coefficient R2 > 0.9999 and RSD < 5%. All samples were
analyzed in triplicate. ICP-OES results are shown in Table 1.

Table 1. Weight percentages (wt%) of Ca, Sr and P and (Ca + Sr)/P molar ratios for the solid-state-
synthesized HAp samples, obtained by ICP-OES.

Sample/Element Ca P Sr (Ca + Sr)/P

wt% wt% wt% molar ratio
Dop0 36.18 16.87 0.00 1.66
Dop1 36.86 18.13 2.36 1.62
Dop2 29.94 15.00 4.17 1.64
Dop3 30.10 16.50 8.26 1.59

Optical microscopy: morphological observations on all HAp samples were carried
out using Morphologi G3 Malvern Panalytical (Malvern Instrument Ltd., Enigma Business
Park, Groevewood Road, Malvern, Worcestershire, UK), equipped for the measurement
of particle size and particle shape from 0.5 μm to several millimeters. The optical system
accounts for a system of an analyzer and polarizators, which can be manually integrated
within the optical circuit. Scan mode is realized through piezoelectric motors which assure
the x-y-z movements with an accuracy better than 1 μm and repeatability at the level of
1 μm. Particle size distribution analysis was performed through the dedicated software
Morphologi G3 (User manual, issue 5, version MAN0410).

PXRD data were collected at room temperature by using an automated Rigaku
RINT2500 diffractometer (50 KV, 200 mA in Debye–Scherrer geometry) equipped with the
silicon strip Rigaku D/teX Ultra detector. An asymmetric Johansson Ge (111) crystal was
used to select the monochromatic Cu Kα1 radiation (λ = 1.54056 Å). The main acquisition
parameters are reported in Table 2. The angular range of 8–120◦ (2θ) (10–100◦ for the
undoped HAp sample) was scanned with a step size of 0.02◦ (2θ) and counting time of
4 s/step. Measurements were executed in transmission mode by introducing the sample
within a special glass capillary with a 0.5 mm internal diameter and mounted on the axis of
the goniometer. A capillary spinner was used during measurements to reduce the effects
of the preferred orientation of crystallites. The determination of the unit cell parameters,
the identification of the space group, the structure solution and the model refinement via
the Rietveld method [28] were carried out by the EXPO2013 software [29], a package able
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to automatically execute the full pathway of the powder solution process. In particular,
the indexation of powder diffraction patterns was obtained through the N-TREOR09 soft-
ware [30] integrated into the EXPO2013 suite. Qualitative analysis of XRD spectra was
executed through QUALX2.0 software [31] using the commercial PDF-2 database [32] and
the free POW_COD database [31]. Further details of the crystal structure investigations may
be obtained from the joint CCDC/FIZ Karlsruhe online 2213306 (Dop0), 2213310 (Dop1),
2213304 (Dop2) and 2213308 (Dop3).

Table 2. Acquisition and structure refinement parameters for HAp samples. FMLS: Full-Matrix
Least Square.

Dop0 Dop1 Dop2 Dop3

Ref. formula
Formula wt.

Ca10(PO4)6(OH)2
1004.61

Ca9.98Sr0.02(PO4)6(OH)2
1005.98

Ca9.96Sr0.04(PO4)6(OH)2
1006.38

Ca9.84Sr0.16(PO4)6(OH)2
1019.71

Color Colorless Colorless Colorless Colorless
T (K) 293 293 293 293
λ (Å) 1.54056 1.54056 1.54056 1.54056

2θ; step (◦) 10–100, 0.02 8–120, 0.02 8–120, 0.02 8–120, 0.02
Crystal system

Space group
Hexagonal

P63/m
Hexagonal

P63/m
Hexagonal

P63/m
Hexagonal

P63/m
a = b (Å) 9.41614(14) 9.42402(6) 9.42265(2) 9.44904(14)

c (Å) 6.8816(2) 6.89026(10) 6.89277(6) 6.9150(2)
V (Å3) 528.40(2) 529.96(1) 529.99(1) 534.69(2)

Z; ρcalc. (Mg·m−3) 1; 3.107 1; 3.152 1; 3.153 1; 3.094
Refinement FMLS FMLS FMLS FMLS
Bragg refl. 213 291 291 291

Rp; Rwp; Rexp (%) 4.79; 8.04; 4.36 3.14; 5.17, 4.91 4.12; 6.58; 5.07 3.52; 5.28; 4.72

Fourier-transformed infrared (FTIR) spectra in the spectral range of 400–4000 cm−1

(resolution 4 cm−1) were registered on a Shimadzu Prestige-21 FTIR instrument (Shimadzu
Scientific Instruments, 7102 Riverwood Drive, Columbia, MD, USA) equipped with an
attenuated total reflectance (ATR) diamond crystal accessory (Specac Golden Gate). The
spectral resolution was <1 cm−1.

Micro-Raman spectra were acquired by means of a LabRAM HR Evolution Horiba
(Horiba Advanced Techno, 2 Miyanohigashi-cho, Kisshoin 601–8551 Minami-ku, Kyoto,
Japan) spectrometer equipped with a binocular Olympus microscope, a He-Ne laser
(632 nm), an ultra-low frequency (ULF) filter, 600 and 1800 g/mm gratings and a Peltier-
cooled CCD detector. Spectra were collected in the 300–1200 and 3500–3700 cm−1 ranges on
pressed powders of the HAp samples using a 100x objective and an exposure time of 120 s
and averaging two repeated acquisitions. Spectra were calibrated using the 520.5 cm−1 line
of a silicon wafer.

3. Results and Discussion

3.1. Morphological Investigation

Optical microscopy investigation of pure and Sr-doped HAp samples showed the
presence of grains with irregular morphology, usually subspherical (Figure 1a–d) and in
some cases up to prismatic (Figure 1d), with sizes usually ranging from 1 to 10 μm; in rare
cases, we observed larger grains over 10 and 20 μm (Figure 1b,c). The morphology of the
present Sr-doped HAp samples is in good agreement with the findings reported in [33].
Moreover, a particle size distribution analysis was performed, owing to the method of
‘scanning optical microscopy’ (Morphologi G3, Malvern Instrument Ltd., Enigma Business
Park, Groevewood Road, Malvern, Worcestershire, United Kingdom), based on the scan-
ning of a large number of particles randomly disposed on a mount transparent to visible
light. Particles are first photographed, after which the dedicated software Morphologi G3
measures the dimensions of each particle, normalizing them to a sphere (‘circle equivalent’—
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CE). Experimental CE diameter distribution curves of HAp samples (curves obtained from
smoothing by an average of 29 readings) are reported in Figure 2. The CE distribution
confirms the observed trend for particle size, with values in the range of 1–10 μm quite
recurrent in the four samples. We only observed some specific features in these trends in
Dop0 and Dop3 samples: Dop0 shows a higher occurrence (%) at about 3–5 μm, slightly
larger than the other three samples, while the Dop3 sample shows a higher occurrence
at about 5–20 μm (Figure 2). We may suppose that the increasing Sr concentration in the
samples enables the particle distribution at this size range.

 
Figure 1. Optical microscopy photos of HAp samples: Dop0 (a); Dop1 (b); Dop2 (c); Dop3 (d).

 

Figure 2. ‘Circle equivalent’ (CE) diameter distribution curves of HAp samples: the curves are
obtained from the smoothing by average of 29 readings.

3.2. X-ray Diffraction Study

For all the HAp samples under investigation, the crystal structure solution steps,
from indexing to structure model refinement, were achieved by using the EXPO2013
software [29]. The indexation of the powder diffraction patterns was obtained through
the N-TREOR09 software [30]. Crystallite size (nm) was evaluated from the diffraction
peak at 25.86◦ 2θ in the experimental pattern using the Scherrer equation τ = Kλ/βcosθ.
Crystallinity (%) was achieved according to [34]. Results are reported in Table 3.
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Table 3. Crystallite size (nm) and crystallinity (%) for HAp samples under investigation.

Parameter Dop0 Dop1 Dop2 Dop3

Crystallite Size (nm) 136.7 128.8 127.7 96.2
Crystallinity (%) 92 91 91 86
HAp (%) 99.4 - - -
Sr-HAp (%) - 99.7 99.9 60.7
CaO (%) 0.6 0.3 0.1 -
β-TCP (%) - - - 39.3

All the PXRD patterns of pure and Sr-doped HAp powders consist of well-defined
sharp peaks of the HAp phase (JCPDS, PDF-2, 00-089-6438) [35], with a very small amount
of the CaO secondary phase (JCPDS, PDF-2, 00-078-0649) [36] in Dop0, Dop1 and Dop2 sam-
ples, as identified by the QUALX2.0 package [31] using the commercial PDF-2 database [32]
and the free POW_COD database [31] and also quantified using the Rietveld method in
EXPO2013 (Table 3). The sample Dop3 shows a high concentration of the β-TCP additional
phase (JCPDS, PDF-2, 00-070-2065) [37]. HAp, CaO and TCP diffraction peaks appear in
the observed powder PXRD spectra of the samples reported in Figure 3a,b.

Figure 3. Observed PXRD profiles of Dop0, Dop1 and Dop3 (a) and Dop3 (b); insets: the most
significant diffraction peaks corresponding to CaO (JCPDS, PDF-2, 00-078-0649) [36] (a) and β-TCP
(JCPDS, PDF-2, 00-070-2065) [37,38], both compared with the closest HAp (JCPDS, PDF-2, 00-089-
6438) [35,39] peaks.
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Concerning the occurrence of β-TCP in the Dop3 sample, we have to premise that
the pure HAp phase is thermally stable, but after 850 ◦C, at a low H2O partial pressure,
the formation of the dehydrogenated-phase Ca10(PO4)6O oxyapatite is observed by [40].
At 1050 ◦C, oxyapatite decomposes into TCP and Ca4(PO4)2O tetracalcium phosphate
(depending on the water partial pressure) [40].

The occurrence of the TCP phase depends on the (Ca + Sr)/P ratio of the HAp sample:
if it is lower than 1.67, the following reaction, corresponding to the decomposition (in the
375–600 ◦C range of temperature) of CaHPO4, is reported in [41]:

2CaHPO4 → Ca2P2O7 + H2O (3)

Similarly, in the same range of temperature, the following reaction is reported in [41]:

CaCO3 + Ca2P2O7 = Ca3(PO4)2 + CO2 (4)

The first reaction did not produce any secondary phase detected by PXRD analysis
in the present HAp samples even if the presence of calcium diphosphate was revealed by
Raman spectroscopy, as later discussed. The second reaction can lead to the formation of
β-TCP within HAp samples, as moreover observed in other high-temperature syntheses of
hydroxyapatite [9,10]: a noticeable occurrence of β-TCP in HAp, as observed in the present
Dop3 sample, was described from [42], characterizing biphasic (HAp + β-TCP) calcium
phosphate ceramics.

With the increase in T over 1000 ◦C, the following reaction is conceivable:

Ca10−xSrx(PO4)6(OH)2 + Ca2P2O7 = (4 − x) Ca3(PO4)2 + xCa2Sr(PO4)2 + H2O (0 ≤ x ≤ 4) (5)

These three reactions are related to the instability of calcium-deficient/nonstoichiometric
HAp, showing a complex decomposition behavior depending on its initial composition. In
the latter case (Equation (5)), the Ca2P2O7 phase could subtract Ca and contribute to the
massive formation of β-TCP. The isostructurality among β-TCP [38] and Ca2Sr(PO4)2 [43]
leads to difficult qualitative peak assignment in PXRD analysis. Examples of HAp/β-TCP
biphasic are known in the literature, and for instance, β-TCP is added to HAp in order
to counter the intrinsic brittle nature of the same hydroxyapatite: the resulting materials
are promising bone substitute media [20], which, specifically when doped with strontium,
become osteoporotic bone regeneration media [44].

Moreover, the Sr-Ca (partial) substitution leads also to a lattice expansion (see Table 2)
due to the larger Sr atom (1.18 Å) substitution for the smaller Ca atom (1.00 Å). This
substitution reflects the changes depending on the Sr content in peak positions within
the spectra: a constant weak shift is generally observed toward decreasing 2θ value as
a function of Sr fraction. As an example, the most intense HAp peak moves in the four
samples from 2θ = 31.78◦ (Dop0) to 31.73 (Dop1), 31.70 (Dop2) and 31.65 (Dop3), and such
gaps are mainly conserved all along the spectra as depicted in Figure 4 also for HAp peaks
at 32.18◦ and 32.92◦ (values for Dop0 sample).

The lattice expansion is in agreement with the behavior of HAps doped with a higher
strontium content, as reported in [45], where authors investigated a series of Sr-substituted
HAps by PXRD analysis with Rietveld refinement, highlighting a linear increase in all
parameters of the P63/m HAp unit cell, i.e., a, c and V: as an example, we report the cell
volume change from pure Ca-HAp to pure Sr-HAp with intermediate stages described
by [45]: V = 527.5 Å3 for Ca = 1.00 (Sr = 0), V = 543.8 Å3 for Ca = 0.75 (Sr = 0.25), V = 562.6 Å3

for Ca = 0.50 (Sr = 0.50), V = 580.3 Å3 for Ca = 0.25 (Sr = 0.75) and V = 603.3 Å3 for Sr = 1.00
(Ca = 0.00). The refined unit cell volume found in this work for a smaller Sr content (Table 2)
fits the linear trend described by [45] (Figure 5).
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Figure 4. Variation in peak position as a function of Sr fraction for (Ca1-xSrx)10(PO4)6(OH)2 hydrox-
yapatite samples.

Figure 5. Variation in unit cell volume (Å3) for (Ca1-xSrx)10(PO4)6(OH)2 hydroxyapatite samples.
Blue circles: present work. Red squares: data from O’Donnell et al., 2008 [45].

The structure solution was obtained through Direct Methods in EXPO2013 (the pres-
ence of the dopant was omitted in the solution process of Dop1–3), confirming the hexagonal
P63/m model reported in [35]. It was possible to reveal the hydrogen atom position in each
of the HAp structures by Fourier analysis. For all the HAp samples, the resulting structure
was submitted to the structural refinement by the Rietveld method [28], assuming both cal-
cium sites as possible hosts of the strontium dopant and analyzing site preferences through
the values of refined occupancies. Detailed crystallographic results are reported in Table 2.
A common strategy was applied for all the doped samples regarding the two cationic sites:
position and thermal parameters of Ca and Sr were constrained to be equal, and the sum
of their occupancies was fixed according to the full site occupancy. Moreover, the thermal
parameters of P and O atoms were constrained to be equal. The presence of the identified
secondary phases was considered in the Rietveld refinements. Structural parameters of
secondary phases were not refined (only cell parameters and the scale factor): for Dop0–2,
the CaO additional phase [46], and for Dop3, the β-TCP phase [38]. A good fit between
experimental and calculated profiles was obtained with a small preference of Sr on Ca1 for
Dop1 and Dop2 and on Ca2 for Dop3 (see profile reliability parameters in Table 2). The
main crystal structure refinement data are reported in Table 2. The agreement between the
observed (blue line) and the calculated (red line) diffraction pattern is displayed, together
with the background (green line) and the difference pattern plotted on the same scale (violet
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line), in Figure 6 for only the Dop3 sample. The non-negligible percentage of β-TCP in
Dop3 is not an obstacle to the Rietveld refinement of the Sr-doped HAp compound: it does
not prevent obtaining sound refined structural parameters. Similar plots can be generated
for the other two doped samples, while for pure Dop0, the Rietveld plot is similar to that
reported in the literature [39].

Figure 6. Rietveld plot of Dop3 sample. Observed diffraction profile (blue line), calculated profile
(red line), background (green line) and difference profile (violet line).

Hydroxyapatite displays two Ca1 and Ca2 sites, engaged respectively in complex
Ca1O9 and Ca2O6(OH) coordinations (Figure 7). Ca1O9 shows three bond distances re-
peated twice by symmetry, with values in the range of 2.410(4)–2.821(4) Å (Table 4). It
is notable that there was a longer Ca1-O3 distance in all the samples, slightly exceeding
the bonding sphere of Ca, thus providing a weak contribution to the bond valence calcu-
lation [47] for the Ca1 site (Table 4): we can deduce that, based on the refined distance
values, the Ca1 site resembles a CaO6 polyhedron, with the Ca1 . . . O3 distances reviewed
as weak interactions. Ca2O6(OH) resembles a distorted pentagonal bipyramid with five
bonds (1xCa2-O1 and two couples of symmetry-related Ca2-O3 bonds) on the equatorial
plane and vertices consisting of one O2 atom and one OH group. The Ca2-O distances are
in the range of 2.323(5)–2.670(9) Å (Table 4), in good agreement with pertinent distances
found in the ICSD for site Ca2 in HAp [48].

Figure 7. Coordination polyhedra at Ca1 and Ca2 sites in hydroxyapatite. Dashed lines: Ca-O
interactions > 2.8 Å. O4 = (OH) site.

The (OH) group in hexagonal P63/m hydroxyapatite lies on a special crystallographic
site corresponding to a mirror plane, as observed in natural [49] and synthetic HAp [9]. In
the present HAp samples, O4OH occupies this site, and its proton is disordered over and
under the mirror (Figure 7). O-H distances derived by the Rietveld refinement are 1.18(3)
Å (Dop0), 0.93(1) Å (Dop1) Å, 0.90(1) Å (Dop2) and 1.14(3) Å (Dop3), in good agreement
with [50].

Phosphorous displays a regular tetrahedral coordination, typical for all inorganic
orthophosphates [13,51], with bond lengths in the range of 1.562(4)–1.602(9) (Table 4); as
observed in other structure solutions from powder X-ray data [52,53], they are quite long if
compared with results from single-crystal X-ray diffraction [48].
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Table 4. Bond distances (Å) and bond valence parameters (valence units) for pure and Sr-doped
HAp samples.

Distance Dop0 bvp Dop1 bvp Dop2 bvp Dop3 bvp

3xCa1-O1 2.410(6) 0.30 2.414(5) 0.30 2.410(4) 0.30 2.421(6) 0.29
3xCa1-O2 2.419(7) 0.30 2.431(4) 0.29 2.433(7) 0.28 2.414(7) 0.30
3xCa1-O3 2.819(6) 0.10 2.821(4) 0.10 2.808(5) 0.10 2.819(6) 0.10

2.09 2.05 2.06 2.08
Ca2-O1 2.647(12) 0.16 2.667(7) 0.15 2.670(9) 0.15 2.632(11) 0.17
Ca2-O2 2.327(9) 0.38 2.353(5) 0.35 2.354(7) 0.35 2.365(8) 0.34

2xCa2 O3 2.323(5) 0.38 2.332(3) 0.37 2.332(5) 0.37 2.322(5) 0.38
2xCa2 O3 2.482(8) 0.25 2.474(5) 0.25 2.490(6) 0.24 2.518(8) 0.25
Ca2-O4OH 2.365(2) 0.34 2.386(2) 0.32 2.387(2) 0.32 2.377(2) 0.33

2.14 2.40 2.38 2.05
P1-O1 1.569(12) 1.14 1.565(7) 1.15 1.573(9) 1.12 1.578(12) 1.10
P1-O2 1.602(9) 1.04 1.562(5) 1.16 1.555(7) 1.18 1.590(6) 1.08

2xP1-O3 1.566(6) 1.15 1.568(4) 1.14 1.562(4) 1.16 1.580(6) 1.10
4.47 4.60 4.63 4.40

The framework of hexagonal P63/m hydroxyapatite, whose crystal formula can be
written as [Ca14Ca26](PO4)6(OH)2, can be reviewed as a three-dimensional network made
up of columns of face-sharing Ca1O6 metaprisms (a polyhedron intermediate between an
octahedron and a trigonal prism), corner-connected to PO4 tetrahedra down [001]; such an
environment leads to the presence of one-dimensional tunnels occupied by [Ca26(OH)2]10+

counter-ions (Figure 8). According to the bond distances reported in Table 4, the Ca1O6
metaprism can be considered made by the six strongest Ca-O bond distances, not consider-
ing those over 2.8 Å. The HAp framework has an ideal stoichiometry [Ca14(PO4)6]10−, with
the hexagonal channel containing [Ca26(OH)2]10+ moieties acting as counter-ions, while
the Ca1-O3 interactions concur to stabilize the framework.

Figure 8. View of a quadruple unit cell of HAp sample, with details of Ca1O6 metaprisms and
Ca26(OH)2 groups. (OH) groups correspond to O4 atoms. Ca1-O3 bonds over 2.8 Å are dashed for
clarity. H atoms are not drawn for clarity.
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To investigate the distribution of Sr dopant within the available sites, we examined the
calculated bond valence parameters [47], testing the possible dopant localization in both
Ca1 and Ca2 cationic positions: the occupancy refinements converged into the presence
of the Sr cation on the Ca1 site for Dop1 and Dop2 samples, i.e., those with a lower Sr
concentration, while Sr enters the Ca2 site in the Dop3 sample, which has a higher Sr concen-
tration; both results are in agreement with the substitution mechanisms described by [26].
Refined occupancy values for the Ca1 site were Ca = 0.993(3)/Sr = 0.007(3) for Dop1 and
Ca = 0.991(3)/0.009(3) for Dop2, while that for Ca2 in Dop3 was Ca = 0.973(3)/Sr = 0.027(3),
in relatively good agreement with the expected values. These findings were confirmed by
the calculated bond valence sum (bvs) analysis: Ca1 in the Dop1 and Dop2 doped samples
and Ca2 in Dop3 display values close to the ideal value of 2.00 valence units (Table 4). The
Ca2 site displays bvs values larger than 2.38 v.u. in Dop1 and Dop2, probably for packing
reasons. The long P-O distances in (PO4) tetrahedral groups lead to values of bvs for the P
site that are lower than the ideal values of 5.00 v.u. The final results of the bond valence
parameters analysis are given in Table 4.

3.3. FTIR and Raman Spectroscopy

FTIR and Raman spectroscopic characterizations of hydroxyapatite phases are reported
in several studies [9,10,54,55]. Orthophosphate phases are usually characterized by a strong
molecular character with respect to their vibrational properties so that both FTIR and Raman
spectra are dominated by the internal PO4

3− vibrational modes. The (PO4)3− ion has four
modes of vibration: symmetric stretching ν1(A1) at 980 cm−1, symmetric bending ν2(E) at
420 cm−1, antisymmetric stretching ν3(F2) at 1082 cm−1 and antisymmetric bending ν4(F2)
at 567 cm−1 [55]. In accordance with selection rules, the triply degenerate antisymmetric
stretching and bending modes (F2) are both Raman- and infrared-active, whereas the
nondegenerate symmetric stretching (A1) and the doubly degenerate symmetric bending
(E) are Raman-active only. The band splitting of solid materials is usually characterized
by the shift and removal of degeneracies typically due to crystal-field effects [9]. The
powder FTIR transmittance spectra of undoped and Sr-doped HAp samples, collected in
the 450–4000 cm−1 range, are reported in Figure 9; measured band positions (wavenumbers,
cm−1) are listed in Table 5.

Figure 9. FTIR spectra of Sr-doped HAp samples together with undoped HAp.
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Table 5. FTIR band positions (wavenumbers, cm−1) and relative assignments for Sr-doped and
undoped HAp samples.

Dop0 Dop1 Dop2 Dop3 Assignment

3572 3572 3570 3571 νs(OH)
1087
1020

1086
1017

1085
1017

1083
1013 ν3(PO4)3−

959 957 957 955 ν1(PO4)3−
627 629 631 631 δ(OH)
597
560

597
560

597
558

596
553 ν4(PO4)3−

472 472 471 466 ν2(PO4)3−

The analysis of the IR spectrum of pure HAp starts from the sharp peak at 3572 cm−1

(Table 5), which is due to the stretching mode of the (OH)− group [54]: this characteristic
peak can be considered the fingerprinting of the hydroxyapatite phase in FTIR spectra;
a decrease in the intensity of this peak is observed with increasing Sr concentration, as
a result of the partial Sr2+ substitution for the Ca2+ ions surrounding the (OH) group, in
agreement with [56]; it is also conceivable that the presence of β-TCP in the Dop3 sample
contributes to lower the (OH) peak, even if no reliable presence of hydroxyl peak was
observed in the pertinent FTIR spectrum.

Moreover, the spectrum of pure HAp shows an intense doublet at 1087–1020 cm−1

pertinent to asymmetric stretching (ν3) and a weak peak at 959 cm−1 (Table 5) that can be
assigned to the symmetric stretching mode of the [PO4]3− group [54] (Table 5). A strong
peak at 627 cm−1 is attributed to the bending mode of the (OH)- group [9], and similar
to the stretching mode at 3572 cm−1, we observe a decrease in the intensity of this peak,
imputable to the same substitution of Sr-Ca [56] previously observed; finally, two strong
and sharp peaks at 597 and 560 cm−1 are attributed to the triple degenerate antisymmetric
bending mode of the [PO4]3− group [9] (Table 5). The sharpness of the latter three peaks,
respectively, 627, 597 and 560 cm−1, are considered a reliable indicator of the crystallinity
of the sample [57]: it should be explained that the minor sharpness of such bands in the
Dop3 sample, as stated before in the PXRD result analysis, presents the lower crystallinity
among the four samples.

As a general remark, the X-ray structure refinement data described above show that the
entry of Sr into the HAp structure does not modify the phosphate framework. Accordingly,
no significant changes in the P-O modes are observed in the FTIR spectra except for very
slight decreasing shifts in peak positions (Table 5).

Figure 10a,b show the Raman spectra collected for the undoped and Sr-HAp sam-
ples, whereas Table 6 lists the observed band positions and the related assignments. The
spectra evidence the characteristic bands due to the modes of vibration of the [PO4]3−
groups [54]. In detail, the prominent band, centered at about 960 cm−1, is associated with
the symmetric stretching of the [PO4]3− groups, whereas the bands observed between
~1029 and 1078 cm−1 are due to the [PO4]3− asymmetric stretching vibrations (Table 6)
(Figure 10a). Visible at lower wavenumbers are, instead, the bands at ~429 and 447 cm−1

due to the ν2 (PO4)3- vibrations and those between ~580 and 608 cm−1 due to the (PO4)3−
bending vibrations (Table 6). By increasing the Sr substitution in the HAp, the Raman
bands associated with the vibration of the [PO4]3− groups became slightly broadened due
to the enhancement of the crystal structure disorder and the reduction in the crystallite
size (Table 3) as revealed by the PXRD analysis and as previously reported in [27]. An
additional band at 330 cm−1 (Figure 10a) and a strong peak at about 3574 cm−1 (Figure 10b)
are observed in the spectra of all samples except for the Dop3 sample (Table 6). They are
ascribed to Ca-OH and OH stretching modes, respectively. These peaks are absent in the
Dop3 sample due to the loss of OH groups, which are required to maintain electroneutrality
when Sr substitutes the Ca atoms in the apatite structure [27]. Finally, in the spectrum of
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the Dop3 sample, a band at 630 cm−1 was observed (Table 6). It may be related to the ν4
vibration of the β-TCP [58] as also detected by the PXRD analysis.

Figure 10. Raman spectra of Sr-doped HAp samples compared with the undoped HAp in
300–1200 cm−1 (a) and 3500–3700 cm−1 ranges (b).

Table 6. Raman band positions (wavenumbers, cm−1) and relative assignments for Sr-doped and
undoped HAp samples.

Dop0 Dop1 Dop2 Dop3 Assignment

329 330 330 ν3(Ca-OH)
430
445

434
446

431
447

429
445 ν2(PO4)3−

580
589
606

581
593
608

581
590
607

580
589
608

ν4(PO4)3−

961 963 961 958 ν1(PO4)3−
1029
1044
1073

1031
1049
1078

1030
1046
1073

1045
1072

ν3(PO4)3−

3572 3574 3576 ν(OH)

4. Conclusions

In this work, low-Sr-doped hydroxyapatite powders were synthesized by using a
solid-state synthesis technique: the doping rates were chosen to differentiate from other
works present in the literature with higher Sr concentrations. The work aims to provide
a detailed structural characterization, focusing on the Sr doping effects on the crystal
structures. Morphological observations showed the presence of massive fragments, with
the most recurrent size under 20 microns. The PXRD characterization highlighted the high
purity (i.e., absence of accessory phases) of samples with the lowest Sr concentrations (i.e.,
2.5 and 5.6 wt%) and a high tricalcium phosphate concentration (ca. 40%) for the highest-
Sr-concentration (10 wt%) sample; PXRD also showed an increase in unit cell parameters
of the samples, consistent with the partial substitution of the smaller Ca2+ (1.00 Å) with
the larger Sr2+ (1.18 Å). Rietveld refinement showed that the Sr entered the Ca1 site for
samples with a lower dopant concentration and Ca2 for the sample with a higher dopant
concentration. Vibrational spectroscopy, both FTIR and Raman, showed slight decreasing
shifts in position as a result of the increase in the Sr dopant.
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55. Jastrzębski, W.; Sitarz, M.; Rokita, M.; Bułat, K. Infrared Spectroscopy of Different Phosphates Structures. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2011, 79, 722–727. [CrossRef]

56. Bulina, N.V.; Chaikina, M.V.; Prosanov, I.Y. Mechanochemical Synthesis of Sr-Substituted Hydroxyapatite. Inorg. Mater. 2018, 54,
820–825. [CrossRef]

57. Markovic, M.; Fowler, B.O.; Tung, M.S. Preparation and Comprehensive Characterization of a Calcium Hydroxyapatite Reference
Material. J. Res. Natl. Inst. Stand. Technol. 2004, 109, 553. [CrossRef]

58. Jillavenkatesa, A.; Condrate, R.A. The Infrared and Raman Spectra of β-and α-Tricalcium Phosphate (Ca3(Po4)2). Spectrosc. Lett.
1998, 31, 1619–1634. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

36



Citation: Kang, X.; Wang, Y.; Li, H.;

Yu, H.; Zhang, X.; Zan, R.; Wang, W.;

Wang, T.; Zhang, X. Degradable

Magnesium and Its Surface

Modification as Tumor Embolic

Agent for Transcatheter Arterial

Chemoembolization. Crystals 2023,

13, 194. https://doi.org/10.3390/

cryst13020194

Academic Editors: Mădălina

Simona Bălt,atu, Andrei Victor Sandu

and Petrica Vizureanu

Received: 19 December 2022

Revised: 15 January 2023

Accepted: 17 January 2023

Published: 22 January 2023

Copyright: © 2023 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/).

crystals

Article

Degradable Magnesium and Its Surface Modification as Tumor
Embolic Agent for Transcatheter Arterial Chemoembolization

Xinbao Kang 1, Yonggang Wang 2, Hongtao Li 2, Han Yu 1, Xiyue Zhang 1, Rui Zan 3,4, Wenhui Wang 1,*,

Tao Wang 5,* and Xiaonong Zhang 1,4,6,*

1 State Key Laboratory of Metal Matrix Composites, School of Materials Science and Engineering,
Shanghai Jiao Tong University, Shanghai 200240, China

2 Department of Oncology, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital,
Shanghai 200233, China

3 Department of General Surgery, Zhongshan Hospital, Fudan University, Shanghai 200032, China
4 Shanghai Engineering Research Center of Biliary Tract Minimal Invasive Surgery and Materials,

Shanghai 200032, China
5 Department of Emergency Trauma Center, Tongji Hospital, Tongji University School of Medicine,

Shanghai 200065, China
6 Suzhou Origin Medical Technology Co., Ltd., Suzhou 215513, China
* Correspondence: wenhuiwang@sjtu.edu.cn (W.W.); happywt0403@sina.com (T.W.);

xnzhang@sjtu.edu.cn (X.Z.)

Abstract: Transcatheter arterial chemoembolization (TACE) is an effective method for traditional
cancer treatment. Currently, various embolic agents block the blood vessels in the TACE operation.
In this paper, the feasibility of the degradable Mg applied for TACE was explored innovatively. The
degradation behavior of Mg particles and PLLA modified Mg particles used as embolic agents in
contrast media was studied. The morphology and corrosion products were also characterized. After
two days of immersion, the pH of the contrast agent was increased to 9.79 and 10.28 by the PLLA-
modified Mg particles and unmodified Mg, respectively. The results show that the surface-modified
Mg particles with PLLA have an eligible degradation rate to release degradation products and form
an acceptable microenvironment. It is feasible to be used as an embolic agent in TACE.

Keywords: magnesium; biodegradable; PLLA; transcatheter arterial chemoembolization; corrosion

1. Introduction

As the second common disease worldwide, the incidence rate and mortality of cancer
have continued to increase in the last ten years. According to the international agency’s
report for cancer research, there were 18.1 million new cancer patients and 9.6 million
deaths in 2018 [1]. The global cancer statistics in 2020 show 19.3 million new cancer cases
and nearly 10 million deaths [2]. In short, cancer’s threat to human life and health can
still not be underestimated. In order to overcome the problems in traditional treatment,
many scholars have explored new treatments, and TACE is one of them. TACE eliminates
tumors through the simultaneous action of chemotherapeutic drugs and embolic agents. In
the treatment of liver cancer, TACE is primarily used for patients with medium-term liver
cancer, particularly those unable to receive surgical treatment [3].

TACE can be divided into four types: convention TACE (c-TACE) [4], balloon occlusion
TACE [4], drug-eluting bead TACE (DEB-TACE) [5] and trans arterial radioembolization
(TARE) [5]. The four TACE methods have their advantages and disadvantages, and the
treatment scheme needs to be considered in combination with the actual situation of
patients. On one hand, the appropriate drugs should be selected to cooperate with embolic
agents. On the other hand, the side effects caused by the early release of drugs should be
avoided as much as possible.
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Mg has important research and application value in basic science [6,7], industrial
energy [8] and other fields, among which biodegradable Mg is one of the most popular
biomedical metal materials to date. The research of biomedical Mg alloys can be traced
back to the 1870s. In 1878, Edward C. Huse inserted a Mg wire into a patient’s body as a
hemostatic bandage, found that the degradation rate of it in human body was slow, and
proved that the time required for the complete degradation of the Mg wire was related to
its diameter [9]. After that, Mg and its alloys began to receive the attention of the relevant
scholars. At the end of the 19th century, Payr put forward the idea of using Mg in surgery
and put it into practice. In 1900, when he used a Mg tube as a connector to anastomose
blood vessels, he found that placing the tube inside the blood vessel would cause blood
coagulation and, in severe cases, would cause thrombus [10]. Using the coagulation effect
of Mg, he tried to use it for the treatment of hemangioma and found that the Mg alloy can
transform early hemangioma into fibrous tissue [11,12]. In addition, he has also conducted
research on the use of Mg plates to suture human liver and spleen [10,13]. His work has
greatly promoted the application of Mg in medical fields. Subsequently, an increasing
number of scholars began to research Mg and its alloys as biomedical materials [14].

In 1907, Lambotte used a Mg plate and screw in the treatment of humeral fracture in
children. The patients recovered well after the operation, and no infection or other adverse
reactions were observed in the surrounding tissues [14,15]. Subsequently, Verbrugge et al.
also used Mg-based bone nails and plates in the treatment of humeral fractures. Three
weeks after operation, the implants had been completely degraded in the patient [16–18].
In 1940, Maier treated humeral fractures with a bone pin made of Mg. In the following 14
years, the patients recovered well without any side effects caused by the treatment [19]. In
the middle of the 20th century, Trotskii and Tsitrin used Mg-Cd alloy plates and screws to
treat pseudoarthrosis and found that new cortical bone was formed around the Mg alloy
implant. The implant itself completely degraded [20].

Although the relevant research on Mg as a biomedical material continues, the degra-
dation rate of magnesium and its alloys cannot be reduced to the expected level, and the
corrosion mechanism of magnesium is still unclear, leading to the problem that the mechan-
ical properties of magnesium and its alloys cannot be maintained for a long time. At the
same time, stainless steel and titanium (Ti) alloys are increasingly used in the biomedical
field, while Mg and its alloys are less frequently researched in the medical field. However,
with the further development of corrosion science and the progress of material processing
technology, researchers have been able to control the degradation rate of Mg and its alloys
by a variety of means, which has brought biomedical Mg alloys back into view in medical
research.

Although Mg and its alloys have been extensively studied in the biomedical field,
no researchers have tried to use Mg as an embolic agent in the TACE process. Mg is
an essential element for the human body and has been the subject of great interest in
clinical research as a biodegradable implantation due to its superior biodegradability and
biocompatibility [21]. Under a physiological environment, Mg will degrade spontaneously
to Mg2+ through the electrochemical corrosion process and reduce its H2O to H2, increasing
the local pH [22]. The research results of Bois et al. showed that rats lacking Mg had a higher
probability of thymic lymphoid carcinoma, which increased with the prolongation of Mg
deficiency [23]. Some studies have also pointed out that Mg(OH)2 has a preventive effect
on colorectal cancer in rats. Tanaka et al. found that colorectal cancer in rats, induced by
carcinogens, can be inhibited by Mg(OH)2, and the inhibitory effect of low-dose Mg(OH)2
is more substantial [24]. Our recent work also indicates that the degradation products
Mg2+ and H2 can restrain the activity of tumor cells and decrease reactive oxygen species
(ROS) [25]. Therefore, a Mg-modified embolic agent seems to be a feasible way to improve
the anticancer effect of TACE, which is worth exploring (Figure 1).
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Figure 1. Effect of degradable Mg particles as embolic agents in TACE. The degradation products of
Mg can inhibit tumor, and the embolization of particles can block tumor blood supply.

According to the Pilling-Bedworth principle, Mg cannot form a dense oxide film
to prevent its further oxidation during the oxidation process [26]. Therefore, to control
the degradation rate of Mg requires surface modification. A large number of studies
have shown that surface modification technology will not only effectively slow down the
degradation rate of Mg alloys [27,28], but give them special biological functions [29,30]. It
is the most widely used technology to improve their degradation performance in vivo.

Mousa et al. prepared a layer of ceramic coating containing Zr by electrodeposition
and found that the coating can improve the corrosion resistance and biocompatibility of
the Mg alloy [29]. Gu et al. obtained a dense Mg oxide coating after alkali heat treatment
on the surface of the Mg alloy and proved that this coating can effectively improve the
corrosion resistance and biocompatibility of the Mg alloy [30]. Xu et al. successively proved
the protective effect of a micro-arc oxidation coating on Mg by measuring the weight loss
and hydrogen evolution of Mg after micro-arc oxidation in the corrosion process [31]. Zhao
et al. proved through in vivo and in vitro experiments that a chitosan coating will not
only reduce the degradation rate of the Mg alloy orthopedic implants, but also improve its
biocompatibility [32].

In the process of using Mg as an embolic agent in TACE, selecting the appropriate
coating materials can enhance its therapeutic effect. PLLA is cheap and has good biocom-
patibility and biodegradability. As a result, it has been used in many practical medical
devices and is a reasonably mature coating material. However, due to the weak binding
force between magnesium and PLLA, it is prone to falling off during use; therefore, PLLA is
not generally used alone to modify. Zeng et al. prepared a MAO/PLLA composite coating
on the surface of a magnesium alloy by micro-arc oxidation technology and found that this
coating can significantly improve the corrosion resistance of the magnesium alloy [33].

As an embolic material, the Mg particles are injected into tumor blood vessels through
microcatheters to block the blood vessels and cause tumor necrosis. In order to introduce
Mg particles into the tumor blood vessels, they must be mixed with a medical contrast
agent so that the position of the implanted Mg particles can be observed in real-time by
angiography to ensure that they can accurately reach the tumor. In this work, we produced
Mg particles and mixed the particles with the contrast agent to explore the degradation of
the Mg in the contrast agent. The results showed that the unmodified Mg degraded too
quickly in the contrast medium and would destroy the practical structure of the contrast
medium; the PLLA modified Mg can overcome these two problems. This work is the first
to explore Mg’s feasibility as a tumor embolic agent. It will provide an innovative idea for
the TACE treatment of tumors, and bring a novel expansion for the clinical application of
biodegradable Mg.
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2. Materials and Methods

2.1. Materials

Suzhou Origin Medical Technology Co. Ltd., China, provided the as-casted ingots of
Mg with a high purity of 99.98% selected for this research. The chemical compositions of
the high-purity Mg (HPM) were analyzed using a plasma-atomic emission spectrometer
(ICP-AES), and the results are listed in Table 1 [34].

Table 1. Chemical compositions of HPM as analyzed by ICP-AES. Reprinted with permission from
Ref. [34]. 2020, Elsevie.

Element Mg Si Fe Ni Cu Al Mn Ti Pb Sn Zn

ppmw Bal. 20 20 5 5 20 20 10 10 5 20

First, the HPM ingot was hot-extruded, and the extrusion temperature was 350 ◦C. The
Mg ingot with a diameter of 20 mm was extruded and thinned to about 1 mm. Then, three
passes of hot drawing were carried out, and the preset temperatures were 190 ◦C, 170 ◦C,
and 130 ◦C, respectively. Finally, Mg wires with a diameter of 0.25 mm was obtained. They
were cut into cylindrical Mg particles with a length of 0.50 mm.

In this experiment, the contrast agent with ioversol (C18H24I3N3O9) as the main com-
ponent was used as the corrosion solution. Other components included aminobutanol
(C4H11NO3), calcium sodium edetate (C10H12CaN2Na2O8), and water. The pH was ap-
proximately 7 (6.87–7.04), as measured by a pH meter (Mettler Toledo Fe20).

2.2. Microstructure

The drawn HPM wire was hot-mounted with a metallographic inlay machine (XQ-2B),
and then the samples were polished with 240-mesh, 800-mesh, 1200-mesh, and 4000-mesh
sandpaper in turn. Afterward, the samples were polished on a polishing cloth using a
W1 diamond paste. Anhydrous ethanol was continuously added, dropwise, during the
polishing process to prevent the sample’s surface being oxidized.

The metallographic etchant of the sample was prepared, and the composition is shown
in Table 2. we used absorbent cotton balls dipped in an etchant to gently wipe the sample’s
surface, washed with absolute ethanol after etching for 10 s, and dried at room temperature.
We observed the sample under a metallographic microscope (CMM-500) and photographed
its microstructure.

Table 2. Chemical composition of HPM metallographic etchant.

Composition Nitric Acid Acetic Acid Oxalic Acid Water

Content 1 mL 1 mL 1 g 150 mL

2.3. Surface Modification

A small amount of CH2Cl2 and 3 g 15 w molecular of left-handed polylactic acid
(PLLA) were added into a glass bottle; the bottle was sealed and heated in a water bath
until all of the PLLA dissolved. A CH2Cl2 solution of PLLA was mixed with 0.6 g Mg
particles; this mixture was then fully vibrated to cause the Mg particles to disperse evenly
in the solution, then the glass bottle was placed in a water bath to heat, and taken out after
1 h. The Mg particles in the glass bottle were transferred to the empty bottle and dried
under a vacuum environment at room temperature for 24 hours to obtain the Mg particles
that were modified by the PLLA coating.

2.4. Corrosion Test

The ratio of embolic agent to contrast agent was 1 g:15 mL to test the corrosion rate of
the degradable Mg particles in the contrast agent. First, 0.2 g Mg particles were weighed
with an analytical balance (Denver Instrument TP-214) three times and put into three 10 mL
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beakers. Then, 3 × 3 mL of medical contrast agent were drawn with a pipette gun and
injected into the three beakers. The beakers were sealed with plastic wrap to prevent
the volatilization of the contrast agent. The three beakers were subsequently placed in a
dark place. The corrosion rate of the degradable Mg particles in the contrast medium was
characterized by measuring the change in pH of the contrast medium with immersion time.
A small amount of Mg particles was taken out from the beaker at a particular time. After
drying, the corrosion morphology was photographed by the scanning electron microscope
with EDS (SEM, Rise). Two groups of samples soaked in the contrast medium were selected
for testing.

3. Results and Discussion

Figure 2a demonstrates the microstructure of the Mg wire before being cut into par-
ticles. The grain is relatively homogeneous, with an average size of 16 μm, as measured
by the line cut method (Figure 2b). Figure 2c shows that the pH of the contrast medium
changes with the immersion time of the Mg particles and the PLLA modified Mg particles.
It can be seen that the corrosion rate of the Mg particles after PLLA coating has been better
controlled. Compared with the Mg group, with a pH of 7.99 after soaking for 10 min, the
pH of the group with the PLLA coating remains below 7.86 after soaking for 40 min. After
soaking for two days, the pH of the contrast medium of the PLLA modified Mg particles is
9.79, while the pH of the contrast medium of modified Mg particles is 10.28, which further
proves that the PLLA coating can slow down the corrosion rate of the Mg particles in the
contrast medium, at least within 48 h.

Figure 2. Metallography and the evolution of pH. (a,b) Microstructure of Mg wire before cutting into
particles. (c) The pH of the contrast medium changes with the immersion time (0–150 min) of the
Mg particles and the PLLA modified Mg particles. (d) The pH of the contrast medium after 2 days
immersion of Mg particles and PLLA modified Mg particles.

According to the research of Lou et al. [35], after soaking high-purity Mg tablets in
PBS for 24 h, the pH of the solution did not exceed 7.8. After soaking for seven days, the
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pH of the solution remained stable, between 8.2–8.3, which is far less than the pH rise rate
measured in this study. On one hand, this is related to the larger specific surface area of
the Mg particles. On the other hand, the corrosivity of the contrast media also deserves
attention.

Figure 3 demonstrates the corrosion morphology of the Mg particles soaked in a
contrast medium for 0, 1 h, 2 h, 2 d and 30 d at 300× and 1000× magnification, respectively.
It can be seen that the micromorphology of the Mg particles is flat but not smooth. The
surface of the Mg particles soaked in a contrast medium for 1 h and 2 h has a relatively
smooth corrosion film, with cracks, which should be chapped by dehydration. This shell
layer is the corrosion product formed in the initial stage of the corrosion reaction. The Mg
particles soaked in a contrast medium for 2 d and 30 d can still observe this shell layer,
but the shell is no longer flat and full of cracks and small fragments. This phenomenon
indicates that the corrosion reaction has entered another stage, and the generated flat
corrosion product shell has also been attacked.

Figure 3. Micro morphology of Pure-Mg particles after corrosion under different magnification.

The primary corrosion film of Mg in the physiological environment is Mg(OH)2, which
can prevent the dissolution of anode Mg and the H2 evolution reaction of the cathode
and has a protective effect. According to previous literature reports, a Mg(OH)2 film will
decompose in the presence of Cl-, thus greatly reducing its protection. Comparing the
experimental results of Zuo, it can be found that the corrosion rate of pure Mg in the
contrast agent is much higher than that in m-SBF, artificial urine, and bile [36]. Moreover,
these solutions do not contain the I element. Therefore, it can be considered that the Mg has
a higher corrosion rate in ioversol, and then I- may have a destructive effect on Mg(OH)2,
such as Cl-.

Figure 4 shows the corrosion morphology of the Mg particles with PLLA modification
soaked in the contrast medium for 0, 1 h, 2 h, 3 h, 4 h and 2 d at 300× and 1000× magnifi-
cation, respectively. There is an irregular shell on the surface of the modified magnesium
particles, which is a PLLA coating. After soaking for 1 h, the PLLA shell has disappeared
but, at this time, the surface of the Mg particles is not completely covered by the corrosion
products. The flat shell, which was also seen in the previous section, appeared on the
surface of the Mg particles soaked for 2 h, and the detached PLLA has adhered to the shell.
The difference in the corrosion morphology can be seen at 2 h. The Mg(OH)2 film with
cracks can be observed on the surface of the pure Mg group, but no cracking of the film
is found on the surface of the PLLA-modified group. After two days of immersion, a lot
of the degradation products precipitated in the pure Mg group, while the PLLA group
was relatively smooth without a large amount of product accumulation. After that, with
the extension of the soaking time, only the cracking of the shell of the corrosion products
increased, but the fragmented corrosion products in Figure 3 could not be observed. These
results indicate that PLLA can effectively protect the magnesium matrix in contrast media.
However, it is found that the corrosion rate of the Mg particles modified by PLLA in the
contrast agent is still higher than that of the pure Mg in the PBS solutions [36], indicating
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that the chemical composition of the contrast agent is aggressivity. The protective effect of
PLLA on the magnesium particles is lost due to the corrosion of the contrast agent.

Figure 4. Micro morphology of PLLA-Mg particles after corrosion under different magnifications.

The cross-sectional SEM pictures of the PLLA-modified Mg particles were taken before
and after soaking for two days, as shown in Figure 5. The difference between the PLLA
coating and the Mg corrosion products can be seen. It can be found that the PLLA coating
has poor bonding with the Mg particles, and part of the coating does not adhere to the
surface of the particles, while the corrosion products of Mg are well bonded to the matrix,
with almost no visible boundaries. From the picture, we can measure that the thickness
of the PLLA coating is approximately 5 μm, and that of the corrosion product layer is
approximately 4 μm.

Figure 5. The cross-sectional SEM pictures of the PLLA-modified Mg particles before (a) and after
soaking for two days (b).

It is shown in Figure 6a that the corrosion products of the Mg particles mostly contain
element C, followed by O, and then Mg, I and Cl. The reaction products in the second stage
of corrosion contain significantly more O and I, indicating that the reason for the cracking
and corrosion of the smooth corrosion product shell generated in the first stage is that these
two elements, particularly I, are involved in the corrosion reaction. As shown in Figure 6b,
the atomic percentage of element C in the corrosion product is the largest, followed by O, N
and I. After two days of corrosion, the atomic percentage of the elements in the product is
not significantly different from that of after one hour, which is different from the corrosion
of the unmodified Mg particles. This result indicates that the reaction mechanism between
the contrast agent and Mg particles may change after introducing the PLLA coating. The
difference of element N in Figure 6b comes from the aminobutyric alcohol in the contrast
agent. The Mg particles modified by PLLA will release lactic acid during the corrosion
process. The combination of lactic acid and aminobutyric alcohol will increase the content
of N on the surface of the particles.
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Figure 6. (a) Comparison of atomic percentages of C, O, Mg, I and Cl in point scanning at the first
and second stages after two days of Mg particle corrosion. (b) Comparison of atomic percentages of
C, N, O, Mg and I in point scanning at 1 h and 2 day of PLLA modified Mg particle corrosion.

The degradation behavior of Mg and PLLA-modified Mg in the contrast agent indicates
that the corrosion mechanism in the contrast agent is different from that in simulated body
fluid. According to the above reaction, Mg reacts with water in the contrast agent to
generate Mg(OH)2 and first releases H2, as shown in Figure 7a. Due to the viscosity of
the contrast agent, the generated Mg(OH)2 will be evenly attached to the surface of the
Mg particles to form a passive film. With the progress of corrosion, the water in the
contrast medium gradually decreased, and the Mg(OH)2 shell cracked due to Cl- attacking.
Subsequently, ioversol in the contrast medium decomposes due to light or other conditions
and slowly releases I, which exists in the solution as an ion. These released I- may dissolve
the Mg(OH)2 shell on the surface of the Mg particles and further react to form MgI2
(Figure 7b). The mechanism at this stage is similar to the dissolution of Mg(OH)2 by Cl-.

Figure 7. Mechanism of reaction between Mg and contrast agent: pure Mg (a,b) and PLLA modified
Mg (c,d).
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After surface modification, the PLLA coating on the surface of the Mg particles is
corroded by the contrast agent. The generated small molecule lactic acid will combine with
amino butanol in the contrast agent and adhere to the surface (Figure 7c). When PLLA is
corroded and the Mg surface is exposed to the contrast medium, the corrosion reaction
of Mg and water occurs, forming a Mg(OH)2 shell and releasing H2. Subsequently, the
corrosion reaction continued. However, as the adsorption process of anion to the Mg matrix
is hindered by the PLLA coating, the Mg(OH)2 film’s dissolution by I- is weakened, and
the degradation rate is slowed down (Figure 7d).

In Ref. [36], we obtained the corrosion of HPM in three corrosive media. In this
study, we found that the corrosion rate of HPM in ioversol injection is higher than in
other corrosive media. In these two articles, we selected HPM provided by the same
company, which are consistent in their composition. At the same time, we chose a Mg
wire as the experimental material. Although the diameter and length are different, the
microstructure is similar. Therefore, we believe that the difference in the corrosion medium
is the main reason for the acceleration of the corrosion rate. In the EDS analysis, we found
the enrichment of the I element in the corrosion products, while the other three corrosive
media did not contain the I element; therefore, we speculate that the I element has an
accelerating effect on the corrosion of Mg. Considering that the destructive effect of Cl-

on Mg(OH)2 has been recognized [37], we suspect that the I element also has the same
effect. The difference is that the solubility of MgCl2 (40 g/100 g) is about five times that of
MgI2 (8.1 g/100 g) at room temperature; thus, the binding ability of I- is stronger, and the
damaging effect on Mg(OH)2 should also be more apparent.

4. Conclusions

In summary, this work studies the corrosion behavior of pure Mg particles and PLLA-
modified Mg particles in an iodofol contrast agent and explores the application of Mg as
an embolic agent for TACE. Unmodified pure Mg has a high degradation rate because
the contrast agent can decrease the protectiveness of the degradation layer. At the same
time, the consumption of I will also lead to a decrease in the effectiveness of the contrast
agent itself, which means that a pure Mg is not suitable for TACE. The PLLA-modified
Mg can sustain a slow degradation rate within at least 48 h in contrast medium, which
effectively reduces the consumption of I and also forms a suitable microenvironment with
Mg2+ and H2 release. These findings contribute to broadening the clinical application of
biodegradable Mg in the future.
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Abstract: The use of orthopaedic and dental implants is expanding as a consequence of an ageing
population and also due to illness or trauma in younger age groups. The implant must be bio-
compatible, bioactive and interact favourably with the recipient’s bone, as rapid osseointegration
is key to success. In this work, Ti-6Al-4V plates were coated using the CoBlastTM technique, with
hydroxyapatite (HAp) and HAp/BaTiO3 (barium titanate, BT) non-piezoelectric cubic nanopowders
(HAp/cBT) and piezoelectric tetragonal micropowders (HAp/tBT). The addition of BT, a piezoelectric
ceramic, is a strategy to accelerate osseointegration by using surface electric charges as cues for cells.
For comparison with commercial coatings, plates were coated with HAp using the plasma spray
technique. Using XRD and FTIR, both plasma spray and CoBlastTM coatings showed crystalline HAp
and no presence of by-products. However, the XRD of the plasma-sprayed coatings revealed the
presence of amorphous HAp. The average surface roughness was close to the coatings’ thickness
(≈5 μm for CoBlastTM and ≈13 μm for plasma spray). Cytotoxicity assays proved that the coatings
are biocompatible. Therefore, it can be concluded that for HAp-based coatings, CoBlastTM is a viable
alternative to plasma spray, with the advantage of facilitating room temperature addition of other
ceramics, like piezoelectric BaTiO3.

Keywords: CoBlastTM; plasma spray; hydroxyapatite; barium titanate

1. Introduction

The use of orthopaedic and dental implants has expanded in recent decades due to
the acceleration of an ageing population and the practice of increasingly dangerous sports
and orthopaedic disorders, which affect millions of patients [1,2]. Thus, there is an urgent
and immediate need to develop bone treatment alternatives that improve the performance
and durability of implants to increase the patient’s life quality and reduce problems caused
by damaged or diseased bone tissue. Orthopaedics market sales in 2022 were estimated at
EUR 51,000 million worldwide, with a growth rate of 3.4% compared to 2021 and close to
the pre-COVID average growth rate [3]. Furthermore, the world market for orthopaedic
implants is expected to be valued at EUR 70,000 million by 2030 according to Quintille
Insights-HealthCare [4].

Due to the complexity of the musculoskeletal system, which performs structural,
protective and mechanical functions in the human body, extensive research on bone healing
is needed to develop functional replacements for diseased/malfunctioning joints or bone-
anchored elements [5]. The emergence of modern biology has provided new insights into
the biological mechanisms responsible for bone healing, which currently facilitates the
development of artificial implants [5–7]. The new generation of implants uses materials
that, in addition to having good mechanical properties, also provoke a natural response

Crystals 2023, 13, 579. https://doi.org/10.3390/cryst13040579 https://www.mdpi.com/journal/crystals48



Crystals 2023, 13, 579

from the organism as if the graft were bone, maintaining the normal activity of osteoblasts
and osteoclasts [8,9].

One of these materials is hydroxyapatite (HAp) due to its similarity in composition
with the inorganic phase of human bone and teeth and capacity to form a direct bond with
the surrounding bone tissue [10–12]. However, despite the biological benefits of using HAp,
in bulk this material presents the typical behaviour of a ceramic: it has a brittle behaviour
and has both low tensile strength and impact resistance [13,14]. Therefore, HAp is often
used as a coating material in bone- and teeth-load-bearing implants.

In an effort to combine the mechanical properties and corrosion resistance of met-
als and metal alloys with the biological properties of HAp, several coating techniques
have been developed, such as sol-gel, ion-beam, electrophoretic, high-velocity oxy-fuel
spray (HVOF,) plasma spray (PS) and CoBlastTM (CB) [15,16]. PS is the main industrial
deposition process since the resulting coating has a micrometric surface roughness with
variable coating thickness allied to a high deposition rate, good biocorrosion resistance
and substrate fatigue resistance [17–19]. A major issue with the plasma-sprayed HAp coat-
ings is the thermal modification of the powder’s crystalline phases during the deposition
process. These modifications result in multi-phase coatings: PS HAp coatings consist not
only of crystalline HA but also of amorphous HAp, beta-tricalcium phosphate (β-TCP),
alpha-tricalcium phosphate (α-TCP, results from β–TCP above 1600 K) and tetra-calcium
phosphate (TTCP) [18–20]. The decreased crystallinity results in increased solubility of
the coating, which, in turn, may result in separation of the coating from the device and
possibly unsatisfactory in vivo bone fixation [20–22].

CB is a room temperature and atmospheric pressure blast coating technique that is
used for the deposition of thin coatings [23]. The low temperature process avoids phase
changes and the resulting increase in solubility levels found in the PS process [15,24].
Furthermore, Barry et al. studied the bioactivity of HAp coatings obtained by CB and
concluded that these coatings undergo two stages of recrystallisation. The first stage
is homogenous nucleation and, after 7 days of immersion in a simulated body fluid, a
heterogeneous nucleation mechanism. The initial stage allows a calcium phosphate layer to
grow without significantly altering the morphology, resulting in an increase in the overall
coating thickness and roughness. The next stage reduced coating roughness, without
altering coating thickness [25].

The in vitro osteoconduction and in vivo osseointegration was analysed by Tan et al. [26].
Their results show that PS and CB HAp coatings have comparable bioactivity at the cellular
and tissue levels. Moreover, CB HAp presented greater tolerance to impactions allowing it
to be used in more stress-prone surgical applications [26].

Bone piezoelectricity appears to be mainly due to the aligned collagen fibres, the
main organic component of bone, and the role of hydroxyapatite is still under debate [27].
The role of mechanical loading on bone remodelling was first mentioned by Wolf in 1892
(Wolff’s law [28]) and lately it was associated with the direct piezoelectric effect, i.e.,
converting a mechanical stimulus into an electric response [29]. The electric signals are
a cue for bone cells: bone remodelling is a continuous equilibrium process of formation
by osteoblasts and dissolution by osteoclasts. In vivo studies have shown that electrically
charged surfaces enhance bone tissue regeneration [30]. Since barium titanate is a well-
known piezoelectric biocompatible ceramic, composites of HAp/BT have been studied
to match the piezoelectric character of bone with remodelling responding to electrical
signals generated by mechanical stress [27]. Only recently was plasma spray deposition
successfully used for coatings of HAp and barium titanate. The results showed that none
of the materials were modified by the coating process [31,32]

In this work, a comparative study was conducted using samples of uncoated Ti-6Al-
4V plates, samples coated with HAp by CoBlastTM (CB HAp), Plasma Spray (PS HAp),
80%/20% (m/m) HAp/BaTiO3 using non-piezoelectric cubic nanopowders (HAp/cBT)
and piezoelectric tetragonal micropowders (HAp/tBT) by CoBlastTM. Materials were
characterised to find if any phase changes occurred and if by-products of the deposition
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appeared. Surface roughness was evaluated, and cytotoxicity assays performed. The
properties studied allowed to determine if CB is a viable alternative to PS.

2. Materials and Methods

2.1. Materials

For the development of this work, the substrate used was titanium alloy (Ti-6Al-4V)
Grade 5 ASTM B265 cut into 15 mm × 15 mm × 2 mm plates using a water jet cutter
(Jacquet, Ovar, Portugal), commercial hydroxyapatite micropowders (Altakitin, Aveiro,
Portugal), barium titanate (Sigma-Aldrich, Saint Louis, MO, USA) non-piezoelectric cubic
nanopowders (average particle size ≤ 100 nm) and piezoelectric tetragonal micropowders
(average particle size ≤ 3 μm), and abrasive corundum F20 for samples produced by Plasma
Spray and abrasive corundum F120 for samples produced by CB (Blasqem, Maia, Portugal).

For the cell tests, the medium used was DMEM (Dulbecco′s Modified Eagle′s Medium,
Sigma-Aldrich #D5030) supplemented with 1.0 g/L D-glucose (Gibco, ThermoFischer Sci.,
Waltham, MA, USA #15023-021), 3.7 g/L sodium bicarbonate (Sigma-Aldrich, #S5761), 1%
GlutaMAX™ (L-alanyl-L-glutamine dipeptide, Gibco, #35050-038), 1% sodium pyruvate
(Gibco, #11360039), penicillin (100 U/mL), streptomycin (100 μg/mL) (Gibco, #15140122),
and 10% FBS (Fetal Bovine Serum, Gibco, #10270106).

2.2. CB and PS

All substrates underwent pre-deposition processes including mechanical polishing
of substrate edges and vertices, cleaning in an ultrasonic bath (VWR Ultrasonic Cleaner
USC–TH, Radnor, PA, USA) with anti-corrosive detergent (Surfaclean 995, Kiesow Ober-
flächenchemied, Detmold, Germany) at 50 ◦C for 15 min, washing under running water
and immersion in methanol for 2 min. Then, for samples used for the plasma spraying, a
grit blasting with abrasive F20 was necessary to increase surface roughness.

Atmospheric Plasma Spray (APS) was the technique used to deposit the HAp coatings
using micrometric HAp powders (APS system Sulzer Metco, Winterthur, Switzerland). The
CB coating processes were carried out at Bioceramed using the setup presented in Figure 1.
The CB coatings were deposited in a system already reported [15], [26] from EnBIO, Cork,
Ireland. Briefly, the 1:1 samples of HAp, average particle size ≈ 35 μm, and corundum
(Al2O3), abrasive F120, average particle size ≈ 106 μm, were mixed (Sulzer Metco Single
10-C Powder Feeder) for 5 min at 60 rpm and 6 bar, and then supplied by a powder feeder
to the nozzle. This nozzle blasts the mixture onto metallic substrates.

Figure 1. CB experimental setup. Inspired by [33].

The essential deposition parameters including particle size, nozzle angle and height,
powder feeder pressure and deposition direction are summarised in Table 1. At the end
of the process, all samples underwent post deposition cleaning using filtered dry air to
remove non-adhered particles.
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Table 1. Deposition Parameters used in CB coating process.

Deposition Parameters

HAp particle size (μm) 35
Nozzle angle (◦) 90◦
Height (mm) 40
Feeder pressure (bar) 4
Forward speed (mm/s) 13

A summary of the coatings under study is presented in Table 2, including deposition
method and composition.

Table 2. Coating method of deposition and composition.

Deposition Sample
Materials (m/m%)

HAp Al2O3 cBT tBT

PS Hap 100

CB
Hap 50 50

HAp/cBT 40 50 10
HAp/tBT 40 50 10

2.3. Characterisation

The X-ray diffraction (XRD) technique was used to determine coating composition
and their crystal phases in the coatings produced. These analyses were performed using
an X’Pert PRO PANAlytical (Malvern, UK) X-ray powder diffractometer (Cu K-alpha
radiation) operating at 45 kV and 40 mA over a 2θ range from 10◦ to 90◦ and step 0.033◦.

Fourier Transform Infrared (FTIR) spectroscopy was performed on the different mate-
rials using a Thermo Nicolet 6700 spectrometer (ThermoFischer, Waltham, MA, USA) in a
wave number range from 5000–500 cm−1.

The surface morphology of the coatings was examined in a field emission SEM (Auriga,
from Zeiss, Oberkochen, Germany). The samples were mounted on aluminium platforms
and then sputter-coated with a 60% gold–40% palladium conductive layer (Q3000T D
Quorum, Laughton, UK, sputter coater). The images were taken at an accelerating voltage
of 15 kV and several magnifications.

The surface roughness and topography of the coatings produced were analysed using
a confocal microscope (Zeiss LSM 700) with a laser of 405 nm and a z-step of 2.12 μm.
Subsequently, image analysis was performed using ZEN 2.1 software (Zeiss). A low-pass
filter (W) was applied to each image to smooth and enhance image details and minimise
noise effects, without changing the average grey scale of the image (representing the value
of roughness). Confocal microscopy can also measure the average roughness of a surface
area (WSq) and Gaussian distribution statistical parameters, such as curve asymmetry (WSsk)
and flattening of the data (WSsu).

For coating thickness measurement, an Elcometer 456 thickness gauge (Manchester,
UK) was used for measurements on metallic substrates.

The cytotoxicity tests were performed using the Vero cell line and the extract method
according to the ISO 10993-5 standard. Samples were sterilised with ethanol for 5 min
and then left to dry at room temperature. The extracts were prepared by immersing each
coating with an exposed area of 0.5 cm2 for each ml of culture medium for 48 h at 37 ◦C and
in a controlled 5% CO2 atm. Cells were seeded at a density of 20 k cells/cm2 in a 96-well
microplate and incubated for 24 h. Then, the medium was exchanged for the extracts and
two dilutions (C0/2 and C0/4) were made, each with five replicates. For the resazurin test, a
negative control (cells cultured in a standard, non-cytotoxic environment) and a positive
control (cells in a cytotoxic environment, created through the addition of 10% of DMSO,
a cytotoxic agent, to normal culture medium) were set. The extracts and controls were
incubated for 48 h and afterwards the media were replaced by a 90% culture medium and
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10% resazurin solution and incubated for 3 h. Cell viability was evaluated by measuring
the absorbance of the medium at 570 nm and 600 nm using a microplate reader (Biotek ELx
800 UV, Winooski, VT, USA). Cell viability was calculated as the percentage of the negative
control, given by Equation (1):

Cell Viability (%) =
OD570−600 Sample

OD570−600 Negative Control
× 100 (1)

3. Results

3.1. XRD

Figure 2 displays the X-ray diffractograms of the different coatings studied. Crystalline
phases were identified using JCPDS-ICCD Powder Diffraction File (PDF) datasheets: #09-
0432 hexagonal HAp; #00-005-0626 cubic and #01-084-9618 tetragonal BaTiO3; #00-046-1212
rhombohedral Al2O3 and #00-044-1294 α-hexagonal closed-packed-HCP and #00-009-0098
β-body-centred cubic-BCC titanium (since Ti-6Al-4V is defined as α-β titanium alloy).

Figure 2. XRD analysis of the different coatings produced: HAp by plasma spray (A) and by
CoBlastTM of HAp (B), 80%/20% HAp/BaTiO3 cubic nanopowders (C), 80%/20% of HAp/BaTiO3

tetragonal micropowders (D). +—Ti-6Al-4V; *—HAp; o—Al2O3; Δ—BT.

The diffractograms of the hydroxyapatite coatings on the titanium alloy, by PS and CB,
presents the crystalline peaks of hexagonal P63/m HAp [34] and of the metallic substrate
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(α-Ti and β-Ti) [35], as can be observed in Figure 2A (PS) and B (CB). Previous studies have
shown that the Ti-6Al-4V is known to have α-Ti (HCP) and β-Ti (BCC) phases present at
room temperature [35–39]. The Ti alloy peaks are among the more intense, as expected,
since we have a thin film deposited on a metallic plate 2 mm thick. The films’ thickness,
measured with the thickness gauge, are (13 ± 6) μm for PS and ≈5 μm for CB. Moreover,
the CB coating presents alumina (abrasive) peaks (Figure 2B–D) used to remove a surface
layer from the Ti alloy to increase surface roughness, enhancing adhesion of the film [40]
and improving in vivo osteointegration [41].

Present in Figure 2C,D, are the diffractograms of the composite coatings of 80/20 (w/w%)
HAp/BT of cubic nanopowders (HAp/cBT) and tetragonal micropowders (HAp/tBT), re-
spectively. BT identifying peaks are seen, and in Figure 2D, the inset taken at approximately
45◦ shows the typical double peak for the tetragonal phase as expected for tBT. For cBT, the
double peak separation (see Figure 2C) is much less pronounced, which points to a much
higher content of the cubic phase compared with the tetragonal one.

For PS HAp (Figure 2A), there appears to be a hump around 30◦, which points to
the presence of an amorphous phase, as expected for HAp when using the plasma spray
technique [42,43]. The absence of further newly formed phases reveals that there are no
phase changes, apart from the one already mentioned, and no by-products resulting from
the coating processes.

From the diffractograms, it is possible to estimate the size of the HAp crystallites for
the two types of coatings under study (PS and CB). For this, we used the Scherrer equation
(Equation (2)) where L is the crystallite size to be determined, λ is the wavelength of X-ray
radiation, b is the broadening of the peak (rad), θ is the diffraction angle at peak maximum
and K is a constant [44].

L =
Kλ

b cos θ
(2)

The peaks were fitted by the least-squares method and used to estimate b (full width
at half maximum FWHM). The wavelength for Cu-Kα radiation is λ = 1.5418 × 10−10 m
and the chosen value of the constant was K = 0.9. For HAp, the more intense peak (211)
was chosen. Even if this peak is not an isolated peak for hydroxyapatite, in the patterns
obtained, it is not superimposed with the more intense peaks of the other materials present.
The 2θ values of the maxima found for the (211) plane were 31.73◦ for PS and 31.83◦ for CB.
The calculated average crystallite sizes for the PS and CB HAp coatings were approximately
41.6 nm and 28.0 nm, respectively. For the FWHM, uncertainty is usually not estimated
because the values obtained for the uncertainty are a rough underestimation of the true
error [45]. The higher value obtained for PS HAp may be due to the high temperatures
needed in this technique, causing an increase in size by coalescence of the crystallites. The
same does not occur in CB deposition since it is performed at room temperature.

Additionally, the average crystallite diameter was determined for HAp and BaTiO3
in both types of coatings (HAp/cBT and HAp/tBT). For barium titanate, the peak chosen
(110) is well-differentiated in the pattern and is also the most intense (Figure 2C,D). The
same procedure used for PS and CB HAp XRD results was followed. The values for the
2θ estimated for HAp were 31.79◦ for both HAp/cBT and HAp/tBT, whereas for BT were
31.43◦ (HAp/cBT) and 31.49◦ (HAp/tBT). For the CB coating with cubic BT, the calculated
average crystallite sizes were approximately 21.0 nm for HAp micropowders and 17.1 nm
for BT nanopowders. For the coating with tetragonal BT, the sizes determined were 13.0 nm
for HAp and 18.4 nm for BT nanopowders. The hydroxyapatite crystallite sizes are much
smaller than the ones found for CB HAp coatings. A summary of these results is presented
in Table 3.
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Table 3. XRD results for crystallite size and lattice parameters.

Material Sample
Cristallite Size Lattice Parameters

(hkl) 2θ (◦) L (nm) Sample a (Å) c (Å)

HAp

PS HAp

(211)

31.73 41.6 PS HAp 9.440 6.921
CB HAp 31.83 28.0 CB HAp 9.720 6.947

HAp/cBT 31.79 21.0
JCPDS/ICDD #09–0432 9.418 6.884HAp/tBT 31.79 13.0

cBT HAp/cBT
(110)

31.43 17.1
Rietveld refinement [43] 9.399 6.916

tBT HAp/tBT 31.49 18.4

Lattice parameters a and c for hexagonal HAp coating by PS and CB were calculated
using Bragg’s law applied to diffraction data peaks: (002) to obtain c and (300) for a.
Interplanar spacing was obtained directly from Bragg’s law and 2θ positions for (300) and
(002), respectively. Finally, from Equation (3), for the interplanar spacing in a hexagonal
lattice, the parameters were estimated (d = dhkl):

1
d2 =

4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (3)

Estimated values for PS coating are a = 9.440 Å and c = 6.921 Å and for CB coating
a = 9.720 Å and c = 6.947 Å. Calculated values for both coatings are higher than the standard
tabulated values for hexagonal HAp: a = 9.418 Å and c = 6.884 Å (JCPDS #09–0432), since
a rearrangement of the atoms in the lattice is expected. For PS coatings with HAp, the
values found in the literature using Rietveld refinement have an identical behaviour (for
instance Shamray [43] obtained average values of a = 9.399 Å and c = 6.916 Å, while
another study also found similar results [46]). In the HAp unit cell, there are two Ca5(PO4)3
clusters and the HAp structure can be seen as a double layer of two (001) clusters. After
PS, interaction between the clusters in the same layer increases, while it decreases between
layers, resulting in lattice parameters increasing [43]. Regarding CB HAp coatings, as far
as the authors know, absent from the literature are values of the lattice parameters after
coblasting. From the results presented above, there is a much higher distortion of the unit
cell of HAp compared to PS deposition, as stated above for crystallite size, which could
be caused by the impact stress and the high amount of corundum in the blasted mixture
during CB deposition.

3.2. FTIR

To identify the presence of functional groups characteristic of the different materi-
als used in the coatings on the Ti-6Al-4V samples, Fourier transform infrared analysis
was performed.

The bands were assigned to functional groups according to the data summarized
in Table 4. The FTIR spectra of PS HAp coating, in Figure 3A, shows the main bands of
HAp. They are the broad peaks centred between 1115 cm−1 and 1020 cm−1, in the range
from 925 cm−1 to 960 cm−1 and at 580 cm−1. The first two bands correspond to P–O
vibrating bonds of the phosphate groups in the asymmetric stretching mode, the third
to a symmetric stretching mode of the same group and the last two to the asymmetric
bending modes of PO4

3− [47–49]. Additionally visible is the band for carbonate bonds
(CO3

2−) located at 870 cm−1, a result of the asymmetric bending mode of CO3
2− [48,50].

This band is related to type B carbonated hydroxyapatite, corresponding to the substitution
of phosphate groups by carbonate [50].

Concerning the spectra of CB HAp (Figure 3B), the same bands characteristic of
HAp are present, though they are seen as less intense due to the presence of the abrasive
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(50/50 HAp/Al2O3 (w/w%)). In plasma spray, the coating is 100% HAp. Furthermore, the
carbonate group band is not detected.

Table 4. Assignment of FTIR spectra of HAp by PS and HAp, HAp/cBT and HAp/tBT by CB coatings
presented in Figure 3 [47–52].

Samples IR Absorption Bands (cm−1) Description

HAp
(PS and CB)

1115 ν3′ (PO4
3−) asymmetric stretching mode

1020 ν3(PO4
3−) asymmetric stretching mode

925–960 ν1(PO4
3−) symmetric stretching mode

870 ν2(CO3
2−) asymmetric bending mode

580 ν4(PO4
3−) asymmetric bending mode

HAp/BT

2400 O=C=O from BaCO3
1100 ν3′ (PO4

3−) asymmetric stretching mode
1000 ν3(PO4

3−) asymmetric stretching mode
960 ν1(PO4

3−) symmetric stretching mode
540 ν (BaTiO3) stretching mode
530 ν (OH−) stretching mode

Figure 3. FTIR spectra of HAp by Plasma Spray coating (A) and coatings by CoBlastTM with HAp (B),
80%/20% of HAp/BaTiO3 cubic structure (C), 80%/20% of HAp/BaTiO3 tetragonal structure (D).

In Figure 3C,D are the CoBlast CB HAp/cBT and HAp/tBT FTIR spectra, respectively.
Both present typical bands of HAp and BaTiO3. Once again, for HAp, a broad band at
approximately 1000 cm−1 is visible that corresponds to P–O bond vibrations of the PO4

3−
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group, with the highest intensity vibration peak of this group appearing in the region
between 960 cm−1 (symmetric stretching) and 1100 cm−1 (asymmetric stretching mode).
Furthermore, the OH− groups stretching mode is observed at 530 cm−1. Additionally visible
are the Ti–O stretching mode absorption bands around 540 cm−1 and 2400 cm−1, which are the
molecular fingerprints of the crystalline BaTiO3 for both cubic and tetragonal phases [51,52].
The peaks at approximately 2400 cm−1 are assigned to O=C=O, which is an indication of the
presence of barium carbonate, a by-product of the synthesis of BaTiO3 [52]. This peak is less
pronounced for the tetragonal micropowders when compared with cBT; this can indicate that
the nanopowders’ synthesis results in higher formation of this residual BaCO3.

3.3. SEM-EDS

The SEM images in Figure 4 represent the surfaces of uncoated (A–B), Hydroxyap-
atite coatings produced by the HAp PS (C–F), HAp CB (G–K), HAp/cBaTiO3 (L–O) and
HAp/tBaTiO3 (P–S), with several magnifications: 300×, 1000×, 5000× and 20,000×.

 

Figure 4. SEM images of samples without coating (A,B) and with coatings by Plasma Spray with
HAp (C–F), by CoBlastTM with HAp (G–K), HAp/cBaTiO3 (L–O) and HAp/tBaTiO3 (P–S).
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By analysing each of the uncoated substrates, it is possible to observe a regular surface
with a relatively low degree of roughness, with the typical parallel lines resulting from
polishing (Figure 4A,B). For the HAp coating produced by PS, the surface presented
irregular morphology and roughness (Figure 4C,D) and particles deposited as droplets
on the substrate, as can be seen in images E and F of the same figure. These deposited
droplets are abundant and form a layer with small fragments and rounded splatters due
to the plasma spray process where HAp micropowders reach the Ti-6Al-4V substrate in
liquid form or in a pasty state (caused by the high temperature) so that they start to solidify
in the transfer stage, and when colliding with the substrate they acquire a flat shape.

The plasma spray coatings show cracks mainly due to heat transfer from the plasma
to the substrate resulting in stress gradients and thermal expansion mismatch between the
substrate and the ceramic coating. When the particles solidify, a residual stress induced
from rapid cooling remains [17,53]. This does not present problems for osseointegra-
tion; however, whether in vitro or in vivo, the cracks could lead to local stress concen-
tration and induce further mechanical and physicochemical instability affecting coating
adhesion [17,54].

The EDS spectra were obtained at the highlighted regions in Figure 5A and correspond
to a HAp particle (Spectrum 5) and to a zone with a continuous layer of coating with small
“splashes” (Spectrum 6). Spectra 5 and 6 show Ti peaks that correspond to the substrate,
and the higher intensity peaks are from Ca, P and O, with a Ca/P molar ratio equal to 1.67,
typical of HAp (Figure 5—Spectrum 5 and 6).

SEM images resulting from the HAp coating produced by CB show a surface with
lower roughness, compared to the PS coating, as can be seen in images G and H in Figure 4.
Under higher magnification, it is visible that the coating has areas with large particle
agglomerates, which form a more continuous flat area and an irregular area, the latter being
a result of several particles deposited on top of each other, creating voids between them
since they do not fuse to form a single layer.

The EDS analysis of different regions of the sample with HAp coatings, Figure 5A,B, shows
the presence of calcium, phosphorous and oxygen form hydroxyapatite (Ca10(PO4)6·2(OH)),
titanium, aluminium and vanadium from the substrate (Ti-6Al-4V). The EDS analysis also
detects Al and O, which can be attributed to the abrasive (Al2O3). It is noteworthy to
point out that in the XRD results (presented in Section 3.1) no other apatites were detected
besides HAp.

The coatings of HAp/cBT nanopowders produced by CB are presented in images L–O
in Figure 4. Surface morphology at low magnifications (L and M) is equivalent to the HAp
coating produced by the same technique. However, at higher magnifications (N and O)
the coating surfaces present granular deposition and poorly agglomerated particles. The
particles, observed in detail in image O, can correspond to BaTiO3 nanopowders.

The last row of SEM images in Figure 4P–S present HAp/tBT micropowders in coatings
produced by CB. At lower magnifications, these coatings look similar to the previous ones,
namely HAp and HAp/cBT, both obtained by CB. In R and S there are still surface regions
with granular deposition and poorly agglomerated particles. EDS analysis for the samples
with HAp/BT, Figure 5C,D, show the same elements plus the barium from BaTiO3.

By comparing the SEM images of different types of samples, it is possible to conclude
that the ones produced by PS have a higher particle fusion compared to CB coatings, which
present a granular morphology for all compositions studied.
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Figure 5. SEM/EDS images of HAp PS (A), 80%/20% (m/m) HAp/BaTiO3 using BT cubic nanopow-
ders (B) and tetragonal micropowders (C,D). The marked areas correspond to the EDS spectra shown
on the same line.

3.4. Confocal Microscopy

Confocal microscopy was employed to achieve a 3D reconstruction of the uncoated
and coated surfaces and, hence, to study the roughness at a micrometric level. The different
sample images are presented in Figure 6.

Measurements made on confocal microscopy images allowed to determine the average
roughness of the samples (WSq). This property of a surface is the average depth of each
point minus the mean of the data points. Additionally calculated were the skewness (WSsk)
and kurtosis (WSsu), which are statistical parameters of the Gaussian distribution and
quantify the Gaussian asymmetry and sharpness/flattening, respectively.
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Figure 6. Surface topography images of Ti-6Al-4V plate (A), HAp by plasma spray coating (B) and
coatings by CoBlastTM with HAp (C), 80/20 (w/w%) of HAp/BaTiO3 with BT cubic nanopowders
(D) and tetragonal micropowders (E). Images were obtained with a confocal laser microscope (the
vertical scale of each of the images is set from black to white (0 to 45 μm) and the colour changes
every 5 μm).

In probability and statistics, skewness and kurtosis are the third and fourth moment of
the distribution (data points) [55]. The Pearson coefficients were computed; for skewness
the adjusted Fisher–Pearson and for kurtosis the Pearson or excess kurtosis, respectively
using Equation (4) [56], where N is the number of data points, xi the data points and x
the mean:

WSsk =

√
N(N − 1)
N − 2

∑N
i=1(xi − x)3

σ3 ; WSsu =

√
N(N − 1)
N − 2

∑N
i=1(xi − x)3

σ3 (4)

Results are presented for all samples in Table 5. For uncoated samples and HAp coated
by PS, the distribution has a negative skew, and for the remaining samples, a positive
skew. Therefore, the roughness has higher values on the right side of the distribution
than on the left for PS coating and the opposite happens for all CB coatings. As for the
kurtosis values, all samples had a WSsu greater than 3, thus, the probability functions are
leptokurtic, which means that the distributions are higher and with longer tails than the
normal distribution [57].
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Table 5. Mean roughness measurements (WSq) of coated and uncoated samples.

Samples Wsq (μm) WSsk WSsu

Ti-6Al-4V 2.97 <0 >3
HAp coatings by Plasma Spray 12.87 <0 >3
HAp coatings by CoBlastTM 4.52 >0 >3
HAp/cBT by CoBlastTM 4.91 >0 >3
HAp/tBT by CoBlastTM 4.45 >0 >3

According to WSq values presented in Table 5, coatings introduce a major roughness
factor variation when compared to the substrates. CB coatings presented no significant
change in any tested materials or the roughness, values are similar to the thickness of theses
coating, which is approximately 5 μm. Comparing CB coatings with the ones produced by
PS, the latter have significantly more roughness, but PS coating thickness (~13 μm) also has
a value comparable to its WSq. The thickness of all coatings was measured immediately
after deposition before the samples were removed from the CB and PS deposition setups.
Qualitatively, the results found for roughness agree with the surface morphology observed
in SEM images.

Considering that the presence of micro-roughness is beneficial for osseointegration, as
it will facilitate cell adhesion and proliferation after implant placement [58,59], CB coating
confocal results suggest that they will be able to promote cell adhesion.

3.5. Cytotoxicity

Cytotoxicity assays are commonly performed as the first step in the evaluation of the
biocompatibility of a material. In this work, the goal is to determine if the coatings obtained
by CB can be safely placed in contact with the organism. The results obtained are presented
in Figure 7.

Figure 7. Relative cell viability in cytotoxicity tests of coated and uncoated samples. C0 is the initial
concentration (0.5 cm2/mL), C0/2 and C0/4 are dilutions by factors of two and four, C+ is the positive
(cytotoxic) control and C− is the negative (nontoxic) control, both presented in gray.

The results show that for all materials, coatings and extract concentrations tested,
relative cell viability is above 80%, in comparison with the negative control. These re-
sults suggest that all materials tested are biocompatible and safe to be used as coatings
for implants. Moreover, these results show that the coatings under study are viable at
0.5 cm2/mL, contrary to the results presented by Ossa et al. [42]. This disparity in results
should be due to the different HAp composition and not to coating process differences.
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The cytotoxicity results show that the coatings produced in this work are a promising
enhancement of bone prosthetics coatings, but further cell studies are recommended to
confirm this hypothesis.

4. Conclusions

In hydroxyapatite coatings obtained by CoBlastTM, only the crystalline phase was
identified, while in PS coatings of HAp, both crystalline and amorphous phases were
found. For the coatings with BT obtained using CoBlastTM, only the original phases of both
materials were present (hydroxyapatite and barium titanate, either cubic or tetragonal).
FTIR results showed that PS HAp is B-type carbonated, but for CB coatings, it was not
possible to reach the same conclusion.

Regarding surface characteristics, such as homogeneity and roughness, the results
show that CoBlastTM hydroxyapatite-based coatings have characteristics that promote
cell adhesion. Two different composites of HAp with barium titanate were made using
cubic nanopowders and tetragonal nanopowders. Results for these surfaces are similar to
those obtained for coatings containing HAp only and produced by the same CoBlastTM

technique. Cytotoxicity assays proved that all materials are biocompatible and suitable for
biomedical applications.

In conclusion, given the properties evaluated, CoBlastTM is a viable alternative to
plasma spray deposition to produce HAp-based coatings. Furthermore, the former tech-
nique has the advantage of being a room temperature process, compared to the high
temperatures registered during the deposition by plasma spray.
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Abstract: Hydroxyapatite (HAp) of different morphologies was prepared by the direct decomposition
of calcium lactate pentahydrate chelates using dipotassium hydrogen phosphate under hydrothermal
conditions. The proposed technique allows for precise control of the HAp crystals morphology and
product purity, which are necessary for biomedical applications. The synthesis parameters such as
reagent concentrations, pH, reaction time, temperature, pressure, and stirring rate were optimized in
order to produce calcium phosphates (CaPs) ceramics with restricted morphologies and composition.
As a result, we obtained hydroxyapatite in the form of whiskers, hexagonal rods, nano particles,
flowers, and cylinders. The products were characterized according to their structure (FTIR and XRD),
morphology (SEM), and functional properties, i.e., the specific surface area. The obtained results
indicate that the reagent concentration and pH values have the greatest impact on the HAp properties;
however, the proper combination of all the mentioned parameters should be considered when there
is a need for a bioceramic with defined physicochemical properties and an appropriate morphology.

Keywords: hydroxyapatite; whiskers; hexagonal rods; calcium lactate pentahydrate;
hydrothermal synthesis; biomaterials

1. Introduction

In materials science, bioactive calcium phosphates (CaPs) ceramics have attracted
great attention from researchers, mainly because of their biocompatibility and chemical and
crystallographic similarities with the minerals in human hard tissues. Due to its unique
physicochemical and biological properties, hydroxyapatite (HAp), (Ca10(PO4)6(OH)2),
occupies a special place among calcium phosphates [1–4]. This biomaterial is one of the
main components of human bones and teeth, and because of its excellent biocompatibility it
is extensively used in implantology [5,6]. HAp is characterized by a high biotolerance and
controlled resorption in the tissue environment, as well as an ability to create a permanent
and strong connection with the surrounding bone tissue. Synthetic hydroxyapatite can
be applied as a reinforcement for orthopedic biomaterials composed of polymers, thus
providing better mechanical properties for the polymeric matrix. Regarding this aspect,
synthetic HAp in a fibrous form is of particular importance compared to the currently
available fibers [7–9].

The applications of hydroxyapatite are wide ranging, as it is used in various fields
including technical and medical industries. Therefore, HAp can be utilized as a component
of bone fillers and bone supplements, as well as an implant coating to facilitate osseointegra-
tion and osteointegration [10]. Moreover, HAp reduces dental caries in dental cements and
pastes, toothpastes, and chewing gums [11–14], while in cosmetic products it can play the
role of a tooth whitener, skin cleaner, or agent for hair dyes [15]. In pharmacology, hydrox-
yapatite nanoparticles can be useful for drug delivery [16–18] or as a system for controlled
drug release [19]. From a technical point of view, HAp is used in chromatography [20],
catalysis [21], and systems for wastewater and soil treatment as an adsorbent of heavy
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metal ions [22,23]. Additionally, a photocatalytic effect of alumina/TiO2/hydroxyapatite
composites in air filters was found. These composites are efficient in absorbing and de-
composing CO, and they are thus promising in terms of reducing automotive exhaust
pollutants [24].

The chemical methods used for the production of HAp can be divided into two cat-
egories: dry methods involving solid phases, including reactions at high temperatures
and pressures [25,26], and wet methods based on the precipitation of components from
aqueous solutions. The dry methods group of synthesis techniques includes chemical
precipitation [27], hydrolysis [28], sol–gel [29], hydrothermal [30,31], emulsion [32], and
sonochemical methods [33,34]. With an aim of controlling the process of ceramic forma-
tion, the hydrothermal processing method seems to be the perfect solution. During this
procedure, the hydroxyapatite is precipitated from an overheated solution, which allows
researchers to regulate of the rate and uniformity of crystallization. As a result, it is possible
to produce ceramics with a specified size and morphology [35].

The influence of different conditions of hydrothermal synthesis, such as temper-
ature or pH on the HAp morphology has been the subject of various studies [36–43];
however, none of them have dealt with the synthesis procedure presented in this pa-
per. Liu et al. [36] showed the influence of time and pH on the hydrothermal reaction
of Ca(OH)2 and CaHPO4·2H2O. Different conditions of pH = 6–14 and temperature in
the range of 60–140 ◦C have been tested, and the authors concluded that pH value is an
important parameter influencing the HAp morphology.

The effects of time, temperature, and pH on the reaction of Ca(NO3)2·4H2O with
(NH4)2HPO4 under hydrothermal conditions were investigated by Ebrahimi et al. [37]. The
authors presented the influence of pH values on the crystallinity, particle size, and yield of
HAp. They observed that the yield of a reaction increased in alkaline conditions and pH
strongly affected the size and crystallinity of HAp. Similar studies on the morphology of
HAp obtained by a hydrothermal reaction of Ca(OH)2 and Ca(NO3)2·4H2O were reported
by Ortiz et al. [38]. The authors showed an important effect of H+ on the morphological
and crystallographic characteristics of HAp. Their results proved that the nanoparticles’
appearance and phase composition change depending on the pH, and they also showed a
strong relation with the amount of H+ and OH− ions. Suchanek et al. studied the influence
of pH on the structural and morphological evolution of CaPs particles [39]. The authors
found that the kind of synthesized calcium phosphates strongly depends on the pH. In
accordance with the solubility phase diagram for CaPs, at a pH lower than 4.2, the least
soluble (i.e., most stable) compound is monetite (dibasic calcium phosphate anhydrous,
DCPA), while for pH values higher than 4.2, HAp is the most thermodynamically stable
phase. On the other hand, Kati et al. [40] presented a report on the effects of reaction time
and heat treatment of hydroxyapatite obtained during the reaction of Ca(NO3)2·4H2O and
P2O5 in the hydrothermal process. The authors noted that as the synthesis time increased,
more agglomerates appeared. Additionally, Kuśnieruk et al. [41] found that for the reaction
between Ca(OH)2 and H3PO4, the average HAp size can be controlled by the proper choice
of synthesis conditions such as time, temperature, and pressure. The effects of the initial
Ca2+ ion concentration, pH, and Ca/P ratio on the structural characteristic and morphology
of HAp whiskers were investigated by Zhang et al. [42] for a reaction between Ca(OH)2
and H3PO4. The authors noticed that at a low pH and with low Ca/P values, branch-like
whiskers and irregular plate-like particles were synthesized, while high pH values favored
the creation of lath-like hydroxyapatite at high Ca/P ratio.

A complex study by Roeder et al. included the effects of the heating rate, stirring rate,
and temperature of the process for the reactions of DL-lactic acid (C3H6O3), Ca(OH)2, and
H3PO4. The authors observed that the temperature and reaction heating rate had only a
comparably minor effect on the width of HAp whiskers [43].

The presented work is a part of our extensive research on the use of calcium lactate
pentahydrate and different phosphate precursors for the hydrothermal synthesis of hydrox-
yapatite. It should be emphasized that the choice of this synthesis technique is because of
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the possibility of controlling the HAp crystal morphology and resulting product purity,
which are the most important requirements for biomedical applications. In our previous
works [44,45] we investigated HAp fabrication using calcium lactate pentahydrate and
orthophosphoric acid and the effects of the process parameters such as reaction time and
temperature on HAp morphology and phase composition.

In this work, we followed another procedure for HAp synthesis, which is a direct
reaction between calcium lactate pentahydrate and dipotassium hydrogen phosphate. We
planned, as before, to examine the effects of different factors on HAp characteristics, such as
reagent concentrations, pH, reaction time and temperature, pressure, and stirring rate. The
general reaction during the hydrothermal synthesis of hydroxyapatite from calcium lactate
pentahydrate and dipotassium hydrogen phosphate is presented below (reaction 1). The
synthesis is based on the thermal decomposition of calcium chelates in specific conditions
(high temperature up to 200 ◦C and high pressure up to 20 bar). In the first step of the
process calcium ions Ca2+ are formed (reaction 2), which next react with the phosphate
groups (PO4

3−) and hydroxyl groups (OH−) (reaction 3) [43,44,46], as is shown below:

10[CH3CH(OH)COO]2Ca·5H2O + 6K2HPO4 → Ca10(PO4)6(OH)2 +
12CH3CH(OH)COOK + 8CH3CH(OH)COOH +3 H2O

(1)

[CH3CH(OH)COO]2Ca·5H2O → Ca2+ + 2CH3CH(OH)COO− + 5H+ + 5OH− (2)

10 Ca2+ + 6 PO4
3− + 2OH− → Ca10(PO4)6(OH)2 (3)

To the best of our knowledge, no data about hydrothermal synthesis with the di-
rect use of calcium lactate pentahydrate and dipotassium hydrogen phosphate have been
published, nor data about the exploration of the effect of reaction conditions on hydrox-
yapatite morphology and its phase composition. Regarding potential HAp application in
the biomedical field, it is of particular importance to produce material with the desired
structure, the possibility of chemical modification, and durability. In the case of apatites,
for example nanosized HAp particles, they are characterized by high specific surface area
which facilitates modification, while bigger whisker-shaped particles offer structural re-
inforcement in polymeric biocomposites. Thus, our goal was to study possibilities for
HAp production with different morphologies for use in the biomedical field. The ceramics
obtained in our study were described using the following techniques: scanning electron
microscope (SEM), scanning transmission electron microscopy (STEM), X-ray diffraction
method (XRD), Fourier transform infrared spectroscopy (FTIR), and Brunauer–Emmett–
Teller (BET) surface area analysis. The crystal lattice parameters were determined in order
to check the occurrence of differences in hydroxyapatite with different morphology. The
obtained results allow the identification of optimal reaction parameters, which enable
obtaining Hap with a specific morphology.

2. Materials and Methods

2.1. Materials

The synthesis was carried out using the following substrates: calcium lactate pentahy-
drate C6H10CaO6·5H2O (pure p.a., CAS: 5743-47-5) and dipotassium hydrogen phosphate
K2HPO4 (pure p.a., CAS: 7758-11-4) from Chempur® Chemical Company, Poland. All
materials were of analytical grade and used without any additional purification procedures.

2.2. Synthesis of HAp

HAp was fabricated using the hydrothermal method, similar to our previous stud-
ies [44,45]. Syntheses were carried out in various conditions using a stainless steel reactor
(Büchiglasuster®, miniclave steel type 3/300 mL, 100 bar, Büchi AG, Uster, Switzerland).

For all syntheses, the concentration of Ca2+ ion was in the range of 0.025 to 0.2 mol/dm3,
and the Ca/P molar ratio in the reaction mixture was 1.67, which is equivalent to that of
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stoichiometric HAp. The calcium lactate pentahydrate was dissolved in deionized water
and then dipotassium hydrogen phosphate was added. When a homogenous mixture
was obtained, nitric acid was added to avoid the precipitation of calcium phosphate. The
prepared reaction mixture was poured into a reaction vessel and during hydrothermal
synthesis, the temperature and pressure inside the reactor were continuously monitored.
The reactor with the heating assembly was placed on the magnetic stirrer (IKA®, RH basic,
Staufen, Germany) with a heating temperature ranging between 50 and 320 ◦C and a speed
ranging from 100 to 2000 rpm. Upon completion of each reaction, the vessel was cooled
to ambient temperature (∼25 ◦C) overnight. The product was then filtered off, washed
quickly with deionized water four times, and finally dried in the air in the laboratory dryer
(KCW-100, PREMED, Marki, Poland) at 100 ◦C for at least 20 h. Reaction conditions were
controlled by a heating assembly (800W, Termtech, Warsaw, Poland Bristol, UK), tempera-
ture controller (RE72, LUMEL), thermocouple (TP-234k-b-200, Czaki® Thermo-Product,
RASZYN-Rybie, Poland), and the installed manometer. All parameters of the heating pro-
cess (e.g., temperature and heating time) were additionally controlled by Program Lumel
Process 1.2 (Lumel S.A, Zielona Góra, Poland). The pH of the solution at start and end
of the reaction was measured with a glass pH electrode (Eutech Instruments, Singapore,
CyberScan PCD 6500) at 25 ◦C.

During the reaction, the effect of parameters such as: (a) Ca2+ ions concentration
(0.025–0.2 mol/dm3), (b) time of reaction (1, 3, and 5 h), (c) temperature (110–200 ◦C) and
pressure of reaction (2–20 bar), (d) stirring rate, and (e) pH of mixture reaction (3.48–11.01)
was investigated.

2.3. Characterization
2.3.1. Morphology and Compositional Analysis

To define the microstructure (shape and grain size) of the CaPs ceramics, scanning
electron microscopy with field emission was applied (Nova NanoSEM 200, FEI, Brno,
Czech Republic). Samples were mounted on aluminum stubs using carbon double-sided
adhesive tape, those in nanometric sizes were additionally coated using a plasma coater
(EM SCD500, Leica) that applied 25 nm of gold film. The SEM observations were performed
in low vacuum conditions using backscattered electrons at 15 kV accelerating voltage (to
observe elongated and fibrous particles) or in high vacuum conditions using secondary
electrons detector (to observe nanometer particles) at 18.5 kV accelerating voltage.

Additionally, the scanning electron microscope was retrofitted by adding a two-
segment solid-state STEM detector to allow for transmission observations. Powder samples
were placed on copper grids with carbon films and were observed at 15 and 20 kV acceler-
ating voltage.

2.3.2. X-ray Diffraction Method (XRD)

The phase composition of synthesized powders was characterized by powder X-ray
diffraction (XRD) (D8 Advance, Bruker-AXS, Karlsruhe, Germany) in the Bragg–Brentano
geometry. Measurements were carried out at 2θ from 5 to 120◦ at a step width of 0.01◦
and rate of 2 s/step under ambient conditions using Cu-Ka (λ = 0.154 nm) as a radiation
source at a current of 40 mA with a voltage of 40 kV. The obtained XRD patterns were
identified with reference to the Crystallography Open Database (COD) using DIFFRACplus
EVA-SEARCH software. The quantity of each phase was calculated by the Rietveld method
using “DiffracPlus Topas” software. Before X-ray analysis, all HAp samples were lightly
ground manually with a mortar and pestle.

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR Analysis)

The infrared spectra were recorded on a Bruker TENSOR 27 instrument equipped
with a DLaTGS detector. Powder samples were analyzed in the transmission mode with
the following instrumental settings: wavenumber range 400–4000 cm−1, number of scans
64, and spectral resolution 4 cm−1. Each sample was measured twice to check the repeata-
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bility. The baseline correction procedure was applied to the presented spectra with Opus
7.2 software.

2.3.4. Brunauer–Emmett–Teller (BET) Surface Area Analysis

The specific surface area of samples was determined with the BET method using
Gemini VII 2390t Micromeritics instrument (Norcross, GA, USA). The nine-point nitrogen
adsorption and desorption isotherm were registered in the pressure range of 0.05–0.25 p/p◦,
where p and p◦ are the equilibrium and the saturation pressure of adsorbates at the temper-
ature of adsorption, respectively. The measurements were performed at the temperature
of liquid nitrogen. Before the measurement, samples were degassed at 105 ◦C in nitrogen
atmosphere for 1 h in order to dry and purify the investigated materials.

3. Results

Depending on the hydrothermal process parameters, products with different phase
compositions and different morphologies can be obtained. In this section, we present the
results of systematic studies on the hydrothermal process in relation to reagent concentra-
tion, time and temperature of the process, pH, and the stirring rate. Optimal conditions for
the synthesis were identified.

3.1. Identification of the Optimum Ca2+ Ions Concentration and Time of Reaction

Aiming at identification of the optimum Ca2+ ions concentration and time of reaction,
the effect of these two parameters on the morphology and phase composition of HAp
was determined for the process carried out at 200 ◦C under a pressure of 20 bar and
stirring rate of 250 rpm. The pH of the starting solution oscillated around values of 4. The
variable factors were as follows: Ca2+ concentration was 0.025 mol/dm3, 0.05 mol/dm3,
0.1 mol/dm3, 0.15 mol/dm3, and 0.2 mol/dm3; the reaction time was 1 h, 3 h, and 5 h for
each Ca2+ concentration (Table 1).

Table 1. The effect of Ca2+ concentration and reaction time on the morphology and phase composition
of the obtained products (reaction temperature 200 ◦C, pressure 20 bar, stirring rate of 250 rpm, and
the reaction heating rate of 2.5 ◦C/min).

Ca2+

mol/dm3 pH before Synthesis
Time

h
Length
μm

Width
μm

Phase Composition (Form)

0.025 3.65

1

14.44–54.54 1.11–4.44 HAp (whiskers)

0.05 3.99 6.18–56.82 0.66–1.72 HAp (whiskers)

0.1 3.61 6.82–27.27 0.91–2.77 HAp (hexagonal rods)

0.15 3.27 11.11–52.22 1.11–4.0 HAp (hexagonal rods)

0.2 3.22 12.72–57.77 0.45–1.55 92.35% HAp (hexagonal rods),
7.65% Monetite (plate formations)

0.025 4.40

3

5.45–66.67 0.44–2.44 HAp (whiskers)

0.05 4.01 11.11–88.89 0.91–1.82 HAp (whiskers)

0.1 3.20 12.22–55.55 0.44–1.55 HAp (hexagonal rods)

0.15 3.56 4.54–33.33 0.91–3.2 HAp (hexagonal rods)

0.2 3.38 5.91–27.27 0.66–2.72 HAp (hexagonal rods)
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Table 1. Cont.

Ca2+

mol/dm3 pH before Synthesis
Time

h
Length
μm

Width
μm

Phase Composition (Form)

0.025 4.11

5

10.0–77.27 0.91–1.82 HAp (whiskers)

0.05 4.53 4.54–44.44 0.44–1.11 HAp (whiskers)

0.1 3.65 4.54–22.72 0.45–1.82 HAp (hexagonal rods)

0.15 3.44 5.91–27.27 0.91–2.27 HAp (hexagonal rods)

0.2 3.24 5.33–21.11 0.44–1.33 HAp (hexagonal rods)

In this part of the study, we used SEM, XRD, and IR spectroscopy to identify the
differences between the obtained HAp ceramics, as well as the physical adsorption method
to follow changes in the specific surface area.

The comparison of SEM images of products obtained during 5 h of synthesis at
different Ca2+ concentrations is shown in Figure 1.

 

Figure 1. SEM images of products obtained in hydrothermal synthesis (200 ◦C, 20 bar, and 5 h)
for different Ca2+ concentrations: (a) 0.025 mol/dm3, (b) 0.05 mol/dm3, (c) 0.15 mol/dm3, and
(d) 0.2 mol/dm3 (magnification of 2500×).

The observed influence of calcium ions concentration on the HAp’s appearance
was the same for all reactions carried out at 200 ◦C, 20 bar, and reaction time 1–5 h.
Two different morphological forms were identified. The products in the form of whiskers
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were obtained for Ca2+ ion concentration of up to 0.05 mol/dm3, while for Ca2+ ion con-
centration of more than 0.1 mol/dm3, hexagonal rods were observed (Table 1, Figure 1).

The Ca2+ ion concentration also affected the dimensions of the particles. As the
concentration increases, the length of the whiskers or rods decreases. The mean length
of the whiskers prepared in a time of 5 h at Ca2+ ion concentrations up to 0.05 mol/dm3

(4–77 μm) was higher than the length of hexagonal rods prepared at Ca2+ ion concentration
of 0.1–0.2 mol/dm3 (4.5–21.1 μm).

The SEM images of products obtained during the different times (1, 3, and 5 h) and
with Ca2+ ion concentrations of 0.025 mol/dm3 and 0.2 mol/dm3 are presented in Figure 2.
Therefore, the influence of the reaction time can be estimated.

 

Figure 2. SEM images of products obtained in hydrothermal synthesis (200 ◦C, 20 bar) for whiskers
at Ca2+ 0.025 mol/dm3: (a) 1 h, (b) 3 h, and (c) 5 h. Additionally, for hexagonal rods at Ca2+

0.2 mol/dm3: (d) 1 h, (e) 3 h, and (f) 5 h (magnification of 2500×).

As shown in Table 1 and Figure 2, the reaction with a Ca2+ ion concentration of
0.025 mol/dm3 led to products in the shape of whiskers regardless of the reaction time,
which only influenced the length of the obtained particles (increase), whereas for the
reaction conducted with a Ca2+ ion concentration of 0.2 mol/dm3, the reaction products
were formed as hexagonal rods. In contrast to the above results, in this case, as the reaction
time increases, the length of the obtained particles decreases. Additional study with STEM
device for materials obtained during 5 h of synthesis (Figure S1, Supplementary materials)
resulted in the observation that both whiskers and hexagonal rods have a smooth surface
and clear contours.

Figure 3 presents the XRD patterns of HAp synthesized at different Ca2+ ion concen-
trations (200 ◦C and 5 h). According to the phase analysis, the patterns of all powders are
nearly the same and typical for pure hydroxyapatite (hexagonal and P 63/m space group).
The database card number (COD) of the compounds used to identify the phase composition
in the samples are listed in Table 2. The shape of the diffraction patterns indicates a high
degree of crystallinity in the materials under study. A slight increase in an intensity of the
peak (300) at 2θ = 32.9◦ in the sample with 0.025 Ca2+ probably is caused by the texturing
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of long whisker particle samples. The synthesized hydroxyapatite is mainly oriented along
the c-axis direction of the hexagonal crystal structure [47].

Figure 3. XRD patterns of synthesized HAp powders obtained in hydrothermal synthesis (200 ◦C,
20 bar, 250 rpm, and 5 h) at different Ca2+ ion concentrations.

Table 2. Effect of Ca2+ ion concentration on the lattice parameters of the phases in the synthesized
ceramic powders (for all samples: reaction conditions 200 ◦C, 20 bar, 250 rpm, and 5 h).

Ca+2 Ion Concentration
mol/dm3 Phase Composition COD Crystal Lattice Parameters

a = b
(Å)

c
(Å)

V *
(Å3)

0.025 HAp 9001233 [48] 9.41660 6.87450 527.91

0.05 HAp 9011092 [49] 9.42400 6.87900 529.09

0.15 HAp 9011092 [49] 9.42400 6.87900 529.09

0.2 HAp 9002214 [50] 9.43940 6.88610 531.36

* cell volume.

Figure 4 shows the XRD patterns of powders with 0.025 and 0.2 mol/dm3 Ca2+ ion
concentrations obtained with different reaction times and at the temperature of 200 ◦C.
The database card numbers (COD) of the compounds used to identify samples as well as
lattice parameters of the present phases are listed in Table 3. The measurements showed
that in the case of powder with 0.025 mol/dm3 the Ca2+ ion concentrations, the reaction
time did not significantly affect the phase composition and the crystal structure of samples.
All powders represent XRD patterns characteristic for hydroxyapatite (hexagonal and
P 63/m) with a strong tendency to the orientation of crystallites. A more noticeable
effect of the reaction time on the phase composition was observed when the Ca2+ ion
concentration was 0.2 mol/dm3. In this case, after 1 h of reaction, the major component was
hydroxyapatite (92.35%) and the small peaks corresponding to the monetite phase (DCPA,
triclinic, P-1, 7.65%) were visible. The extension of the reaction time allowed us to obtain
pure hydroxyapatite (hexagonal and P 63/m). Additionally, with an increase in the reaction
time, the XRD patterns shifted to lower 2θ values. The a and c parameters increased;
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therefore, cell volume also increased, which may indicate the formation of hydroxyapatite
with carbonate groups.

Figure 4. XRD patterns of powders with (a) 0.025 and (b) 0.2 mol/dm3 Ca2+ ion concentrations
obtained with different reaction times and at a temperature of 200 ◦C.

Table 3. Effect of the reaction time on the lattice parameters of the phases present in the synthesized
powders at 200◦C.

Ca2+ Ion Concentration
mol/dm3 Time Phase Composition COD

Crystal Lattice Parameters

a
(Å)

b
(Å)

c
(Å)

V *
(Å3)

0.025
1 h HAp 9001233 [48] 9.41660 9.41660 6.87450 527.91

3 h HAp 9001233 [48] 9.41660 9.41660 6.87450 527.91

5 h HAp 9001233 [48] 9.41660 9.41660 6.87450 527.91

0.2
1 h

HAp 9011092 [49] 9.42400 9.42400 6.87900 529.09

DCPA 9007619 [51] 6.91000 6.62700 6.99800 309.28

3 h HAp 9011092 [49] 9.42400 9.42400 6.87900 529.09

5 h HAp 9002214 [50] 9.43940 9.43940 6.88610 531.36

* cell volume.

The FTIR spectra of materials obtained during 5 h hydrothermal synthesis carried
out at 200 ◦C and different Ca2+ concentrations of (a) 0.025 mol/dm3, (b) 0.05 mol/dm3,
(c) 0.1 mol/dm3, (d) 0.15 mol/dm3, and (e) 0.2 mol/dm3 are shown in Figure 5.
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Figure 5. IR spectra of materials obtained from the solution with the Ca2+ concentration of
(a) 0.025 mol/dm3, (b) 0.05 mol/dm3, (c) 0.1 mol/dm3, (d) 0.15 mol/dm3, and (e) 0.2 mol/dm3

(5 h and 200 ◦C).

The identified IR bands assignments for the hydroxyapatites under investigation
are presented in Table S1 [52,53]. The materials showed almost all characteristic bands
for hydroxyapatite [54]. The sharp band at about 3571 cm−1 is related to the vibrations
of hydroxyl groups on the HAp surface, while the bands observed around 3415 cm−1

and 1631 cm−1 proved the presence of water in the structure. Medium bands in the
range of 872–878 cm−1, assigned to ν3 C-O (CO3

2−) vibrations, are a singular proof of
the carbonate ion’s presence in the obtained ceramics. The other bands related to CO3

2−
around 1462 cm−1 are fairly visible. The four vibrational modes of phosphate ions were
also identified at ν1 962 cm−1, ν2 473 cm−1, ν3 1092 + 1031 cm−1, and ν4 603 + 562 cm−1.
The band at about 634 cm−1 can be assigned to both the O-H and labile PO4

3− [55]. The
shoulder observed at around 1210 cm−1 for almost all materials—except of those obtained
at 0.15 and 0.2 mol/dm3 Ca2+ concentration—can be assigned to the stretching vibration
of P = O. A very weak band at around 427 cm−1 is probably due to impurities in H2PO4

−
or P2O7

4−.
When comparing the resulting IR spectra, the following observations can be formulated:

(a) The band at 867 cm−1 is the most intensive for the material Ca2+ 0.05 and 1 h;
(b) A change in the band at 872 cm−1—for samples with Ca2+ ion concentrations of

0.1, 0.15, and 0.2 mol/dm3—is less clear and shifted to the higher wavenumber
of 876 cm−1;

(c) In samples with Ca2+ ion concentrations of 0.025 and 0.05 mol/dm3, both the 1105 cm−1

and 1090 cm−1 bands are visible, while for the rest of the tested materials only one
signal around 1092 cm−1 was identified;
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(d) The split of the band at 1031 cm−1 was observed for materials with Ca2+ ion con-
centrations of 0.025 and 0.05 mol/dm3 and for two bands in samples with Ca2+ ion
concentrations of 0.1, 0.15, and 0.2 mol/dm3;

(e) The bands at 1143 cm−1 and 1207 cm−1 are visible for the sample with Ca2+ ion
concentration of 0.025 mol/dm3; for the rest of the tested materials the bands are less
visible or were not identified at all;

(f) Higher intensity of the band at 962 cm−1 for the materials with Ca2+ ion concentrations
of 0.025 and 0.05 mol/dm3;

(g) Slight changes in the bands related to OH groups in the range of 3400–300 cm−1. For
samples with Ca2+ ion concentrations 0.1, 0.15, and 0.2 mol/dm3, an additional band
at around 3468 cm−1 is present.

Below, the IR spectra for materials with different Ca2+ ion concentrations and the
same time of the reaction (1 h) were presented (Figure 6). It was observed that the band
related to OH groups is broader for material with Ca2+ 0.05 mol/dm3. Moreover, the band
at 1206 cm−1 in material with Ca2+ 0.2 mol/dm3 disappeared. Similar to the above results,
a split of the signal at 1031 cm−1 for two bands at 1048/1026 cm−1, was observed, and the
band at 963 cm−1 related to P-O stretching vibration is of lower intensity for materials with
Ca2+ 0.2 mol/dm3, like in the case of a band corresponding to carbonate ions at around
876 cm−1.

Figure 6. IR spectra of materials prepared with Ca2+ concentration of 0.05 mol/dm3 and 0.2 mol/dm3

(1 h and 200 ◦C).

The specific surface area was determined by the Brunauer–Emmett–Teller (BET)
method [56]. The adsorption of gases in multimolecular layers Brunauer–Emmett–Teller
(BET) theory aims to explain the physical adsorption of gas molecules on a solid surface
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and is the basic analytical technique for the determination of the specific surface area of ma-
terials [57]. For synthesized hydroxyapatite of different morphologies and prepared during
a 5 h reaction at a temperature of 200 ◦C, the specific surface area (SBET) was obtained.

SBET decreased with increasing concentration of Ca2+, due to the grain growth of HAp:

- Whiskers obtained at Ca2+ of 0.05 mol/dm3 SBET was 6.6538 ± 0.0503 m2/g;
- Hexagonal rods obtained at Ca2+ of 0.2 mol/dm3 SBET was 0.9310 ± 0.0146 m2/g;
- Nano rods obtained at Ca2+ of 0.05 mol/dm3 SBET was 71.3623 ± 0.2185 m2/g.

Based on these obtained results, it is possible to identify the optimal concentration of
calcium and reaction time to obtain pure hydroxyapatite with the desired morphology. The
optimal conditions for obtaining whiskers are a Ca2+ ion concentration of 0.05 mol/dm3

and a reaction time of 5 h, whereas the optimal conditions for obtaining hexagonal rods are
a Ca2+ ion concentration of 0.2 mol/dm3 and a reaction time 5 h. A shorter reaction time
results in the formation of monetite, which is an intermediate product during the reaction.

3.2. Identification of Optimum of Temperature and Pressure of Reaction

In order to identify the optimum temperature and pressure of the reaction and the
effect of these two parameters of the reaction on the appearance of CaPs ceramics, we ex-
amined materials synthesized under the following permanent conditions: reaction time of
5 h, Ca2+ ion concentration of 0.05 mol/dm3, and stirring rate 250 rpm. The variable param-
eters were temperatures of 110 ◦C, 130 ◦C, 150 ◦C, 170 ◦C, and 200 ◦C with corresponding
pressures of 2 bar, 4 bar, 6 bar, 10 bar, and 20 bar, respectively

The results for the materials obtained at the above conditions are presented in Table 4;
SEM images are shown in Figure 7.

Table 4. The parameters of the CaPs ceramics obtained during hydrothermal synthesis at different
temperatures and pressure (reaction conditions: Ca2+ 0.05 mol/dm3, reaction time 5 h, 250 rpm, and
reaction heating rate 2.5 ◦C/min).

Temperature
(◦C)

Pressure
(bar)

Length
(μm)

Width
(μm)

Phase Composition
(Form)

200 20 5.45–45.45 0.45–2.27 HAp (whiskers)

170 10 5.45–33.33 0.45–1.82 HAp (whiskers)

150 6 5.45–53.33 0.45–1.82 HAp (whiskers)

130 4 5.45–50.0 0.45–2.27 HAp (whiskers)

110 2 3.18–21.36 0.45–1.36 81.40% Monetite (plate formations),
18.60% HAp (whiskers)

The whiskers were obtained in all the syntheses, regardless of the temperature and
pressure during the reaction (Figure 7a–d). The mean length of the whiskers ranged from
5.45 to 53.33 μm, except for particles fabricated at 110 ◦C (Figure 7e) where the length was
of the smallest values ranging from 3.18 to 21.36 μm.

Figure 8 presents the XRD patterns for the obtained ceramic powders. The XRD
analysis indicates that the main product of the synthesis conducted at the low temperature
of 110 ◦C and pressure of 2 bar was monetite (triclinic and P1), 81.4%. In this case, the
hydroxyapatite (hexagonal and P 63/m) appeared as a second phase in the amount of
18.6%. The increase in the temperature (above 130 ◦C) and the pressure (above 4 bar)
led to products with a content of 100% hydroxyapatite (hexagonal and P 63/m). We
have observed that all the diffraction peaks were narrower when increasing the synthesis
temperature and pressure. This implies that the samples were of higher crystallinity and
crystallite size. Moreover, the increase in the a and the c lattice structure parameters with
temperature and pressure was observed (Table S2), which can indicate a formation of the
carbonated HAp.
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Figure 7. SEM images of products obtained in hydrothermal synthesis (reaction conditions: Ca2+

0.05 mol/dm3, 5 h, and 250 rpm): (a) 200 ◦C and 20 bar, (b) 170 ◦C and 10 bar, (c) 150 ◦C and 6 bar,
(d) 130 ◦C and 4 bar, and (e) 110 ◦C and 2 bar. (Magnification of 2500×).

Figure 8. XRD patterns of powders obtained at different temperature and pressure (reaction condi-
tions: Ca2+ 0.05 mol/dm3, 5 h, and 250 rpm).
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Based on the obtained results, it is possible to identify the optimum temperature and
pressure of the reaction for obtaining pure HAp, which was a temperature of 200 ◦C and
a pressure of 20 bar. We have observed that the efficiency of the reaction increases with
increasing temperature.

3.3. Identification of the Optimum Stirring Rate during the Reactions

After investigation on the optimum stirring rate during the reaction, the effect of
this parameter on the character of calcium phosphates ceramics was determined. The
stirring rate during hydrothermal synthesis, i.e., the main factor controlling the area of
reagent’s contact, obviously should have a significant impact on HAp morphology. The
effect of the stirring rate on the phase composition and morphology of prepared products
was determined for materials obtained at the following conditions: Ca2+ 0.05 mol/dm3,
reaction time 5 h, reaction temperature of 200 ◦C, pressure of 20 bar, and variable stirring
rates of 0 rpm, 62.5 rpm, 125 rpm, 250 rpm, 750 rpm, and 1000 rpm. Reaction parameters,
morphology, and phase composition results are presented in Table 5.

Table 5. The parameters of the CaPs ceramics obtained during hydrothermal synthesis at different
stirring rates (reaction conditions: Ca2+ 0.05 mol/dm3, reaction time 5 h, 200 ◦C, pressure 20 bar, and
reaction heating rate 2.5 ◦C/min).

Stirring Rate
(rpm)

Length
(μm)

Width
(μm)

Phase Composition
(Form)

0 6.66–44.44 0.22–1.11 HAp (whiskers, flowers, chrysanthemums)

62.5 4.89–54.54 0.22–1.11 HAp (whiskers, flowers, chrysanthemums)

125 4.09–50.0 0.45–2.72 HAp (whiskers)

250 11.78–43.18 0.22–2 HAp (whiskers)

500 5.91–66.67 0.45–3.33 HAp (whiskers, flowers, cylinders)

750 5.45–27.27 0.45–2.72 HAp (whiskers)

1000 5.45–27.77 0.45–1.82 HAp (whiskers, flowers, cylinders)

The products’ morphologies are shown in Figure 9. During the reaction without stirring
(Figure 9a), HAp is represented by three morphological forms: whiskers (6.66–44.44 μm),
flowers, and particles similar to chrysanthemums. The same was observed for the process
with slow mixing (stirring rate of 62.5 rpm), which led to the formation of whiskers
(4.89–54.54 μm), flowers, and chrysanthemums (Figure 9b).

The most homogeneous product in the form of the whiskers was obtained for higher
stirring rates of 125 rpm (4.09–50.0 μm) (Figure 9c), 250 rpm (11.78–43.18 μm) (Figure 9d),
and 750 rpm (5.45–27.27 μm) (Figure 9e). As expected, too high stirring rate will mainly
affect the length of the particles, and this was proven for the products obtained at a stirring
rate of 1000 rpm, which presented as short whiskers (5.45–27.77 μm). For this material,
other particles also formed in the shape of flowers and cylinders (Figure 9f).

The XRD patterns obtained for the powders are presented in Figure 10. The lattice
parameters of the present phases are included in Table S3. The XRD analysis showed that
the stirring rate did not affect the phase composition of synthesized powders. All the
obtained XRD patterns were characteristic of hydroxyapatite (hexagonal and P 63/m), and
no impurities were detected. What can be clearly seen is that the shape of the peaks was
nearly the same, and their high intensities indicate a high degree of crystallinity. Almost all
the synthesized powders (except of materials obtained at a stirring rate of 1000 rpm) had a
strong tendency for orientation, which is demonstrated by the increased intensity of the
(300) peak at 2θ = 32.9◦. When the stirring rate increases, the a and c parameters decrease.
Additionally, the cell volume of obtained hydroxyapatites also decreases.
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Figure 9. SEM images of products obtained in hydrothermal synthesis (200 ◦C, 20 bar, 5 h, and Ca2+

0.05 mol/dm3) at stirring rates: (a) 0, (b) 62.5, (c) 125, (d) 250, (e) 750, and (f) 1000 rpm (magnification
of 2500×).

Figure 10. XRD patterns of powders obtained at different stirring rates (reaction conditions: 200 ◦C,
20 bar, 5 h, and Ca2+ 0.05 mol/dm3).
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Based on the obtained results, the optimum stirring rates for the reaction can be
identified. The most homogeneous product in the form of the HAp whiskers, without any
agglomerates, can be obtained with a stirring rate of 250 rpm.

3.4. Identification of Optimum pH of Mixture Reaction

In this paper, we also investigate the influence of pH of the reaction mixture on the
appearance and crystallinity of ceramics. Thus, we chose the following permanent reaction
conditions to be tested: Ca2+ 0.05 mol/dm3, reaction time of 5 h, temperature of 200 ◦C,
and stirring rate 250 rpm. For the materials obtained under this procedure, we performed
only morphological (SEM) and structural (XRD) characterization.

The results for the examination of the relationship of CaPs ceramic’s phase composition
and shape to the pH with the starting reaction solution are presented in Table 6, and the
SEM images of the obtained HAp are shown in Figure 11.

Table 6. The parameters of the ceramics obtained during hydrothermal synthesis at different pH
(reaction conditions: Ca2+ 0.05 mol/dm3, reaction time 5 h, 200 ◦C, pressure 20 bar, 250 rpm, and
reaction heating rate 2.5 ◦C/min).

pH Length (μm) Width (μm) Phase Composition (Form)

3.48 8.89–40.91 0.91–2.27 HAp (hexagonal rods)
4.0 18.88–77.77 0.91–2.72 HAp (whiskers)

4.52 3.33–26.66 0.44–1.11 HAp (whiskers)
4.75 18.6 -53.64 0.44–1.77 HAp (whiskers)
4.83 4.09–13.64 0.91–1.82 HAp (whiskers)
5.06 2.22–9.10 0.22–0.91 HAp (whiskers)
5.57 94.44–138.89 nm 34.6–49.8 nm HAp (nano)
9.02 50.0–93.75 nm 37.1–55.8 nm HAp (nano)
11.01 41.7–88.89 nm 41.7–50.0 nm HAp (nano)

 

Figure 11. SEM images of HAp obtained using hydrothermal synthesis (Ca2+ 0.05 mol/dm3, 200 ◦C,
and 20 bar): (a) pH = 3.48, (b) pH = 4.04, (c) pH = 4.52, (d) pH = 4.83, (e) pH = 5.06, (f) pH = 5.57,
(g) pH = 9.02, and (h) pH = 11.01. (a–e) Magnification of 2500× and (f–h) magnification of 100,000×).

Figure 11 shows the SEM microphotographs obtained for different pH conditions.
For most products, the SEM images were taken at 2500× magnification, while in the
case of nano-HAp, the magnification was 100,000×. The purpose this comparison was to
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present the possibility of obtaining HAp with different morphologies under the proposed
reaction conditions.

The hexagonal rods (8.89–40.91 μm) were obtained only for the product synthesized
from starting solutions with a pH of 3.48 (Figure 11a). The whiskers were identified in
material prepared at pH ranging from 4.04 to 5.06 (Figure 11b–e), whereas the nano-HAp
was produced when the pH of the starting solution was kept in the range of 5.57–11.01
(Figure 11f–h). The general observation for this part of our research is that as the pH
increases, the length of the whiskers decreases.

The XRD patterns of the obtained HAp are shown in Figure 12. The XRD analysis on
this part of the ceramic material (reaction conditions: Ca2+ 0.05 mol/dm3, 200 ◦C, 5 h, and
20 bar) revealed that regardless of the pH, the only phase presented in the samples was
hydroxyapatite (hexagonal and P 63/m).

Figure 12. XRD patterns of powders obtained at different pH (reaction conditions: Ca2+ 0.05mol/dm3,
200 ◦C, 5 h, and 20 bar).

It was noticed that the pH mostly affects the cell parameters and the crystallite size
(Table 7)—with an increase in the pH, the cell volume decreases. Decreasing of the a and c
parameters may indicate the formation of HAp without carbonate groups in the structure
(a and c decreased). The lowering and widening of the peaks with increasing pH confirms
the reduction in their crystallinity and grain size.

By changing the pH of the mixture reaction, it is possible to control the morphology of
the resulting hydroxyapatite. Based on the obtained test results, it is possible to identify
the optimal pH of a mixture reaction for obtaining HAp in the form of hexagonal rods,
which is pH = 3.48 (Ca2+ ion concentrations 0.05 mol/dm3, temperature of 200 ◦C). In the
pH range of a mixture reaction from 4.0 to 5.06 it is feasible to obtain HAp in the form
of whiskers. Additionally, by increasing the pH, it is possible to influence the length of
whiskers. The optimum pH for whiskers fabrication is about 4.5, because at this pH value,
the cloudiness of the solution disappears due to the addition of a sufficient amount of nitric
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acid. Finally, in the pH range of 5.57–11.01, nano-HAp can be obtained. A higher pH is
more advantageous due to its higher reaction efficiency.

Table 7. Effects of the pH on the lattice parameters of the identified phases (reaction conditions: Ca2+

0.05 mol/dm3, 200 ◦C, 5 h, 250 rpm, and 20 bar).

pH Phase Composition

COD Crystal Lattice Parameters

a = b
(Å)

c
(Å)

V *
(Å3)

11.01 HAp 9001233 [48] 9.41660 6.87450 527.91

9.02 HAp 9001233 [48] 9.41660 6.87450 527.91

5.57 HAp 9001233 [48] 9.41660 6.87450 527.91

5.06 HAp 9011092 [49] 9.42400 6.87900 529.09

4.83 HAp 9011092 [49] 9.42400 6.87900 529.09

4.52 HAp 9002214 [50] 9.43940 6.88610 531.36

4.04 HAp 9002214 [50] 9.43940 6.88610 531.36

3.48 HAp 9002214 [50] 9.43940 6.88610 531.36

* cell volume.

4. Discussion

Our goal in this study was to investigate the influence of synthesis conditions on the
properties of calcium phosphates ceramics. It was already proven that the hydrothermal
process parameters, such as the concentration of the calcium precursor, can have a signifi-
cant impact on the crystallite size, specific surface area, phase composition, or crystal lattice
parameters of apatite ceramics [58,59].

The potential application of hydroxyapatite and other apatites is strongly dependent
on their morphology. We observed that this feature was the most affected by the process
parameters, and we will focus on its variation at first. Andrés-Vergés et al. [59] noticed
that hydrothermal decomposition of calcium chelate can be used to synthesize needle
crystals of HAp, while the temperature and pH of the reaction mixture influence both the
diameter and length of the resulting HAp crystals. According to Table 1, the concentrations
of Ca2+ ions influence the morphology of the obtained HAp in two ways. At low Ca2+

concentrations of 0.025–0.05 mol/dm3, a small number of nuclei are formed, which results
in slower crystallization and the formation of elongated whiskers in the range of crystal
lattice parameters of a = b 9.41660–9.42400 (Å), c 6.87450–6.87900 (Å), and V 527.91–529.09
(Å3). On the other hand, at higher calcium ion concentrations of 0.1–0.2 mol/dm3, a large
number of nuclei formed resulting in faster crystallization and the formation of numerous
short hexagonal rods with the crystal lattice parameters of a = b 9.42400–9.43940 (Å),
c 6.87900–6.88610 (Å), and V 529.09–531.36 (Å3). Similar observations were presented by
Roeder et al. [43], who investigated the formation of HAp whiskers by changing the heating
rate, stirring rate, and reaction temperature; therefore, the parameters mostly affected the
release rate of the calcium ions. Our results also showed that as the Ca2+ concentration
increases, the length of HAp particles decreases, which is in line with previous studies.

Additionally, the pH of the solution has a pronounced influence on the morphology
of the obtained CaPs, as is shown in Table 7, where the results of the morphological
investigation with varied pHs were presented. We observed that at an initial pH of about
3.48 it was possible to obtain pure HAp in shape of hexagonal rods. As the pH increases to
the values in the range of 4.0–5.06, the shape of HAp changes and whiskers are formed.
A further increase in pH (pH = 5.57–11.01) results in a reduction in particle size and
formation of nano-HAp with crystal lattice parameters of a = b 9.41660 (Å), c 6.87450 (Å),
and V 527.91 (Å3).
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By analyzing the rest of the process conditions, i.e., reaction time and temperature, we
observed that they do not affect the morphology of apatite ceramics; however, it should
be emphasized that reaction time is linked with the Ca2+ concentration. The correlation
of these two parameters will result in different HAp morphologies. Regarding the phase
composition, we have observed no influence of the reaction time or Ca2+ concentration
on the phase composition of the obtained ceramics, in contrast to changing the synthesis
temperature. Each reaction led to pure hydroxyapatite, regardless of the reagent concen-
trations and reaction times. The only exception was the process performed for 1 h and at
0.2 mol/dm3 Ca2+ , which resulted in a mixture of HAp (hexagonal rods) and monetite
(plate formations). This is probably because too high Ca2+ concentration and too short
reaction time are the parameters that hinder HAp crystal formation. It is likely that mon-
etite crystals require less energy (lower temperature) and a shorter time to be formed.
Moreover, for temperatures above 130 ◦C pure HAp was identified, while for the synthesis
conducted at 110 ◦C, HAp was in the minority (18.60%) and the monetite represents the
major phase at 81.40%. This is another proof that less stable monetite also require less
energy for crystallization compared to hydroxyapatite.

Infrared structural investigation of the obtained ceramics demonstrated that the ma-
terials showed almost all the characteristic bands for hydroxyapatite. It should be noted
that the shape of the most prominent band on the IR spectra, which is the one observed
at around 1031 cm−1 related to PO4

3−, differs for the materials depending on the Ca2+

concentration and reaction time. For those with concentrations higher than 0.10 mL/dm3

of Ca2+ ions, the band is separated into two at 1023 cm−1 and 1047 cm−1, which is the
sign that the surrounding of PO4

3− is different as well. The presence of medium bands in
the range of 872–878 cm−1, which are assigned to ν3 C-O (CO3

2−) vibrations, is a singular
proof of the carbonate ion’s presence in the synthesized HAp.

When analyzing the XRD data, we noticed that while increasing the Ca2+ concentration
a slight shift of diffraction peaks to the left side can be observed, which is a consequence of
the increase in the a and the c crystal lattice parameters and phase cell volume (Table 2).
The possible explanation is that the incorporation of carbonate groups in the place of
hydroxyl or/and phosphate groups led to a change in the a and c parameters [60]. As was
previously reported, the XRD patterns for hydroxyapatite particles displayed a stronger
preference for (300) reflection (2θ = 32.9◦), which become stronger with the growth of the
crystallite’s sizes. Moreover, hydroxyapatite crystals may be grown in different directions
under hydrothermal reaction conditions, which is equal to their anisotropy, and has also
previously been observed by others [39].

An important feature of the fillers is the specific surface area (SBET), which is also
strongly related to the possibility of further modification and resorption ability. Our results
showed that the specific surface area of apatite ceramics changed with the concentration of
Ca2+ ions and resulting from the different ceramics’ morphologies. SBET decreased with an
increasing concentration of Ca2+; a low Ca2+ concentration of 0.05 mol/dm3 led to an SBET
of 6.6538 ± 0.0503 m2/g (whiskers), while the highest of the tested Ca2+ concentrations
(0.2 mol/dm3) reduced SBET to the value of 0.9310 ± 0.0146 m2/g (hexagonal rods), whereas
for nanorods obtained at Ca2+ = 0.05 mol/dm3, the SBET was 71.3623 ± 0.2185 m2/g, which
is more or less obvious considering the size of HAp particles.

A very important process parameter, the stirring rate, was found to strongly affect
the morphology of CaP ceramics. The most homogeneous product in the form of the HAp
whiskers was obtained at higher stirring rates of 125 rpm and 250 rpm, while lower or
higher stirring rates resulted in the mixtures different morphological forms. This is an
obvious effect of different environments for crystals formation—insufficient contact area at
a low stirring rate (the same environment) or a higher stirring rate (short time of reagent’s
contact) will yield various crystal forms.

Our results proved that the HAp morphology can be easily controlled by changing
the Ca2+ ion concentration, pH, the reaction temperature, and the stirring rate. In this
way, it is possible to obtain hydroxyapatite of different morphologies such as whiskers,
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hexagonal rods, nano-HAp, and more complex forms (e.g., flowers and chrysanthemums).
After careful evaluation and comparison of all the results we can propose the following
range of parameters for obtaining whiskers: concentrations of Ca2+ ions in the range of
0.025–0.05 mol/dm3, reaction time of 5h, pH in the range of 4.0–5.06, temperature of 200 ◦C,
and pressure of 20bar. In the case of other morphological forms of HAp, the permanent
parameters are the reaction time of 5 h, reaction temperature of 200 ◦C, and pressure of
20 bar. Therefore, when keeping the above conditions, hexagonal rods are possible to
prepare at concentrations of Ca2+ ions in the range of 0.1–0.2 mol/dm3 and pH at a low
level of not more than 3.5. When nano-sized HAp particles are desired, it is necessary to
keep the Ca2+ concentration at the low level of 0.05 mol/dm3 and pH in the range of 9–11.

A general conclusion is that comparing to the procedure with orthophosphoric acid as
a phosphorous precursor, the reaction reported here, with dipotassium hydrogen phosphate,
is more effective for controlling the ceramics’ characteristics [44]. We can also conclude that
Ca2+ concentration is one of the most important parameters to be considered, regardless of
the reaction type. Regarding the temperature of the process, in previous study [44,45] only
a high temperature of 200 ◦C led to HAp whiskers, in contrast to the results reported here,
which is another proof that this procedure allows for controlling ceramics’ appearance and
phase composition.

5. Conclusions

In this paper, hydroxyapatite was successfully prepared in the reaction between cal-
cium lactate pentahydrate and dipotassium hydrogen phosphate. HAp whiskers, hexago-
nal rods, and nano particles were obtained under the hydrothermal method. The advantage
of the proposed method is the facile but accurate control of the HAp crystal morphology
in order to produce materials in a desired form, which could be potentially used in the
biomedical field.

The effect of reagent concentrations, reaction time, pH, temperature, pressure, and
stirring rate on HAp morphologies and composition was investigated. The results of the
study showed that the main influences on the morphology are the concentration of Ca2+

and pH. Parameters such as temperature, stirring rate, and pressure have lower impact on
ceramics morphology.

The measurements showed that the optimal reaction parameters for obtaining whiskers
are Ca2+ 0.05 mol/dm3, reaction time 5 h, reaction temperature of 200 ◦C, pressure of 20 bar,
stirring rate of 250 rpm, and pH = 4.5. For hexagonal rods the optimal parameters are Ca2+

0.2 mol/dm3, 5 h, 200 ◦C, 20 bar, 250 rpm, pH = 3.2. For nano HAp the optimal parameters
are Ca2+ 0.05 mol/dm3, 5 h, 200 ◦C, 20 bar, 250 rpm, and pH = 11.0.

This investigation can have a great impact in the development of biomaterials for
orthopedic applications. Our optimized method results in hydroxyapatite of different
forms such as whiskers, hexagonal rods, and nanoparticles that can be used as functional
fillers in composites for medical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13050793/s1, Figure S1: STEM images of products obtained
in hydrothermal synthesis (200 ◦C, 20 bar, 5 h) for (a) whiskers Ca2+ ion concentration 0.05 mol/dm3,
and (b) hexagonal rods Ca2+ ion concentration 0.2 mol/dm3. Table S1: IR bands assignments for
hydroxyapatites under investigation (vw-very weak, w-weak, sh-shoulder) [52,53]. Table S2: Effect
of the synthesis temperature and the pressure on the lattice parameters of the phases present in
the synthesized powders (reaction conditions: Ca2+ 0.05 mol/dm3, 200◦C, 5 h, 250 rpm). Table S3:
Effect of the stirring rate on the lattice parameters of the phases present in the synthesized powders
(reaction conditions: Ca2+ 0.05 mol/dm3, 200 ◦C, 5 h, 20 bar).
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Abstract: An apatite-wollastonite glass ceramic (AWGC) has been recognized as one of the popular
bioactive materials due to its good osteoconductivity and high mechanical properties in the field
of tissue engineering. Various processes have been developed to fabricate AWGCs. Among them,
the sol-gel process is one of the most popular processes. However, sol-gel has the drawbacks of
discontinuous processing and long processing time, making it unsuitable for mass production. This
study demonstrates a successful synthesis of AWGCs using a spray pyrolysis method to overcome
these drawbacks, and the prepared pellets were sintered at temperatures of 700, 800, 900, 1000, and
1100 ◦C for four hours. In addition, X-ray diffraction, scanning electron microscopy, and X-ray energy-
dispersive spectroscopy were used to obtain the phase composition, morphology, and chemical
information of AWGCs. For bioactive measurements, among these AWGC samples, the 1100 ◦C
sintered sample reveals the highest bioactivity. The MTT result indicates that all AWGCs are not
non-toxic to the MC3T3-E1 cells and increase the growth rate of MC3T3-E1 cells.

Keywords: apatite-wollastonite glass ceramic; bioactivity; spray pyrolysis; biocompatibility

1. Introduction

Bioactive ceramics, exhibiting superior osteoconductive properties and having the
ability to direct bonding to bone tissue [1], have been widely used for the fields of dental
implants [2]. The most common materials are bioglass, synthetic hydroxyapatite (HA),
beta-tricalcium phosphate, and apatite-wollastonite glass ceramics (AWGCs). Among these
materials, AWGCs, with the compositions of 4.6 wt% MgO, 44.7 wt% CaO, 34.0 wt% SiO2,
16.2 wt% P2O5, and 0.5 wt% CaF2 and containing the two crystalline phases of apatite and
wollastonite, were invented by Kokubo et al. in 1982 [3]. For clinical applications (e.g., hip
revisions), several problems have been reported for the common synthetic HA [4]. For
example, the phenomena of bone bonding and gap filling have been found nearly one year
after implantation, which suggests the low bioactivity and low osteoconductivity of HA [4];
it takes some time for the patient to start weight bearing after surgery, which implies the
mechanical strength of HA is too weak. Therefore, the main purpose of Kokubo et al. is to
develop novel bioceramic materials with better bioactivity and higher mechanical strength
than the common HA. Furthermore, Kukubo showed that the AWGCs withstand the
bending stress of 65 MPa in the human body environment for over 10 years [5]. In addition,
the synthetic HA often breaks in situ after surgery directly below the iliac crest, whereas
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seldom cases have been observed for AWGCs (97% of the patients are satisfied with the
AWGC-made iliac crest prosthesis) [6]. Therefore, the preparation of high osteoconductive
AWGC materials is urgent and critical for the development of future bioceramic materials.

Due to the importance of AWGC materials, various processes, including the solid-state
method [7,8] and sol-gel [9,10], have been employed to synthesize AWGCs. The conven-
tional melt-quenching method for preparing AWGC was proposed by Kokubo et al. [3],
and the method contains two steps of formation of a glass matrix by melt-quenching and
crystallization of apatite and wollastonite phases by heating treatments; the detailed proce-
dure is provided in the previous study [11]. The major advantage of the solid-state method
is its feasibility for mass production; however, the method involves the disadvantages of
difficulty in maintaining high purity [12], and requiring high treating temperature [13].
So, for solving the above problems, the sol-gel method has been proposed to synthesize
AWGC materials. Initially, since the heat treatment of sol-gel is relatively lower than the
conventional melt-quenching method, it is possible for sol-gel-derived glass ceramics to re-
move the components with the aim of decreasing the melting temperature (e.g., Na2O) [14].
Furthermore, the sol-gel derived materials offer the other advantages of higher purity and
homogenous [13]. Although the sol-gel method is so popular, the sol-gel method has the
drawbacks of discontinuous processing, long processing time (~1–2 days), and unsuitability
for mass production [15]. Spray pyrolysis (SP) has the advantages of high purity, homoge-
nous, and continuous processing [16]; these advantages overcome the disadvantages of
high contamination and non-homogenous for the conventional melt-quenching method
and the disadvantage of non-continuous for the sol-gel method. In addition, to the best of
the authors’ knowledge, a rare study has been conducted to synthesize AWGC materials
using spray pyrolysis. So, the SP method is chosen in this study.

In this study, the spray pyrolyzed AWGC starting powder calcined at 700 ◦C was
manufactured, and then the AWGC sintered samples were synthesized at the sintering
temperatures of 700, 800, 900, 1000, and 1100 ◦C. For characterization, X-ray diffraction
(XRD), scanning electron microscopy (SEM), nitrogen absorption-desorption technique, and
X-ray energy-dispersive spectroscopy (XEDS) were used to analyze the phase compositions,
surface morphologies, specific surface areas, and chemical compositions of both starting
powder and sintered samples. Both techniques of XRD and SEM were used to investigate
the in vitro bioactivities of AWGCs. In addition, the cytotoxicities of MC3T3-E1 cells
for AWGCs were examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). Finally, the microstructure, bioactivity, and cytotoxicity were correlated
with the sintering conditions of spray-pyrolyzed AWGCs.

2. Materials and Methods

2.1. Preparation and Characterization of AWGC Starting Powder

In this experiment, the starting powder of AWGC was synthesized using spray py-
rolysis. Briefly, the AWGC powder was prepared according to Kokubo et al. [3] with the
composition ratio of MgO:CaO:SiO2:P2O5:CaF2 is 4.6:44.7:34.0:16.2:0.5 in weight percent,
respectively. The precursor solution consisted of 11.79 g of tetraethyl orthosilicate (TEOS)
(98.0%, Thermo Scientific, Waltham, MA, USA), 18.82 g of calcium nitrate tetrahydrate
(CNT) (98.5%, Showa, Tokyo, Japan), 2.93 g of magnesium nitrate hexahydrate (MgN)
(99.0%, Acros organics, Geel, Belgium), 4.16 g of triethyl phosphate (TEP) (99.0%, Thermo
scientific, Ward Hill, MA, USA), and 0.05 g of calcium fluoride (CaF2) (99.0%, Sigma Aldrich,
Steinheim, Germany). After mixing all the above precursors (i.e., TEOS, CNT, MgN, TEP,
and CaF2) in 500 mL of deionized water, 20.49 g of glacial acetic acid (98.0%, Echo, Wun-
storfer, Germany) was added as the catalyst, and this precursor solution was stirred for 30
min at 25 ◦C. Next, the homogeneous precursor solution was atomized using an ultrasonic
atomizer (King Ultrasonic, KT-100A, New Taipei, Taiwan) with a vibration frequency of
1.65 MHz to generate droplets. Afterward, the resulting droplets were sprayed into a
tubular quartz furnace (Dengyng, D110, New Taipei, Taiwan) with a length of 1200 mm
and an inner diameter of 30 mm. The furnace was heated using three zones of evaporation
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(250 ◦C), calcination (700 ◦C), and decomposition (350 ◦C). Finally, the starting powder was
collected and dried at 80 ◦C in an oven overnight to remove excess water.

For characterization, the chemical composition of AWGC starting powder was iden-
tified using an X-ray diffractometer (D2 Phaser, Bruker, Karlsruhe, Germany) with the
Cu Kα radiation (λ = 1.5405 Å). The XRD pattern was obtained by scanning the starting
powder through 2θ from 20◦ to 80◦. Next, the field emission scanning electron microscope
(JSM-6500F, JEOL, Tokyo, Japan) equipped with XEDS was employed to observe the surface
morphology and chemical composition of AWGC starting powder. The SEM sample was
prepared by dropping a small amount of AWGC starting powder on the carbon tape and
coated with platinum for 30 s to minimize the charging effect. For the specific surface area
measurement, the AWGC starting powder was measured according to Brunauer-Emmett-
Teller (BET) method using the nitrogen adsorption/desorption analyzer (Novatouch LX2,
Quantachrome, Boynton Beach, FL, USA).

2.2. Fabrication and Characterization of Sintered AWGC Samples

To fabricate the sintered AWGC samples, ~0.12 g of AWGC starting powder was
uniaxially compressed at 60 MPa to form green pellets with ~10 mm diameter and ~2.5 mm
thickness. Next, the prepared pellets were sintered at the temperatures of 700, 800, 900,
1000, and 1100 ◦C with a heating rate of 5 ◦C/min and a sintering time of 4 h in the furnace
(D110, Dengyng, New Taipei, Taiwan).

For crystallographic information, the XRD was utilized to investigate crystalline
structures and crystallite sizes of AWGC sintered samples. The average crystallite sizes (L)
of AWGC samples were estimated using the Scherrer formula as given below:

L =
Kλ

B cos θ
(1)

where L is crystallite size, K is the constant of 0.89, λ is the Cu Kα radiation wavelength
of 1.5405 Å, B is the full-width half maximum (FWHM) of individual XRD peaks, and θ
is the diffraction angle. Furthermore, the morphologies of various sintered AWGC were
characterized by SEM. The bulk densities of sintered AWGC samples were measured
according to Archimedes’s principle with the formula below:

ρ = ρw
Wd

(Wa − Wb)
(2)

where ρ is the density of the samples and ρw is the density of water (1.00 g/cm3). Addi-
tionally, Wd, Wa, and Wb are dry weight, saturated weight, and suspended weight of the
samples, respectively.

For bioactivities, the pellets of AWGC were placed into the containers with 50 mL
of simulated body fluid (SBF) solution and incubated for 21 days at 37 ◦C. In terms of
bioactive properties, the surface deposition of the hydroxyapatite layer on the AWGC was
observed by XRD and FESEM.

Finally, the MTT assay (Gibco, Waltham, MA, USA) was performed to evaluate the
cell viability of all sintered AWGC samples. For the cell viability test, the MC3T3-E1 cells
(American Type Culture Collection no. CRL-2594, Manassas, VA, USA) were cultured
in a polystyrene plate with MEM-α medium (Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Gibco, Waltham, MA, USA) and penicillin-streptomycin
(10.000 U/mL) (Gibco, Waltham, MA, USA) at 37 ◦C in a humidified atmosphere with
5% carbon dioxide. Afterward, the cells were transferred and seeded into 24 well plates
with 2 × 104 cells per well in a volume of 500 μL. Next, the extraction of AWGC sintered
sample and MEM-α medium (5 mg/mL) were added and incubated for 72 h at 37 ◦C in the
incubator with 5% of carbon dioxide. The control group consisted of MC3T3-E1 cells, which
were seeded in 24 well plates without any AWGC sample. After 72 h of incubation, 300 μL
of the MTT solutions were added and kept for 4 h. Then, the supernatants were removed
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and 200 μL of dimethyl sulfoxide (Fisher Chemical, Fair Lawn, NJ, USA) solutions were
added to dissolve the crystal formazan, and the absorbance was determined at 570 nm by
using a microplate reader (Multiskan Go, Thermo Scientific, Waltham, MA, USA).

3. Results

In this study, two steps were required for AWGC fabrication. First, the AWGC starting
powder was prepared using SP, and then the AWGC raw powder was sintered to form
AWGC samples using a furnace. Figure 1 shows the phase composition and particle mor-
phology of as-prepared AWGC starting powder using spray pyrolysis. Initially, Figure 1a
shows the XRD pattern of the as-prepared powder from the spray pyrolysis calcination
at a temperature of 700 ◦C; the pattern suggests that the powder is composed of glass
and crystalline phase. Initially, the bump between the diffraction angles of 20 and 60◦
suggests the existence of an amorphous structure. Then, for the crystalline phase, the
main phase hydroxylapatite (JCPDS number 86-0740) and the minor phase of SiO2 (JCPDS
number 75-1555) have been detected. In the pattern, the hydroxylapatite phase reveals the
crystal planes of (102), (210), (211), (112), (300), (212), (131), and (222) with the diffraction
angles of 26.2, 28.7, 31.9, 40.0, 41.6, 46.8, and 49.1◦, respectively. The minor SiO2 phase
only shows the (101) plane (with a diffraction angle of 22.3◦). The micrograph of the as-
received powder is shown in Figure 1b; from the image, the particles have a particle size of
0.92 ± 0.44 μm. Furthermore, the as-prepared powder exhibits the particle morphology of
a smooth sphere. In addition, the XEDS measurement reveals the starting powder contains
35.00 ± 1.16 mol% Ca, 11.10 ± 0.02 mol% Mg, 10.80 ± 0.53 mol% P, 40.10 ± 2.17 mol%
Si, and 3.00 ± 1.93 mol% F, which is close to the precursor composition (36.23 mol% Ca,
13.70 mol% Mg, 13.74 mol% P, 35.30 mol% Si, and 1.03 mol% F). In short, the XRD and SEM
results suggest that the starting powder has been obtained using spray pyrolysis.

(a) (b)

Figure 1. (a) XRD pattern, and (b) SEM micrograph of as-prepared starting powder using spray pyrolysis.

Figure 2 shows XRD patterns of the specimens sintered at temperatures of 700, 800,
900, 1000, and 1100 ◦C for four hours. These patterns appear as a mixture of glassy and
crystalline phases in all specimens. Firstly, for the 700 ◦C sintered sample, three crystalline
phases of wollastonite (JCPDS number 84-0654), whitlockite (JCPDS number 13-0404), and
hydroxylapatite (JCPDS number 15-0876) have been identified, and the three largest peaks
corresponding to (120) for the wollastonite phase, (300) for the whitlockite phase, and
(112) for the hydroxylapatite phase with the diffraction angles of 30.35, 35.02, and 31.52◦,
respectively. In addition, similar spectra have been obtained for the 800, 900, 1000, and
1100 ◦C sintered specimens. Although all XRD patterns reveal the same phases, the relative
intensities of these three phases change with the increasing sintering temperature. From
Figure 2, it is clear that the main phase of hydroxylapatite is observed in the samples of
phase 700 and 800 ◦C, but the dominant phase changes from hydroxylapatite to wollastonite
in the sintered samples of 900, 1000, and 1100 ◦C.
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Figure 2. XRD patterns of AWGC samples sintered at the temperatures of 700, 800, 900, 1000, and
1100 ◦C for four hours.

Figure 3 shows the SEM micrographs of specimens sintered at temperatures of 700,
800, 900, 1000, and 1100 ◦C for four hours. For the 700 ◦C sintered specimens, (Figure 3a)
most grains have a similar shape and similar shape to a sphere, such as the as-prepared
powder (as shown in Figure 1b). A few grains are connected with a small neck area; this
suggests that the 700 ◦C sintered AWGC sample is in the early stage of sintering. Figure 3b,c
shows that more grains are connected to each other, and their shape changes from sphere
to ellipse, when the sintering temperature increases to 800 ◦C and 900 ◦C; also, there is
no obvious difference in grain size for 800 ◦C and 900 ◦C sintered samples. When the
sintering temperature increases to 1000 ◦C, as shown in Figure 3d, all the grains become
larger, and the pores become smaller; this micrograph suggests that the grain growth
occurs obviously; from the figure, instead of an ellipse shape, all grains exhibit the irregular
shape. A similar microstructure has been detected in the 1100 ◦C sintered AWGC sample in
Figure 3e. Furthermore, the BET data of AWGC sintered at 700, 800, 900, 1000, and 1100 ◦C,
and the corresponding values decreasing along with the increment of sintering temperature
indicate as 25.71 ± 2.09, 23.82 ± 2.01, 15.63 ± 1.05, 10.54 ± 1.01, and 9.13 ± 1.05 m2/g,
respectively, as shown in Table 1. From the data, the specific surface area decreases with
increasing sintering temperatures.

Table 1. Specific surface areas of AWGC samples sintered at temperatures of 700, 800, 900, 1000, and
1100 ◦C for four hours.

Sintering Temperature (◦C) Specific Surface Area (m2/g)

700 25.71± 2.09
800 23.82 ± 2.01
900 15.63 ± 1.05
1000 10.54 ± 1.01
1100 9.13 ± 1.05

Density measurements of the spray pyrolyzed powders sintered at temperatures from
700 ◦C to 1100 ◦C for four hours are presented in Figure 4. According to the Archimedes
method, the average density values and the corresponding standard deviation values of
700, 800, 900, 1000, and 1100 ◦C sintered specimens are 2.01 ± 0.02, 2.35 ± 0.02, 2.62 ± 0.02,
2.81 ± 0.02, and 2.70 ± 0.02 g/cm3, respectively; from the figure, the density of specimens
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increases from 700 ◦C to 1000 ◦C, and the maximum density is obtained at 1000 ◦C. Since
the higher the bulk density (less porosity) the smaller the specific surface area, our density
measurements are in agreement with the data of the specific surface area.

Figure 3. SEM micrographs of AWGC samples sintered at the temperatures of (a) 700, (b) 800, (c) 900,
(d) 1000, and (e) 1100 ◦C for four hours.

Figure 4. The bulk density of AWGC sample sintered at the temperatures of 700, 800, 900, 1000, and
1100 ◦C.
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It is well known that bioactivity is directly related to the formation rates of hydrox-
yapatite crystals in SBF [17]. So, the XRD patterns of various AWGC before and after
immersion (21 days) in SBF are shown in Figures 2 and 5, respectively. Firstly, for the
immersed 700 ◦C sintered sample, the same crystalline phases of wollastonite, whitlock-
ite, and hydroxyapatite, compared to the case of before immersion, have been identified.
Additionally, the immersed 800, 900, 1000, and 1100 ◦C sintered AWGC samples show
similar phase compositions as the cases before immersion. Due to the bioactivities of
AWGC samples, the hydroxyapatite phase becomes the dominant phase in all samples. For
calculation of the hydroxyapatite formation rates, the calculated crystalline sizes for the
before- and after-soaked AWGC samples are shown in Table 2; from the table, it is clear
that all immersed AWGC samples exhibit the larger hydroxylapatite crystal than that of the
before-immersed AWGC samples, which indicates all samples have the bioactivity. Among
these samples, the 1100 ◦C sintered sample reveals the highest bioactivity (an increase of
25.57% for hydroxylapatite crystal) rather than that (an increase of smaller than 8.50% for
hydroxyapatite crystal) of the other sintered samples.

Figure 5. XRD patterns of AWGC samples sintered at the temperatures of 700, 800, 900, 1000, and
1100 ◦C for four hours after soaking in SBF for 21 days.

Table 2. Average crystallite sizes of apatite in AWGC samples sintered at temperatures of 700, 800,
900, 1000, and 1100 ◦C and soaked in SBF for 0 and 21 days.

Sintering Temperature (◦C)
Average Crystallite Size (nm)

0 Day of Soaking 21 Days of Soaking

700 25.41 ± 0.05 26.01 ± 0.15
800 28.76 ± 0.22 29.27 ± 0.43
900 32.15 ± 0.13 34.83 ± 0.26
1000 35.42 ± 0.14 37.56 ± 1.54
1100 36.79 ± 0.51 46.21 ± 1.62

Figure 6 shows the in vitro bioactivity measurements of various sintered AWGC speci-
mens using SEM. Initially, for the 700 ◦C sintered sample, unlike the unsoaked condition
(see Figure 3a), some small crystallites of ~25.4 nm have been observed on the AWGC

93



Crystals 2023, 13, 1049

surface (see Figure 6a). Additionally, similar crystallites have been obtained for the 800 ◦C
sintered specimens from the SEM images, as shown in Figure 6b. In addition, the SEM
images of the 900, 1000, and 1100 ◦C samples show the needle-like structures in Figure 6c–e,
respectively; from the figures, the density and size of needle-like crystals increase with the
increasing sintering temperature.

Figure 6. SEM images of AWGC samples sintered at the temperatures of (a) 700, (b) 800, (c) 900,
(d) 1000, and (e) 1100 ◦C after being soaked in SBF for 21 days.

The results of a study on the effects of sintering temperature on the biocompatibility
of AWGC powders with MC3T3-E1 cells are presented in Figure 7. The statistical analysis
shows that all sintered AWGC samples are significant differences (* p < 0.05) between the
control sample. Initially, the cell viability of the 700 ◦C sintered sample was measured
as 58.1 ± 2.9%, which is slightly lower than the standard level of 70% (ISO 10993-5) [18],
which, hence, is considered toxic to MC3T3-E1 cells. Although the 800, 900, 1000, and
1100 ◦C sintered samples still show a significant difference, their cell viability is much
higher than 70%, which indicates that these samples are not non-toxic to the MC3T3-E1
cells and increase the growth rate of MC3T3-E1 cells.
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Figure 7. Cell viability test of AWGC samples sintered at the temperatures of 700, 800, 900, 1000, and
1100 ◦C for 72 h (* presents the statistical differences with respect to control, n = 3 and p < 0.05).

4. Discussion

The starting powder of AWGC exhibits the small crystallinity of hydroxylapatite and
SiO2 phases, according to the result of XRD as shown in Figure 1a. Since the crystallinity of
our starting powder is weaker than that of AWGC prepared by Kitsugi et al. [19], and the
main reason is that the short calcination time of spray pyrolysis (~10 s) at the temperature
of 700 ◦C [20], and AWGCs may not have enough time for crystal growth. For the SEM
analysis (see Figure 1b), the starting powder has an average particle size of 0.92 ± 0.44 μm,
and the powder exhibits the two typical shapes of a smooth sphere and rough sphere,
which is similar to our previous spray pyrolysis study of bioglass [21]. Additionally, the
XEDS measurement revealed that the as-prepared powder contained 36.00 ± 1.16 mol%
Ca, 9.73 ± 0.02 mol% Mg, 22.09 ± 0.53 mol% P, 31.10 ± 2.17 mol% Si, and 1.08 ± 0.03 mol%
F, which is close to the precursor composition.

The changes in crystalline sizes and morphologies for various sintered AWGC samples
are discussed. For crystalline size analysis, Table 2 reveals the average crystallite sizes of
apatite in AWGC samples sintered at temperatures of 700, 800, 900, 1000, and 1100 ◦C and
soaked in SBF for 0 and 21 days. First, for the un-immersed samples, the crystalline size
increases with increasing sintering temperature (25.4 nm for the 700 ◦C case and 36.8 nm
for the 1100 ◦C case). A higher sintering temperature provides more energy for grain
boundary movement to increase grain size for larger crystalline sizes. Second, after 21 days’
immersion in SBF, all samples show a larger crystalline size, which suggests that SBF
induces the grain growth of apatite in all AWGC samples for the bioactivities. Furthermore,
from our SEM images, rare needle-like apatite crystals from the un-immersed AWGC
samples (see Figure 3), but more needle-like apatite crystals have been observed for the
21-day-immersed AWGC samples (see Figure 6). So, the SEM data are in agreement with
the XRD patterns. Furthermore, the description of the wollastonite and whitlockite phases is
shown below. For the wollastonite phase, with the composition of 4.6 wt% MgO, 44.7 wt%
CaO, 34.0 wt% SiO2, 16.2 wt% P2O5, and 0.5 wt% CaF2, the wollastonite precipitated
homogeneously in the AWGC sample at the temperature of 870 ◦C [22]. In addition, for
the whitlockite phase, under sintering conditions, the magnesium ions might react with
phosphate ions generated during the breakdown of precursor chemicals. This interaction
between magnesium and phosphate species results in the formation of whitlockite. It is
worth noting that this reaction incorporates magnesium ions into the apatite structure for
the whitlockite phase [23].

In addition, for the morphology, when the sintering temperature increases from 700 to
1000 ◦C, more energy is provided for the AWGC samples for sample densification, which
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results in the increase of bulk density (decreasing porosity). At 700 ◦C, most of the grains
of AWGC have point contact with the neighboring grains, and therefore the existence of a
lot of irregular pores results in the low density of AWGC. When the sintering temperature
increases, AWGC grains receive more energy for grain growth, the point contacts of AWGC
grains change to area contacts, and then their pore size decreases. Furthermore, a portion of
the nanostructure decreases with increasing sintering temperature. In addition, the driving
force for sintering in this study is the reduction of the surface free energy of the AWGC
sample. The reduction in energy is accomplished by atom diffusion processes that lead to
either “densification”, by transporting matter from the grains into the pores, or “coarsening”
of the microstructure, by rearrangement of matter between the particle surfaces without
a decrease in the pore volume [24]. The decrease in the specific surface area for AWGC
samples is mainly contributed by the densification that AWGC grains transport matters
into the pores for the pore size decrease. However, the density of 1100 ◦C is lower than that
of 1000 ◦C. The possible reason is that the intragranular porosity is increased. When the
crystal growth rate is very high, pores may be left behind by rapidly moving boundaries.
So, the pores are trapped inside the grains to induce discontinuous grain growth for lower
bulk density [25].

For the cytotoxicity, the MTT assay shown in Figure 7 indicates that the specimen
calcined at 700 ◦C exhibits toxicity against osteoblastic cells, whereas the 800, 900, 1000,
and 1100 ◦C sintered AWGC samples were not. According to previous studies, the main
factors, including phase compositions [26] and specific surface area [27], play a critical role
in the cytotoxicity of bioceramics. Initially, let’s consider the factor of phase composition;
according to the XRD data (see Figure 2), all sintered AWGC samples exhibit the three main
phases of wollastonite, whitlockite, and hydroxyapatite, which shows no obvious existence
of a toxic phase to induce the lower level of 58.1% for the MTT assay. So, the result
indicates the phase composition does not influence the cytotoxicity in this study. On the
other hand, the toxic sample of 700 ◦C sintered AWGC sample has a higher proportion
of nanostructures than the other AWGC samples, as shown in Figure 3, and this sample
exhibits the highest specific surface area of 25.71 m2/g (see Table 1). Therefore, this
nanostructure may inhibit the mineralization of osteoblast culture [27] and impact cell
adhesion and proliferation [28]. In addition, the relationship between specific surface area
and cytotoxicity has been revealed in Figure 8. The specific surface areas of 9.13, 10.54,
15.63, 23.82, and 25.71 m2/g are corresponding to the MTT value of 307.68, 264.70, 253.89,
172.47, and 58.14%, respectively. The result reveals that AWGC samples with a lower
specific surface area give a higher MTT value (lower cytotoxicity).

Figure 8. Correlation between specific surface area and cell viability of AWGC samples sintered at
the temperatures of 700, 800, 900, 1000, and 1100 ◦C.
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5. Conclusions

In this study, various sintered AWGC samples were successfully prepared from the
spray polysized raw powder. The morphologies and specific surface areas were examined
by SEM and BET revealing porous structure. With the increasing sintering temperature,
crystal growth decreases the porosities of AWGC samples for the lower value of the specific
surface area, and the lower specific surface area results in high cell viability. Furthermore, all
AWGC samples show good bioactivities from our XRD and SEM observations. In summary,
the AWGC samples are considered promising bioceramic materials for orthopedic purposes.
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Abstract: Nanoscale metal–organic frameworks (nMOFs) have gained increasingly more attention as
attractive support materials in the immobilization and delivery of proteins for disease theranostics
in recent years owing to their various advantages, such as large specific surface areas, well-ordered
pore structures, aperture channel distributions, and ease of functionalization. Here, we present an
overview of recent progress in nMOF–protein composites for disease theranostics. First, advantages
and construction strategies of nMOF–protein composites as drug carriers are introduced. Then,
therapeutic modalities and theranostic nanosystems based on nMOF–protein composites are reviewed.
Next, we pay specific attention to their biosafety, biodistribution, and excretion in vivo. Finally, the
challenges and limitations of nMOF–protein composites for biomedical applications are discussed,
along with future perspectives in the field.

Keywords: nanoscale metal–organic frameworks; protein; theranostics

1. Introduction

Proteins are composed of amino acid sequences with a delicate spatial structure, which
determine various biological functions. Protein biomolecules are not only important com-
ponents of cells, but are also involved in various cellular processes and body metabolism.
Specifically, many diseases are induced by the changes in intracellular or extracellular
protein molecules, signifying an enormous opportunity for protein therapeutics [1]. Ther-
apeutic proteins have attracted extensive attention in the pharmaceutical industry due
to their high specificity and applicability in a broad range of diseases such as infectious
diseases, chronic inflammatory diseases, cancers, metabolic disorders, autoimmune dis-
eases, and cardiovascular diseases [2,3]. Protein drugs possess many advantages, among
which the most significant are the high bioactivity and specificity when compared to small-
molecule drugs. Unfortunately, the structural flexibility and susceptibility to environmental
stressors related to protein instability not only lead to decreased bioactivity, but may also
potentially elicit undesired immunological responses, hindering the increasing use of thera-
peutic proteins [4,5]. Therefore, it is particularly important to ensure the stability of protein
drugs during production, during transportation, and before reaching the lesion location.
In order to overcome these limitations, researchers have been focusing on developing
nanocarriers, including liposomes, polypeptide inorganic nanoparticles, polymers, etc., to
selectively deliver proteins to lesion locations [6,7].

Porous materials such as mesoporous silica, organic microparticles, sol–gel matrices,
and hydrogels, which possess void volume and a large surface area, are competitive
candidates for protein drug encapsulation and, thus, have attracted much interest in
recent years [8]. Mesoporous silica has attracted much attention due to its large surface
area and pore volume. Notwithstanding, the challenges of reasonable structure design,
leakage of protein from the mesoporous channel, and surface charges that promote protein
denaturation or reduction in protein loading limit the application of mesoporous silica as
a protein carrier [9–11]. Sol–gel matrices are intrinsically porous and can prevent protein
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leakage because of entrapment. However, protein immobilization takes place during sol–
gel synthesis, which may cause protein molecule denaturation. Moreover, the entry of
macromolecular proteins into pores is limited by size mismatch [12,13]. Existing organic
microparticles for protein encapsulation are mainly polycation materials which load protein
molecules via electrostatic interactions. The hematotoxicity and cytotoxicity of cationic
materials limit their application in protein delivery [14,15]. Therefore, it is still very urgent
to find new protein drug carriers.

MOFs have drawn much attention due to their unique properties (Figure 1) among
nanocarriers. MOFs are a kind of material composed of metal-containing nodes connected
via organic ligands, obtaining three-dimensional frameworks with high porosity in the
form of, for instance, cavities, channels, and pores [16,17]. MOFs have become highly
promising materials in a range of fields including catalysis, environment, energy, and
life sciences due to their outstanding features [18]. In the past decades, the research on
MOFs has grown exponentially; a great number of MOFs with various structures have been
reported and have gained a great deal of attention in drug delivery [19–21]. The potential
variation of metal ions and organic ligands and possible postsynthesis modifications endow
MOFs with diversified structures and allow researchers to synthesize multifunctional MOFs
with a determined shape and size for a particular application [22,23]. Specifically, due to
their low biotoxicity and good biocompatibility, as well as their potential to be efficiently
internalized by cells, some MOFs have been developed as protein drug delivery vehicles for
the theranostics of various diseases, such as cancers and diabetes [24]. These advantages of
MOFs make them promising candidates for protein delivery applications in theranostics of
different diseases. This paper reviews the vital advances in MOF–protein composites; a
large amount of research concerning MOF-based materials as protein drug delivery systems
for the treatment of different diseases has been summarized in this comprehensive review.

Figure 1. The properties and advantages of MOFs.

2. Construction of nMOF–Protein Composites

MOF–biomolecule composites have been widely applied in bio-related fields, such
as biocatalysis, imaging, biosensing, drug delivery, and gene-based therapeutics, because
they possess the versatile functionalities of biomolecules, such as nucleic acids, peptides,
and proteins [25,26]. Notably, the combination of proteins with MOFs preserves and even
enhances the bioactivity of proteins, which has promising prospects in biosensing, catalysis,
and protein therapeutics. Proteins’ large size and sensitive structure make it a challenge to
combine them with MOFs or even encapsulate them into MOFs, which is different from
small biomolecules. Special strategies are needed to prepare the MOF–protein compos-
ites [27]. Due to the presence of numerous functional groups on the surface of the protein
molecules, it is relatively easy to combine them with MOFs via covalent bonds or weak in-
teractions, for instance, π–π interactions, hydrogen bonding, and hydrophobic/hydrophilic
interactions [28,29]. These synthesis strategies can be divided into four categories: sur-
face attachment, pore entrapment, covalent linkage, and coprecipitation (Figure 2) [30,31].
Attaching proteins to the surface of MOFs (surface attachment and covalent linkage) is a
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straightforward and general method to combine MOFs with proteins, owing to having
no special requirements for the composition and internal structure. This method allows
MOFs to be presynthesized, which allows synthetic conditions to be outside those of the
denaturation ranges of the target protein. Furthermore, the method can preserve the origi-
nal structure and function of the protein to the greatest extent via immobilizing protein
molecules onto the surface of MOFs by weak interactions (i.e., surface attachment) or
covalent bonds (i.e., covalent linkage) [32,33].

Figure 2. Synthesis strategies of nMOF–protein composites.

Pore entrapment is a vital strategy and has the following advantages in protein delivery
by using MOFs with mesoporous cavities [34]: (1) Protein molecules can be physically
adsorbed into the cavity instead of adhering to the MOF surface, which helps to reduce
protein drug leakage and improve stability in vivo. Physical adsorption of the protein
into the pore cavity provides an additional protective layer because substances that cause
protein denaturation have to be able to diffuse through the pore channels to access the
protein. (2) A high protein loading because of the enhanced pore volume and void space
when compared with microporous MOFs. (3) The pore size of the frameworks can provide
size selectivity for specific substrates, which is difficult to achieve with surface immobilized
proteins (i.e., enzymes).

Proteins also can be covalently anchored on the surface of MOFs, which is typi-
cally achieved by the free amino groups on the proteins or MOF surface forming pep-
tide bonds with carboxylate groups on the MOFs or enzyme surface, respectively [35].
The linkage is commonly conducted by carboxylate activating catalytic agents, such as
N,N′-dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC). In order to meet the requirements of in vivo application, by-products must be
removed after the reaction. Amidation and subsequent treatment may lead to partial
inactivation of proteins. Moreover, chemical derivatives that cannot be removed may cause
serious adverse reactions. These are the shortcomings of surface chemical bonding when
compared to other methods.

Coprecipitation is an important method for protein coating using MOFs. In this
strategy, the most commonly used protein coating MOF material is a zeolitic imidazolate
framework (ZIF) [36–38]. Proteins can be coated in situ during the synthetic process via
producing defects in the ZIF crystals. The strategy allows for the inclusion of a guest
protein molecule, whose size is larger than the pore openings of the MOFs, which acts as a
protective coating. As such, the MOFs can prevent the leakage of protein molecules from
the pores and also protect the proteins from being degraded by digestive enzymes.

3. nMOF–Protein Composites for Diseases Theranostics

3.1. nMOF–Enzymes

In human history, we have always learned from nature to solve complex problems,
such as self-healing, solar energy harvesting, aerodynamics, and catalysis. Enzymes, na-
ture’s catalysts, are one class of biomacromolecules of interest from a biomimetic standpoint.
Regulating the amount of enzymes in cells or tissues by biological methods is an important
means for the treatment of some diseases due to their efficient catalytic ability [39–43]. In
addition, we can also cure a disease by delivering enzymes to tissues or cells. However,
the strategy is limited in application owing to the fact that most enzymes in organisms
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are proteins, which are easily degraded by protease and easy to deactivate in vivo. On the
other hand, the lack of long-term storage stability also limits their application in pharmacy.
Immobilization can lead to increased enzyme handling, stability, and recoverability, which
in turn reduce costs. As mentioned above, existing protein encapsulation methods have
enormous challenges in application, and the immobilization of enzymes also has similar
problems. Therefore, it is still urgent to develop enzyme carriers which can prevent enzyme
degradation and denaturation.

MOFs offer many outstanding properties that have received a lot of attention in
enzyme immobilization and delivery. The structures of MOFs are highly tunable, such
as their surface area, and their pore size, volume, and shape can be optimized for the
encapsulation and/or immobilization of specific enzymes [44,45]. Moreover, MOFs can
be reasonably designed to be robust under harsh thermal, physiological, and chemical
conditions, which is vital for immobilization and subsequent protection of enzymes under
challenging catalytic conditions [46,47]. Lastly, different targeted ligands can be modified
on the surface of MOFs, and this is of great significance for targeted therapy.

The therapeutic effect of traditional chemodynamic therapy (CDT) agents is severely
limited by glutathione (GSH) overexpression and the weakly acidic pH in the tumor
microenvironment (TME) [48,49]. To combat this challenge, Zhao et al. [50] developed a
fusiform-like copper(II)-based tetrakis (4-carboxy phenyl) porphyrin (TCPP) nanoscale
MOF (Figure 3). In order to construct the intelligent anti-tumor nMOFs, firstly, glucose
oxidase (GOD) was linked to the surface of PCN-224(Cu) MOFs by an amide bond via
EDC catalysis. The reaction product (PCN-224(Cu)-GOD) was then coated with MnO2 after
purification. Thus, PCN-224(Cu)-GOD@MnO2 was obtained. The MnO2 layer prevented
the damage of GOD in PCN-224(Cu)-GOD@MnO2 to normal cells and also increased the
O2 content by decomposition of MnO2 in the TME. Meanwhile, the generated O2 promoted
the oxidizing reaction of Glu via the enzyme catalysis of conjugated GOD of PCN-224(Cu)-
GOD, which elevated the H2O2 concentration in the tumor cells. Moreover, the depletion
of GSH in the TME could reduce the Cu2+ in PCN-224(Cu) into Cu+, and the combination
of Cu+ and H2O2 generated ·OH due to a Fenton-like reaction. Additionally, 1O2 could
be produced by the Russell mechanism via the combination of Cu+, O2, and H2O. In vivo
fluorescence and MRI confirmed the rapid accumulation of PCN-224(Cu)-GOD@MnO2
nMOFs in tumor sites. Cell and in vivo experiments showed the good biosafety and
antitumor effect of the nMOFs via the combination of CDT and starvation, which was
consistent with the hypothesis of the researchers.

 

Figure 3. Schematic illustration of the main synthesis procedures and antitumor mechanism of PCN-
224(Cu)-GOD@MnO2 nMOFs. Reproduced from [50], copyright 2020 American Chemical Society.
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Multidrug resistance (MDR) is a primary reason for poor chemotherapy outcomes in
both clinical and experimental trails [51]. In order to overcome MDR in chemotherapy, a
similar study was conducted by Xu et al. [52]. Their group designed a Cu2+-based metal–
organic framework (COF) and employed it as a carrier to deliver glucose oxidase (GOx)
and doxorubicin (Dox) (COF/GOx/Dox) to treat MDR lung cancers. They expected the
GOx to catalyze glucose and produce H2O2. Meanwhile, the Cu2+ of COF/GOx/Dox
can react with GSH and then be reduced into Cu+, which would result in GSH depletion.
Afterwards, the produced Cu+ and H2O2 generate ROS to damage the redox equilibrium of
cancer cells via a Fenton reaction. They attempted to integrate starvation and chemokinetic
therapy organically to overcome MDR. In the experiments, they firstly synthesized the
COF via a facile one-pot approach. GOx and Dox were then encapsulated into COF via
incubation. COF/GOx/Dox nanoparticles were obtained after centrifugal purification.
They used the optimal charge ratios to finally obtain a loading content of 13.6% to Dox and
3.38% to GOx. The TEM images of COF/GOx/Dox revealed that the nanoparticles were
spherical with a size of around 80 nm. The H2O2 generation capacity of COF/GOx/Dox
was confirmed by incubating it with different concentrations of glucose; the concentration
of H2O2 increased with the introduction of glucose in a positive dependent manner. The
gluconic acid produced from the GOx-mediated glucose catalysis reduced the pH of the
incubation solution and the results also demonstrated that the COF was an excellent carrier
of GOx. The anticancer profile of the COF/GOx/Dox was explored and the results showed
it had good anticancer properties in vitro and in vivo.

3.2. nMOF–Antibody

nMOFs have provided an effective platform for macromolecule loading, drug en-
capsulation, photodynamic therapy, and other biomedical applications. nMOFs are ex-
cellent radiosensitizers for radiotherapy–radiodynamic therapy (RT-RDT) [53,54]. In or-
der to augment nMOF-mediated RT-RDT, Ni et al. [55] developed a kind of nMOF to
co-deliver anti-CD47 antibodies (αCD47) and TLR-7 agonists (imiquimod, IMD) to mod-
ulate macrophages and orchestrate cancer immunotherapy (Figure 4). They synthesized
IMD@Hf-DBP/αCD47 (DBP = 5,15-di(pbenzoato)porphyrin) via sequential Hf-DBP sur-
face modification, IMD loading, and αCD47 adsorption. The addition of αCD47 to a PBS
suspension of IMD@HfDBP with vortexing afforded IMD@Hf-DBP/αCD47 with 7.5 wt%
αCD47 loading. Further studies indicated that IMD@Hf-DBP/αCD47 activates innate
immunity to orchestrate adaptive immunity and effectively modulates the immunosuppres-
sive tumor microenvironment when synergized with an anti-PD-L1 immune checkpoint
inhibitor, leading to complete eradication of both primary and distant tumors in a bilateral
colorectal tumor model. Herein, nMOFs provide a splendid platform to co-deliver multiple
immunoadjuvants for macrophage therapy to induce systematic immune responses and
excellent antitumor effects.

Cherkasov et al. [56] engineered antibody-directed nMOFs which were capable of
specific targeting and killing of cancer cells in vitro. They firstly synthesized Fe3O4 nanopar-
ticles with a general method. Then, the growth of the MIL-100 shell on the surface of the
previously obtained Fe3O4 nanoparticles was initiated. Next, the nMOF (Fe3O4@MIL-
100(Fe)) was capped with carboxymethyl-dextran and doxorubicin was loaded via incuba-
tion with Fe3O4@MIL-100. Anti-HER2/neu antibodies were conjugated with the nMOF via
an amide reaction. They studied the specificity of immobilized antibodies for cell targeting
via performing imaging flow cytometry on HER2/neu-positive BT-474 and SK-BR-3 cells,
using CHO HER2/neu-negative cells as a negative control. The results demonstrated the
trastuzumab-guided selective targeting and killing of HER2/neu-positive breast cancer
cells in vitro. This approach expands the scope of nMOF applications and shows promise
for the development of potent theranostic nanoagents.
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Figure 4. Schematic figure showing repolarization of M2 to M1 macrophages and promotion of
phagocytosis by blocking the “don’t eat me” signal on tumor cells by IMD@Hf-DBP/αCD47 plus
X-ray radiation. This macrophage therapy synergized with αPDL1 CBI to systemically eradicate
tumors. Reproduced from [56], copyright 2020 American Chemical Society.

3.3. nMOF–Insulin

Millions of people suffer from diabetes worldwide, and the number of diagnoses
continues to increase annually. This metabolic disease leads to chronic organ injury, and
in some cases, death. Diabetes induces excessive glucose contents in the bloodstream of
affected individuals, which is the direct reason for many complications in diabetes [57].
Under normal physiological conditions, the pancreas regulates the concentration of glucose
in blood plasma by producing insulin. At present, direct insulin injections remain the
only effectual treatment for insulin-resistant patients, although several therapies have
been designed to treat type I (T1DM) and type II (T2DM) diabetes mellitus [58]. The
oral route can imitate the dynamics of endogenous insulin, which is concentrated in the
liver via the portal vein. Additionally, insulin in the liver can facilitate the storage of
glycogen and reduce blood glucose, while subcutaneous injection of insulin fails to satisfy
these requirements [59–61]. Therefore, the development of an oral insulin preparation is
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necessary to reduce the inconvenience and pain inflicted on patients due to routine insulin
subcutaneous injections.

The instability of insulin caused by proteolytic enzymes in the gastrointestinal tract
has hindered the development an oral insulin delivery agent [62]. In the gastrointestinal
tract, the disulfide bonds in insulin are first cleaved by gastric acid, which induces its denat-
uration. Unfolded chains of the denatured insulin are then broken into short multipeptide
segments by pepsin. All these factors lead to unsuccessful transport of insulin across the
intestinal epithelium into the bloodstream. Thus, an acid-stable, highly porous material
may protect insulin from degradation and exhibit a high insulin loading capacity. Chen
et al. [63] published one of the earliest insulin encapsulation strategies via using an MOF
(Figure 5). They immobilized insulin in a crystalline mesoporous MOF, NU-1000, and a
high loading of ~40 wt% was obtained in only 30 min. They found the acid-stable MOF
capsules could effectively protect insulin from degradation in the presence of stomach acid
and the digestive enzyme, pepsin. Furthermore, the loaded insulin can be released from
NU-1000 under simulated physiological conditions.

Figure 5. Schematic representation of (a) encapsulation of insulin in the mesopores of NU-1000 and
exclusion of pepsin from the MOF framework and (b) exposure of free insulin and insulin@NU-1000
to stomach acid. Free insulin denatures in stomach acid and is digested by pepsin. Insulin@NU-1000
releases insulin when exposed to a PBS solution. Insulin@NU-1000 withstands exposure to gastric
acid and stomach acid and releases encapsulated insulin in PBS. Reproduced from [63], copyright
2018 American Chemical Society.

In order to overcome barriers such as insulin degradation in the gastrointestinal envi-
ronment and low permeation across the intestinal epithelium, Zhou et al. [64] developed a
novel biodegradable nanocomposite microsphere embedded with nMOFs. Their team first
synthesized an iron-based nMOF (MIL-100) as a carrier with an insulin loading capacity of
35%. To promote the insulin permeation across the intestinal epithelium, the insulin-loaded
MIL-100 nanoparticles were then modified with sodium dodecyl sulfate (Ins@MIL100/SDS).
Lastly, Ins@MIL100/SDS nanoparticles were embedded into a biodegradable microsphere
to construct the nanocomposite delivery system (Ins@MIL100/SDS@MS) to improve the
resistance to the gastric acid environment. They investigated the release profiles of the
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insulin-loaded nMOFs at physiologically relevant pHs via fluorescence methods. The re-
sults demonstrated that the microspheres could release insulin-loaded nMOFs in simulated
intestinal fluid and effectively protect the nMOFs from rapid degradation under acidic con-
ditions. Intestinal absorption of the insulin was further detected, and they found increased
intestinal absorption of the insulin in the oral administration of Ins@MIL100/SDS@MS to
BALB/c nude mice compared to the oral administration of free insulin or Ins@MIL100/SDS.
Apparently increased plasma insulin levels were observed for over 6 h after oral adminis-
tration of Ins@MIL100/SDS@MS to diabetic rats, resulting in a remarkably enhanced effect
in lowering blood glucose levels with a relative pharmacological availability of 7.8%. The
study shows the great application prospect of MOFs in oral protein delivery.

4. Biosafety, Biodistribution, and Excretion

4.1. Biosafety

Biosafety issues hinder the biomedical application of many nanomaterials and have
attracted particular attention. Although many nanomaterials, such as graphene oxides
and gold nanoparticles, have showed superior properties in drug delivery, their potential
long-term cytotoxicity brings a lot of challenges to clinical translation [65]. MOFs are
formed from metal ions and organic ligands through simple coordination, which makes the
synthesis of MOFs easier compared to other nanomaterials. Many toxic substances derived
from the complex synthesis process, such as organic solvents and toxic reaction by-products,
are avoided in the synthesis of MOFs [66]. Therefore, MOF–protein composites have certain
advantages in clinical application. On the other hand, metal ions (e.g., Fe3+, Mn2+, and
Zn2+) are important nutrient elements and show minimal acute toxicity and long-term
toxicity. For instance, Singamaneni et al. [31] reported a facile approach using a nanoporous
material, zeolitic imidazolate framework-8 (ZIF-8), as a carrier for preserving the prototypic
protein therapeutic insulin. In order to evaluate the biocompatibility of insulin-embedded
ZIF-8, they sacrificed mice treated with ZIF-8-encapsulated insulin and PBS 5 d after insulin
administration for histological analysis. The hematoxylin and eosin (HE)-stained images of
major organs in the two groups showed similar structures. No apparent histopathological
abnormalities or lesions were observed in the heart, liver, spleen, lung, or kidney. In
addition, there was no weight loss in either group after 5 d od administration. The results
demonstrated the excellent biocompatibility of insulin-embedded ZIF-8. Considering
repeated drug administration, as is the case with insulin, the feasibility of removing
dissolved ZIF-8 residues was tested. The ZIF-8-encapsulated insulin was first released by
adding EDTA and then filtered to remove any ZIF-8 byproduct by centrifugation through a
3 kDa filter. After washing three times, HPLC mass spectrometry analyses showed that
more than 99% of 2-methylimidazole can be removed. The purification step mitigates the
toxicity concern and the results further proved ZIF-8 as a safe carrier of insulin.

Zhang’s team [52] reported a glucose-oxidase-loaded, Cu2+-based metal–organic
framework (COF/GOx/Dox) for glutathione depletion/reactive oxygen species elevation
enhanced chemotherapy in 2021. The effective anticancer performance of COF/GOx/Dox
was proven in vivo. They conducted a biosafety assay to confirm the biocompatibility of
COF/GOx/Dox. The liver function of the mice was evaluated via testing alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) levels
after treatment. The liver function of the mice was also assessed via testing creatinine
(CREA), uric acid (UA), and blood urea nitrogen (BUN). No significant differences were
found between control and COF/GOx/Dox groups, which suggested the high biocom-
patibility of the formulation. HE staining of major organs also revealed similar results.
Although most of the data reported by previous researchers confirm the biocompatibility
of MOF–protein composites, it is still difficult to conclude the biosafety of MOF–protein
composites without strict toxicology research performed in a standard GLP lab.
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4.2. Biodistribution

In order to obtain better therapeutic effects and reduce nMOF–protein composite aggre-
gation in non-focal sites, researchers have designed many nMOF–protein composites with
tissue selectivity, especially for cancer theranostics. On the one hand, nano MOF–protein
composites can be selectively enriched in tumors through the EPR effect. On the other
hand, targeted ligand modification on the surface endows nano MOF–protein composites
with active targeting tumor capabilities. Biodistribution is an important parameter to assess
the therapeutic index and targeted effects of nanosystems. Yang’s team [50] designed
fusiform-like copper(II)-based MOFs (PCN-224(Cu)-GOD@MnO2) for synergetic cancer
therapy and achieved remarkable antitumor efficacy in U14 tumor-bearing Kunming mice.
They examined the biodistribution of tetrakis (4-carboxyphenyl) porphyrin-labeled PCN-
224(Cu)-GOD@MnO2 nMOFs via an in vivo fluorescence imaging system using cervical
cancer cell (U14) tumor-bearing Kunming mice. Gradual accumulation of the nMOFs in
tumor areas was found, reaching a maximum after 4 h of intravenous injection. They
speculated that the enhanced permeability and retention (EPR) effect induced the accumu-
lation of nMOFs. Such a passive targeting effect has also been observed for many other
nMOF-based drug delivery systems. The effect is highly influenced by particle size and
cancer type. However, a recent report has questioned the EPR effect due to its low tumor
targeting efficiency. Additionally, the fluorescence signal continually decayed in the tumor,
and the regions of the liver and kidney emitted strong fluorescence with prolonged time,
which suggested the nanocomposites are mainly metabolized by the liver and kidneys. This
phenomenon is also common in other nano drugs, which may cause hepatorenal toxicity.
These studies point the way for later research into nMOFs clinical application and have
spurred more elegant designs to solve the nMOF-based protein delivery problem.

Chen’s team [64] reported a nanocomposite vehicle based on MOF nanoparticle-
incorporated biodegradable microspheres (Ins@MIL100/SDS@MS) for enhanced oral in-
sulin delivery. They detected the insulin distribution via a Maestro In Vivo Imaging System
and CLSM using RhoB-Ins as model insulin after oral administration of the nanocomposites.
Intestinal villi were sectioned and visualized at 4 h post-administration to investigate the
intestinal absorption of insulin. The intestinal villi of the mice orally administered with
Ins@MIL100/SDS@MS showed a higher fluorescence intensity of RhoB-Ins than those
treated with free insulin or Ins@MIL100/SDS nanoparticles, which demonstrated that
the microspheres containing Ins@MIL100/SDS NPs could effectively promote the trans-
portation of the insulin-loaded systems into the intestine and improve their subsequent
permeation across the mucus and epithelium. The biodistribution of RhoB-Ins fluorescence
varied in different organs. Strong fluorescence signals were observed in the liver and
kidneys, while those in the heart, spleen, and lungs were relatively weaker. The stronger
insulin fluorescence in the liver indicated that insulin released from Ins@MIL100/SDS@MS
may initially circulate through the portal veins to the liver, followed by entry into cardiac
tissue. Insulin leads to glucose storage as glycogen in the liver, which is vital for glucose
metabolism in type 1 diabetic patients. Thus, oral insulin delivery systems based on MOF-
NP-incorporated microspheres show great potential for lowering the levels of blood glucose
post-meal. This study suggests that we should pay more attention to the physiological
characteristics of the gastrointestinal tract when designing oral insulin preparations, which
are different from intravenous preparations. The above two studies also suggest that the
design of MOF-based protein delivery systems needs to pay more attention to the purpose
of treatment of different diseases. As the biodistribution results show above, diabetics may
benefit from the aggregation of nMOF-based insulin delivery systems in the liver, but this
is a disadvantage in nMOF-based antitumor drug delivery due to possible hepatotoxicity.

4.3. Excretion

Excretion is a vital index to evaluate the biocompatibility and biosafety of NPs. Ideally,
nMOF–protein composites can be degraded and release drug molecules at the target site,
and the degraded MOF materials can then be excreted by the liver or kidney. Theoreti-
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cally, the clearance of nMOF-based protein delivery systems can be directly studied via
measuring metal concentrations [67]. To achieve high biocompatibility and biosafety, the
nMOFs should be completely cleared from the body within a reasonable period of time.
Typically, renal excretion has an advantage over hepatic clearance due to faster elimination.
The nMOFs should have a suitable size that can pass through the glomerular filtration
membrane to improve the renal clearance rate. For example, Wang et al. [68] developed
renal excretory Fe(III)–GA networks (namely Fe-CPNDs) with a 5.3 nm diameter, which
could be rapidly excreted by the kidney in the body of tumor-bearing mice after tail vein
injection, with a blood elimination half-life (t1/2β) of 5.5 ± 1.9 h. Meanwhile, notable tumor
suppression was observed after photothermal therapy under 808 nm NIR laser irradiation.

However, although such ultra-small-sized nanoparticles (<6 nm) benefit from rapid
renal excretion, a weakened EPR effect for tumor accumulation was reported [69]. In order
to balance the therapeutic requirements and the biosafety concerns for clearance, Chen
et al. [70] designed a multifunctional MOF-based nanoplatform (FeAP-NPs) synthesized
by using ACN, Fe3+, and PLG-g-mPEG, which had a particle size of 65 nm for selective
enrichment in MCF-7-bearing nude mice. In order to reduce accumulation of the nanoplat-
form in the liver because of high reticuloendothelial system (RES) retention, deferoxamine
mesylate (DFO, a strong chelator of iron) was used to dynamically disassemble FeAP-NPs
in vivo. The results showed the Fe content was markedly increased in the kidney, while
it was significantly decreased in the liver upon injection of DFO, which switched the NP
elimination pathway from hepatic excretion to renal excretion. The study provides a gen-
eral solution to enhance the in vivo clearance of nMOF-based protein delivery systems to
combat their potential toxicity. In addition to mechanical barriers, electrical barriers of
glomerular filtration membranes also affect the excretion of nMOFs [71,72]. In general,
neutral and positively charged particles are more likely to pass through the glomerular
filtration membrane than negatively charged particles due to the intrinsic electronegativity
of the membrane. Therefore, we believe that developing charge transformation nanosys-
tems is another effective strategy to increase renal clearance to enhance the biosafety of
nMOF-based protein delivery systems in the future.

5. Conclusions and Perspectives

In recent years, nMOFs have been recognized as a class of promising nanomaterials for
the delivery of functional proteins due to their abundant porous framework architectures,
allowing not only high protein loading but also improving the stability of the encapsulated
proteins [70]. nMOF-based protein composites show great potential in the clinical treatment
of different diseases. We summarized some advantages of the MOFs in protein delivery
and general methods for protein encapsulation. The applications of nMOF-based protein
composites in treatment of different diseases were reviewed. The biosafety, biodistribution,
and excretion of nMOF–protein composites were also reviewed. Published works have
demonstrated that MOFs can prevent protein degradation and preserve the bioactivity of
proteins to achieve drug delivery of protein therapeutics in vivo.

Although the relevant reports showed the advantages of nMOFs for enzyme, insulin,
and antibody delivery in cancer and diabetes therapies, we should realize that this area
of research is still in its preliminary stages, and some challenges and deficiencies in their
application remain to be solved. For instance, proteins loaded via surface attachment may
suffer significant leaching under physiological conditions due to the weak noncovalent
interactions between proteins and MOFs, and this method may not protect proteins from
degradation due to direct exposure to the environment [72,73]. Thus, surface attachment
encapsulation via MOFs is not suitable for the delivery of oral protein drugs such as insulin,
which is easily degraded by digestive enzymes in the digestive tract. In addition, targeted
ligands are usually modified on the surface of MOF carriers to achieve targeted therapy,
which inevitably increases the complexity of the synthesis of nMOF–protein composites.
This increases the possibility of protein molecules being destroyed, which may cause
serious side effects in clinical applications [22]. This suggests that we should simplify the
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synthesis process of nMOF–protein composites. Last but not least, in vivo studies on the
degradation mechanism, stability, and side effects of nMOF–protein composites have not
been systematically carried out, and the practical therapeutic effects need to be evaluated
comprehensively. Olesya et al. [73] found a strong correlation between the amount of
escaped cargo from ZIF-8 and the total concentration of amino acids in the environment,
which reminds us that some nMOFs may not be stable in plasma. Finally, we believe that
increasingly more applications of nMOF–protein composites for disease diagnosis will be
discovered in further studies.
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Abstract: Bioceramics are used to repair, rebuild, and replace parts of the human body, e.g., bones,
joints and teeth, in the form of powder, coatings or prostheses. The synthetic hydroxyapatite
[Ca10(PO4)6(OH)2 (HAP)] based on calcium phosphate has been widely used in the medical and
dental areas due to the chemical similarity with the inorganic component of human bone tissue. In this
work, hydroxyapatite nanocrystalline powders were synthesized by the solid-state reaction method
and sintered with a galactomannan and chitosan blend. The bioceramics studied were prepared
from 70%, 80% and 90% of hydroxyapatite with 30%, 20% and 10% of galactomannan and chitosan
blends, respectively. The influence of the blend content on the bioceramics was investigated through
structural, vibrational, thermal, morphological and dielectric characterizations. It was observed that
the increase in the blend percentage promoted an increase in the grain size, which was followed by a
decrease in the density and hardness of the samples. The sample with a higher amount of polymeric
blend also presented a higher dielectric constant and higher losses.

Keywords: hydroxyapatite; galactomannan; chitosan; polymeric blend; bioceramics

1. Introduction

The various pathologies that affect the bone structure, such as osteoporosis and loss
of bone mass, encouraged the search for synthetic materials that facilitate bone repair,
aiming for the rapid restoration of physiological functions [1,2]. Among these materials,
bioceramics are used to repair, rebuild and replace parts of the human body, e.g., bones,
joints, teeth and others, in the form of powder or coatings for prostheses [3,4].

The biomineral phase, based on calcium phosphates, is the main constituent of calcified
tissues (bone, enamel and dentin), which is present in human bone in a composition range
of about 65–70%, whereas the water content is in the range of 5–8% and the organic phase
constitutes the remaining content [5].

Calcium phosphate salts, such as the synthetic hydroxyapatite Ca10(PO4)6(OH)2
(HAP), have been widely used in the orthopedic and dental fields since they have chemical
similarity with the inorganic component of human bone tissue and high stability in the
presence of biological fluids. As a consequence, HAP has osteoconductivity, biocompati-
bility and bioactivity properties, i.e., the ability to form chemical bonds with neighboring
hard tissues after implantation [5–11].

The HAP has been studied in the form of powder and coating, such as nano or
microparticles [12,13], with its synthesis being reported by different wet and dry methods,
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e.g., precipitation in aqueous solutions, sol–gel processes, high-energy grinding, etc. [14–19].
The various techniques used for the synthesis of HAP infer different characteristics that
influence, for example, its orthopedic and dental application [4,9].

In the wet synthesis processes, since aqueous solutions are used, the by-product is
mainly water, producing, generally, nano-sized and homogeneous powders. Moreover,
there is a very low probability of contamination. However, disadvantages, such as the
inherent difficulty in controlling the exact stoichiometric composition of the product and
the long time required to obtain HAP powders, culminate in poor reproducibility and high
processing costs.

In the dry synthesis processes, i.e., processes that do not require solvents, there is
no need for specific controllable conditions, leading to high reproducibility and low cost.
However, the risk of contamination can be increased during the milling process, with most
of the dry processes having difficulty producing nano-sized HAP powders [20–22].

The HAP obtained at low temperatures presents low crystallinity being a fragile
material. At high temperatures (above 900 ◦C), HAP presents good crystallinity and can
produce a more resistant material and is also easy to handle [23].

HAP can be used as a biomaterial and as ion exchangers, adsorbents and catalysts; how-
ever, one of the most effective uses of HAP is as a hybrid material with biopolymers [24,25],
having, as an example, its joint use with collagen, chitosan and chitin, synthesized by
various methods, including precipitation, electrochemical deposition and blending, i.e.,
a biomimetic process with simulation of the biological fluid [26–33]. These biopolymers
end up inferring changes in the properties of HAP, particularly the dielectric, vibrational,
morphological and optical properties [34–36].

In this context, chitosan, a polycationic linear biopolymer, amino derived from the
partial or total deacetylation process of the chitin [37], with a structure formed by the repeti-
tion of N-acetyl-D-glucosamine or 2-acetamido-2-deoxy-D-glucose units in diluted β(1→4)
connections [38], contains numerous advantages, e.g., displaying high biodegradability,
high biocompatibility, chemical inertia and good film-forming properties [39,40].

Galactomannan, a polysaccharide present in the seed endosperm of a variety of legu-
minous plants, consists of linear chains of (1–4) linked β-D-mannopyranosyl residues,
most of which are substituted with (1–6) linked α-D-galactopyranosyl side-chain residues,
with the ratio of mannose to galactose depending on the plant source and the method of
extraction. These compounds have been studied in binary mixtures with other polysaccha-
rides due to their gel formation ability, rheological properties and applicability in several
systems [41–44].

The biopolymers mentioned, once added to the synthesis of HAP, can lead to changes
in its properties. Therefore, in this study, HAP nanocrystalline powders were synthesized
and sintered with a galactomannan and chitosan blend. The influence of the blend on
the bioceramic was investigated through structural, vibrational, thermal, dielectric and
morphological characterizations.

2. Materials and Methods

2.1. Bioceramics Preparation

The sample preparation consisted of six steps: synthesis of hydroxyapatite, galac-
tomannan extraction and solution preparation, chitosan solution preparation, polymeric
blend preparation and, finally, the production of the bioceramics composed of hydroxyap-
atite and the polymeric blend.

The synthesis of HAP was performed by the high-energy method, using stoichiometric
amounts of calcium hydroxide, Ca(OH)2 (Vetec, 97%), and calcium hydrogen phosphate,
CaHPO4 (Aldrich, St. Louis, MO, USA, 99%), according to the chemical reaction presented
in Equation (1):

4Ca(OH)2 + 6CaHPO4 → Ca10(PO4)6(OH)2 + 6H2O (1)
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The starting materials were ground in a Fritsch Pulverisette 6 planetary ball mill.
During grinding, air-sealed stainless steel bowls and balls were used, with a rotation speed
of 370 rpm. To avoid excessive heat, the synthesis was performed in 30 min stages with
10 min pauses, with a total duration of 20 h.

The crude galactomannan was extracted from the seeds of Adenanthera pavonina L. The
endosperms were obtained after heating the seeds in boiling distilled water for 20 min with
enzymatic inactivation, followed by swelling for 12 h. The seed coats were removed and
then the endosperms were separated from the embryo and stored under refrigeration [34].

The galactomannan solution (GP) was obtained by the solubilization of the endosperms
at room temperature in a 0.1% acetic acid solution (pH = 3.0) for 1 h under mechanical
agitation. The solution was centrifuged at 14,560× g (10,000 rpm) for 1 h, and the dry
matter of the suspension was obtained by heating it at 100 ◦C until a constant weight was
reached. The resulting solution was taken to a final concentration of 10 mg/g.

The chitosan solution (CP) was obtained by the solubilization of the chitosan powder
(Sigma/Aldrich, St. Louis, MO, USA,) at room temperature in 0.1% acetic acid solution
(pH = 3.0) for 24 h under mechanical agitation. The solution was centrifuged at 14,560× g
for 1 h, with the resulting solution taken to a final concentration of 5 mg/g.

The polymeric blend of galactomannan and chitosan (GC) was prepared from the
homogenization of GP (10 mg/g) and CP (5 mg/g) solutions, obtained by agitation at room
temperature, centrifuged at 582 g for 20 min and stored under refrigeration until use.

Figure 1 shows the representative flowchart of GC blend preparation and the processes
that preceded it.

Figure 1. Representative flowchart of the extraction of galactomannan and preparation processes of
the GP and CP solutions as well as the synthesis of the GC blend.

Finally, the bioceramics were prepared from 70%, 80% and 90% of HAP nanocrystalline
powder with 30%, 20% and 10% of GC blends, respectively, and categorized as follows:
H70GC30, H80GC20 and H90GC10. The resulting powders were molded into cylindrical
pellets that were 10 mm in diameter and 1 mm in height by cold uniaxial pressing (260 MPa)
in a hydraulic press. The samples were then sintered at 900 ◦C for 5 h at a heating rate of
5 ◦C/min.

Figure 2 shows the representative flowchart of the bioceramics preparation process.
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Figure 2. Representative flowchart of the H70GC30, H80GC20 and H90GC10 bioceramics preparation.

2.2. Bioceramics Characterization

X-ray diffraction (XRD) patterns were determined by a Rigaku DMAXB diffractometer
configured in a Bragg–Brentano geometry with Cu Kα radiation (40 kV and 25 mA). The
analyses were performed at room temperature (27 ◦C) with an angular interval of 10–70◦
(2θ) at a rate of 1◦/min. The XRD patterns were analyzed by the Rietveld refinement
method [45]. The quantitative analysis of the Rietveld refinement was performed using
the BGMN software with the Profex interface [46]. This method consists of minimizing the
sum of squares of the difference between the intensities observed and calculated for each
point of the powder diffraction pattern (Equation (2)).

M = ∑i wi
(

IOBSi − ICALCi

)2 (2)

where M is the minimum residue, IOBSi is the intensity of the experimental diffraction
pattern in the i-point, ICALCi is the intensity of the theoretical diffraction pattern in the
i-point and wi is the weight for each measured point [18]. To evaluate the quality of the
adjustment, quantitative factors that require reliable data are used, and among them, we
can define the standard weight residue, RWP, and the expected residue, Rexp, presented in
Equations (3) and (4).

RWP =

[
∑i wi

(
IOBSi − ICALCi

)2

∑i wi
(

IOBSi

)2

] 1
2

(3)

Rexp =

(
N − P

∑i wi
(

IOBSi

)2

) 1
2

(4)

where N is the total number of observed points and P is the number of fitted parameters.
From the mathematical point of view, the factor with the greatest statistical significance to
be evaluated is the RWP because it depends on the minimum residue M. Another important
factor is S, also called the goodness of fit (Equation (5)), and should be close to 1.0 at the
end of the refinement process.

S =
RWP
Rexp

(5)

The size of the crystallite, LC, can be estimated from the Scherrer formula, presented
in Equation (6), and using the peaks obtained from X-ray diffraction.

LC =
kλ

β cos θ
(6)
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where k is the constant that depends on the morphology and direction of the material net-
work (and is equal to 0.9), λ is the wavelength of X-rays, β is the width at half height of the
diffracted peak (FWHM) and θ is the Bragg angle of the corresponding diffracted peak [47].
The percentage degree of crystallinity (XC) was determined using Equation (7) [48].

XC = 100 × Iexp − Iback

Iexp
(7)

where Iexp refers to the total integrated area of the experimental pattern obtained by
X-ray diffraction and Iback is the integral area of the baseline that corresponds to the
amorphous region.

The Fourier transform infrared (FTIR) spectra of hydroxyapatite and hydroxyapatite
samples with polymeric blends were obtained using KBr, measured in the region between
400 and 4000 cm−1, using the SHIMATZU FTIR-283B spectrometer.

The experimental density was measured by Archimedes’ principle using a pycnometer.
The thermogravimetry (TG) analyses were performed using the SHIMADZU TGA

50H thermal analyzer. The samples were heated in an inert atmosphere of nitrogen gas
at a heating rate of 10 ◦C/min. The differential scanning calorimetry (DSC) studies were
performed in a Shimadzu DSC50 thermal analyzer, with utilization of the same heating rate.

To perform scanning electron microscopy (SEM), the samples were coated with gold
and analyzed in a Phillips XL-30 operating with primary electron groups limited between
12 and 20 KeV. The average grain size was estimated from the obtained micrographs.

To evaluate the hardness of the samples, a SHIMADZU HMV2 microdurometer was
used, and was equipped with a standard Vickers microhardness tester, upon which a load
of 920.7 mN was applied for 20 s. We then performed 10 indentations in each sample, with
10 mm in diameter and 1 mm in thickness. The hardness is the mechanical property used to
know the strength of the material, and it is related to the material’s density and morphology.
The Vickers microhardness tester consists of a pyramidal diamond penetrator that is forced
against the specimen. The Vickers hardness, HV, of each sample was determined according
to Equation (8).

HV =
L

2d2 (8)

where d is the average length of the indentation diagonal, expressed in meters, and L the
indentation load, in Newton [49,50].

The dielectric measurements of the GC blend and the bioceramics H70GC30, H80GC20
and H90GC10 were performed using the Solartron 1260 Impedance Analyzer in the fre-
quency range from 1 Hz to 30 MHz at room temperature (27 ◦C). The real part of the
dielectric permittivity, ε′, was calculated from the measured capacitance, C, of the samples,
and is given by Equation (9).

ε′ = Cd
ε0 A

(9)

where d is sample thickness, A is the surface area of the electrode and ε0 is the vacuum
permittivity (8,851,014 × 10−12 F/m).

The complex part of the dielectric permittivity, ε′′ , was obtained from the resistance, R,
of the samples by applying Expression (10):

ε′′ =
d

Rωε0 A
(10)

The real and complex parts of the dielectric permittivity can be related by the tangent
loss, tanδ, which is given by Equation (11).

tanδ =
ε′′

ε′ (11)
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The ε′ measures the ability of a dielectric to store energy and relates to the polarization
that occurs in the material subject to an electric field. The ability of a material to convert
electromagnetic energy into heat is measured by the ε′′ [51–56].

3. Results

3.1. XRD and Rietveld Refinement

The structure of the HAP (sintered at 900 ◦C for 5 h with a heating rate of 5 ◦C/min)
was determined by XRD. Figure 3a shows the XRD patterns and the ICSD 429,746 pro-
file [57]. It is observed that the HAP assumes all the characteristic peaks of the hexagonal
phase of hydroxyapatite, not presenting peaks that could be assigned to secondary phases.
The crystallite size, LC, and the percentage degree of crystallinity, XC, of the sintered HAP,
obtained using Equations (6) and (7), are (30.45 ± 0.7) nm and 37.52%, respectively, and
are depicted in Table 1. Silva et al. [58], when synthesizing hydroxyapatite samples by
high-energy mechanical grinding, obtained an average crystallite size between 22 and
39 nm, showing good agreement with this work.

Figure 3. (a) XRD pattern of the HAP sintered and ICSD 429746. (b) Rietveld refinement of the
HAP spectrum.

Table 1. Structural parameters obtained through the XRD pattern and Rietveld refinement.

Sample

Lattice
Parameter RWP (%) S ρ (g/cm3) LC (nm) XC (%)

a = b (Å) c (Å) V (Å3)

HAP 9.4204 (7) 6.8823 (5) 528.9358 (5) 15.01 1.08 3.147 30.45 ± 0.7 37.52

With the Rietveld refinement, a quantitative analysis of the crystalline phase of HAP
was performed. Figure 3b confirms that the sample presents 100% of the Ca10(PO4)6(OH)2
phase, with a hexagonal structure characteristic of the space group P63/m, and the network
parameters and density presented in Table 1. The results found are aligned with the values
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previously reported [57,58]. The RWP and S values, obtained using Equations (3)–(5), are
satisfactory since they are within their typical range [19,59].

3.2. Infrared Spectroscopy

The FTIR spectrum for the HAP sample, measured in the region ranging from 2000 cm−1

to 400 cm−1, is displayed in Figure 4. The characteristic bands, assigned to the functional
groups phosphate (PO4

3−), carbonate (CO3
2−) and hydroxyl (OH−) can be identified: the

bands at 569 cm−1, 603 cm−1, 968 cm−1, 1043 cm−1 and 1093 cm−1 can be attributed to the
PO4

3− ion; the bands at 1419 cm−1 and 1469 cm−1 arise from vibrations of the CO3
2− ions;

and vibrations associated to OH− are observed at 630 cm−1 and 1649 cm−1. The band at
1649 cm−1 corresponds to free OH−, attributed to symmetric deformation in the molecule
of H2O adsorbed in the synthesis process. The bands at 1469 cm−1 and 1419 cm−1 are
assigned to the asymmetric stretching vibration of carbonate ions. The bands at 1093 cm−1

and 1043 cm−1 may be ascribed to the triply degenerated ν3 anti-symmetric stretching of
the P–O band, and the 968 cm−1 band can be due to the ν1 non-degenerated symmetric
stretching of the P–O bond. The band refers to the oscillation mode of the OH- ions, and
the band of the P-OH bond corresponding to the water adsorbed on the surface is visible
at 630 cm−1. Finally, the bands at 603 cm−1 and 569 cm−1 can be attributed to the triply
degenerated ν4 vibration of the O–P–O bond, and the band at 478 cm−1 may be related to
the doubly degenerated ν2 O–P–O bending.

Figure 4. Infrared spectra of HAP and GC blend measured in the range of 400 to 2000 cm−1.

The results obtained are in agreement with the literature [15,16,47,60–64] and the
observed bands and their corresponding assignments can be consulted in Table 2.
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Table 2. FTIR bands with corresponding vibrations for HAP and GC.

Bands
Wavenumber (cm−1)

HAP GC

υ2 (O-P-O) 478 -
υ4 (O-P-O) 569 -
υ4 (O-P-O) 603 -

OH− 630 -
α–D–galactopyranose - 808
β–D–mannopyranose - 879

υ1 (P-O) 968 -
CH3 - 1139

υ3 (P-O) 1043 -
υ3 (P-O) 1093 -

C-O-C stretching vibration 1000 to 1110
Symmetric deformations of

groups CH2 and COH - 1350 to 1450

υ3 (CO3
2−) 1419 -

υ3 (CO3
2−) 1469 -

N−H - 1575
OH− 1649 -
C=O - 1660

The FTIR spectrum of the GC blend, measured in the region from 2000 cm−1 to
400 cm−1, is also depicted in Figure 4. The bands at 808 cm−1 and 879 cm−1 indicate the
presence of α–D–galactopyranose and β–D–mannopyranose units, respectively, and, at
1014 cm−1, a common band of polysaccharides is also present. It is noteworthy that the
band between 1000 and 1110 cm−1 is attributed to C-O-C stretching vibration and, in the
region from 1350 to 1450 cm−1, the bands correspond to the symmetrical deformations of
the CH2 and COH groups [65–68].

According to [69], these spectra can be influenced by parameters such as the deacety-
lation percentage or crystallinity. The IR spectra of chitosan, which is essentially produced
from chitin by a deacetylation reaction, corresponds to a convolution of specific signals for
carbohydrates and absorption due to amine and amide functions. Therefore, the band at
1575 cm−1 arises from the peptide bond vibration amide II and can be ascribed to the N–H
stretching vibrations, while the 1660 cm−1 band is assigned to the stretching vibrations of
C=O due to the peptide bond vibration amide I [69–73].

The analysis of the IR of the bioceramics H70GC30, H80GC20 and H90GC10 showed
the same absorptions of HAP.

3.3. Thermal Analysis

To study the thermal behavior of HAP and the GC blend, thermogravimetry and differential
scanning calorimetry measurements were performed and are depicted in Figures 5 and 6.

The TG curve shows a three-stage weight loss at the temperature ranges of 20–100,
100–300 and 300–500 ◦C, approximately.

In the first stage, the weight loss is due to the evaporation of adsorbed water [72,73].
The presence of water, physically adsorbed in the synthesis process of HAP, was already
discussed in the infrared spectrum analysis. The second stage shows weight loss due
to the release of adsorbed and lattice water, which is in accordance with the findings of
Tõnsuaadu et al. [74], which stated that the lattice water is irreversibly lost between 200 and
400 ◦C. The third stage may represent the loss of water from decomposition, which means
that in the present case, the removal of water molecules starts at lower temperatures when
compared to the literature. According to Tõnsuaadu et al. [75], the dehydroxylation of HAP
with the removal of water molecules in the air atmosphere starts at 900 ◦C. However, Bulina
et al. [73] reported that this process probably starts at a lower temperature, specifically
600 ◦C, and Mandal et al. [72] considered the temperature of 780 ◦C to be the beginning
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point of the dihydroxylation process. Such a temperature discrepancy should be attributed
to the differences between samples and the experimental method [75]. Above 500 ◦C, HAP
is thermally stable since stoichiometric hydroxyapatite with a Ca/P ratio of 1.67 is stable
up to 1200 ◦C [76].

Figure 5. Thermal stability curves of HAP: (a) TG and (b) DSC.

Figure 6. Thermal stability curves of GC blend: (a) TG and (b) DSC.

In Figure 5b, the endothermic event present in the range 20 to 100 ◦C, more precisely
at 52.74 ◦C, corroborates the information given by the TG curve and can be attributed to
the evaporation of adsorbed water [77]. In the range of 100–300 ◦C, a broad exothermic
peak can be considered. This peak is due to crystal growth and lattice strain release
during the heating process. In the grinding process, a large amount of strain and defects
are incorporated into the powder particles and, when the milled sample is heated, grain
growth takes place and strain is released, although no phase transformation occurs up to
1200 ◦C [72].

The thermogram of the GC blend, shown in Figure 6a, indicates that the thermal
decomposition occurs in two stages. In the first, in the range of 25 to 150 ◦C, there is a loss
of 15.03% of the initial mass of the sample resulting from the water release. In the second,
between 200 and 350 ◦C, a pronounced decline in the TG curve is observed, referring to
the disintegration of macromolecules related to the polymeric groups present in the blend
as well as the decomposition of the organic material, which results in the loss of another
53.85% of the initial mass.
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In Figure 6b, the thermal transitions present in the GC blend were verified through
the DSC. The two events present in the thermogram are represented by two peaks, one
endothermic at 85 ◦C and one exothermic at 290 ◦C, respectively. The endothermic peak is
related to the loss of water in the structure and the exothermic peak with the degradation
of the material. The GC blend can be considered thermally stable due to the presence of
two well-defined thermal transition regions [68,72].

In the thermal analyses of the bioceramics H70GC30, H80GC20 and H90GC10, no
divergences were observed with the results presented by HAP. This occurred since the
biopolymers degraded at a temperature of around 290 ◦C; therefore, the bioceramics only
show the presence of HAP, an outcome that can relate to the results obtained in the FTIR.

3.4. Morphological Analysis

The sample morphology was investigated using SEM. Figure 7 presents the micro-
graphs of H70GC30, H80GC20 and H90GC10 bioceramics, with a magnification factor of
25,000×. The grains can be described as small spherical particles, being in consonance with
the morphology presented by pure hydroxyapatite.

 

Figure 7. Micrographs of the sintered bioceramics: (a) H70GC30, (b) H80GC20 and (c) H90GC10.

Table 3 shows the average grain size, the experimental density and the Vickers hard-
ness obtained for each sample. For the HAP, the average estimated grain size, 0.5 μm, is
aligned with the values reported by Macêdo et al. [34]. It can be observed that the increase
in the CG blend content promoted an increase in the average grain size. This grain growth
has an impact on the porosity of the samples since a decrease in the experimental density
can be observed.

Table 3. Average grain size, Vickers hardness and density of HAP, H70GC30, H80GC20 and H90GC10
bioceramics.

Bioceramics
Average Grain Size

(μm)
Density (g/cm3)

Vickers Hardness
(GPa)

HAP 0.5 2.61 1.9
H70GC30 0.75 2.20 0.73
H80GC20 0.69 2.32 0.79
H90GC10 0.60 2.67 0.97

The Vickers hardness of HAP, H70GC30, H80GC20 and H90GC10 bioceramics was
calculated with Equation (8). It is observed that the hardness of the bioceramics decreased
with the biopolymer addition. This behavior was expected since the main contribution of
the decrease of the microhardness is the decrease in the ceramic density [50].

3.5. Dielectric Spectroscopy

The dielectric behavior of the GC blend as a function of frequency is depicted in
Figure 8. Figure 8a shows that the dielectric constant, ε′, at room temperature and in
the frequency range considered. This constant decreases monotonically with increasing
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frequency. The continuous decrease of the dielectric constant with increasing frequency
is a common behavior for all dielectric materials [78] and is due to the fact that when
the frequency of the applied electric field increases, the mechanism of polarization will
not be able to follow the change in the electric field and, therefore, the contribution of
polarization to the dielectric constant will diminish [51,78,79]. At higher frequencies, when
already in the limit of the measurement window, it is possible to infer that the ε′ values
tend to stabilize, a prediction supported by the dielectric behavior observed in several
polymers [79]. Figure 8b presents the tangent loss, tanδ, as a function of the frequency. The
inexistence of peaks shows that, at room temperature and in the frequency range of the
measurements, the CG blend does not present any relaxation phenomenon and, since the
values of tanδ are inferior to one, based on Equation (11), it is possible to conclude that the
dielectric losses are inferior to the dielectric constant.

Figure 8. (a) ε′ and (b) tanδ as a function of the frequency of the GC blend.

The dielectric properties of the bioceramics H70GC30, H80GC20 and H90GC10, de-
picted in Figure 9, are related to the different types of polarization present in the sample.
The interfaces of bioceramics with biopolymers have a large number of defects that result
in an unequal distribution of charges [80]. It can be verified in Figure 9a that the increase in
the amount of GC promoted the increase of ε′. This enhancement in the dielectric constant
values shows the increased energy storage capacity of the studied bioceramics [78–83].
With the addition of GC, cations are the dominant charges and may be responsible for the
increase in the dielectric constant [34]. Until ≈ 10 MHz, the samples show a quasi-frequency
independent behavior, indicating that the materials do not exhibit intense polarization
processes and that the stored charge remains practically constant in the frequency range
considered. At higher frequencies (>10 MHz), the charge carriers are unable to follow the
rapid changes in the applied electric field and, as a consequence, the dielectric constant
values start to decrease [81,82].
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Figure 9. (a) ε′ and (b) tanδ as a function of the frequency of H70GC30, H80GC20 and H90GC10
bioceramics.

Figure 9b presents the tanδ as a function of the frequency for the studied bioceramics.
Since the tanδ values are inferior to one, the energy dissipated is inferior to the stored
energy [84]. It is also noted that the highest dissipated energy is from bioceramics containing
higher concentrations of biopolymer (H70GC30).

The dielectric properties of inorganic compounds containing galactomannan and
chitosan have direct relationships with the concentration of the biopolymer [61,65,69,85].

4. Conclusions

Overall, the XRD pattern, Rietveld refinement and FTIR collectively indicated that the
methodology of synthesis of HAP nanocrystalline powders was efficient, allowing us to
obtain a single HAP phase. The FTIR spectrum showed that the GC blending process did
not promote an alteration of the vibrational properties, presenting characteristic bands of
galactomannan and chitosan.

Dielectric, morphological, hardness and density analyses confirmed that the GC blend,
as well as its concentration, influenced the properties of the HAP. The dielectric analysis
also showed a relationship between the concentration of the GC blend and the dielectric
constant of the bioceramic since the blend favored the increase of ε′ without compromising
the tanδ, which presented values in the order of 10−3.
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Abstract: The binary Zn-1wt.% X (X = Mg or Sr) alloys prepared by the application of mechanical
alloying (MA) combined with powder metallurgy were modified by micro-arc oxidation (MAO)
treatment in the 2 g/dm3 KOH aqueous solution at 200 V for 1 min for the formation of the ZnO layer.
The Zn-alloys, obtained through the powder metallurgy method, are characterized by a dispersive
microstructure that significantly improves its microhardness up to 90.5 HV0.3 for the Zn-1wt.%Mg
sample after 24 h of MA. In the case of Zn-1Mg alloy after 24 h of mechanical alloying, Zn-1Mg alloy
after 48 h of mechanical alloying, and Zn-1Sr alloy after 48 h of mechanical alloying, except for the
main αZn phase, the traces of a second phase are noticed: MgZn2 and SrZn13. After the proposed
MAO treatment, a zinc oxide (ZnO) layer on the zinc alloys was formed, allowing a significant
improvement in the corrosion resistance and surface wetting properties. The potential of the modified
ZnO layer is moved to more noble values in the case of MAO-treated samples α-Zn, Zn-1Mg (after
24 h of MA), and Zn-1Sr (after 48 h of MA). The obtained results show a good prospective potential
of Zn-1wt.% X (X = Mg or Sr) binary alloys in the application of biodegradable materials.

Keywords: zinc alloys; mechanical alloying; anodic oxidation; corrosion; surface energy

1. Introduction

In the past years, biodegradable alloys on the base of zinc have been developed [1–5].
The next generation of orthopedic implants can avoid revisions. Pure Zn is brittle, and its
mechanical properties are not sufficient for implant applications. Zinc alloys are receiving
increasing attention as biodegradable biomaterials owing to their two exceptional prop-
erties [4]: (i) a substantial role in the growth of new cells and bone metabolism, and (ii) a
moderate degradation rate compared to iron- and magnesium-based biomaterials without
excessive hydrogen release during the corrosive process.

The current research aimed to develop a Zn-based system with properties suitable
for biomedical material applications, including orthopedic practice [5–8]. Binary Zn-X
alloys (X = Mg, Ca, Sr, Li, Mn, and so on) with Zn as the primary component have
shown encouraging results as orthopedic implants in terms of both biomechanics and
bioactivity [3–9]. For example, the influence of different elements such as Sr, Mg, and Ca
on the microstructure, mechanical, and corrosion behavior, along with hemocompatibility,
in vitro cytocompatibility, and in vivo biocompatibility, was studied in the case of rolled
and extruded binary Zn-1X alloys [2,8,9]. In correlation with pure Zn, the enhancement of
mechanical properties, corrosion behavior, and biocompatibility was detected. However,
the corrosion rate of the Zn-1X alloys is observably higher compared to pure Zn, and the
sequence is Zn < Zn-1Mg < Zn-1Ca < Zn-1Sr.

The mechanical and elastic properties of Zn metal were improved by alloying with
Mg. But 5 wt.% of magnesium in Zn boosts its hardness and corrosion rate [5,8]. Stron-
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tium improved the mechanical properties, corrosion behavior, and biocompatibility of Zn
metal [2,8,9].

There is a need for compositional chemical modification of pure Zn due to its poor
mechanical properties [1,3,4]. Two known classifications distinguish bulk or surface mod-
ification approaches [10–19]. The first one is related to grain refinement, and the second
leads to surface modification. In the case of Zn-based alloys, surface modification methods
include the chemical methods used for obtaining different coatings on the surface of the ma-
terials. High surface energy can be created in the case of nanosurfaces. These phenomena
lead to improved initial protein adsorption, which plays an important role in regulating
cellular interactions on the biomaterial surface [10,11]. Recently, it was noted that the
roughness of the metallic nanostructures has an impact on the adhesion of osteoblast cells
and their spread and proliferation.

The physicochemical and mechanical properties of metallic biomaterials can be improved
through microstructure control [17,18]. The combination of mechanical alloying (MA) and
powder metallurgy can finally synthesize nanostructured bulk materials [19]. The application
of the mechanical alloying route influenced the properties of alloys [12,20–24]. MA is a
powder processing technique that involves repeated welding and fracturing of starting
powders [25,26]. Finally, the obtained powder mixture can be consolidated into bulk
biomaterials with a controlled microstructure.

Nanostructuring enhances both mechanical properties and the biocompatibility of
materials [10,11]. Recently, biodegradable Zn-xMn (x = 0, 4, and 24 wt.% Mn) alloys with
nanostructures were prepared by mechanical alloying and cold pressing [12]. The crystallite
size of the sintered alloys reached 80 nm. The presence of MnZn13 in the second phase
affected the mechanical properties and corrosion resistance. The nanostructured Zn-4Mn
alloy shows a compressive yield strength of 290 MPa with a corrosion rate of 0.72 mm/yr.

The suitable corrosion behavior combined with the excellent biocompatibility of bio-
materials can be optimized during the surface modification process. Recently, surface
modification of Zn-based alloys has been a wide research area in terms of adjusting their
corrosion properties [27,28]. In the case of Zn-type alloys addressed to orthopedic appli-
cations, different surface modification methods were proposed [27]: chemical (phosphate
conversion coating, organic and polymer coating, biomimetic deposition, stabilization treat-
ment), electrochemical (micro-arc oxidation—400 V/3 min; as electrolyte: 2.5 g/L sodium
hydroxide with an addition of 0.02 mol/L calcium were used), physical (atomic layer
deposition, magnetron sputtering), and mechanical (sandblasting). In the case of micro-arc
oxidation, enhanced cell adhesion and reduced cell proliferation were detected [28].

The application of anodic oxidation on the surface of zinc and its alloys can create
nanostructures with different morphologies: nanowires [29], nanostrips [30], nanosheets [31],
and nanotubes [32]. In the case of the micro-arc oxidation process, homogeneous micropores
can be created, which accelerate the corrosion rate of α-Zn [28].

This paper presents a proposal for a multilevel approach that combines considerations
related to the chemical composition, microstructure, and surface state for the enhancement
of the properties of biodegradable Zn alloys. In the present study, the binary Zn-1wt.%
X (X = Mg or Sr) alloys obtained by the application of mechanical alloying and powder
metallurgy approaches were modified by MAO treatment for the formation of the ZnO layer.
The microstructure, microhardness, and corrosion behavior were systematically studied
to investigate their feasibility as bioabsorbable implants. The properties of the sinters
presented in this paper allow examination of the influence of different factors, such as
composition or surface state, on the corrosion properties and contact angle measurements.

2. Materials and Methods

Binary zinc alloys with an addition of 1 wt.% magnesium or strontium were prepared
by a combination of the mechanical alloying process and powder metallurgy. Elemental
powders of Zn (99% purity, maximum particle size 600 μm; Sigma Aldrich, St. Louis, MO,
USA), magnesium (99.8% purity, maximum particle size 45 μm; Alfa-Aesar, Haverhill, MA,

130



Crystals 2023, 13, 1503

USA), and Sr (99% purity, maximum particle size 600 μm; Alfa-Aesar, Haverhill, MA, USA)
were weighted and loaded into vials in a protective argon atmosphere in the Labmaster
130 (MBraun, München, Germany). Mechanical alloying was carried out in a shaker-type
mill, Spex 8000M (Spex Sample Prep LLC, Metuchen, NJ, USA), with a ball-to-powder ratio
of 10:1 at ambient temperature for 24 and 48 h in a continuous mode. Hardened steel vials
with a capacity of 40 mL and bearing steel balls with different diameters were used. There
were 12 mills with diameters ranging from 6 mm to 18 mm. The sizes were selected based
on our preliminary studies. The milling time was set to 24 h and 48 h in continuous mode
without additives from the process control agent.

The powders were uniaxially pressed at a compacting pressure of 600 MPa on a
Hydropras hydraulic press (Skalar-Elektromechanika, Warsaw, Poland). Green compacts
were heat treated at 300 ◦C for 1 h under vacuum conditions in a tube furnace to form
bulk samples with dimensions of 8 mm in diameter and 3 mm high. The temperature
of sintering was selected based on our preliminary studies to avoid unwanted liquid
phases. After sintering, the samples were ground in sandpaper up to 1200 grit and polished
with diamond suspension (up to 1 μm). Before SEM and optical microscopy observation,
samples were electrochemically polished in a phosphoric acid and ethanol solution.

Part of the samples was treated by the MAO process in the 2 g/dm3 KOH aqueous
solution at 200 V for 1 min—Figure 1. Finally, the samples were washed with alcohol and
distilled water, dried in hot air, and subsequently assessed visually for the uniformity of
the coating layer.

 
Figure 1. Schematic illustration of the experiment procedure.

For brevity, in this paper, alloys are signified as follows:

• Zn-1Mg alloy after 24 h of mechanical alloying is labeled M24.
• Zn-1Mg alloy after 48 h of mechanical alloying is labeled M48.
• Zn-1Sr alloy after 24 h of mechanical alloying is labeled S24.
• Zn-1Sr alloy after 48 h of mechanical alloying is labeled S48.

A scanning electron microscope (SEM) (Mira 3, TESCAN, Brno, Czech Republic)
equipped with energy dispersive spectrometry (EDS) was used for microstructure obser-
vation and chemical composition of the obtained samples after MAO treatment analysis.
X-ray diffractometer (XRD, PANalytical Empyrean, Almelo, The Netherlands) using CuKα

(λ = 1.54056 Å) was operated at 40 kV and 45 mA to determine the phase composition of
powders and sinters in a scanning range of 2θ (30–80◦) at a scan rate of 2◦/min−1 and step
of 0.033◦.

The Innovatest Nexus 4000 Vickers tester equipment (INNOVATEST Europe BV, Maas-
tricht, The Netherlands) was used for the microhardness test. A load of 300 g for 10 s was
used. To obtain an average value of the microhardness, 10 indents per sample were made.
Before microhardness measurements, the surface of the tested alloys was polished.

Ringer’s solution was chosen for the corrosion test of the produced binary alloys. (BTL
Zakład Enzymow i Peptonow, Lodz, Poland). The solution contains: NaCl: 9 g/L; KCl:
0.42 g/L; CaCl2: 0.48 g/L; and NaHCO3: 0.2 g/L. The Solartron 1285 (Solartron Analytical,
Farnborough, UK) potentiostat works in a potentiodynamic mode with a scan rate of
1 mV/s in the established potential range of −0.7 V to +2.5 V vs. open circuit potential
(OCP). The constant solution temperature was maintained at 37 ◦C, which simulates the
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human body temperature. The reference and counter electrodes were made of Pt and
graphite, respectively.

The wettability properties of surfaces were studied by recording contact angle (CA) by
the visual system equipped with a digital camera (Kruss-DSA25, KRÜSS GmbH, Hamburg,
Germany) and measured via Kruss-Advanced 1.5 software (KRÜSS GmbH, Hamburg,
Germany). For the surface-stating CA measurements, deionized water and glycerin (99.9%,
Chemland, Stargard, Poland) were selected as testing liquids. The sessile drop mode was
employed to place the droplets with a constant volume of 1.5 μL of testing fluids on the
surface of materials by dedicated micropipette systems. The CA was determined from the
geometrical shape of the droplets using the Young-Laplace function with manual baseline
correction. Measured data were collected at a frequency of 20 fps after droplet placement
for 10 s. To obtain reliable data and eliminate any errors or experimental mistakes, the
procedure was repeated three times. The surface free energy (SFE) of the analyzed samples
was assessed using the Owens, Wendt, Rabel, and Kaelble (OWRK) model, which is
based on Fowkes and uses contact angles of two liquids with known polar and dispersed
components of surface free energy (SFE). More experimental details are available [19,33].

3. Results and Discussion

The binary Zn-1wt.% X (X = Mg or Sr) alloys obtained by the application of mechanical
alloying and powder metallurgy methods The influence of different factors, such as chemi-
cal composition, microstructure, and surface state, was studied. The property enhancement
of biodegradable Zn alloys was detected.

Figure 2 depicts SEM images of initial powders before the process of mechanical
alloying. All used powders have irregular shapes, with zinc granules measuring over
200 μm, magnesium powder particles measuring about 50 μm, and strontium powder
tending to form aggregates and agglomerates.

 
Figure 2. Morphology of the starting powders: (a) zinc; (b) magnesium; (c) strontium.

The XRD patterns of pure Zn powder, sintered Zn, M24 powder after MA, M24
after sintering, M48 powder after MA process, and M48 after sintering, S24 powder af-
ter MA, S24 sintered, S48 powder after MA process, and S48 sintered are presented in
Figures 3 and 4. Sintering results in the formation of bulk materials (Figures 5 and 6). A
single-phase, α-Zn type was obtained in the case of S24. For the M24, M48, and S48 sinters
accepting the α-Zn phase (ICDD: 01-087-0713), traces of MgZn2 (ICDD: 03-065-3578) and
SrZn13 (ICDD: 03-065-3125) phases were detected. Its content equals 1%, 2%, and 4% of
M24, M48, and S48 sinters, respectively. MgZn2 crystallizes in the hexagonal P63/mmc
space group (a = 5.16 Å, c = 8.37 Å), and SrZn13 crystallizes in the cubic Fm-3c space group
(a = 12.24 Å). The gray lines in Figures 3 and 4 indicate the positions of the matched α-Zn
phases. The details of the unit cell dimensions of the synthesized alloys are summarized in
Table 1.
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Figure 3. XRD patterns of (a) pure Zn powder; (b) sintered Zn; (c) M24 powder after MA; (d) M24
after sintering; (e) M48 powder after MA process; (f) M48 after sintering.

 
Figure 4. XRD patterns of (a) S24 powder after MA; (b) S24 sintered; (c) S48 powder after MA process;
(d) S48 sintered.
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Figure 5. SEM images of (a) M24 powder after 24 h MA; (b) M48 powder after 48 h MA; (c) M24 after
sintering; (d) M48 after sintering.

 

Figure 6. SEM images of (a) S24 powder after 24 h MA; (b) S48 powder after 48 h MA; (c) S24 after
sintering; and (d) S48 after sintering.

Table 1. Unit cell dimensions, cell volume, theoretical and measured densities, porosity, and micro-
hardness.

Sample a [Å] c [Å] V [Å3] ρth [g/cm3] ρ [g/cm3] Porosity [%] HV0.3

Zn 2.6612 4.9428 30.3148 7.133 6.929 ± 0.004 2.86 ± 0.07 30.5 ± 1.44
M24 2.6643 4.9442 30.3953 6.925 6.543 ± 0.011 5.45 ± 0.18 90.5 ± 2.23
M48 2.6626 4.9428 30.3457 6.925 6.377 ± 0.008 7.85 ± 0.23 81.5 ± 0.87
S24 2.6622 4.9397 30.3181 7.017 6.416 ± 0.015 8.60 ± 0.29 54.8 ± 0.82
S48 2.6643 4.9456 30.4029 7.017 6.203 ± 0.022 11.64 ± 0.41 61.3 ± 0.42

The bulk Zn-type alloys were modified by the MAO treatment in the 2 g/dm3 KOH
aqueous solution (Figures 7–11). The XRD analysis confirms the ZnO layer formation
for each sample after the MAO process, which is also visible on the SEM images on the
surface and in the cross-section sample profile view. In addition to zinc reflexes, all oxidized
sample XRD patterns additionally confirmed the existence of ZnO (ICDD: 01-089-7102).
The thickness of the obtained zinc oxide layers shown in Figures 7–11 differs from 60 to
100 μm.
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Figure 7. (a) Voltage and current changes during MAO treatment in 2 g/dm3 KOH at 200 V DC for
60 s; (b) XRD pattern of the Zn sample after the MAO process; (c) SEM image of the surface with EDS
maps; (d) cross-section of the sample.

 

Figure 8. (a) Voltage and current changes during the MAO process; (b) XRD pattern of the M24
sample after the MAO process in 2 g/dm3 KOH at 200 V DC for 60 s; (c) SEM image of the surface
with EDS maps; (d) cross-section of the sample.

 
Figure 9. (a) Voltage and current changes during the MAO process; (b) XRD pattern of the M48
sample after the MAO process in 2 g/dm3 KOH at 200 V DC for 60 s; (c) SEM image of the surface
with EDS maps; (d) cross-section of the sample.
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Figure 10. (a) Voltage and current changes during the MAO process; (b) XRD pattern of the S24
sample after the MAO process in 2 g/dm3 KOH at 200 V DC for 60 s; (c) SEM image of the surface
with EDS maps; (d) cross-section of the sample.

Figure 11. (a) Voltage and current changes during the MAO process; (b) XRD pattern of the S48
sample after the MAO process in 2 g/dm3 KOH at 200 V DC for 60 s; (c) SEM image of the surface
with EDS maps; (d) cross-section of the sample.

For all samples, the MAO process shows a similar character during the first 20–30 s,
when a great reduction of current takes place, except for the pure Zn sample (Figure 7a).
Formed layers contain ZnO in all cases, and XRD studies of the produced samples showed
that the crystallinity of oxide layers depends on the substrate structure. For the samples
modified with magnesium (both M24 and M48—Figures 8b and 9b) show a lower intensity
of ZnO phases compared to pure Zn and S24 and S48 samples. For all modified samples,
there are visible traces of Mg or strontium in the produced layers.

As a result of the MAO process, the surface of all bulk alloys was characterized by
highly developed topography and porosity, facilitating the process of osseointegration
(Figure 12). Furthermore, the comparison of all MAO-treated sinters before and after
soaking in Ringer solution for 7 days shows corrosion products. During the soaking
in Ringer’s solution, the corrosion process leads to the formation of other phases with
different morphologies. For pure zinc, the surface shows a uniform distribution of corrosion
products. On the modified samples, partial dissolution of the oxide layer is visible. Formed
corrosion products are characterized by different morphologies. For the M24 sample,
flower-like corrosion products are formed. More developed surfaces are visible for the M48
and S48 samples. For the S48 samples, after soaking, platelet-shaped corrosion products
are visible. XRD analysis indicated the presence of oxide, carbonate, and hydroxide layers
deposited on the top surface of the samples (Figure 13). The presence of these phases on
the surface of the zinc alloy can impact the corrosion behavior of the alloy. The substrate
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influences the formation of corrosion products on the surface. For the samples containing
magnesium, the peaks from the formed phases seem to be smaller and have a lower
intensity, while for the strontium-containing samples (both S24 and S48), the peaks from
the Zn(OH)2 are sharper and have a higher intensity, which indicates that these phases are
more crystalline. However, for the S24 and S48 samples, the formation of carbonate layers
appears to be hindered.

  
Figure 12. SEM images of the surface of (a) pure Zn after MAO treatment and (b) after soaking in
Ringer solution for 7 days; (c) M24 after MAO treatment and (d) after soaking in Ringer solution for
7 days; (e) M48 after MAO treatment and (f) immersed in Ringer solution for 7 days; (g) S24 after
MAO treatment and (h) soaked in Ringer solution for 7 days; and (i) S48 after MAO treatment and
(j) soaked in Ringer solution for 7 days.
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Figure 13. XRD patterns of (a) pure Zn; (b) M24; (c) M48; (d) S24; and (e) S48 after MAO treatment
soaked in Ringer solution for 7 days.

The different alloy compositions produced in this study allow for the obtaining of
biomaterials with significantly different microhardnesses (Table 1, Figure 14). The analysis
confirmed that the synthesis of ultrafine-grained microstructure in all alloy compositions
increases the microhardness results obtained for all tested samples. The highest micro-
hardness of 90.5 HV0.3 exceeds the starting values three times in the case of the M24 alloy
(Zn-reference sample). The results of microhardness are characterized by low variability,
which confirms that the ultrafine-grained microstructure is homogeneous. The sintered,
unmodified Zn sample has the lowest hardness, 30.52 HV0.3. The addition of Mg and
Sr led to the enhancement of the microhardness to 90.50 HV0.3 (M24), 81.54 HV0.3 (M48),
54.83 HV0.3 (S24), and 61.30 HV0.3 (S48), respectively. The occurrence of additional phases
(MgZn2) for the M24 and M48 and SrZn13 for the S48 sample combined with an ultrafine-
grained structure after mechanical alloying has a positive impact on the microhardness.
The same microhardness was observed earlier in the as-cast and the as-rolled Zn-1X (X-Mg,
Sr) alloys [2]. In the case of the M24 sinter, their microhardness is much higher in the as-cast
Zn-1Mg alloy (78.26 ± 2.84) HV [2].

 

Figure 14. Microhardness of studied materials.

The water and glycerin contact angle measurements of the produced alloys and the
modified surfaces have been summarized in Tables 2 and 3. Before MAO treatment, all
samples showed hydrophilic character, and all contact angles were below 90◦. MAO treat-
ment showed that the contact angle significantly increased except for the M24 sample in the
case of water, which means that wettability decreased. The surfaces are hydrophobic. The
change of two or more surface characteristics at the same time, such as surface roughness
and chemistry, complicates the evaluation of the roles of the parameters on wetting behav-
ior [34]. The free surface energy after ZnO deposition in the cases of α-Zn, S24, and S48
decreased. For example, for α-Zn, the SFE decreased from 87.76 mN/m to 37.58 mN/m.
On the other hand, for M24 and M48 sinters, an increase in surface energy was observed.
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Table 2. Corrosion potential (Ec), current density (Ic), contact angle (CA), and surface free energy
(SFE) with dispersed and polar components of the studied materials in Ringer solution before MAO.

Sample Ic [μA/cm2] Ec [V] Water CA [◦] Glycerol CA [◦] SFE [mN/m]
Disperse
[mN/m]

Polar
[mN/m]

Zn 3.885 −1.548 44.45 ± 1.1 70.21 ± 1.9 87.76 ± 6.0 0.81 ± 0.7 86.95 ± 5.3
M24 6.641 −1.581 54.20 ± 0.1 57.88 ± 0.7 47.48 ± 1.7 6.70 ± 0.7 40.78 ± 1.1
M48 1.885 −1.550 74.08 ± 0.7 54.51 ± 0.3 43.88 ± 2.3 37.74 ± 1.6 6.14 ± 0.7
S24 5.680 −1.535 50.03 ± 3.7 48.73 ± 0.2 49.23 ± 10.1 12.42 ± 3.3 36.81 ± 6.8
S48 2.884 −1.542 71.58 ± 0.3 46.34 ± 0.1 53.77 ± 0.9 49.29 ± 0.7 4.48 ± 0.1

Table 3. Corrosion potential (Ec), current density (Ic), contact angle (CA), and surface free energy
(SFE) with dispersed and polar components of the studied materials in Ringer solution after MAO.

Sample Ic [μA/cm2] Ec [V] Water CA [◦] Glycerol CA [◦] SFE [mN/m]
Disperse
[mN/m]

Polar
[mN/m]

Zn 0.995 −1.474 101.54 ± 1.4 123.02 ± 1.9 37.58 ± 4.4 5.73 ± 1.2 31.84 ± 3.2
M24 0.241 −1.471 74.62 ± 0.2 106.77 ± 0.7 95.98 ± 2.8 15.09 ± 1.1 80.80 ± 1.7
M48 1.605 −1.472 140.71 ± 0.1 93.09 ± 0.0 99.54 ± 0.5 78.13 ± 0.3 21.41 ± 0.2
S24 2.237 −1.562 116.79 ± 0.50 139.92 ± 0.5 26.44 ± 1.4 6.49 ± 0.5 19.94 ± 0.9
S48 0.546 −1.556 126.91 ± 0.25 102.86 ± 0.5 29.01 ± 1.3 27.13 ± 1.1 1.88 ± 0.2

Results in Tables 2 and 3 confirmed that different processing approaches influence the
SFE and that it is dependent on internal material characteristics. Secondly, for the additional
modified surfaces after the MAO process, we observed a change in SFE, which for the
proposed treatment justifies the investigated functionalization step. Low SFE corresponds
to high wetting properties, which for the hard tissue replacement application remain crucial,
especially at the level of molecular activity at the interface region of the host.

The potentiodynamic test results in Ringer’s solution are summarized in Figures 15 and 16
and Tables 2 and 3. It is important to note that the potential of the modified ZnO layer
is shifted to more noble values in the case of MAO-treated samples α-Zn, M24, and M48.
The addition of Mg and Sr to Zn metal had a positive impact on the corrosion resistance
in Ringer’s solution. The bulk samples of M48 and S48 have better corrosion resistance
(Ic = 1.885 μA/cm2, Ec = −1.5502 V; Ic = 2.884 μA/cm2, Ec = −1.5421 V) than the α-
Zn metal (Ic = 3.885 μA/cm2). The best corrosion resistance is shown by M24 and S48
sinters after MAO treatment and ZnO deposition (Ic = 0.241 μA/cm2, Ec = −1.4709 V;
Ic = 0.546 μA/cm2, Ec = −1.5559 V, respectively). According to the studies [2], the corrosion
rates of the binary Zn-1X samples were 0.17 and 0.22 mm/year for the Zn–1Mg and Zn–1Sr
pins, respectively, which is below the daily allowed dose of zinc.

 
Figure 15. Potentiodynamic polarization curves of (a) pure Zn, (b) M24, (c) M48, (d) S24, and (e) S48.
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Figure 16. Potentiodynamic polarization curves of MAO treated: (a) pure Zn, (b) M24, (c) M48,
(d) S24, and (e) S48.

MAO treatment of Zn-1wt.% X alloys in the 2 g/dm3 KOH aqueous solution at 200 V
for 1 min forms the developed surface of ZnO. The resulting coatings have a thickness of
60–100 μm. EDS analysis confirmed the presence of Zn ions and oxygen after treatment
and their uniform distribution. The applied surface treatment resulted in an improvement
in its corrosion resistance, but the surfaces are hydrophobic, except for the M24 sinter (only
in water). As was shown in our study, the 1 wt.% of the dopants (Mg, Sr) decreased the
current densities for the MAO surfaces in correlation to the untreated surfaces.

Hydrophobic surfaces in the biomedical field are a great area of interest, such as
in controlling protein adsorption, cellular interaction, and bacterial growth, as well as
platforms for diagnostic tools and different medication delivery devices [35].

Recently, the ZnO micro/nanohole array and nanoparticle array on Zn foil were
synthesized by anodic oxidation [36]. These arrays proved to have greater antibacterial
properties against both Gram-negative E. coli and Gram-positive S. aureus.

4. Conclusions

The conducted research shows that the ultrafine-grained Zn-1wt.% X (X = Mg or Sr)
binary possesses a highly dispersed and homogeneous microstructure. The results of
microhardness are characterized by low variability. The pure Zn sinter has a low hardness
of only 30.52 HV0.3. After alloying with Mg and Sr, the microhardness is significantly
enhanced to 90.50 HV0.3 (M24), 81.54 HV0.3 (M48), 54.83 HV0.3 (S24), and 61.30 HV0.3
(S48), respectively.

The addition of Mg and Sr to Zn metal had a positive effect on the corrosion resistance
in Ringer’s solution. Moreover, the application of the MAO process in the aqueous KOH
solution results in the formation of a dense and homogeneous zinc oxide layer on the
synthesized substrates. The highly developed ZnO layer on the surface of binary alloys
reduces corrosion and enhances wetting behavior. The potential of the modified ZnO layer
is moved to more noble values in the case of MAO-treated samples a-Zn, M24, and M48.
The best corrosion resistance is shown by M24 and S48 sinters after MAO treatment and
ZnO deposition (Ic = 0.241 μA/cm2, Ec = −1.4709 V; Ic = 0.546 μA/cm2, Ec = −1.5559 V,
respectively). The results obtained show a good prospective potential of ultrafine-grained
Zn-1wt.% X (X = Mg or Sr) binary alloys in the application of biodegradable materials.
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Abstract: Brushite cements (BrCs) are calcium phosphate-based materials that are being widely used
in hard tissue engineering applications due to their osteoconductivity, injectability, and bioresorbabil-
ity. Therefore, the goal was to evaluate the effects of Mg concentration on the phase composition,
setting time, and strength of BrC. Mg, which plays a vital role in bodily functions and bone health,
was added to BrC at concentrations of 0.25, 0.50, 1.00, 1.50, 2.00, and 2.50 wt.%. The results showed
that Mg stabilizes the TCP structure and increases the TCP content in final BrC. The initial and final
setting times of BrCs increase with higher concentrations of Mg. Although 0.25 wt.% Mg did not
change the setting of BrCs significantly, a higher concentration of 1.00 wt.% increased the initial
setting time from 4.87 ± 0.38 min to 15.14 ± 0.88 min. Cements with Mg concentrations of 1.5 wt.%
and above did not set after 4 h. Mg addition up to 0.5 wt.% did not change the compressive strength;
however, higher concentrations decreased it significantly and 2.5 Mg-BrC had the lowest strength
of 0.45 ± 0.09 MPs. Together, our results show that Mg can be added up to 1.00 wt.% without any
adverse effect on the physical and mechanical properties of BrC.

Keywords: brushite cement; magnesium; phase composition; setting time; compressive strength

1. Introduction

Calcium phosphate cements (CPCs) are attractive forms of calcium phosphate ceramics
(CaPs) due to properties such as injectability, moldability, osteoconductivity, and being
compositionally similar to natural bone and teeth [1,2]. There are two main types of
CPCs: apatite and brushite (BrC). Apatite cements have end products of hydroxyapatite
(HA) or calcium-deficient hydroxyapatite (CDHA), while BrCs have dicalcium phosphate
dihydrate (DCPD) as the final product. Although apatite cements have lower solubility
and higher mechanical strength compared to BrCs, the solubility of BrCs allows for faster
material degradation and enhanced tissue ingrowth [3]. Furthermore, BrCs have superior
osteoinductivity but are mechanically weaker and more difficult to work with due to their
short setting time [4]. Research to improve BrCs physical, mechanical, and biological
properties is still in progress despite the cements being used commercially.

Chemical modification is a commonly used method to modify the properties of CaPs
and CPCs. Elements present in small amounts in the body, trace elements, are important
for a variety of physiological and metabolic processes in the body [5]. These elements can
be incorporated into the structure of CPCs or applied as a coating to improve the physical,
chemical, mechanical, and biological properties of the ceramics. In BrC systems, the CPC
of interest in current research, iron (Fe) doping, increases the setting time and inhibits the
growth of S. aureus and P. aeruginosa [6,7]. Silicon (Si) enhances the compressive strength of
BrC and the addition of a high concentration of 1.1 wt.% upregulates bone formation and
vasculogenesis in vivo [8]. Strontium (Sr) prolongs the initial and final setting time and
improves the injectability of BrC up to 66% [9].

Among different elements, magnesium (Mg) has received significant attention due
to its contribution to various functions in the body such as bone development, vitamin
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D activation, cell function stability, and cell repair [10,11]. Depending on age and gender,
supplementary Mg with dosages of 250–1800 mg enhances bone mineral density (BMD),
decreases the risk of bone fracture, and improves bone turnover in patients with osteo-
porosis [12,13]. However, high concentrations of Mg are associated with impaired bone
mineralization by retarding collagen and calcium phosphate production [14]. Due to bene-
ficiary effects of Mg in bone repair and regeneration through enhanced osteogenesis and
angiogenesis, Mg-based biomaterials including Mg alloys, bioceramics, and biopolymers
have been used for orthopedic and dental applications [15]. Among different bioceramics,
Mg-substituted calcium phosphates are promising candidates in bone and dental tissue en-
gineering applications. During substitution, Mg alters the crystal size and the degradation
behavior of the ceramic. Ca2+ substitution with Mg2+ cation stabilizes the β-TCP structure,
which prevents the formation of α-TCP (TCP with higher solubility than β-TCP) at lower
sintering temperatures [13,14,16]. On the other hand, Mg substitution in HA increases the
osteoconductivity but enhances the resorption rate as well [17]. This proves the importance
of the CaP system and Mg presence in degradation behavior and tissue response to the
material. Mg has been added to CPCs using various methods. Alkhraisat et al. used
solid-state synthesized Mg-substituted β-TCP to fabricate Mg-BrC by mixing the Mg-TCP
with monocalcium phosphate monohydrate (MCPM) and water. Mg addition up to 13.3%
increases the setting time to more than 90 min and a further increase to 53.3% decreases
it to 30 min. Controlled release of vancomycin from this system to treat Staphylococcus
aureus infection depends on the Mg content and can be used to treat infection during bone
regeneration procedures [18]. Mg-BrC has been synthesized through direct precipitation
from Mg nitrate and ammonium dihydrogen phosphate to obtain TCP, followed by mixing
with MCPC and water. Increases in Mg content and the ratio of Mg/(Ca + Mg) from 0.00 to
0.10 increases setting time from 4 min to 33 min and the compressive strength from 1.323
to 20.98 MPa [19]. The differences in the setting time and compressive strength show the
importance of the cement fabrication method (a type of precursors used to prepare the TCP
and mixing agent) in relation to the properties of the final product.

In this study, our goal was to incorporate Mg at different concentrations into the BrC
crystal structure through the solid-state synthesis method and evaluate its effect on phase
composition, setting behavior, and mechanical properties of the brushite. We hypothesized
that the incorporation of Mg into TCP through solid-state synthesis will alter the physical
and mechanical properties of the brushite cement. To validate our hypothesis, MgO was
used to substitute Mg2+ for Ca2+ in the TCP lattice structure up to 2.5 wt.%. The TCP
was then combined with MCPM to form the BrC end product. The phase composition,
setting time, and the compressive strength were evaluated by using an X-ray diffractometer,
the Gillmore needle, and the universal testing machine, respectively. To the best of our
knowledge, no previous research has studied the effect of Mg incorporation through the
solid-state synthesis method on the physical and mechanical properties of BrCs.

2. Materials and Methods

2.1. TCP Powder Preparation

To begin, TCP powder was prepared by using the solid-state synthesis method as
explained in our previous works [20,21]. A mixture of two moles of calcium hydrogen
phosphate (Alfa Aesar, ≥98.0%, Tewksbury, MA, USA) and one mole of calcium carbonate
(Sigma-Aldrich, ≥99.0%, Louis, MO, USA) were ball-milled for 2 h with a milling media to a
powder ratio of 4:1. The mixture was placed in a muffle furnace to calcinate for 24 h and was
then cooled naturally to room temperature. Once cooled, the coarse powder was divided
for further processing to produce a finer particle size. To make the fine TCP powder, coarse
TCP was mixed with ethanol and milling media for 6 h with a powder/ethanol/milling
media ratio of 1:1.5:5. After mixing, the ethanol was evaporated in an oven at 60 ◦C for
3–4 days until completely dried. To make magnesium-substituted TCP powder, relative
amounts of magnesium oxide (Sigma-Aldrich, ≥99.99%, Louis, MO, USA) were added to
make 0.25, 0.50, 1.00, 1.50, 2.00, and 2.50 wt.% magnesium compositions. The powders
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were prepared in the same manner as the pure TCP powder. The molar ratios of Ca/P and
(Ca + Mg)/P were kept at 1.5 for all compositions. From now on, TCPs with 0.00, 0.25, 0.50,
1.00, 1.50, 2.00, and 2.50 wt.% of Mg will be denoted as pure, 0.25, 0.50, 1.00, 1.50, 2.00, and
2.50-Mg, respectively.

2.2. Brushite Cement Preparation

To prepare brushite cement powder, both fine TCP and coarse TCP were mixed with
MCPM (Sigma-Aldrich, ≥85.0%, Louis, MO, USA) according to our previously published
research [22]. Other precursors such as magnesium hydrogen phosphate trihydrate (Acros
Organics, 98.0%, Pittsburgh, PA, USA), and small amounts of sodium hydrogen phosphate
(Sigma-Aldrich, ≥99.0%, Louis, MO, USA) and magnesium sulphate were used to control
setting time. After mixing in a mortar and pestle for 30 min, the cement powder was
further mixed with a 2.0 wt.% polyethylene (PEG) solution. A powder-to-liquid ratio (P/L)
of 3.33:1 was used to create a cement paste. Once the cement paste was formed, a 6 mm
diameter and 12 mm height mold was filled, covered with a glass slide, and placed in
an incubator at 37 ◦C with 100% relative humidity to set for 1 h. The samples were then
removed from the mold and submerged in a phosphate-buffered solution (PBS) with a pH
of 7.4 ± 0.2, then kept at 37 ◦C for 24 h to complete the setting reaction [22]. Samples with
0.00, 0.25, 0.50, 1.00, 1.50, 2.00, and 2.50 wt.% of Mg are denoted as pure, 0.25, 0.50, 1.00,
1.50, 2.00, and 2.50-Mg BrC, respectively. With the exception of setting time measurement,
all characterizations were performed after the samples had been dried at room temperature

2.3. Phase Composition

Phase analysis of the samples was completed by X-ray diffraction (Rigaku D/MAX
diffractometer, Rigaku, Japan) using a CuKα radiation source and Ni filter. For both TCP
and BrC samples, a step size of 0.05◦ and a count of 1 sec/step was used. The intensity
(after removal of the baseline) of the most intense peaks of DCPD (2θ~21◦) and β-TCP
(2θ~31◦) were used to calculate the β-TCP/DCPD ratio of each BrC composition.

2.4. Setting Time

Initial and final setting times of BrCs were measured by using Gillmore needles
according to ASTM C266. After mixing cement paste and filling the mold, a 2.12 mm
diameter 113.4 g needle was used to determine the initial setting time. The final setting
time was measured using a 1.06 mm diameter 453.6 g needle. Time began once the mold
was properly filled and recorded once each corresponding needle no longer left an indent
on the surface of the cement sample. Three samples per composition were used to record
set times.

2.5. Compressive Strength

Mechanical testing of samples was measured by using universal testing machine (MTS
Criterion™ Model 43, MTS, Norwood, MA, USA). A 10 kN load cell was used with a
0.01 mm/sec rate. The sample was placed in the center of the fixture and compressed
until failure. Maximum applied force was recorded and used to calculate the compressive
strength of the material (compressive strength = (maximum force)/(original cross section
area). At least 8 samples were tested per composition.

2.6. Statistical Analysis

Setting time was measured for 3 samples per composition. Compressive strength
was measured for at least 8 samples. Data for the setting time and compressive strength
are presented as mean ± standard deviation. A statistical analysis was performed with
Student’s t-test. p-values < 0.01 and p-values < 0.0005 were considered very significant and
extremely significant, respectively.
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3. Results

3.1. Mg-TCP and Mg-BrC Phase Analysis

XRD spectra of all TCP compositions after calcination at 1050 ◦C are presented in
Figure 1. The TCP powder was used as a precursor to prepare BrCs and was analyzed to
ensure that no other phases were present. The analysis indicates that the only phases present
in pure and magnesium-substituted TCP (Mg-TCP) were of β-TCP, and no other peaks
related to other calcium phosphate phases or magnesium-containing phases were found.

 

Figure 1. Pure and Mg-TCP XRD spectra indicating that only β-TCP phase was present. No minor or
secondary phases were observed with the inclusion of Mg.

In Figure 2, the XRD spectra of pure and Mg-BrCs after 24 h of immersion in PBS at
37 ◦C are presented. The addition of Mg did not introduce any new phases in the Mg-BrC
samples, and the only two phases of DCPD (JCPDS No. 09-0077) and β-TCP (JCPDS No.
09-0169) were found in all compositions. However, the relative peak intensity of DCPD
decreased significantly with Mg addition, while no specific change in β-TCP intensity was
found. The β-TCP/DCPD ratios were calculated as 1.85, 2.15, 2.03, 2.42, 6.64, 8.15, and
8.24 for pure BrC, 0.25-MgBrC, 0.50-MgBrC, 1.00-MgBrC, 1.50-MgBrC, 2.00-MgBrC, and
2.50-MgBrC, respectively.

3.2. Setting Time

The initial and final setting times of all cements are presented in Figures 3 and 4,
respectively. The initial setting time for pure BrC was 4.87 ± 0.38 min. Although the
addition of 0.25 wt.% Mg did not affect the initial setting time of BrC, a higher concentration
of 0.50 wt.% increased it to 11.13 ± 0.7 min. The initial setting time increased with increasing
Mg content and the highest time of 80.59 ± 0.17 min was found for 2.5-MgBrC. The final
setting times were 8.15 ± 0.52, 13.81 ± 0.69, 28.96 ± 0.44, and 82.83 ± 0.70 min for pure BrC,
0.25-MgBrC, 0.50-MgBrC, and 1.00-MgBrC, respectively. All three of the 1.50, 2.00, and 2.50-
Mg BrCs showed final setting times beyond 4 h but were not measured beyond the 4 h mark
due to time constraints and the ineffectiveness of the cements for biomedical applications.
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Figure 2. Pure and Mg-BrC XRD spectra after 24 h of incubation in PBS, indicating that only β-TCP
and DCPD phases were present. A decrease in intensity was noticed with the DCPD peak at ~21◦

with increasing Mg content.

 

Figure 3. Initial setting time increased with increasing Mg content of MgBrCs. An extremely
significant (** p < 0.0005) increase in initial setting time was found with 0.50 wt.% Mg and above
compared to pure BrC.
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Figure 4. Final setting time of MgBrCs increased with increasing Mg content. There was an extremely
significant (** p < 0.0005) increase in final setting time of all Mg compositions compared to pure BrC.

3.3. Compressive Strength

The compressive strength of all BrC samples is presented in Figure 5. The addition
of Mg at 0.25 wt.% resulted in an insignificant decrease in compressive strength from
8.22 ± 2.04 MPa to 6.95 ± 1.99 MPa. A higher concentration of 0.50 wt.% had a very
significant impact on the reduction in compressive strength as a value of 6.47 ± 0.87 MPa
(with p = 0.0081) was recorded. At higher concentrations such as 1.00 wt.% and beyond,
there was an extremely significant decrease to 4.25 ± 0.95 MPa. The compressive strength
values for 1.50-MgBrC, 2.00-MgBrC, and 2.50-MgBrC were 2.91 ± 0.92, 0.71 ± 0.16, and
0.45 ± 0.09 MPa, respectively (p < 0.0001).

 

Figure 5. Compressive strength of each composition after 24 h in PBS. The increase in Mg content in
samples with 0.50 wt. % Mg results in statistically very significant decrease in compressive strength
(* p < 0.01), while 1.00 wt.% Mg and beyond results in statistically extremely significant decreases in
the compressive strength of BrC (** p < 0.0005).
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4. Discussion

Mg-based biomaterials have received significant attention in hard tissue engineering
applications. We have investigated the role of Mg deposition or incorporation in bone and
dental tissue response to various biomaterials including Ti implants and calcium phosphate
ceramics. Mg substitution in β-TCP enhances the proliferation and differentiation of the
osteoblast cells (OBs) and mesenchymal stem cells (MSCs) [21,23]. Mg incorporation in
hydroxyapatite accelerates bone remodeling and improves the osteogenic responses in
MSCs/the monocyte co-culture system [24]. Our recent data show that Mg enhances the
proliferation and differentiation of dental pulp stem cells in a dose-dependent manner [25].
Mg has been co-doped with other trace elements such as silver and zinc. A recent study has
shown that the incorporation of silver in magnesium-doped biphasic calcium phosphate
nanoparticles results in excellent cytocompatibility with human bone marrow-derived
mesenchymal stem cells, and demonstrates antibacterial properties against E.coli and
S. aureus bacteria [26,27]. Due to the importance of the Mg presence and concentration
and the incorporation method, Mg was added to BrC and the physical and mechanical
properties of the cement were evaluated. In this study, the solid-state synthesis method
was used to synthesize the TCP powder, and Mg was added to the precursors, as reported
in our previous studies [21,23].

The XRD spectra of the TCP powders without or with Mg up to 2.5 wt.% do not
show any additional phases, with the only phase being β-TCP, which is in line with our
previous data, where the addition of Mg to TCP at 1.00 wt.% did not introduce any new
phase [21,23]. The current data show that Mg has a similar effect at higher concentrations
when doped into TCP structures through the solid-state synthesis method. During Mg
doping in TCP, Ca2+ ions with an ionic radius of 0.99 Å are substituted with Mg2+ ions with
an ionic radius of 0.72 Å. The smaller size of Mg2+ ions contracts the TCP crystal structure,
stabilizes the β-TCP structure, and increases the phase transformation temperature of
β-TCP to α-TCP 28. A similar stabilizing effect of β-TCP is also reported while using other
trace elements [7,19,28–31]. The formation of secondary phases depends on the synthesis
method and Mg concentration. The increase in Mg content above 6.67 wt.% results in the
formation of other Mg-substituted calcium phosphate phases [32]. The ionic substitution,
the stabilization of the crystal structure, and the absence of other phases in turn affects the
physical and mechanical properties of the material, such as the setting time, β-TCP/DCPD
ratio, and compressive strength.

After mixing the cement powder and polymer solution, the formed paste begins a
dissolution–precipitation process which continues until the cement is set. During mixing,
MCPM and TCP powders begin to dissolve and release Ca2+ and PO4

3− ions [1]. A
supersaturated gel then forms at the interface between the powder and liquid. At this
interface, DCPD begins to nucleate and grow until the cement is set and hardened. With Mg
incorporated in the TCP structure, the dissolution of TCP decreases due to the stabilizing
effects of Mg substitution in a dose-dependent manner [33], and possibly decreases the
DCPD precipitation as well as TCP dissolution, which is the first step of the setting reaction.
Mg ions have also been known to inhibit the growth of brushite crystals [34] which may
also affect the relative amount of β-TCP compared to DCPD. The calculated values of
the β-TCP/DCPD ratios for each composition indicate that the addition of Mg increases
the ratio, suggesting that the TCP dissolution rate was retarded and possibly that DCPD
precipitation was delayed as well. The largest increase can be seen with 2.50-MgBrC, where
the ratio increased by 4.5 times compared to pure BrC. An increase in TCP/DCPD ratio was
also observed in our previous work for iron 7 and cobalt-doped BrCs [29], where the ratio
increased in a dose-dependent manner up to 1.00 wt.%. In both cases, the presence of the
dopant stabilized the crystal structure of the β-TCP and retarded the dissolution, which is
in line with the current observation. A comparison between the Fe and Mg dopants shows
the dependency of the dissolution rate on the ionic radius of the dopant. Fe with a radius
of 0.64 Å is smaller than Mg with a radius of 0.72 Å. Thus, the shrinkage in β-TCP is greater
with Fe substitution, leading to better stabilization of β-TCP and a higher TCP/DCPD ratio.
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The setting time of BrCs is an important property to consider for clinical applications.
This is also related to the dissolution–precipitation reaction. An undesirable characteristic
of BrCs is how quickly the cements sets, allowing for a very limited amount of time to
handle the material. Ionic substitution, P/L ratio, temperature, additional precursors,
pH, and the type of liquid used to mix the cement can have a significant impact on the
setting time of cements [35–37]. The P/L ratio and a 2 wt.% PEG solution were both
utilized based on a previous study that showed optimal working consistency, as well as
enhanced setting times and compressive strength [22]. The presence of Mg ions even at low
concentrations increased initial and final setting times significantly. Initial and final setting
times increased from 4.87 ± 0.38 min and 8.15 ± 0.52 min for pure BrC to 5.84 ± 0.55 min
and 13.81 ± 0.69 min for 0.25-MgBrC, respectively. The addition of higher concentrations
of Mg increased setting times for BrCs, which is in agreement with a study conducted
by Saleh et al. [19]. The only difference between samples is the concentration of Mg in
the TCP structure, indicating that the increase in setting time was due to the presence
of Mg and its effects on TCP dissolution and/or DCPD precipitation. Another Mg-BrC
system conducted by Alkhraisat et al. synthesized β-TCP through the solid-state method
and used much higher concentrations of Mg compared to the current study. Newberyite
(MgHPO4·3H2O) was used as the Mg source for Mg-TCP. XRD spectra of the TCP powder
showed new phases such as farringtonite and stanfieldite. The setting time of the cements
increased with increasing Mg content; however, cements with the new phases had similar
setting times to those of pure BrC [32]. Extremely long setting times are undesirable as the
wound must be kept open for an unnecessary amount of time, which could be harmful to
the patient. Although the compressive strength of 1.00-Mg-BrC and 1.50-Mg-BrC is still
adequate for bone substitution applications, these compounds and other Mg-BrCs with
higher concentrations of Mg may not be suitable for clinical consideration due to the long
initial and final setting times.

Cements should provide an adequate amount of mechanical support for both short
and long-term inclusion. The compressive strength of the cements decreased most no-
tably in Mg concentrations of 1.00 wt.% and above, with the lowest strength reaching
0.45 ± 0.09 MPa for 2.50-MgBrC. Variables that affect the mechanical strength of cements
include chemical composition, formation of minor/secondary phases, the presence of
polymers, ionic modifications, and TCP/DCPD ratio. In the current work, the only change
during the cement preparation among the different groups was the Mg concentration. As
the inclusion of Mg increases the stability and dissolution of the TCP structure [38], the
mechanical properties can be expected to change as well. Concentrations of 1.00 wt.%
and above of Mg produced the weakest samples, which also had higher setting times and
TCP/DCPD ratios compared to 0.50-MgBrC, 0.25-MgBrC, and pure BrC. The correlation
between the TCP/DCPD ratio, setting time, and compressive strength has been reported
before. A prolonged setting reaction decreases the growth rate of the DCPD nuclei, and
thus, the compressive strength increases [22]. Here, the addition of Mg increases both the
TCP/DCPD and the setting time, showing the counteractive effect of the two parameters.
As the compressive strength decreases with the addition of Mg, we can conclude that the
TCP/DCPD ratio has a greater effect on the compressive strength of the Mg-substituted
BrCs. Changes in the compressive strength of brushite cement with the addition of trace
elements depend on the Ca/P ratio, cement formulation, the types of precursors and their
ratios (β-TCP/MCPM), and the presence of polymers. Saleh et al. used the microwave-
assisted wet precipitation method with a (Ca + Mg)/P molar ratio of 1.48 to prepare β-TCP
and Mg β-TCP from calcium nitrate, magnesium nitrate, and diammonium hydrogen
phosphate. The TCP powder was then mixed with MCPM at an equal weight ratio, and
water was added to make a paste, which is different from the current method. The addition
of Mg resulted in a significant increase in the compressive strength; however, the value did
not change significantly in different Mg contents [19]. On the other hand, the addition of
Mg to TCP through the solid-state synthesis method, followed by mixing with MCPM at
an equal molar ratio and with water, resulted in more defects and lower wet diametrical
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tensile strength up to 40% of Mg/(Mg + Ca), where no other phase but the brushite and
TCP were in the structure [32]. The addition of other trace elements such as Fe, Si, and Zn
with a stabilizing effect on TCP structure has been reported to decrease the compressive
strength, which is mainly due to the increase in TCP content [7,8,30].

In this current work, no new phases were formed in the TCP powder or the BrC
cements, indicating that the amount of Mg present is the main variable affecting the
properties of the cements. It is important to note that the differences in preparation and
testing can produce significantly different results. Although the final product produced
is a Mg-substituted BrC, significant differences in properties indicate that materials and
methods are critical when comparing results.

5. Conclusions

In this work, the effects of Mg ionic substitution on the physical and mechanical
properties of BrC were studied. Pure or Mg-doped TCP powders were made through
the solid-state synthesis method and BrCs were successfully made by mixing TCP with
MCPM, followed by mixing with a polymer solution. The replacement of the smaller
Mg2+ ion in larger Ca2+ ion sites does not create any new phases in the β-TCP. Although
the cements include only β-TCP and DCPD as the final phases, the TCP/DCPD ratio
increases significantly with the increase in Mg content which is due to the stabilization of
the β-TCP structure. The stabilization of the TCP structure in turn causes a longer initial
and final setting time of the cements and a decrease in the strength, most noticeable in Mg
concentrations of 1.00 wt.% and above. The 0.25- and 0.50-MgBrC compositions are the
most optimal compositions in this work based on the setting time and compressive strength
data. A comparison between our research and the literature shows the importance of
precursors and cement preparation in the properties of BrCs. Our future goal is to evaluate
the dissolution behavior of the BrCs and their in vitro interaction with osteoblast cells to
investigate the long-term application of the cements.
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